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ABSTRACT 

As the environmental regulations and technical progress have forced the 
factories’ old “end of pipe” solutions to improve, the metal emissions from 
point sources have decreased. Instead, the diffuse consumption emissions 
from goods in use now are in focus. The increased awareness of traffic as a 
major diffuse metal emission source emphasizes the need for more detailed 
information on the various traffic related sources. The main scope of this 
thesis is to study specific parts of metal emissions from some road traffic 
related sub sources such as brake lining and tyres. The metals in focus are 
antimony (Sb), cadmium (Cd), copper (Cu), chromium (Cr), lead (Pb), nickel 
(Ni) and zinc (Zn), and the research quantifies emissions from the different 
sub sources, trace changes over time  as well as dispersal patterns and metal 
mobility in  the roadside environment.  

The results show that even if the road traffic associated metal stocks are small 
compared to total in use stocks, their emissions are of major importance. The 
updated figures show that despite material developments during the last 10 
years, tyres still are one of the main sources of Zn and Cd, while it can be 
excluded as a source of concern for the other metals studied. Brake linings 
are shown to be an especially pronounced source for Cu and Sb. The Pb and 
Cd emissions from brake linings and tyres have decreased as a result of 
decreasing material concentrations in these sources, most likely a result of 
EU regulations. Further the results reveals galvanized goods to be a major 
road traffic related source for Zn. 

The results show that the total metal concentrations in roadside soils have 
increased 3-16 times compared to regional background during the last 
decades. Each metal has a limited dispersal distance from the roads as well as 
down in the soil profile. Most metals are found within 10 m from the road in 
the uppermost 10 cm of the topsoil. However, the sequential extractions show 
that a large part of the metals found in the soil are rather easily mobilized and 
can be redistributed if the roadside soils become disturbed. Metals emitted 
due to decelerating activities are not correlated to elevated concentrations 
near road junctions. Instead the metals appear to be more evenly spread along 
the whole driven distance. 

The study points out Sb as an element that might be problematic to analyse. 
For Sb, which is sparsely studied as a roadside contaminant, there is a need of 
more general knowledge as it has a high accumulation rate in roadside soils. 
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SVENSK SAMMANFATTNING 

I takt med ökade regleringar inom miljöområdet och en snabb 
teknikutveckling har fabrikerna allt mer spelat ut sin roll som emissionskällor 
till miljön. Istället har den diffusa emissionen som kommer från 
produktanvändning fått en större betydelse. En ökad medvetenhet om 
transporter och trafikens betydelse för samhällets konsumtionsemissioner 
understryker det ökade kunskapsbehovet för de trafikrelaterade 
emissionskällorna. Avhandlingens huvudsyfte är att studera specifika delar av 
metallemissionen från vissa trafikrelaterade källor så som bromsbelägg och 
däck. Metallerna som är i fokus är antimon (Sb), bly (Pb), kadmium (Cd), 
koppar (Cu), krom (Cr), nickel (Ni) och zink (Zn) och forskningen strävar 
efter att kvantifiera emissionerna från de olika källorna, spåra förändringar i 
emissioner över tid, kartlägga utsläppsmönster och metallrörlighet i vägnära 
jord.  
Resultaten pekar på att även om de trafikrelaterade källorna kvantitativt är 
små i jämförelse med de totala källorna så är deras emissioner av stor 
betydelse. De nya siffrorna visar att trots en materialutveckling inom området 
under det senaste årtiondet så är fortfarande däck en av de största källorna för 
Cd och Zn i stadsmiljö, medan de kan avfärdas som källa för de övriga 
studerade metallerna. Studien visar att bromsbelägg fortfarande är en viktig 
källa för Cu och Sb. Bly- och Cd-emissionerna från däck och bromsbelägg 
har däremot minskat drastiskt under samma period. Denna minskning beror 
troligen på en reglering på EU-nivå. Dessutom visar resultaten att 
galvaniserade ytor är den viktigaste källan till Zn i stadsmiljö.  
Metallkoncentrationerna i vägnära jord har ökat med 3 – 16 ggr jämfört med 
bakgrundshalterna i de undersökta områdena. Metallerna uppvisar endast en 
begränsad spridning från vägen och ner i jordprofilen. Den största 
metallpåverkan återfinns inom 10 m från vägen och i de översta 10 cm av 
jorden. Trots den begränsade spridningen så uppvisar de flesta metallerna en 
förhållandevis hög rörlighet, vilket innebär att de kan bli mobila vid störning 
av jorden. De bromsrelaterade metallerna uppvisar ingen korrelation till 
förhöjda halter nära korsningar utan är mer jämnt spridda över hela 
körsträckan.  
Studien pekar ut Sb som ett element som kan vara problematiskt att analysera 
på grund av dess flyktighet. Trots att Sb för närvarande har en snabb 
ackumulationstakt i trafikmiljö så är den endast sparsamt studerad. Mer 
generell kunskap om Sb är därför önskvärd. 
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1  INTRODUCTION 

The developed parts of the word have experienced decreased problems 
associated with emissions from point sources. Instead, the diffuse emissions 
from goods in use have become a hot topic on the agenda during the last 
decades (e.g. Malmqvist, 1983; Ayres and Rod, 1986; Bergbäck, 1992; 
Landner, L. and Lindeström, 1998; Landner, L. and Lindeström, 1999; 
Bergbäck et al., 2001; Sörme and Lagerkvist, 2002). For metals, the kind of 
goods differs and the main sources have been identified to be; tap water/ 
vehicle brakes/ roofs for copper (Cu), tyres/ galvanised goods/ roofs for zinc 
(Zn) and sinkers/ ammunition/ wood preservatives for lead (Pb) (Bergbäck et 
al. 2001). Traffic emitted metals have been extensively studied (e.g. 
Muschack, 1990; Carlosena et al., 1998; Legret and Pagotto, 1999; Monaci et 
al. 2000; Davis et al., 2001; Manta et al., 2002; Bäckström et al. 2004; Querol 
et al, 2007; Hääl et al. 2008) and the most well known example has been Pb 
additives in vehicle fossil fuels. By banning this use one problem with metal 
emissions from vehicles was solved. However, as more studies have been 
performed, more metals have been focussed in emissions from road traffic 
(e.g. platinum group elements (PGM) (e.g. Schäfer and Puchelt, 1998; 
Moldovan et al., 2001; Rauch et al., 2004; Whiteley and Murray, 2005), 
tungsten (W) (e.g. Bäckström et al., 2003; Peltola and Wikström, 2006) and 
antimony (Sb) (e.g. Hares and Ward, 1999; Sternbeck et al. 2002; Lough et 
al. 2005; Amereih et al. 2005; Cicchella et al. 2008). The enhanced Sb 
concentrations in the road near environment appeared sporadically in the 
scientific literature shortly after the asbestos ban in brake linings (in the early 
1980s), but today Sb is always included in traffic related metal studies. The 
rapid material evolution in the vehicle sector calls for recurrent studies of the 
metal composition of these materials in order to avoid future environmental 
impact. Despite the fact that traffic related metal emissions is an extensively 
studied area there is still essential gaps of knowledge. Historical and present 
studies are reporting elevated levels of metals in road near environment. 
However, there are needs of refined studies, correlating the emitted amount to 
driving activities (e.g. braking, accelerating) as well as grouping the metals 
by different sub sources (e.g. fuel, catalysts, tyres, brake linings, lubricants 
and anti-rust agents). More studies concerning immission and dispersal 
patterns are also needed as there are few studies that handle the size of the 
affected area around roads. To be able to address the environmental risks, 
more toxicological studies on metals as well as studies of the mobility for 
different metal species are needed.  
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1.1 RESEARCH OBJECTIVES 
The main scope of this thesis is to study specific parts of metal emissions 
from road traffic in order to fill some of the above mentioned gaps of 
knowledge. The research focuses are: 

• Correlations between traffic emitted metals, i.e. grouping of the metals 
by their traffic related sub source. (Paper I) 

• Metal concentrations in some of the largest sub sources (i.e. brake linings 
and tyres) and to follow the metal development for these sources the last 
decade (~1995 – 2005). (Paper IIa) 

• Dispersal patterns of metals in roadside environment and the potential 
mobility of the deposited metals. (Paper I and III) 

• The rapidly increasing Sb use in car applications (i.e. brake linings) and 
the dispersal pattern of this “new” metal. However, to be able to study 
Sb, problems when analysing a volatile substance has to be considered. 
(Paper I – IV) 

To provide a more holistic perspective, the thesis also includes calculations 
of metal stocks and emissions from road traffic in a well defined area 
(Stockholm) as well as comparisons with other metal emission sources of 
concern. (Paper IIa and V) 

The metals in focus are cadmium (Cd), chromium (Cr), Cu, nickel (Ni), Pb, 
Sb and Zn. Cadmium, Cr, Ni, Pb and Zn were chosen as they are well 
documented traffic derived metals and Cu and Sb were selected as they have 
shown a rapidly increased accumulation rate around roads during the last 
decades.  

1.2 ENVIRONMENTAL RELEVANCE 
Despite the fact that numerous studies have established the ecotoxicological 
significance of metals to different trophy levels in the nature (e.g. Påhlsson, 
1989; Spry and Wiener, 1991; Domingo, 1994; Gambrell, 1994; Giller et al. 
1998; Witeska and Jezierska, 2003), the relevance for studying metal 
emissions from vehicles has sometimes been questioned. Cetta et al. (2008) 
stressed that metals are less hazard to human health than other substances 
emitted from vehicles. They state that organic compounds derived from for 
example tyre debris are probably more relevant than metals for human health 
and thus deserve to be in focus for studies rather than metals. However, it is 
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important to keep in mind that “to be of environmental relevance” is not 
equivalent to “relevance for human health”.  

This thesis does neither have the ambition to fully cover all the substances 
emitted from vehicles wear materials, nor to cover any toxicological aspects. 
The thesis has the ambition to focus on parts of the global metal cycles for 
some selected metals, but “for a more holistic approach in assessing these 
materials in a health or environmental risk perspective also substances other 
than metals must be studied” (c.f. Paper IIb). 
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2  METHODOLOGIES 

The studies in Paper I – IV are mostly based on chemical metal analysis of 
soils, brake linings and tyres. In Paper IIa the metal concentrations are further 
used for calculations of the theoretical metal emissions from brake linings 
and tyres, which are made as a limited Substance Flow Analysis (SFA) to be 
able to compare these sources to others of concern. Paper V focuses on a SFA 
for Sb where the traffic related sub sources are the major emission sources to 
the environment. 

2.1 CHEMICAL ANALYTICAL METHODS 

2.1.1 Sampling strategies  
Efforts have been made to analyze a relevant number of samples from 
representative materials in each study to make the results as general as 
possible. In Paper I a total of 18 roads in 9 cities were sampled to get a 
representative picture of roadside soils in Southern Sweden. In Paper IIa 
totally 62 brake linings and 52 tyres were analyzed, which cover 63 and 75% 
respectively of the totally market (measured as market share) for these 
products. In Paper III the sampled sites were restricted to two as the transects 
made the number of samples to increase quickly. The sampling strategy in 
Paper IV were somewhat different, two setups were performed, one for a 
broad scanning of many parameters and one with only two analyses and more 
samples to obtain a higher statistical power. 

The soil samples in Paper I consisted of top soils (upper 3 cm), while the soil 
samples in Paper IIa were sampled with a steal cylinder with an open slit at 
the side and split into different depth afterwards. Each sample was 
represented by at least seven subsamples. 

For the non soil samples in Paper IIa; titanium-covered drills where used to 
obtain samples from the brake linings, as titanium was not included in the 
analysis. Further, rubber samples from the outer 5 mm of the tread were 
removed with a standard knife. 

The natural soil samples used in the studies were carefully mixed, sieved (2 
mm mesh width), and homogenized. All samples were dried to constant 
weight at 60 ºC before analysis.  
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2.1.2 Metal analysis  
All utensils that came in contact with the samples were acid washed. From 
each sample about 0.3 – 0.4 g was digested in a mixture of concentrated 
HNO3, concentrated HCl and 18.2 MΩ/cm2 Milli-Q™ water in closed vessels 
in a microwave oven (Perkin Elmer). The oven programs differ slightly 
depending on material and are presented in each Paper. In Paper IV even 
other digestion methods were used, such as hot plate and autoclave, as they 
are in focus in that paper. After digestion the samples were diluted to an 
appropriate volume with 18.2 MΩ/cm2 Milli-Q™ water. The metal 
concentrations in the samples were analysed by Atomic Absorption 
Spectrometry (FAAS) and Flame Graphite Furnace Atomic Absorption 
Spectrometry (GFAAS) (Perkin Elmer Aanalyst 800). Details of the 
parameters for the instrumental determination are presented in Paper I. 

2.1.3 Sequential extraction  
Sequential extractions of sediments and soils are a rather inhomogeneous 
field within the area of analytical environmental chemistry. But even though 
there are differences in sequential extraction methods (e.g. Tessier et al., 
1979; Hall et al., 1996; Rauret et al., 1998; Ahnström and Parker, 1999), the 
aim is to quantify the fractions leached by different leaching solutions to 
evaluate the potential metal mobility during different environmental 
conditions. There exist two contradictory schools of defining the leached 
fractions and how to interpret the results. The BCR (the Community Bureau 
of Reference) method (Rauret et al., 1998) describe the fractions as 
operationally-defined (exchangeable, reducible, oxidisable and residual 

(terminology from Kersten (1997)) and the metals leached are directly 
coupled to the leaching mediums. The other way to interpret the fractions is 
as if the metals are bound to different phases (carbonates, organic matter, iron 
(Fe) and manganese (Mn) oxides (e.g. Tessier et al., 1979; Hall et al., 1996)). 
The latter interpretation of the leached fractions is questioned and as the 
operationally-defined are suggested to be the most viable (Bacon and 
Davidson, 2008) it has been used in Paper IV. 

The extraction steps used were: 

- Fraction I: Acetic acid (0.11 mol l-1) shaken for 16h – Exchangeable and 
weak acid soluble fraction. 

- Fraction II: Hydroxylammonium chloride (0.5 mol l-1) shaken for 16h – 
Reducible fraction. 

 5



- Fraction III: hydrogen peroxide 8.8 0.5 mol l-1 1h at room temperature and 2 
* 1h at 85 ۫C ± 2 ۫C followed by ammonium acetate (1.0 mol l-1) shaken for 
16h – Oxidisable fraction. 

- Fraction IV: Aqua regia (HCl and HNO3 3:1) – Residual fraction. This 
fraction were analysed for internal control. 

2.1.4 Statistical methods  
Descriptive statistics were used to obtain medians, mean and standard 
deviations. When the examined data did not follow a Gaussian distribution, 
Mann-Whitney U-tests were used to detect significant differences between 
means (p < 0.05), and correlations were expressed in terms of Spearman’s 
rank correlation coefficients (r). If the examined data followed a Gaussian 
distribution, Pearson’s correlation coefficients were used. 

As multivariate data often have covarying parameters, a Principal Component 
Analysis (PCA) was carried out on some of the more complex data sets. 
Since the data sets were not normally distributed, they were log transformed 
and auto scaled before analysis. The programme used for the PCA was 
Unscrambler v9.1 (CAMO ASA, Oslo, Norway). 

2.1.5 Analytical problems  
Most environmentalists are aware of analytical fluctuations in precision, 
accuracy and reproducibility based on variations in the performance of the 
analytical instruments and the natural variation in the analyzed samples. Also 
end data users (e.g. decision makers at national, regional and local levels) are 
aware of these variations when interpreting the results. To minimize the 
above mentioned fluctuations, certified reference materials, quality control 
solutions, control blanks and random double samples are used by certified 
laboratories as a standard procedure. All analyses in Paper I – IV have used 
these control systems as far as possible. 

A less known analytical problem derives from volatilization of the analyte 
during the digestion step. The knowledge that some analytes have a volatile 
behavior already at rather low temperatures is not new. However, during the 
last decades there has been an increasing use of multi element analysis on wet 
digested materials and some of the volatile analytes have often been included. 
Depending on the digestion procedure this might be a problem. Many 
certified digestion procedures use open or semi-open vessels for the 
digestions (e.g. Method 3050b) and it have been reported that arsenic (As) 
and Sb might emit during the digestion procedure (Tighe et al., 2004). Even 
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though this problem might be well known among analytical chemists and 
analytical geochemists, it is probably less well known by environmentalists 
and especially by decision makers. Many of the certified laboratories are 
including As and Sb in their ICP (Inductive Coupled Plasma) analysis, and 
these values are often handled as “true” values by the end users. 

Paper IV focus on the wet-digestion-derived problems for the analysis of 
volatile elements, with specific reference to Sb. For the sake of simplicity, 
results from this study are presented already in this section. Both soil and 
other environmental relevant samples (in this case brake linings and tyres) 
were analyzed for Sb. Six different digestion methods were used to study if 
the volatilization in the digestion step is a problem for Sb analysis. When 
comparing open and closed vessel methods, using the same temperature, it 
appears that Sb can be volatile. The study shows a difference in the recovery 
for Sb but not for the non volatile element Cu. For some digestion methods 
and samples the recovery is as low as <10% which clearly show the 
importance of a reliable analytical method when assessing environmental 
risks. Although the use of closed digestion methods is steadily increasing, the 
analyzed data for volatile analytes should be handled with scepticism as long 
as the digestion methods are unknown. 

An upcoming problem that might appear is when newly analyzed closed 
vessel digested samples are compared with historical data as often have been 
open vessel digested. Consequently, earlier analyzed Sb concentrations may 
need to be revised before they are used in environmental risk assessments. 

2.2 SUBSTANCE FLOW ANALYSES (SFA) 
Substance Flow Analysis (SFA), which has been described by e.g. van der 
Voet (2002), has been used for estimations of stocks and emissions of Cd, Cr, 
Cu, Ni, Pb, Sb and Zn (Paper IIa and V). SFA is a common tool in the field 
of industrial ecology and it aims to provide information about accumulated 
amounts in stocks and flows of substances. The core principle of SFA is the 
mass balance principle. An accounting approach has been used in order to 
evaluate the different sources and to spot trends.  

2.2.1 System boundary 
In this thesis several system boundaries have been used. For Paper IIa, the 
SFA was limited to estimation of total stocks and associated emissions in the 
technosphere in the administrative unit city of Stockholm, with emphasis on 
road traffic. The region was chosen according to the availability of data. 
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Biosphere stocks and associated emissions were excluded as were trans-
boundary emissions. Paper V had a broader approach with total stocks and 
flows. For details see each paper. 

2.2.2 Accounting 
The background data consist of analytical results, official statistics and 
interviews. Depending on the availability of data, transformation (scaling) 
from a nation level was performed by using either population sizes, 
registration of cars or the regions traffic work. The formulas used have, when 
appropriate, been included in addition to the results and they are further 
described in the referred papers. Tons refer to metric tons =1×103 kg. 
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3  EMISSION SOURCES AND DISPERSAL PATTERNS 

3.1 TRAFFIC RELATED EMISSION SOURCES 
The major traffic related metal emission sources are brake linings, tyres, 
exhaust fumes and asphalt wear (Sörme et al. 2001b). There are only a few 
studies with extensive measurements of metal concentrations in these 
sources, but EEA (European Environmental Agency) (2007) has compiled 
some of the literature values (non-weighted averages of values given in 
different reports), see Table 1. EEA did not consider when the measurements 
were done, thus prohibiting an evaluation of the material metal 
concentrations over time. 

Table 1. Metal concentrations and emission factors for traffic related emission sources   
 Source Cd Cr Cu Ni Pb Sb Zn 

Brake linings1 13.2 669 51 112 463 3126 10 000 8676 
Tyre rubber1 2.6 12.4 174 33.6 107 2.0 7434 

Asphalt2 0.09 2.84 12.2 1.2 25.6  35.7 
Metal 

concentrations 
(mg/kg) Unleaded petrol 

and Diesel1* 0.01 0.05 1.7 0.07 0.003  1 

Brake linings3 0.10 5.02 383 3.47 23.4 75 65.1 
Tyre rubber4 0.028 0.13 1.86 0.36 1.14 0.021 79.5 

Asphalt5 0.0013 0.043 0.18 0.018 0.38  0.54 
Metal 

emissions 
(μg/km) Unleaded petrol 

and Diesel6* 0.75 3.75 128 5.3 0.177  75 
1 EEA (2007) 
2 Mean values based on Lindgren, 1996; Lindgren 1998; Bergbäck and Sörme, 1998, the 
figures are weighted for bitumen and acid and basic stone materials 
3 Calculations based on a particulate wear of 0.0075 g/km (EEA, 2007) 
4 Calculations based on a particulate wear of 0.0107 g/km (EEA, 2007) 
5 Calculations based on a particulate wear of 0.0150 g/km (EEA, 2007) 
6 Calculations based on a fuel consumption of 0.1 l/km and a density of the fuel of ~750 kg/m³ 
7 Emissions of Pb are estimated by assuming that 75% of Pb contained in the fuel is emitted 
into air (EEA, 2007) 
* These emission factors have to be considered as preliminary estimates only (EEA, 2007) 

The EEA (2007) road wear figures are based on non-studded tyre use only, 
but in Sweden, the use of studded tyres increases the road wear. According to 
Jacobson and Hornvall (1999), the average asphalt wear is 3 – 4 g/km during 
the winter season. The corresponding asphalt emissions factors for the winter 
season should thereby be 0.30 μg Cd/km10 μg Cr/km, 43 μg Cu/km, 4.1 μg 
Ni/km, 90 μg Pb/km and 125 μg Zn/km. This asphalt winter wear makes the 
EEA (2007) figures in Table 1 negligible on a yearly basis and indicates that 
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the EEA (2007) emission figures for road wear are not applicable for nations 
which use studded tyres during parts of the year. 

The emission factor for Cu in petrol/diesel is, according to Table 1, in the 
same order as the Cu emissions from brake linings. However, there have been 
significant analytical problems with metal analyses in organic solvent 
matrices and EEA (2007) point out that their figures are only preliminary 
estimates. A compilation of recent studies on petrol/diesel gives almost the 
same figures for most metals but for Cu and Zn (Table 2), the concentrations 
of the latter being much lower.  

Table 2. Metal concentrations in unleaded petrol and diesel from the literature (μg/l) 
 samples Cd Cr Cu Ni Pb Sb Zn 

Pierre et al., 2002 6   7 – 114 5.6 – 34    

Ozaki et al., 2004 2 140 – 347 <LOD1 193 – 
246 

3470 – 
4560 173 – 259 5.4 – 

43 
13 000 – 
13 600 

Pierre et al., 2004 7 <LOD –
 2.03  3.85 – 

25.79  0.44 – 
3.35   

De Campos et al., 
2002 

5   110 – 
170 72 – 124 < LOD – 

186   

Anselmi et al., 
2002 

4 <LOD – 
11.1 

0.86 – 
35.6 

1.89 – 
14.9 <LOD 3.32 – 

12.5   

Dos Santos et al., 
2007 

6  1.72 – 
3.43 

13.1 – 
37.7     

Teixeira et al., 
2007 

3   111 – 
188     

Heathcote et al.,  
2002 

16  0.9 – 
5642  <LOD -

12.4 0.3 -37  5.1 – 66.5 

Span: 51 2.03 - 347 0.86 - 
564 

1.89 - 
246 

5.6 - 
4560 0.44 - 259 5.4 - 

43 5.1 – 13 600 

Median:  1.38 3.815 14.9 5.9 2.06 24.2 23.55 

Metal emission  
(μg/km) 

 1.0 2.9 11 4.4 1.2 18 18 

1 LOD = Limit of Detection 
2 14 of the samples were below 31 μg/l 

Another drawback with the EEA’s metal concentration figures is that the 
mean values from different studies have gained the same strength 
irrespectively of the number of samples analysed. This might give some low 
or high values too high impact. As tyres and brake linings are considered to 
be the two largest sources, more results are needed. These studies should 
include a relevant number of samples that are chosen to make it possible to 
monitor the material development over time.  

Tyres are a known metal source, especially in urban areas, but the research 
about the metal content in tyre tread rubber has been limited. Most of the 
known studies have analysed the total concentration in tyre chips, as they 
have focused on emissions from tyres that are used as combustion fuel. This 
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method might result in overestimation as the tyre body often contains metal 
reinforcements. In Paper II 52 tyre tread rubber samples from different make 
and models are analysed. The mean metal concentrations in tyre tread rubber 
are 0.86/1.1 ppm Cd, 1.3/1.7 ppm Cr, 7.4/8.6 ppm Cu, 2.9/3.2 ppm Ni, 
9.5/9.4 ppm Pb, 1.1/1.0 ppm Sb and 12 000/9400 ppm Zn in retread and non-
retread tyre respectively. These results indicate an overrating of the metal 
content in tyres (Table 1), except in the case of Sb and Zn. Even though the 
sampling has been made on the Swedish market, a comparison with European 
values is highly valid, not only because most of the car models are used in the 
rest of the European countries, but also because most of the car spare parts on 
the Swedish market are imported. 

For brake linings, on the other hand, there exist more figures even though 
these derive from a non reviewed publication by Westerlund (2001). 
Westerlunds figures have until now served as the main source of brake lining 
metal concentrations for EEA’s emission handbook (EEA, 2007) as well as 
for other SFA studies.  In Paper II, Westerlund’s study is used as a “starting 
point” for the metal concentration development in brake linings from 1998 to 
2005. The study in Paper II corresponds to metal concentrations in a total of 
66 brake linings. The results (Table 3) show that some of the metal 
concentrations have clearly decreased between the two years, while others are 
unaffected. The study also shows that replacement brake linings produced by 
independent suppliers often have the lowest metal concentrations (Figure 1), 
enabling consumers to make an environmental conscious choice.  

Table 3. Metal concentrations (Cd, Cu, Pb, Sb and Zn) in branded replacement brake linings in 
private cars and private car replacement brake linings from independent suppliers 1998 and 
2005, Sweden (mg/kg) 

Front Rear 
Brake linings 

Cd Cu Pb Sb Zn Cd Cu Pb Sb Zn 

branded 11.6 227 941 9052 nm 23 830 8.02 92 198 18 655 nm 16 498 
19981 

independent 8.60 71 990 13 651 nm 17 696 3.50 51 240 9110 nm 7197 

branded 1.2 130 000 120 23 000 27 000 4.0 130 000 2 900 9500 37 000 
20052 

independent 0.5 200 100 29 5 000 0.39 110 290 10 4400 

 

1 Westerlund, 2001 

2 Paper IIa 
nm = not measured 
 

 11



Branded suppliers Independent suppliers  
0

10000

20000

30000

40000
Sb front linings
Sb rear linings
Zn front linings
Zn rear linings

M
et

al
 c

on
ce

nt
ra

tio
n 

pp
m

Branded suppliers Independent suppliers     
0

1000

2000

3000

Pb front linings
Pb rear linings

M
et

al
 c

on
ce

nt
ra

tio
n 

pp
m

Branded suppliers Independent suppliers    
0

1

2

3

4
Cd front linings
Cd rear linings

M
et

al
 c

on
ce

nt
ra

tio
n 

pp
m

Branded suppliers Independent suppliers    
0

25000

50000

75000

100000

125000

150000
Cu front linings
Cu rear linings

M
et

al
 c

on
ce

nt
ra

tio
n 

pp
m

Metal concentrations in brake linings

 
Figure 1. Mean metal concentrations (Cd, Cu, Pb, Sb and Zn) in private car brake linings from 
branded and independent suppliers in 2005, Sweden (mg/kg). As antimony and copper 
concentrations were low in brake linings from independent suppliers, the columns are not 
shown (Paper IIa) 

The multi-elemental fingerprint for road traffic has been distinguished from 
other sources in several studies (e.g. De Miguel et al., 1999; Li et al., 2001; 
Peltola and Åström, 2003; Yeung et al., 2003). Different strategies can be 
used in the search for the main sub source for each metal within the road 
traffic environment. The strategy used in this thesis is to search for 
covariation between concentrations of different known traffic related metals 
in roadside soils and then, based on earlier studies, couple the metal groups to 
possible sources. Both studies (Paper I and III) that use this approach 
received almost identical results and three groups are identified (Figure 2 and 
3). The three groups consists of Pb:Cd, Cu:Sb:Zn and Cr:Ni. 
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Figure 2. Dendrogram of a number of traffic-emitted heavy metals in roadside topsoil in 
southern Sweden (n=144), showing Spearman’s rank correlation coefficients between 
individual elements and the average of such correlation coefficients between individual 
elements/clusters of elements and clusters of elements (Paper I) 

 
Figure 3. PCA loading plot of a number of traffic-emitted heavy metal concentrations 
independent of depth, distance from road and the two sites in Paper III. The total variance 
explained by the first two PCs are 84% 

The group with the strongest correlations is the one consisting of Cu, Sb and 
Zn. Copper and Sb are thought to derive mainly from brake linings, while Zn 
are thought to derive from tyre and galvanized road furniture as well. In any 
case all these metals are probably coupled to braking activities, if the 
galvanized goods are excluded. On the other hand there might be a 
correlation between galvanized goods and the road sites where braking 
activities are enhanced (e.g. road junctions). Interestingly the correlations
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are unaffected for different distances from the road as well as soil depths. 
Tyres and brake linings are known to wear when braking, but the two sources 
have emissions with differences in particle size (EEA, 2007) and 
corresponding differences in settling time and dispersal patterns could be 
expected. 

The Cd and Pb group represent elements where historical emissions have 
been most important. After the ban of Pb as an additive in fuel it seams like 
brake linings are the most important present Pb source according to Table 1. 
It should, however, be stated that a significant reduction in Pb concentrations 
has been seen for brake lining between the two monitored years (Table 3). 
This is probably an outcome of the End of Life Vehicle Directive (Directive 
2000/53/EC - the "ELV Directive"), which was implemented between the 
two studies and to some extent regulate metals in vehicle parts (Månsson et 
al., 2008). Notable is that the wear of asphalt might be a larger source than 
brake linings in areas where studded winter tyres are used, depending on the 
composition of the included stone material.  

The third group is formed by Cr and Ni. The origin of the metals in this group 
is somewhat unclear, and even if there are studies that have found a 
correlation between these metals and traffic (e.g. Valavanidis et al., 2006; 
Urban et al., 2007), others don´t (e.g. Monaci et al., 2000; Sternbeck et al., 
2002b). However, there are studies that address Ni and Cr to fossil fuel and 
petrochemical products (e.g. Huffman and Wener, 2001; Manno et al., 2006; 
Yatkin and Bayram, 2008), implying that these metals might be classified as 
fuel derived in traffic environment. Chromium has also been stated to derive 
from stainless steel and yellow road markings in traffic environments (e.g. 
Murakam et al., 2007).  The ranking of metals into three groups solely 
according to a few emission sources is a simplification as a specific metal 
often has more than one emission source. 

3.2 DISPERSAL PATTERNS 
The compositions of storm waters and storm water sediments have rendered 
an increased interest over the last decades (e.g. Ellis et al., 1987; Marsalek 
and Marsalek, 1997; Furumai et al. 2002; Davis et al., 2001; Davies et al., 
2003). The reason is partly caused by the usage of combined sewage systems 
in many old urban areas, which might give problems with storm water 
derived toxic contaminants in the sewage sludge (e.g Palm and Östlund, 
1997). Most of the diffuse emitted metals have been seen as more or less 
harmless for higher organisms in the concentrations they appear in storm 
water recipients. However, recent work by Sandahl et al. (2007) shows that 
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the sensory physiology and predatory avoidance behaviour of juvenile Pacific 
salmon are significantly affected by Cu concentrations down to 2 μg/l. They 
address their concern as Pacific salmon spawn and rear in coastal watersheds 
and estuaries, and monitoring of aquatic habitats after storm events shows Cu 
at levels that varies from 3.4 to 64.5 μg/l due to storm water inflow. 

The increased awareness of storm water compositions has resulted in more 
research on storm water treatment ponds and other barriers to clean the water 
as much as possible before entering the recipients. To make the measures as 
cost effective as possible, the knowledge about the metals dispersal patterns 
can among other things serve as a basis for storm water treatment planning.  

The roadside top soil metal concentrations in southern Sweden are elevated 
with more than 3 times compared to background levels (Paper I and III). 
During the last 20 years the Cu and Sb emissions from brake linings have 
increased the concentrations of these metals in the roadside soils by a factor 
of 6 and 16 respectively. 

Emissions of road traffic metals are probably related to traffic density, 
accelerating and decelerating activities and possible also to vehicle speed. 
Some surrounding factors are considered in Paper I in order to understand the 
metal emission patterns. The importance of different traffic densities, speed 
and junction type (traffic lights or roundabouts) for the soil metal 
concentrations are tested (Table 4). 

Table 4. Mann-Whitney U-test of mean roadside topsoil metal concentrations in southern 
Sweden, depending on different surrounding factors (Paper I) 

 

Traffic density 
10-16k vpd1 

(n=51) 
vs 

>20k vpd (n=39) 

Speed 
restriction 

50 km/h (n=85) 
vs 

70 km/h (n=59) 

Junction type 
Traffic light 

(n=81) 
vs 

Roundabout 
(n=63) 

Galvanized road 
furniture 

Within 10m (n=54) 
vs 

None (n=90) 

Cd ns *** *** ns 
Cr ns ns ** ns 
Cu *** *** *** *** 
Ni ns ns ns ns 
Pb ns ns *** ns 
Sb * *** *** ns 
Zn ns *** ns *** 
ns  P >0.05 Not significant   
* P = 0.01 to 0.05 Significant   
**  P = 0.001 to 0.01 Very significant  
*** P <0.001 Extremely significant 
1 vpd = vehicle per day 
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As Cu, Sb and Zn are suggested to derive from decelerating activities, good 
correlations with surrounding factors associated with differences in braking 
activities are to be expected (such as traffic density, speed and type of 
junction). In Paper I, this is the case for Cu and Sb but not for Zn. For both 
Cu and Sb, the soil metal concentrations are significantly higher with 
increased traffic density and speed (Table 4). The results also show that Cu 
and Sb concentrations are higher in the areas of traffic lights than in areas 
with roundabouts. 

Galvanized road furniture is probably the most dominant Zn source (Table 4). 
The emissions from galvanized goods seem to obscure the correlations of the 
above mentioned braking activities if they exist. However, the study also 
show differences in soil Zn concentrations for sites with differences in 
galvanized surface areas close to the ground rather than for differences in 
total galvanized area. The most plausible explanation is that the surface area 
affected by high corrosion rate, due to de-icing agent splattering and similar 
processes, is more important than the total surface area. 

None of the studied metals in Paper I have any concentrations that are 
negatively correlated with the distance to stop signs; this although brake-
induced metal emissions are expected to increase closer to intersections due 
to deceleration, as is shown in Figure 4. The brake induced metals, Cu and 
Sb, are more or less evenly distributed over the whole studied distance when 
the legislated speed is 50 km/h. However, the metal concentration patterns for 
roads with a decreasing legislated speed within the measured distance (i.e. 
from 70 – 50 km/h) are somewhat different (Figure 5). A closer examination 
of the pattern reveals that 6 out of 8 speed signs are located at distances with 
increased concentrations. Both Cu and Sb are following the same pattern. It 
can be concluded that direct emissions from deceleration occur less 
aggregated if the driving speed is higher. 

The transversal dispersal pattern for each metal in Paper III shows, with some 
small variations, a similar exponential decreasing pattern with distance to the 
road (Figure 6). The metal concentrations reach regional background levels 
after 5m for all metals but Pb and Zn which are elevated until 10 m. This 
indicates a rather limited metal affected area around roads. The sample that 
diverged most from the pattern is the one taken in the ditch, with sediment 
corresponding to a high LOI. Here, peaks in all metal concentrations are 
found except for Pb. 
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Figure 4. Copper concentration in Xanthoria parietina within different distance from traffic 
lights at Västkustvägen in Malmö in south west of Sweden (After Borg and Hjortenkrans, 
2004) 
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Figure 5. Roadside topsoil copper concentrations (ppm) along 6 roads with different traffic 
densities, vpd = vehicle per day. The legislated speed limit decreases near intersections. ○ = 
legislated speed restriction signs; □ = a road near a railway overhead contact wire (Paper I) 

Most high metal concentrations are found in the absolute topsoil and down to 
a depth of 10 cm (Paper III). This rapid decrease in total concentrations with 
depth and increasing distance to the road is in line with findings in earlier 
studies (e.g. Bäckström et al., 2004). The transversal soil metal
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Figure 6. Metal concentrations (Cd, Cr, 
Cu, Ni, Pb, Sb and Zn) in road side soils 
at different depth and distance from 
road. The site is located outside Kalmar 
at E22 in south east of Sweden. The 
areas of the circles are proportional to 
the metal concentrations and the legends 
are examples of sizes and corresponding 
concentrations (Paper III) 
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concentration pattern also correlates with the vehicle derived metal 
deposition fluxes found by Hewitt and Rashed (1991). Furthermore, Paper III 
shows that the road construction significantly affects the metal immission 
distance. In this case both the height of the road compared to the 
surroundings as well as the storm water runoff routes are of concern. 

The sequential extractions of the roadside soils (Paper III) shows that the 
labile fractions (I-III) count for more than 40% of the total concentrations for 
Cd, Cu, Ni, Pb and Zn. This indicates that these metals are rather easily 
mobilized and can be redistributed if the roadside soils become disturbed. 
The relative leachability order (counted as percentage of total) for the metals 
are Cd > Ni = Pb = Cu > Zn > Cr > Sb. 

A relatively large part of the total amounts of Cd, Cu and Zn are leachable 
already with the weak acid (Figure 7). Considering the already high Cu 
concentrations found in roadside soils and an on-going load caused by a high 
usage of Cu in brake linings (Paper IIa), this might gradually be of 
environmental concern. 

Notable is that the exchangeable and acid soluble fractions seem to increase 
with depth for Pb, indicating that the easily leached fractions of Pb are 
already migrating down in the profile. As Pb is banned in Sweden in most 
road traffic associated application, the future load will be limited. 

For Sb only the accumulated amount leached in the two first fractions can be 
presented due to suspicions of element volatilisation (earlier described in the 
method section) caused by the heating and volume reduction in step 3 of the 
extraction method. Antimony shows a very low leachability for the two first 
fractions (~1%) for almost all samples. Low amounts of leached Sb have 
been reported before by Müller et al. (2007) when using the BCR sequential 
extraction procedure (<20%). As of now, the BCR sequential extraction 
procedure is not optimized for volatile elements. Despite Sb’s low 
leachability the metal still shows some potential to migrate as the 
concentrations in the ditch sediment are higher than in many of the samples 
more close to the road. The most plausible explanation seems to be that Sb 
migrates bound to particulate matter. 
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in the road ditch. The site is located outside Kalmar at E22 in south east of Sweden  (Paper III)  
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4  ROAD TRAFFIC AS A METAL EMISSION SOURCE IN 
STOCKHOLM 

The importance of road traffic as a source of metal emissions can be 
illustrated by a case study of metal flows in an average urban area. The in use 
stock of Cd, Cr, Cu, Ni, Pb, Sb and Zn have been quantified for the city of 
Stockholm, Sweden 1995 (Sörme et al. 2001a; Paper V), and were estimated 
to 120 tons Cd, 5600 tons Cr, 123 000 tons Cu, 2500 tons Ni, 52 000 tons Pb, 
149 – 350 tons Sb and 28 000 tons Zn. The part of the stock associated with 
vehicles, as percentage of the total, were 12% for Cd, 16% for Cr, 4% for Cu, 
16% for Ni, 13% for Pb, 0.7 – 1.7% for Sb and 14% for Zn. An updated 
quantification of the total in use stocks for Pb and Cd has traced the stock 
development for the period 1995 – 2002/3 (Månsson et al. 2008). The study 
revealed a decrease in the Cd stock to 80 tons and a decrease in the Pb stock 
to 43 000 tons, although the authors consider the Pb decrease to be uncertain. 
The part associated with vehicles in the latter study was 10.5% (Cd) and 15% 
(Pb) respectively. 

The major parts of the stocks are for Cd; stabilizers in plastic, accumulators 
and as impurities in Zn, for Cr; stainless steel and impregnated wood, for Cu; 
heavy electrical equipment, cables, brass and tap water systems, for Ni; 
stainless steel and plated products, for Pb; shielding of power cables, 
accumulators and tube and pipe joints, for Sb; Flame retarded goods, glass 
and ceramics and accumulator, and for Zn; brass and galvanized steel (Sörme 
et al. 2001a; Månsson et al. 2008; Paper V). 

For most metals a major part of the stock is protected from processes 
resulting in emissions (Sörme et al. 2001b). So despite the rather small share 
of the metal stocks that are related vehicles, the emissions from their use 
correspond, for some metals, to a large part of the total diffuse emissions;  38 
– 44% for Cd, ~99% for Cr, 37.5% for Cu, 89% for Ni, 8 – 10% for Pb, 
~99%  for Sb and 49.5% for Zn (Bergbäck and Sörme, 1998; Bergbäck et al. 
2001; Sörme et al. 2001b; Månsson et al. 2008; Paper V). For Sb there still 
are some potential sources with emissions that are not yet estimated, and this 
means that the figure above might decrease when the emissions from flame 
retardants are quantified. 

To be able to evaluate if the total Sb emissions yet quantified are 
underestimated it can be compared with the Sb flow to the sewage system in 
Stockholm. As Sb and Cu are thought to have the same origin, a comparison 
with the corresponding Cu flow to the same sewage system can be made. 
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Antimony in digested sewage sludge amounted to approximately 46 kg/year 
in 2000 and according to Sternbeck et al (2002a), 50% is captured in sewage 
sludge and 50% is discharged to the recipient. Thus, the Sb flow to the 
sewage system can be estimated to approximately 100 kg/yr. Sörme and 
Lagerkvist (2002) assumed that a contribution of 20% of the brake linings’ 
Cu emissions (on roads connected to a combined system) would end up in 
wastewater. If the transport of Sb from brake linings in storm water is 
assumed to be in particulate form, the same assumption can be used also for 
Sb, since they originate from the same source.  Thus, if Sb is assumed to have 
the same mobility as Cu in storm water, Sb would amount to 20% × 710 kg 
⇒ 140 kg, i.e. the same magnitude as the reported amounts. However, it can 
be questioned if Sb and Cu have the same transport mechanisms, since Sb 
show different leachablity compared to Cu in the sequential extractions. 
(Paper V) 

If only emission sources to air are considered and resuspension of road dust 
are included, the vehicle share increases drastically. For some metals, e.g. Cu, 
vehicles would be the only yet found/quantified diffuse source of concern.  

The diffuse emissions from vehicles might make up for a large share of the 
totals, but it is often seen as a small problem as it is dispersed over a large 
area. However, in most cases the emissions from vehicles are spatially 
limited to the environment close to the roads, and further transported to storm 
water. Locally, the concentrations in soil, sediment and recipient waters may 
reach above critical levels.  

Paper IIa gives an updated picture of metal emissions from tyres and brake 
linings in the city of Stockholm (Table 5). By using the newer asphalt wear 
data by Jacobson and Hornvall (1999) and the petrol/diesel data from Table 2 
new emissions (traffic data from Paper IIa) are estimated. 

Thus, the total emissions for all metals are estimated to be lower in 2005 
compared to the older estimations. Parts of these calculated emissions have 
not actually decreased, but are more a results of newer data/ more reliable 
analytical values or just different references. However, the much lower Pb 
emission in 2005 is a result of a significant decrease in Pb concentrations in 
tyres and brake linings, which probably is due to EU regulations. This 
decrease in Pb emissions has also been noticed in a changed atmospheric 
deposition.  Johansson and Burman (2006) have measured dry and wet 
deposition in Stockholm in 1995/6, 1998/9 and 2003/4. Their results shows a 
decrease in deposition for Pb, Cr, Ni and Zn from local as well as trans-
boundary emission sources, especially prominent for Pb. Johansson and 
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Burman (2006) also compared the metal emissions from vehicles in 
Stockholm (measured as dry deposition) with the overall deposition 
(measured as wet deposition) and concludes that the relationships between 
emissions from vehicles and deposition are 7.9 for Cr, 4.7 for Cu, 0.26 for Ni, 
0.47 for Pb and 0.43 for Zn. These results indicates that metal emissions from 
vehicles are not only relevant compared to the diffuse sources, but to all 
emission sources to air in city environment. Despite the large change in 
emissions of Cr and Ni (Table 4), vehicles still is the major diffuse emission 
source for these metals. Notable is that instead of tyres, the largest sub 
sources today seems to be petrol/diesel.  

Table 5. Metal emissions (Cd, Cr, Cu, Ni, Pb, Sb and Zn) from traffic related sources in 
Stockholm 1998 and 2005 (kg/year) 

 Source Cd Cr Cu Ni Pb Sb Zn 
Brake linings1 0.061 N.C2 3800 N.C 35 710 1000 
Tyre rubber1 0.47 0.76 5.3 1.4 3.7 0.54 4200 

Asphalt2 0.33 11 46 4.5 96 0 130 

Metal 
emissions 

2005 
(kg/year) Unleaded petrol 

and Diesel3 3.2 9.2 36 14 3.7 (58)4 57 

 Total 4.1 20 3900 20 140 710 5400 
Brake linings5 < 0.5 < 7 3900 8 560 N.C 900 
Tyre rubber6 0.2 – 3 200 200 200 300 N.C 10 000 

Asphalt7 2 500 400 300 100 N.C 1000 

Metal 
emissions 
1995/98 
(kg/year) Unleaded petrol 

and Diesel6 5 < 0.3 1.5 N.C < 180 N.C 60 

 Total 7 700 4700 500 960 N.C 11 000 
N.C = not calculated 

1 Paper IIa 
2 Calculation based on 1/3 of the year with a asphalt wear of 3 – 4 g/km and 2/3 of the year 
with 0.015 g/km 
3 Calculations based on median values from Table 2 
4 Antimony is known to be associated with Pb and the two samples this figure is based on had 
a high Pb concentration 
5 Westerlund (2001), 1998 years emission 
6 Bergbäck, B. and Sörme, L. (1998) 
7 Bergbäck, B. and Sörme, L. (1998). The calculations are based on a asphalt wear of ~7g/km 

The Cu problem that has arisen after the substitution of asbestos in brake 
linings (early 1980s), resulting in increased Cu concentrations in the roadside 
environment, is somewhat hard to survey. One way might be to make a rough 
comparison to the better known problem with Pb as fuel additives. During a 
period of 50 years (1940-1990), almost 50 000 tons Pb were emitted in 
Sweden (Bergbäck, 1992). If the Cu emissions for Sweden in 2005 (Paper 
IIa) are assumed to be relevant for 50 years it should correspond to 
approximately 4 000 tons (not considering changes in the car park size). In 
pure weight, the Cu emissions therefore would correspond to ~8% of the old 
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Pb emissions. But, considering that Cu is deposited in roadside environment 
and that the old Pb emissions contributed more to the regional transported 
emissions, Cu might be a local problem. Notable is that more than 20 of the 
50 years have already passed. 
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5  CONCLUSIONS 

The main research focuses presented in “Research objectives” are here 
matched with the results presented in Paper I – V. Some of the results 
confirmed “old” knowledge, while others brought on some new insights. The 
following results can be highlighted: 

• Paper I shows that brake linings are the major source of road traffic 
emitted Cu and Sb. It also shows that galvanized road furniture is the 
most dominant Zn source, which also may obscure correlations with less 
prominent Zn sources. Other correlations between metals and sources are 
less easy to distinguish. However, the calculated metal emissions from 
traffic related sources in Stockholm indicate that fossil fuel is an 
important source for Cd, Ni and Cr. In areas where studded winter tyres 
are commonly used, Ni and Cr also might derive from pavement wear. 

• The concentrations of Cd, Cr, Cu, Ni, Pb, Sb and Zn in tyres and brake 
linings are presented in Paper IIa. The only metal that existed in high 
concentrations in tyres is Zn, while the other metals only are found as 
trace amounts. Despite this, the metals emitted from tyres might be of 
environmental relevance as the particulate wear from tyre is large. A 
decrease in Cd and Pb concentrations in branded brake linings can be 
seen between the studied years, but Cu and Zn concentrations remains the 
same in 1998 and 2005. The decrease in Pb and Cd is most likely a result 
of EU regulations. Antimony is confirmed to be an element found in high 
concentrations in break linings. The metal analyses also shows that there 
are clear differences between metal concentrations in branded and 
independent brake linings, with the latter having the lower 
concentrations. If consumers wish to limit their contribution of Cu and Sb 
emissions to the traffic environment, brake linings from independent 
suppliers are to be preferred.  

• The often suspected correlations between metals emitted due to 
decelerating activities and elevated concentrations near road junctions are 
not found (Paper I). Instead the emissions appear to be more evenly 
spread along the whole driven distance. However, the metals might be of 
local environmental concern, as the decelerating activities locally can 
generate high metal concentrations in roadside topsoil. The total amount 
spread within these local sites is probably negligible compared with the 
total regional or national traffic Cu and Sb emissions along roads.  
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• The transversal and vertical dispersal distances for each metal are 
limited. Most metals are found within 10 m from the road in the 
uppermost 10 cm of the topsoil (Paper III). On the other hand, the 
sequential extractions shows that a large part of the metals found in the 
soil are rather easily mobilized and can be redistributed if the roadside 
soils become disturbed. The labile fractions count for more than 40% of 
the total concentrations for Cd, Cu, Ni, Pb and Zn. The high mobility in 
weak acid was suspected for Cd and Zn, but not for Cu as it is supposed 
to be strongly associated with organic matter. 

• During the last decades, while the non asbestos brake linings have been 
in use, a rapid increase in roadside soil Sb concentrations is reported. The 
roadside soil analysis in Paper I and III show that Sb concentrations have 
increased ~16 times during this period. However, Sb is an element that 
can act volatile when heated and there are obvious risks to underestimate 
concentrations in environmental samples if the samples have been 
digested in open vessels (Paper IV). The study shows that the recovery of 
Sb in some cases can be extremely low (< 10%). Thus, a reliable 
analytical method is most important when drawing conclusions about 
environmental risks. Care should also be taken when analyzing the 
residuals in a sequential leaching. If Sb in the residuals is volatized 
during the digestion, the concentration measured will be too low and the 
relative mobile faction in the sample overestimated. 

Antimony, which still is sparsely studied as a roadside contaminant, 
shows a low mobility in the sequential extraction analysis (Paper III). 
The current high accumulation rate in roadside soils indicates a need of 
more general knowledge, as consumption, analytical techniques and 
toxicity as well as transportation mechanisms in different mediums in 
order to assess future environmental risks. 

• The road traffic associated metal stocks are small compared to the total 
stocks, but their emissions are of major importance. These findings might 
not be totally new, but the updated figures also show that tyres still is one 
of the main sources for Zn and Cd, while tyres can be excluded as a 
source for the other metals (Paper IIa). It is also shown that brake linings 
are an especially prominent source for Cu and Sb. The Pb and Cd 
emissions in Stockholm city have decreased as a result of decreasing Pb 
and Cd concentrations in brake linings and tyres. 

The Cu concentration levels found are not alarming, but as the accumulation 
time for Cu has only been two decades, it might gradually become a problem 
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if nothing is done concerning the composition of brake linings. Taken this 
into concern, the long time planning of road drainage systems should include 
ponds for metal precipitation and sedimentation before the storm waters 
enters the recipients. Knowledge about emission patterns of traffic-related 
metals alongside roads is crucial to be able to evaluate the optimal location of 
these ponds. The results in the present studies show that not only storm water 
from hotspots such as junctions is of concern, but also storm water in the 
ditches running alongside the entire road system. 

 27



6  REFERENCES 

Ahnstrom, Z.; Parker, D. ‘Development and assessment of a sequential extraction procedure 
for the fractionation of soil cadmium’.  Soil Science Society of America Journal. 1999, 
63, 1650-1658. 

Amereih, S.; Meisel, T.; Scholger, R.; Wegscheider, W. ‘Antimony speciation in soil samples 
along two Austrian motorways by HPLC-ID-ICP-MS’. Journal of Environmental 
Monitoring. 2005, 7, 1200-1206. 

Anselmi, A.; Tittarelli, P.; Katskov, D. ‘Determination of trace elements in automotive fuels 
by filter furnace atomic absorption spectrometry’. Spectrochimica Acta Part B-Atomic 
Spectroscopy. 2002, 57, 403-411.  

Ayres, R.; Rod, S. ‘Patterns of pollution in the Hudson-Raritan basin’. Environment 1986, 28, 
14-43. 

Bacon, J.; Davidson, C. ‘Is there a future for sequential chemical extraction?’ Analyst. 2008, 
133, 25. 

Bergbäck, B. ‘Industrial metabolism. The emerging landscape of heavy metal imissions in 
Sweden’. Doctoral Thesis, Department of Theme Research, Linköping University, 
Linköping. 1992. 

Bergbäck, B.; Johansson, K.; Mohlander, U. ‘Urban metal flows – a case study of Stockholm’. 
Water, Air, and Soil Pollution. 2001, Focus 1, 3-24. 

Bergbäck, B.; Sörme, L.; ’Metallflöden via trafik i Stockholm’. In Bergbäck, B. (Ed.). 
Metaller i Stockholm – kunskapssammanställningar av metallflöden via olika 
verksamheter i Stockholm. Stockholm: Swedish Environmental Protection Agency. 
(Report/ SNV 4952). 1998. (In Swedish) 

Borg, L.; Hjortenkrans, D. ‘New copper contamination in urban areas documented by lichens 
as biomonitors’, The ESS Bulletin, 2004, 2, 40-46. 

Bäckström, M.; Karlsson, S.; Allard, B. ‘Metal leachability and anthropogenic signal in 
roadside soils estimated from sequential extraction and stable lead isotopes’. 
Environmental Monitoring and Assessment. 2004, 90, 135-160. 

Bäckström, M.; Nilsson, U.; Håkansson, K.; Allard, B.; Karlsson, S. ‘Speciation of heavy 
metals in road runoff and roadside total deposition’. Water Air and Soil Pollution. 
2003, 147, 343-366. 

Carlosena, A.; Andrade, J.; Prada, D. ‘Searching for heavy metals grouping roadside soils as a 
function of motorized traffic influence’. Talanta 1998, 47, 753-767. 

Cetta, F.; Dharmo, A.; Schiraldo, G.; Allegra,L. ‘Comment on “Metal emissions from brake 
linings and tyres: Case studies of Stockholm, Sweden 1995/1998 and 2005”’. 
Environmental Science and Technology. 2008, 42, 2708-2709. 

Cicchella, D.; De Vivo, B.; Lima, A.; Albanese, S.; McGill, R.; Parrish, R. ‘Heavy metal 
pollution and Pb isotopes in urban soils of Napoli, Italy’. Geochemistry-Exploration 
Environment Analysis. 2008, 8, 103-112. 

 28



Davis, A.; Shokouhian, M.; Ni, S. ‘Loading estimates of lead, copper, cadmium, and zinc in 
urban runoff from specific sources’. Chemosphere. 2001, 44, 997-1009. 

Davies, A.; Shokouhian, M.; Sharma, H.; Minami, C.; Winogradoff, D. ‘Water quality 
improvement through bioretention: Lead, copper, and zinc removal’. Water 
Environment Research. 2003, 75, 73-82. 

De Campos, R.; Dos Santos, H.; Grinberg, P. ‘Determination of copper, iron, lead and nickel 
in gasoline by electrothermal atomic absorption spectrometry using three-component 
solutions’. Spectrochimica Acta Part B-Atomic Spectroscopy. 2002, 57, 15-28. 

 De Miguel, E.; Llamas, J.; Chacon, E.; Mazadiego, L.; ‘Sources and pathways of trace 
elements in urban environments: a multi-elemental qualitative approach’. The Science 
of the Total Environment. 1999, 235, 355-357. 

Dos Santos, D.; Teixeira, A.; Barbosa, J.; Ferreira, S.; Korn, M.; Teixeira, L.; ‘Use of 
cetyltrimethylammonium bromide as surfactant for the determination of copper and 
chromium in gasoline emulsions by electrothermal atomic absorption spectrometry’. 
Spectrochimica Acta Part B-Atomic Spectroscopy. 2007, 62, 1072-1077. 

Domingo, J. ‘Metal-induced developmental toxicity in mammals – A review’. Journal of 
Toxicology and Environmental Health. 1994, 42, 123-141. 

EEA. ‘EMEP/CORINAIR Emission Inventory Guidebook’. Technical Report, 16, European 
Environmental Agency, Copenhagen. 2007. 

Ellis, J.; Revitt, J.; Harrop, D.; Beckwith, P. ‘The contribution of highway surfaces to urban 
stormwater sediments and metal loadings’. Science of the Total Environment. 1987, 
59, 339-349. 

Furumai, H.; Balmer, H.; Boller, M. ‘Dynamic behaviour of suspended pollutants and particle 
size distribution in highway runoff’. Water Science and Technology. 2002, 46, 416-
418. 

Gambrell, R. ‘Trace and toxic metals in wetlands – A review’. Journal of Environmental 
Quality. 1994, 23, 883-891. 

Giller, K.; Witter, E.; McGrath, S. ‘Toxicity of heavy metals to microorganisms and microbial 
processes in agricultural soils: A review’. Soil Biology and Biochemistry. 1998, 30, 
10-11. 

Hall, G.; Vaive, J.; Beer, R.; Hoashi, M. ‘Selective leaches revisited, with emphasis on the 
amorphous Fe oxyhydroxide phase extraction’ Journal of Geochemical Exploration. 
1996, 56, 59-78. 

Hares, R.; Ward, N. ‘Comparison of the heavy metal content of motorway stormwater 
following discharge into wet biofiltration and dry detention ponds along the London 
Orbital (M25) motorway’. Science of the Total Environment. 1999, 235, 169- 178. 

Healthcote, R.; Simmons, D.; Berholz, S. ‘Analysis of motor-vehicle fuel for metals by 
inductively coupled plasma-mass spectrometry’. Iowa Ground Water Quarterly. 2000, 
39, 1-4. 

Hewitt, C.; Rashed, M. ‘The deposition of selected pollutants adjacent to major rural 
highway’. Atmospheric Environment. 1991, 25, 976-983. 

 29



Huffman, G.; Wener, I. ‘Fuel science in the year 2000: an introduction’. Fuel Processing 
Technology. 2001, 71, 1-6. 

Hääl, M.-M.; Sürje, P.; Rõuk, H. ‘Traffic as a source of pollution’. Estonian Journal of 
Engineering. 2008, 14, 65-82. 

Jacobson, T.; Hornvall, F. ’Dubbslitage på asfaltsbeläggning – Sammanställning av resultat 
från provvägar och kontrollsträckor 1990-1998’. Väg- och transportforsknings-
institutet, Linköping, Sverige. (VTI meddelande 862). 1999. (In Swedish) 

Johansson, C.; Burman, L. ‘Halter och deposition av tungmetaller i Stockholm, 2003/2004’. 
ITM-report 147. Department of Applied Environmental Science, Stockholm. 2006. (In 
Swedish) 

Kersten, M.; Garbe-Schönberg, C.-D.; Thomsen, S.; Anagnostou, C.; Sioulas, A. ‘Source 
apportionment of Pb pollution in the coastal waters of Elefsis Bay, Greece’. 
Environmental Science and Technology.  1997, 31, 1295. 

Landner, L.; Lindeström, L. ‘Copper in society and in the environment, 2nd rev edn’. Swedish 
Environmental Research Group, Västerås. 1999. 

Landner, L.; Lindeström, L. ‘Zinc in society and in the environment’. Swedish Environmental 
Research Group, Kil. 1998. 

Legret, M.; Pagotto, C. ‘Evaluation of pollutant loadings in the runoff waters from a major 
rural highway’. The science of the Total Environment.1999, 235, 143-150. 

Li, X.; Poon, C.; Liu, P. ‘Heavy metal contamination of urban soils and street dusts in Hong 
Kong’. Applied Geochemistry. 2001, 16, 1361-1368. 

Lindgren, Å. ‘Asphalt wear and pollution transport’. The Science of the Total Environment. 
1996, 189-190, 281-286. 

Lindgren, Å. ‘Road construction materials as a source of pollutats’. Doctoral Thesis. 
Department of Environmental Engineering, Luleå University of Technology. Luleå. 
1998. 

Lough, G.; Schauer, J.; Park, J.; Shäfer, M.; Deminter, J.; Weinstein, J.; ‘Emissions of metals 
associated with motor vehicle roadways’. Environmental Science and Technology. 
2005, 39, 826-836. 

Malmqvist, P.-A. ‘Urban stormwater pollutant sources – An analysis of inflows and outflows 
of nitrogen, phosphorus, lead, zinc and copper in urban areas’, Doctoral Thesis, 
Department of Sanitary Engineering, Chalmers University of Technology, Göteborg. 
1983. 

Manno, E.; Varrica, D.; Dongarra, G. ‘Metal distribution in road dust samples collected in an 
urban area close to a petrochemical plant at Gela, Sicily’. Atmospheric Environment. 
2006, 40, 5929-5941. 

Manta, D.; Angelone, M.; Bellanca, A.; Neri, R.; Sprovieri, M. ’Heavy metals in urban soils: a 
case study from the city of Palermo (Sicily), Italy’. Science of the Total Environment. 
2002, 300, 229-243. 

Marsalek, J.; Marsalek, P. ‘Characteristics of sediments from a stormwater management pond’. 
Water Science and Technology. 1997, 36, 117-122. 

 30



Moldovan, M.; Rauch, S.; Morrison, G.M.; Gómez, M.M.; Palacios, M.A. ‘Bioaccumulation 
of palladium, platinum and rhodium from urban particulates and sediments by the 
freshwater isopod Assellus aquaticus’. Water Research. 2001, 35, 4175–4183. 

Monaci, F.; Moni, F.; Lanciotti, E.; Grechi, D.; and Bargagli, R. ‘Biomonitoring of airborne 
metals in urban environments: new tracers of vehicle emission, in place of lead’. 
Environmental Pollution. 2000, 107, 321-327. 

Müller, K.; Daus, B.; Morgenstern, P.; Wennrich, R. ‘Mobilization of antimony and arsenic in 
soil and sediment samples - Evaluation of different leaching procedures’ Water, Air, 
and Soil Pollution. 2007, 183, 427-436. 

Murakam, M.; Nakajima, F.; Furumai, H.; Tomiyasu, B.; Owari, M. ‘Identification of particles 
containing chromium and lead in road dust and soakaway sediment by electron probe 
microanalyser’. Chemosphere. 2007, 67, 2000-2010. 

Muschack, W. ‘Pollution of street runoff by traffic and local conditions’. The science of the 
Total Environment. 1990, 93, 419-431.  

Månsson, N.; Bergbäck, B.; and Sörme, L. ‘Phasing out Cadmium, Lead and Merchury: 
Effects on Urban Stocks and Flows’. Accepted for publication in: Journal of 
Industrial Ecology. 

Palm, V.; Östlund, C. ‘Lead and zinc flows from technosphere to biosphere in a city region’. 
Science of the Total Environment. 1996, 192, 95-109. 

Peltola, P.; Wikström, E. ‘Tyre stud derived tungsten carbide particles in urban street’. Boreal 
Environment Research. 2006, 11, 161-168.  

Peltola, P.; Åstrom, M. ‘Urban geochemistry: A multimedia and multielement survey of a 
small town in northern Europe’. Environmental Geochemistry and Health. 2003, 25, 
397-419. 

Påhlsson, B. A.-M. ‘Toxicity of heavy-metals (Zn, Cu, Cd, Pb) to vascular plants – A 
literature-review’. Water, Air, and Soil Pollution. 1989, 47, 287-319. 

Querol, X.; Viana, M.; Alastuey, A.; Amato, F.; Moreno, T.; Castillo, S.; Pey, J.; de la Rosa, 
J.; Sanchez de la Campa, A.; Artinano, B.; Salvador, P.; Garcia Dos Santos, S.; 
Fernandez-Patier, R.; Moreno-Grau, S.; Negral, L.; Minguillon, M.; Monfort, E.; Gil, 
J.; Inza, A.; Ortega, L.; Santamaria, J.; Zabalza, J. ‘Source origin of trace elements in 
PM from regional background, urban and industrial sites of Spain’. Atmospheric 
Environment. 2007, 41, 7219-7231. 

Ozaki, H.; Watanabe, I.; Kuno, K. ‘Investigation of heavy metal sources in realation to 
automobiles’. Water, Air, and Soil Pollution. 2004, 157, 209-223. 

Rauch, S.; Hemond H. F.; Peucker-Ehrenbrink, B. ‘Recent changes in platinum group element 
concentrations and osmium isotopic composition in sediments from an urban lake’. 
Environmental Science and Technology. 2004, 38, 396-402. 

Rauret, G.; López-Sánchez, J.; Sahuquillo, A.; Rubio, R.; Davidsson, C.; Ure, A.; 
Quevauviller, Ph. ‘Improvement of the BCR three step sequential extraction procedure 
prior to the certification of new sediment and soil reference materials’. Journal of 
Environmental Monitoring. 1998, 1, 57-61. 

 31



Saint' Pierre, T.; Dias, L.; Pozebon, D.; Aucelio, R.; Curtius, A.; Welz, B. ‘Determination of 
Cu, Mn, Ni and Sn in gasoline by electrothermal vaporization inductively coupled 
plasma mass spectrometry, and emulsion sample introduction’. Spectrochimica Acta 
Part B-Atomic Spectroscopy. 2002, 57, 1991-2001. 

Saint' Pierre, T.; Dias, L.; Maia, S.; Curtius, A. ‘Determination of Cd, Cu, Fe, Pb and Tl in 
gasoline as emulsion by electrothermal vaporization inductively coupled plasma mass 
spectrometry with analyte addition and isotope dilution calibration techniques’. 
Spectrochimica Acta Part B-Atomic Spectroscopy. 2004, 59, 551-558. 

Sandahl, J; Jenkins, J. ‘A sensory system at the interface between urban stormwater runoff and 
salmon survival’. Environmental Science and Technology. 2007, 41, 2998-3004. 

Schäfer, J.; Puchelt, H. ‘Platinum-group-metals (PGM) emitted from automobile catalytic 
converters and their distribution in roadside soils’. Journal of Geochemical 
Exploration. 1998, 64, 307–314. 

Spry, D.; Wiener, J. ‘Metal bioavailibility and toxicity to fish in low-alkalinity lakes – A 
critical-review’. Environmental Pollution. 1991, 71, 243-304. 

Sternbeck, J.; Palm, A.; Kaj, L.; ’Antimon i Sverige – användning, spridning och 
miljöpåverkan’. IVL rapport B 1473. 2002 a. (in Swedish) 

Sternbeck, J.; Sjodin ,A.; Andreasson, K. ‘Metal emissions from road traffic and the influence 
of resuspension - results from two tunnel studies’. Atmospheric Environment. 2002b, 
30, 4735-4744. 

Sörme, L.; Lagerkvist, R. ‘Sources of heavy metals in urban wastewater in Stockholm’. The 
science of the Total Environment. 2002, 298, 131-145. 

Sörme, L.; Bergbäck, B.; Lohm, U. ‘Century perspective of heavy metal use in urban areas’. 
Water, Air, and Soil Pollution. 2001a, Focus 1, 197-211. 

Sörme, L.; Bergbäck, B.; Lohm, U. ‘Goods in the anthroposphere as a metal emission source’. 
Water, Air, and Soil Pollution. 2001b, Focus 1, 213-227. 

Tessier, A.; Campbell, P.; M. Bisson, ‘Sequential extraction procedure for the speciation of 
particulate trace-metals’. Analytical Chemistry. 1979, 51, 844-851. 

Teixeira, L.; Rocha, R.; Sobrinho, E.; Guimaraes, P.; Pontes, L.; Teixeira, J. ‘Simultaneous 
determination of copper and iron in automotive gasoline by X-ray fluorescence after 
pre-concentration on cellulose paper’. Talanta. 2007, 72, 1073-1076. 

Tighe, M.; Lockwood, P.; Wilson, S.; Lisle, L. ‘Comparison of digestion methods for ICP-
OES analysis of a wide range of analytes in heavy metal contaminated soil samples 
with specific reference to arsenic and antimony’. Communications in Soil Science and 
Plant Analysis. 2004, 35, 1369-1385. 

Valavanidis, A.; Fiotakis, K.; Vlahogianni, T.; Bakeas, E.; Triantafillaki, S.; Paraskevopoulou, 
V.; Dassenakis, M. ‘Characterization of atmospheric particulates, particle-bound 
transition metals and polycyclic aromatic hydrocarbons of urban air in the centre of 
Athens (Greece)’. Chemosphere. 2006, 65, 760-768. 

 32



 33

Van der Voet, E. ‘Substance flow analysis methodology’. In: A handbook of industrial 
ecology. Edited by Ayres R.U. and Ayres L.W. UK: Edward Elgar Publishing 
Limited. 2002, 91-101. 

Westerlund, K.-G. ’Metal emissions from Stockholm traffic – wear of brake linings’. Reports 
from SLB-analys, 2:2001, Environment and Health Protection Administration 
Stockholm, 2001.  

Whiteley, J.; Murray, F. ‘Autocatalyst-derived platinum, palladium and rhodium (PGE) in 
infiltration basin and wetland sediments receiving urban runoff’.  Science of the Total 
Environment. 2005, 34, 199-209. 

Witeska, M.; Jezierska, B. ‘The effects of environmental factors on metal toxicity to fish 
(review)’. Fresenius Environmental Bulletin. 2003, 12, 824-829. 

Yatkin, S.; Bayram, A. ‘Source apportionment of PM10 and PM2.5 using positive matrix 
factorization and chemical mass balance in Izmir, Turkey’. Science of the Total 
Environment. 2008, 390, 109-123. 

Yeung, Z.; Kwok, R.; Yu, K. ‘Determination of multi-element profiles of street dust using 
energy dispersive X-ray fluorescence (EDXRF)’. Applied Radiation and Isotopes. 
2003, 58, 339-346. 

Urban, H.; Huebner, C.; Ellinger, R. ‘Road traffic emission factors for PAH, heavy metals, 
primary NO2 and further particulate and gaseous components’. Gefahrstoffe 
Reinhaltung der Luft. 2007, 67, 429-438. 



 

 


	Avhandling_David Hjortenkrans_helt_omslag
	Kappa ny.pdf

