
DOCTORA L  T H E S I S

Department of Civil, Mining and Environmental Engineering
Division of Architecture and Infrastructure Characterisation of Pollutants in 

Stormwater Treatment Facilities

Kristin Karlsson

ISSN: 1402-1544  ISBN 978-91-86233-80-8

Luleå University of Technology 2009

K
ristin K

arlsson   C
haracterisation of Pollutants in Storm

w
ater T

reatm
ent Facilities

ISSN: 1402-1544  ISBN 978-91-86233-XX-X     Se i listan och fyll i siffror där kryssen är





 

 
 
 
 
 
 
 
 
 
 
 

Characterisation of Pollutants in Stormwater Treatment Facilities  
 
 
 
Kristin Karlsson 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Division of Architecture and Infrastructure 
Department of Civil, Mining and Environmental Engineering 
Luleå University of Technology 
SE-971 87 Luleå 
Sweden 

 
Doctoral thesis  
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Characterisation of Pollutants in Stormwater Treatment Facilities 
Kristin Karlsson 
Department of Civil, Mining and Environmental Engineering 
Luleå University of Technology 
 
 
ISSN: 1402-1544 
ISBN 978-91-86233-80-8 
 



 i

PREFACE 

This doctoral thesis is based on research carried out at the research group Urban Water 
at Luleå University of Technology (LTU) between 2003 and 2009. The thesis is 
presented in six papers and one manuscript (referred to as Papers I to VII).  
 
I was the first author for all seven papers and conducted the fieldwork, the toxicity test 
(Papers I and VII), and the sequential extraction (Papers II); interpreted the results; and 
wrote the papers in full with guidance and supervision from my advisor Maria 
Viklander. For Paper I, my co-authors Lian Scholes and Professor Mike Revitt from 
Middlesex University contributed general discussions of the results. For Paper II, my 
co-author Professor Björn Öhlander from the Division of Geoscience, LTU, 
contributed comments on the results and discussion. For Paper III, my co-author Jonas 
German from the Swedish Meteorological and Hydrological Institute performed the 
fieldwork and analyses of the data from 1998 and contributed a general discussion of 
the results. For Paper IV, my co-author Magnus Westerstrand, a PhD student at the 
Division of Geoscience, LTU, performed the ultrafiltration and contributed together 
with his advisor Professor Johan Ingri, a general discussion of the results.  
 
The preparations for the toxicity test and sequential extraction were conducted with 
assistance from Kerstin Nordqvist, LTU, who also performed the suspended solids 
analyses. The metal and PAH analyses were performed by the accredited laboratory 
ALS Laboratory Group, Sweden (former Analytica AB).   
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ABSTRACT 

The overall objective of this thesis is to increase the knowledge of both the pollutants 
within stormwater treatment facilities and the maintenance of these facilities. This 
objective has been achieved by studying water and sediment with respect to metal 
concentrations, fractionation, and toxicity from ponds, sedimentation tanks, and gully 
pots with different catchment characteristics as well as from the sediment removal 
process.   
The results showed that, in all facilities, the metals in the standing water were 
predominantly attached to particles. In the sediment, the ponds showed the highest 
concentrations of metals and percentages of fine particles followed by sedimentation 
tanks and gully pots. Two of the ponds and one sedimentation tank had elevated 
concentrations of Cu, Ni, and Zn in the sediment compared to the other studied 
facilities, concentrations that are consistent with these facilities being influenced by 
the highest traffic loads. In general, the metal fractionation between the facilities 
differs where the ponds have more metals in the mobile fraction than the 
sedimentation tanks and gully pots. All facilities showed that Cr was the least available 
while Cd was the most available in the ponds, Zn in the sedimentation tanks, and Cu in 
the gully pots. The results showed that for most metals, the oxidizing and reducing 
conditions would be most critical with respect to the release of metals from sediments. 
However, the results from the metal fractionation showed that, for all treatment 
facilities, between 45-96% of the metals (except Cr and Ni) were in potentially mobile 
form and could, therefore, be a threat to the environment if the facilities are not 
maintained properly. The results showed that facilities with similar catchment areas 
have similar metal concentrations, particle-size distributions, and fractionation in the 
sediment. The toxicity test showed that of all the facilities, the standing water in only 
one gully pot in the residential area showed a toxic response to the bacteria, Vibrio 
fischeri. The sediment showed toxic response in all facilities where the ponds had the 
highest toxicity followed by the sedimentation tanks and gully pots. Both water and 
sediment from all of the studied facilities exceed one or more of the compared 
guidelines. In general, the metal concentrations and guidelines for water and sediments 
were not consistent with the results from the toxicity test. Therefore, to accurately 
evaluate the environmental impact of pollutants trapped in stormwater treatment 
facilities, it is important to carry out both chemical analyses and toxicity test.  
These stormwater treatment facilities need to be maintained in order to function 
properly; therefore, the sediment must be removed. During the sediment removal from 
the gully pots and the pond, the concentration in the water phase increased and became 
more hazardous after the sediment removal compared to before. The gully pots in the 
residential area had higher metal concentrations in the water phase than the gully pots 
receiving only road runoff. The sediment phase, however, did not show a large 
difference in concentrations between before and after the sediment was removed. Due 
to the high metal and PAH concentration in the removed water, the water should not 
be poured back to the gully pot and based on the results, an annual cleaning of the 
gully pot is recommended. The identification of sources in gully pot water and 
sediment shows that the metals Cu, Pb, Zn, Ni, Cd and Hg and PAHs were enriched in 
the gully pots, which indicates that they probably come from anthropogenic sources.  
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SAMMANFATTNING 

Syftet med denna avhandling är att öka kunskapen om föroreningar i olika 
reningsanläggningar för dagvatten samt underhåll av dessa anläggningar. Detta har 
gjorts genom att studera metallkoncentrationer, fraktionering och toxicitet i vatten och 
sediment från dagvattendammar, magasin och rännstensbrunnar i olika områden samt 
under tömningen av flera rännstensbrunnar och en damm. 
  
Den högsta koncentrationen av metaller i vattenfasen hittades i rännstensbrunnarna 
jämfört med dammar och magasin. Resultatet visade att metallerna var till största 
delen associerade med partiklar. Dammarna visade de högsta metallkoncentrationerna 
i sedimentet och den högsta andelen små partiklar jämfört med magasinen och 
rännstensbrunnarna. Två dammar och ett magasin visade förhöjda halter av Cu, Ni och 
Zn i sedimentet jämfört med de andra undersökta anläggningarna vilket stämmer 
överens med att dessa anläggningar har högre trafikbelastning. Generellt så skiljer sig 
fraktioneringen av metaller mellan de olika anläggningarna där dammarna har högre 
procent av rörliga metaller jämfört med magasinen och brunnarna. Alla anläggningar 
visar att Cr är minst rörlig medan Cd är mest tillgänglig i dammarna medan Zn är mest 
tillgänglig i magasinen och Cu är mest tillgänglig i rännstensbrunnarna. De 
anläggningar som har hög metallkoncentration har också hög procent mobila metaller. 
Resultatet visade att för de flesta metaller var den oxiderade och reducerande 
fraktionen viktigast. Resultatet från fraktioneringen visar att mellan 45-96% av alla 
metaller (utom Cr och Ni) är rörliga i anläggningarna och kan därför bli hot mot 
miljön om anläggningarna inte sköts om på ett lämpligt sätt. Det visade sig att det bara 
var vatten från en rännstensbrunn som var toxiskt för bakterien, Vibrio fisheri, medan 
sedimenten i alla anläggningar visade sig vara toxiskt. Dammarna visade den högsta 
toxicitet därefter magasinen och sist rännstensbrunnarna. Både metall-
koncentrationerna i vattnet och sedimenten från anläggningarna överskred en eller 
flera av de riktlinjer som jämfördes. Generellt så stämde inte metallkoncentrationerna 
och riktlinjerna överens med resultatet från toxicitetstesterna. För att göra en noggrann 
och riktigt utvärdering av anläggningarna är det därför viktigt att både utföra kemiska 
analyser och toxicitetstester.  
 
Alla anläggningar behöver underhållas för att de ska fungera på rätt sätt och därför är 
det viktigt att avlägsna det sediment som ansamlas. Under tömningen av 
rännstensbrunnar och dammen ökade koncentrationerna av metaller och PAH i 
vattenfasen vilket gjorde att den blev farligare efter tömningen än före. Däremot så 
förändrades inte koncentrationerna i sedimenten. Rännstensbrunnarna från 
bostadsområdet visade sig ha högre metallkoncentrationer i vattenfasen än 
rännstensbrunnarna i centrum. På grund av den höga halten av metaller och PAHer i 
vattenfasen som bildas under tömningen, ska detta vatten inte tömmas tillbaka i 
brunnarna utan den måste bli renad. Med avseende på resultaten så rekommenderas en 
årlig tömning av rännstensbrunnarna. Källidentifieringen visade att metallerna Cu, Pb, 
Zn, Ni, Cd and Hg och PAH var anrikad i rännstensbrunnarna vilket indikerade på att 
de kommer från antropogena källor.  
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1. INTRODUCTION 

The focus on stormwater management will increase in the future as a result of 
urbanisation and changes in precipitation due to climate change. According to the 
United Nations, hazardous compounds are one of the main issues that affect the 
world’s water reserve (UN, 2009). The EU Water Framework Directive (WFD) has 
committed member states to achieve good qualitative and quantitative status of all 
water bodies by the year 2015. At the moment, approximately 50 percent of the lakes 
and watercourses and only 20 percent of the coastline in Sweden are fulfilling the 
qualitative demands. Stormwater is considered to be a significant non-point source of 
pollution in receiving waters; therefore, the treatment of stormwater is of great 
importance to create and maintain a better quality of the surrounding water. The 
pollutants will accumulate in the sediment in stormwater treatment facilities, but they 
could be mobile if the conditions change. Therefore, maintaining these facilities 
properly is important. This thesis focuses on both the quality of pollutants in 
stormwater treatment facilities and on the pollutants from the sediment removal 
process to generate more knowledge regarding the behaviour of pollutants. The results 
from this thesis could hopefully be of help to owners/operators responsible for 
managing stormwater treatment facilities and government agencies responsible for 
protecting surface water quality.  
 
1.1 Objectives of the thesis 
Currently, several stormwater facilities have been built in cities and along highways 
due to the awareness of the environmental impacts caused by stormwater pollution. 
These facilities change the pathways of water and different types of pollutants in the 
city (Figure 1). One of the main questions in the development towards sustainable 
stormwater management is if these facilities are sustainable. What happens with the 
pollutants if the conditions change or when the facilities are in need of maintenance? 
The overall objective of this thesis is to increase the knowledge concerning pollutants 
within stormwater treatment facilities and their maintenance. This objective has been 
achieved by studying water and sediment from ponds, sedimentation tanks, and gully 
pots with different catchments characteristics. All the data in the thesis is from field 
measurements. Apart from the overall objective, the specific objectives of this thesis 
were to 
 

 Study the concentrations of  heavy metals in stormwater treatment facilities   
The purpose was to investigate if metal concentrations differed depending on 
facility type and catchment area (Paper I, III, and VII).  

 

 Study the toxicity and mobility of metals in stormwater treatment facilities 
The purpose was to investigate if water and sediment from treatment facilities 
are toxic and if the metals are bound equally in the sediment depending on 
facility type and catchment area (Paper I, II and VII).  

 

 Investigate removed water and sediment from stormwater treatment facilities 
The purpose was to study how the sediment removal process affects the 
composition of the water and sediment in the treatment facilities (Paper III-
VII). 
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Stormwater

Treatment by different facilities

RecipientSediment disposal
 

 
Figure 1. Pathways of stormwater and the associated pollutants. 
 
1.2 Structure of the thesis 
This thesis is based on seven appended papers, which will be referred to as Paper I to 
VII (Figure 2). The thesis consists of six chapters. Chapter 1 consists of a short 
introduction to the topic and the objectives of the thesis. Chapter 2 contains a literature 
review that describes the quality and treatment of stormwater as well as the negative 
impact stormwater has on the environment. Chapter 3 describes the field sites, 
sampling methods, and laboratory analyses. Chapter 4 summarises the results and 
chapter 5 discusses the papers and compares the results to other studies in the area. 
Chapter 6 concludes the major results from the work presented. At the end, the seven 
scientific papers are attached in their original from. Two of the papers are published in 
international journals (Papers V, VI), two have been accepted for publication (Paper 
III, IV), two have been submitted to international journals (Papers I, II), and one is a 
manuscript (VII).  
 

Stormwater

Treatment by different facilities

Recipient

Sediment disposal
Paper V, VI

Toxicity/Mobility/Bioavailability 
Paper IIPaper IV

Paper VII
Paper III Paper I

 
Figure 2. Outline of the papers in the thesis. 
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2. BACKGROUND 

Urbanisation started in today’s more developed regions and approximately 30 percent 
of their population were living in urban areas in 1920. In 2007, Europe was the least 
urbanised area in the developed world with 72 percent of its population living in urban 
areas. By the year 2050, it is expected that Europe will have a level of urbanisation of 
84 percent while North America, Australia, and New Zealand are expected to have a 
level over 90 percent (UN, 2008). A consequence of new developments and the 
expansion within existing areas is that much of the green areas are replaced with 
impervious areas such as roads, parking lots, and roofs, which prevent rain and 
snowmelt from infiltrating into the ground. A surface that is covered with 75-100% of 
impervious areas results in 55% runoff compared with 10% in a natural ground cover 
area (U.S. EPA, 2003). According to the Intergovernmental Panel on Climate Change 
(ICPP), the precipitation will increase in high latitudes and part of the tropics while it 
will decrease in some subtropical and lower mid-latitude regions. Climate change 
affects the function and operation of existing water infrastructures as well as water 
management practices (Bates et al., 2008). However, it is not only the quantity of 
water that increases as a result of increased precipitation and urbanisation but also the 
speed of the stormwater (Figure 3) (Stahre, 2006). Storm sewer systems collect the 
runoff, which is often discharged to the nearest recipient. The increase of water in 
streams and lakes can cause problems such as flooding, erosion, an increase of 
temperature, sediment deposits, and an increase of pollutants. 
 

 
 
Figure 3. Change in runoff due to urbanisation (Stahre, 2006). 
 
2.1 Stormwater quality 
Urban areas produce large amounts of pollutants that accumulate on different surfaces 
(Table 1). The type and concentration of pollutants is dependent on the type of land 
use that exists in the area (Goonetilleke et al., 2005; Malmqvist, 1983). Low-density 
residential land uses and parks contribute fewer pollutants than commercial and 
industrial land uses (Smullen et al., 1999). Many studies have shown that runoff from 
roads and highways is one of the main sources of pollutants in stormwater (Hoffman et 
al., 1985; Davis et al., 2001; Fuchs et al., 2006). Atmospheric deposition is also an 
important source where the pollutants can be transported long distances with help from 
the air and end up in other areas than they originated from (Garnaud et al., 1999; Davis 
et al., 2001). The most common elements in stormwater are sediment, heavy metals, 
nutrients, hydrocarbons, road salts, oxygen-demanding substances, and pathogens 
(U.S. EPA, 1993). 
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Table 1. Stormwater pollutants and their sources (U.S. EPA, 1993 adjusted according 
to Davies et al., 2001 and Fuchs et al., 2006).  
Pollutants Sources 
Particulates Pavement wear, vehicles, atmosphere 
Nitrogen, Phosphorous Atmosphere, roadside fertilizer application 
Lead Tire wear, automobile exhaust, corrosion of roof and facades, 

atmosphere 
Zinc Tire wear, motor oil, grease, corrosion of roof, facades and galvanized 

surfaces 
Iron Auto body rust, steel highway structures, moving engine parts 
Copper Metal plating, brake lining wear, moving engine parts, bearing and 

bushing wear, fungicides and insecticides, corrosion of roofs and 
facades, atmosphere 

Cadmium Tire wear, roadside insecticide application, corrosion of roof and 
facades, atmosphere 

Chromium Metal plating, moving engine parts, brake lining wear 
Nickel Diesel fuel and gasoline, lubricating oil, metal plating, brake lining 

wear, asphalt paving 
Manganese Moving engine parts 
Cyanide Anti-caking compound used to keep de-icing salt granular 
Sodium, Calcium, Chloride De-icing salts 
Sulphate Roadway beds, fuel, de-icing salts 
Petroleum Spills, leaks, or blow-by of motor lubricants, antifreeze and hydraulic 

fluids, asphalt surface leachate 
 
2.1.1 Sediment 
Suspended solids are one of the most common constituents found in stormwater (U.S. 
EPA 1993) and the sources are many (Figure 4). The solids are an important carrier of 
other pollutants since a large portion of the pollutants is attached to solids. Many 
studies have shown that most of the pollutants are associated with the smallest fraction 
of solids (Lau and Stenstrom, 2005; Tuccillo, 2006; Westerlund and Viklander, 2006). 
In the receiving waters, the solids can increase the turbidity and reduce light 
penetration as well as change the habitat for fish and other water-living organisms 
(U.S. EPA, 1993)  
 

 
 
Figure 4. Sources of sediment (Butler and Clark, 1993). 
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2.1.2 Metals 
The sources of metals in stormwater are many and the metal release mechanisms are 
complex. The metal fluxes depend on specific materials, land use, and local activities 
within the catchment areas. Metals can exert both a short- and a long-term toxicity and 
do not degrade in the environment (Tuccillo, 2006). The most common heavy metals 
in stormwater and the largest sources for these metals are shown in Table 1. All metals 
(in Table 1) have contributions from building materials, traffic or traffic-related 
sources (Malmqvist, 1983; Davies et al., 2001; Sörme and Lagerkvist, 2002; Fuchs et 
al., 2006). In cold climates, the use of studded tires is common but it also increases the 
contributions of pavement wear to the stormwater (Baekken, 1993). During recent 
years, metals like platinum, palladium, rhodium (from autocatalysts), and antimony 
(from e.g. brake linings and tires) have been found in stormwater (Wei and Morrison, 
1994; Rauch, 2002; Månsson et al., 2009).  
 
The toxicity and bioavailability of the metals are related to their speciation. The metals 
can be divided into three different fractions: particles, colloids, and truly dissolved or 
soluble. The definition of the size of colloids differs between studies but ranges 
approximately from 1 nm-1 m (Buffle and Leppard, 1995). The colloids have a high 
affinity for metals and their behaviour differs from the larger particles since they are 
not expected to settle, although they have a potential to aggregate and settle some 
distance from the source (Pham and Garnier, 1998; Tuccillo, 2006). The speciation of 
metals in stormwater has been studied, for example, by Tuccillo (2006), who found 
that zinc and copper were either truly dissolved (<10 kDa) or associated with particles 
>5 m, while lead and chromium were completely associated with particles >5 m. 
Kjølholt et al. (2001) showed that the dissolved and colloid fraction from road runoff 
is toxic to algae and according to Lithner et al. (2003), the trace elements in 
stormwater are bioavailable. 
 
2.1.3 Organic pollutants 
Over the past twenty years, many new organic compounds have been introduced into 
our society and the effects of these compounds on the environment are not yet known. 
Over 650 xenobiotic organic compounds can be found in stormwater, according to 
Ericsson et al. (2005). In the EU 5th Framework project Daywater (Förster et al., 
2004), a list of priority pollutants in stormwater has been developed (Eriksson et al., 
2005a). Some of the selected organic pollutants were polycyclic aromatic 
hydrocarbons (PAH), nonylphenol, methyl tert-butyl ether, polychlorinated biphenyls 
(PCB), and glyphosate. One of the most common and investigated organic pollutants 
in stormwater is polycyclic aromatic hydrocarbons (PAH). PAHs can be acutely toxic, 
genotoxic, and carcinogenic (WHO, 1998). The PAHs can be divided into different 
groups depending on their physical, chemical, and biological properties. Examples 
from the groups are shown in Figure 5 and the selected PAHs are representatives from 
the different groups that have similar structures or behaviours: naphthalene has two 
aromatic rings and is hazardous in both the water and solid phase; pyrene has four 
aromatic rings and is hazardous in the solid phase; benzo[a]pyrene has five aromatic 
rings and is hazardous in the solid phase; all three are also carcinogenic. 
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PAH-L PAH-M PAH-H  
 
Figure 5. Examples of PAH in the groups PAH-L (low molecular weight), PAH-M 
(medium molecular weight), and PAH-H (high molecular weight).  
 
Generally, PAHs have a relatively low solubility and high affinity for organic carbon; 
therefore, most PAHs can be found attached to particles (ATSDR, 1995; Shinya et al., 
2000; Simon and Sobieraj, 2006). Marsalek et al. (1997b) found that less than 11 % of 
the total concentration of PAHs in stormwater was in dissolved form (<0.45 μm). Lau 
and Stenstrom (2005) showed that PAHs with higher molecular weights were more 
abundant than PAHs with lower weights in street sediments. However, Smith et al. 
(2000) reported that naphthalene was the most frequently detected in stormwater in 
Virginia, USA.  
 
2.1.4 Other pollutants 
The nutrients, phosphorus and nitrogen, are often found in stormwater and sources for 
phosphorous in stormwater are automobile exhaust, lawn fertilizers, atmospheric 
deposition, animal droppings, and tree leaves (Dorney, 1986; Malmqvist, 1983). The 
largest source of nitrogen in stormwater is atmospheric deposition, according to 
Malmqvist, (1983).  
 
In cold climates, it is common to use de-icing chemicals during the winter period. The 
usage of road salt (NaCl) damages the roadside vegetation and increases corrosion of 
vehicles and road surfaces, which leads to an increase of pollutants in the runoff 
(Norrström and Bergstedt, 2001).  
 
Pathogens (disease-causing micro-organisms) found in stormwater come primarily 
from urine and faeces from animals (pets and wild). Micro-organisms are a source of 
high oxygen demand since they need oxygen to survive (Butler and Davies, 2004). 
Different micro-organisms can also reduce the pollutants in stormwater, since they 
break down complex organic pollutants. The amount of organic material is often 
measured in BOD (biological oxygen demand) or COD (chemical oxygen demand).  
 
2.2 Stormwater treatment  
The terminology for managing urban stormwater differs all over the world. In the 
United States, the term Best Management Practice (BMP) is applied to mechanisms 
used to improve the quality and to manage the quantity of stormwater in the most cost-
effective way (U.S. EPA, 1999). The term Sustainable Urban Drainage System 
(SUDS) is used in the UK, and these systems are designed to reduce the potential 
impact of new and existing developments with respect to surface water drainage 
discharges (CIRIA, 2009). In Australia, the general expression Water Sensitive Urban 
Design (WSUD) is used and is about the integration of water cycle management into 
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urban planning and design (Melbourne water, 2009). Henceforth, the expression BMPs 
will be used in this thesis. BMPs are implemented to deal with three main factors: flow 
control, pollutant removal, and pollutant source reduction. Stormwater BMPs can be 
divided into two groups: structural and non-structural. Structural BMPs include 
systems that are constructed for managing stormwater quality and/or stormwater 
quantity. Non-structural BMPs include education, prevention of pollution, and ways to 
prevent the rain from becoming runoff. 
 
2.2.1 Structural BMPs 
To reduce the volume and the load of pollutants transported to receiving waters, 
different BMPs can be implemented either at a local point or at a discharge point. The 
removal of pollutants in BMPs can occur through several processes such as 
sedimentation, filtration, infiltration, floatation, adsorption, biological uptake, and 
degradation (U.S. EPA, 1999). Because one or more of these processes occur in 
several of the structural BMPs, the U.S. EPA (1999) has classified the structural BMPs 
into groups depending on function. 
 

 Infiltration systems: Infiltration systems are designed to capture a volume of 
runoff and infiltrate it into the ground. The advantages include water quantity 
control as well as water quality control, while the disadvantages are clogging 
and contamination of soil and groundwater. They include infiltration basins, 
porous pavement systems, and infiltration trenches or wells.  

 
 Detention systems: A volume of runoff is captured and retained for gradual 

release to the receiving water. Detention systems are designed to not retain 
water between runoff events; therefore, they are mainly for water quantity 
control. They include detention basins and underground vaults, pipes, and 
tanks. 

 
 Retention systems: A volume of runoff is captured and retained until it is 

replaced by the next runoff event; therefore, the system maintains a permanent 
pool. Retention systems can provide both quantity and quality control. They 
include wet ponds and underground pipes or tanks.  

 
 Constructed wetland systems: Constructed wetland systems are similar to 

retention and detention systems, except that major portions of the surface or 
bottom contain wetland vegetation. They include wetland basins and wetland 
channels. 

 
 Filtration systems: Filtration systems use soil, organic matter, or a membrane as 

a media to remove pollutants found in runoff and are, therefore, used only for 
quality control.   

 
 Vegetated systems: Vegetated systems are designed to treat as well as convey 

and/or infiltrate stormwater with the help of grass and vegetation. They include 
swales and filter strips.  
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There are many different types of treatment facilities for stormwater, so gully pots, 
ponds, and underground sedimentation tanks are discussed further:  
 
Gully pots 
Gully pots are one of the most common BMPs; in England and Wales, there are more 
than 170 000 000 (Memon and Butler, 2002). Gully pots collect particles from road 
runoff with the purpose of protecting the receiving water and sewer system from 
sediment deposit (Figure 6). The quality of the inflowing runoff is influenced by 
several factors, such as catchments’ characteristics, property-owner habits, and 
maintenance of the road as well as the rain-event intensity. Therefore, they can vary 
considerably between different areas. During rain events, the incoming runoff replaces 
the standing liquor and its constituents. The volume and the intensity of the inflowing 
runoff and the state of the bed will influence the re-erosion of previously deposited 
material (Morrisson et al., 1988; Butler et al. 1995). In a study made by Sartor and 
Boyd (1972), clean water was discharged to gully pots and the results showed that 
only 1% of the initial solids in the sediment bed were removed by flushing. Between 
rain events, biochemical reactions occur in the gully pots, causing a decrease of 
dissolved oxygen, resulting in anaerobic conditions, and changes in metal speciation, 
resulting in an increase of metals in the dissolved phase (Morrison et al., 1988, 1995; 
Butler et al., 1995).  
 

 
 
Figure 6. Transport of surface sediments by runoff to gully pots (Butler and Clark, 
1993). 
 
Gully pots are relatively effective in removing large particles from the runoff. Results 
from tests on clean gully pots showed that nearly all particles greater than 246 m 
were trapped while only a small amount of the fine particles were trapped (Figure 7) 
(Sartor and Boyd, 1972). A laboratory study made by Butler and Karunaratne (1995) 
found that gully pots’ trap efficiency reduces with increasing flow rate and decreasing 
particle size. Since gully pots are designed to trap particles, the removal efficiency for 
dissolved pollutants is very poor (Memon and Butler, 2002). The inflow of dissolved 
metals to the gully pot is almost equal to the outflow and most of the metals are in a 
bioavailable form, which could have a negative impact on the ecology of receiving 
waters (Morrison et al., 1988).  
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Figure 7. Particles trapped in gully pots (Sartor and Boyd, 1972). 
 
The gully pots must be cleaned regularly to maintain the efficiency of trapping 
particles. To provide a good control of the outflows of metals from gully pots, 
Morrison et al. (1988) recommended a cleaning interval of 4-7 days. However, this 
dense cleaning interval is not possible and Memon and Butler (2002) found that the 
quality of the outflow does not improve because of frequent cleaning.  
 
Ponds 
Early ponds were designed for flood control, while today’s ponds are designed to 
remove pollutants as well as reduce flood peaks (Baxter et al., 1985; Starzec et al., 
2005). Several studies have concluded that the optimal size (i.e. when an increase in 
size does not increase the removal efficiency) for a pond is approximately 2% of the 
connecting impervious area (Yousef et al., 1994; Pettersson et al., 1999; Comings et 
al., 2000). The shape of the pond has a large impact on the hydraulic efficiency of the 
pond and a length-to-width ration of 3 to 1 is preferable (MBW, 2006).  
 
The removal processes in ponds are mainly through sedimentation of suspended solids 
and associated pollutants, as well as through the uptake of nutrients and the 
degradation of organic compounds by aquatic plants and microorganisms (U.S. EPA, 
1999). The removal efficiency of pollutants in ponds varies widely between studies, 
depending on the design as well as the catchments’ characteristics. Some results show 
a 99% reduction of suspended solids and 84% reduction of metals, while some studies 
have reported negative reductions (Bhaduri et al., 1995; Färm, 2002; Hossain et al., 
2005). However, the removal of dissolved and colloids pollutants is relatively low 
(Vollertsen et al., 2007). During winter conditions, the performance of ponds can 
decrease. The dissolved oxygen concentration can decrease because of the ice cover, 
which also reduces the volume in the pond. The usage of de-icing salt may increase the 
dissolved metal phase in the meltwater and the cold meltwater reduces the settling 
velocities of particles, thus lowering the treatment efficiency (Oberts 2000 and 2003; 
Reinosdotter and Viklander, 2007).  
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The settled particles and the associated pollutants accumulate in the sediment in the 
ponds and the annual accumulation rate ranges from 0 cm/year to 4 cm/year (Yousef et 
al., 1990; Marsalek et al., 1997a; Färm, 2002; Heal et al., 2006). The sediment close to 
the inlet consists mostly of sand and gravel since the coarse-grained particles settle 
first while the sediment at the outlet consists mostly of fine-grained particles 
(Marsalek et al., 1997a; German and Svensson, 2005). The pollutants are often 
associated with the finest fraction of particles and Marsalek et al. (1997a) found that 
the concentration of metals and the percentage of fine-sized particles increased from 
the inlet to the outlet. However, Färm (2002) found that the metal concentrations were 
higher at the inlet compared to the outlet. Lin (1990) reported that most metals were 
found in the upper 10-20 cm of the sediment and decreased with depth and only a 
small percentage was found in the pore water. However, if conditions in the pond 
change, the pollutants in the bottom sediment can be released and dispersed to the pore 
water. Yousef et al. (1990) found that changes in pH influenced the release of metals 
from pond sediment more than the redox potential.  
 
The ponds need to be properly maintained since the removal efficiency decreases 
when the sediment thickness increases. Yousef et al. (1994) recommended removal of 
sediment when the effective volume of the pond has been reduced by 10-15%, in their 
case, after 25 years. In other ponds, the reduction of pond volume occurred after 10 
years (Marsalek et al., 1997a) or even already after 21 months (Oberts et al., 1997).  
 
Sedimentation tanks 
Underground sedimentation tanks are useful in highly urbanised areas where there is a 
limited space for the construction of extensive stormwater treatment facilities. 
Sedimentation tanks can be designed either to store runoff only temporarily or to 
remove pollutants as well as reduce flood peaks (U.S. EPA, 1999). The tanks are often 
designed to hold the runoff from the beginning of the rain (first flush), which contains 
a high concentration of pollutants (Forster, 1996; Sansalone and Buchberger, 1997). 
The removal processes in sedimentation tanks involve the sedimentation of suspended 
solids and associated pollutants. The removal efficiency for metals has been reported 
to vary between 50 to 84%, while, for nitrogen, the removal efficiency is only 13% 
(Stockholm Water Co., 2001; Aldheimer, 2004). Li et al. (2006) studied settling tanks 
and concluded that pollutants associated with smaller particles had a higher removal 
efficiency if the storage compartment was large, while pollutants associated with 
larger particles had a higher removal efficiency if there was a larger continuous flow. 
Generally, a 3:1 volume ratio (i.e. ratio of surface areas for a given depth) between 
storage and continuous flow compartments optimised the removal of particles and 
metals.  
 
2.2.2 Non-structural BMPs 
Non-structural BMPs can be effective in controlling the source of pollutants, which 
can reduce the need for treatment by structural BMPs. Removing pollutants before 
precipitation can limit the amounts of pollutants in stormwater. Street sweeping is an 
effective way to remove particles and other material from streets. The effect of street 
sweeping has been studied by, for example, Ellis and Revitt (1982), Viklander (1998), 
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German, (2001), and Tobin and Brinkmann (2002). Snow handling (removal, 
transportation, deposits, de-icers) also affects the pathway of pollutants. The effect on 
different snow- handling strategies has been studied by, for example, Viklander (1997) 
and Reinosdotter (2007). Other non-structural BMPs can be to limit the use of 
pesticides, herbicides, and fertilizers. Another can also be to educate the public on the 
effects of dumping used paint, oil, and antifreeze, for example, into storm sewers and 
identifying cross-connections between sanitary sewers and storm sewers (U.S. EPA, 
1999). 
 
The structural and non-structural BMPs are often used in combination because they 
affect each other. Different structural BMPs are also used in combination in order to 
increase the pollutant reduction, for example installing an oil separator before a 
wetland. There are many different variations of structural BMPs, depending on 
variables such as purpose, local conditions, space, and cost. Some BMPs, for example 
gully pots, can also be considered both as structural and non-structural. The gully pot 
is constructed to retain sediments (structural BMP) but is very dependent on the 
cleaning (non-structural BMP). There is often a conflict of interest between the 
authorities that are responsible for the street cleaning and those responsible for the 
sewer system (Butler and Clark, 1993).  
 
2.3 Maintenance of stormwater treatment facilities  
Maintenance is also important in order to reduce the pollutant contribution from the 
urban areas and to make sure that structural BMPs are functioning as planned. For 
example, road maintenance is needed because roads are breaking down due to studded 
tires, erosion, frost heave, and freeze/thaw breakdown (U.S. EPA, 1999). In order to 
ensure the effectiveness of the gully pots, ponds, swales, and wetlands need to be 
cleaned and maintained regularly.  
 
Access for maintenance equipment is an important factor during the design of 
treatment facilities. The surrounding area must be accessible and the weight of the 
equipment used for sediment removal must be managed, both of which can affect the 
overall landscape design for the treatment facility (MBW, 2006). Sediment removal 
techniques can be divided into mechanical (excavation or dredging) removal or 
hydraulic (suction) removal. Mechanical removal is often used in facilities where the 
consistency of the sediments is firm, while hydraulic removal is preferred when 
dewatering is not possible. With mechanical removal, the dewatered sediment can be 
deposited directly onshore or transported directly to the disposal site with trucks 
(Graham and Lei, 2000). The advantages and disadvantages of the two methods are 
listed in Table 2. Resuspension of sediment is an important factor during and after 
sediment removal. The resuspension could be reduced by different operational controls 
(e.g. cutting of the inflow and slow movements); however, these controls often 
increase the cost and are, therefore, not used all the time when the sediment is 
removed. Graham and Lei (2000) recommended that the sediment removal should be 
performed during the driest month of the year or during winter conditions to avoid 
resuspension or spillage of sediment.      
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Table 2. Advantages and disadvantages of mechanical and hydraulic dredging 
(adopted from Graham and Lei, 2000). 
 Advantages Disadvantages 

 Commonly used and widely available 
at reasonable rates.  

 Accessibility/operating constraints can 
occur if sediments are too soft to support 
the weight of mechanical excavation 
equipment 

 Small working areas are accessible by 
smaller mechanical units. 

 Limited reach reduces accessibility from 
shore to wide basins. 

Mechanical  
dredging 

 Entrains less water compared to 
hydraulic dredging, reducing 
dewatering costs.  

 Mechanical dredging of undrained ponds 
can cause significant sediment 
resuspension.  

 Works well in soft silty sediment  Slurry has very high water content, 
which increases subsequent dewatering 
costs. 

 Particularly well suited to larger 
basins 

 Equipment accessibility to smaller 
ponds. 

 Suction mechanism minimizes 
sediment resuspension and transport 
downstream, requiring less screening.  

 Requires special skills. Equipment and 
crews many need to be brought over long 
distances, requiring careful planning.  

Hydraulic  
dredging 

 Removes sediment evenly throughout 
the basin. 

 

 
Gully pots are often cleaned with the hydraulic removal technique and this process 
creates a large amount of water, which is either discharged directly to the clean gully 
pot, storm sewer, or surface water or taken to a waste disposal outlet. The sediment 
removal from gully pots is important since their efficiency affects the amount of 
sediment within the sewer system. If the gully pots are filled completely, their 
efficiency will decrease rapidly and all sediment that enters the gully pots will pass 
through to the sewers (Figure 8). However, besides the problems with increased water 
volume and overfilled pots, one of the major problems is the access restriction caused 
by parked cars (Butler and Clark, 1995).  
 

   
Figure 8. Overfilled gully pots in Sundsvall (left) and Luleå (right).  
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2.4 Stormwater negative effect on the environment  
The negative effects that stormwater has on the environment depend on the properties 
of both the recipient and the stormwater, such as volume, flow, temperature, and the 
concentration of pollutants (Bäckström, 2002). High stormwater flows can affect the 
flow in the receiving waters by increasing the bed erosion and disturbing the aquatic 
habitat. The organisms flow downstream or are destroyed by moving stones or 
sediment. In sites with high sediment deposition, the organisms can be damaged by 
physical burial (Marsalek et al., 1993). Stormwater can be heated on impervious areas 
such as roofs, parking lots, and streets and the heated runoff can have severe impacts 
on the physical, chemical, and biological processes that occur in receiving waters. 
Changes that lead to biological impacts due to higher temperatures can be reduced 
levels of dissolved oxygen, which are insufficient for fish and aquatic insect survival 
(Nakatani, 1969) and increased metal solubility, which is toxic to aquatic life (Davies, 
1986). A direct biological impact can be the disruption of aquatic life cycles, such as 
egg maturation and spawning (Armour, 1991). Several studies have shown that 
stormwaters are toxic and affect the freshwater ecosystem (Campbell, 1994; Maltby et 
al., 1995; Marsalek et al., 1999a; Christensen et al., 2006). The potential for 
bioaccumulation and the bioavailability can be expressed as the bioaccumulation 
factor (BAF), which is defined as the organism’s concentration divided by the ambient 
level. Lithner et al. (2003) found that different species had different BAF depending 
on the metal. Bloodworms showed the strongest response to cadmium and silver while 
mussels and water hoglouse showed the strongest response to wolfram, lead, tin, and 
antimony. This response shows that it is important to consider several species and 
ecological niches when assessing the negative impact that stormwater has on the 
environment.  
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3. STUDY AREA AND METHOD 

This thesis includes field investigations from five different areas located in different 
parts of Sweden (Figure 9). Three stormwater ponds have been investigated: one in 
Stockholm (Paper I and II), one in Örebro (Paper I and II), and one in Gothenburg 
(Paper III). Two underground sedimentation tanks have been investigated, both located 
in Stockholm (Paper I and II), and a number of gully pots have been investigated in 
Luleå (Paper II, IV-VII) and Sundsvall (Paper VII).  
 

SUNDSVALL

ÖREBRO STOCKHOLM

GOTHENBURG 

 
Figure 9. The five sampling sites located in different parts of Sweden. 
 
3.1 Field sites 
The pond located in Stockholm (Linnéaholm), constructed in 1996, is a wet pond with 
an area of 1000 m2 and a wet volume of 885 m3. The catchment area is approximately 
4.5 ha and consists of a highway (2.8 ha), with a traffic intensity of 113,000 
vehicles/day, and green areas (1.7 ha). The pond in Örebro (Krubban) was constructed 
in 1996, and the pond’s bottom and slopes consist of clay. The pond consists of three 
ponds and the total area of 11,800 m2 is divided into 4,100 m2, 600 m2, and 7,100 m2 
respectively. The catchment area is 40 ha and consists of a residential area (mainly 
single-family houses) and a commercial/industrial area. The connected catchment has 
an impervious area of 16 ha. The pond located in Gothenburg (Järnbrott) was 
constructed in 1996 with a concrete slab at the inlet to facilitate the removal of 
sediment. The surface area of the pond is 6,200 m2 and the volume is 6,000 m3 during 
dry weather. The pond’s catchment is 478 ha and 160 ha is impervious area. The 
catchment area is a residential area (70%), which consists mainly of blocks of flats, 
and a commercial area (30%) divided by a city motorway, with an annual average 
daily traffic of 59,000 vehicles.  
 
The sedimentation tank (Ryska Smällen) was constructed in 1997 and made of 
concrete. It has an area of 60 m2 and a volume of 130 m3. The catchment area is 
approximately 1.1 ha and consists of a parking lot (0.56 ha), a roof (0.1 ha), and a 
bridge (0.45 ha), with a traffic intensity of 71,000 vehicles/day. The other



Study area and Method 

 16

sedimentation tank (Hammarby Sjöstad) was constructed in 2000 and is made of 
concrete. The volume of the sedimentation tank is 195 m3 and the catchment area, 
which is approximately 2.1 ha, consists of roads and paved surfaces. The traffic 
intensity is 4,700 vehicles/day.  
 
The gully pots in Luleå are located in two sites according to type of area and traffic 
intensity: in a housing area (500 vehicles/day) and in the city centre (25,500 
vehicles/day). The housing area consists of detached houses with private garages and 
the road in the city centre consists of two lanes, paved with asphalt. The contributing 
impervious areas are asphalted roads (both areas) and roof runoff (only the housing 
area). The gully pots in Sundsvall are located in two residential areas. One area is 
located near the city centre in an area that consists of single-family houses with private 
garages and that has a traffic intensity of approximately 700 vehicles/day. The other 
area is located at the city centre, with a traffic intensity of 9,600 vehicles/day, and the 
catchment area consists of blocks of flats and detached houses with flats.  
 
3.2 Sampling 
Standing water and sediment were sampled and characterised in three ponds, two 
sedimentation tanks, and several gully pots.  
 
Standing water 
Three samples were obtained from the standing water at inlets and outlets of the ponds 
Linnéaholm and Krubban and the two sedimentation tanks (Paper I and II). The 
samples were collected in acid-washed plastic bottles. At each facility, the inlet and 
outlet samples were collected at the same time. In Järnbrott pond (Paper III), five 
samples were taken from the standing water at the inlet and collected in washed plastic 
bottles. The standing water from the gully pots (Papers VII) was taken separately from 
three adjacent gully pots. The three samples were mixed to create one big sample and 
this process was repeated three times, resulting in three mixed water samples from 
each studied area. The samples were collected with a stainless steel cup and placed in 
acid-washed plastic cups. 
 
Sediment 
In the ponds Linnéaholm and Krubban and the two sedimentation tanks, three 
sediment samples were obtained from the inlet and outlet locations, each sample 
containing a mix of three sub-samples (Paper I and II). The samples were collected 
with a stainless steel cup and placed in acid-washed plastic containers. At each facility, 
the inlet and outlet samples were collected at the same time. In Järnbrott pond (Paper 
III), the samples were taken with a core sampler at five places in the pond. The cores 
were between 6-26 cm long and were sliced, in the field, into sub-samples with the 
intervals 0-2 cm, 2-5 cm, 5-10 cm, 10-15 cm, and >15 cm. The sediment from the 
gully pots (Paper II and VII) was taken separately from three adjacent gully pots. The 
three samples were mixed to create one big sample and this process was repeated three 
times, resulting in three mixed sediment samples from each studied area. The samples 
were collected with a stainless steel cup and placed in acid-washed plastic cups. 
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Sediment removal 
The Järnbrott pond was emptied in September 2006 and three weeks before the 
sediment was removed, the inflow to the pond was closed. The pond was dredged with 
an excavator (mechanical removal) (Figure 10). When the material was deposited 
onshore, sediment and water samples were taken (Paper III). Five water samples were 
taken from the draining water and five sediment samples were taken randomly by hand 
from the sediment pile. The water samples were collected in acid-washed plastic 
bottles. 
 

   
Figure 10. Sediment removal from Järnbrott pond in Gothenburg. 
 
The gully pots in Paper IV-VII were emptied with a washed eductor truck, which uses 
hydrodynamic pressure and a vacuum to loosen and remove the sediment and water 
from the gully pot (Figure 11). Different amounts of water were added to the gully 
pots due to the hardness of the sediment. The combination of standing water, sediment, 
and wash water was mixed together in the eductor truck. In Luleå (Paper IV-VII), the 
gully pots were emptied and sampled one by one, while in Sundsvall (Paper VII), the 
eductor truck emptied three adjacent gully pots, resulting in a big sample and this 
procedure was repeated three times. The water samples from both sites were taken 
when the mixture was discharged from the truck. These water samples represent the 
water that could be poured back into the cleaned catch basin, storm sewer, sanitary 
sewer, or surface water. Sediment samples were taken when the water had been 
discharged. The eductor truck was washed between every sampling occasion.  
 

   
Figure 11. Gully pot filled to the outlet (left) and eductor truck (right). 
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3.3 Toxicity test 
The toxicity tests discussed in Papers I and VII were performed according to the 
Biotox™ Flash method, which is based on the bioluminescent response of Vibrio 
fischeri bacteria. The water samples were prepared by mixing 9 ml of sample with 1 
ml of 20% NaCl solution. The samples were subsequently diluted with 2% NaCl 
solution to obtain a dilution series (1:2, 1:4, 1:8, 1:16, 1:32, 1:64). For the sediment 
samples, 2 g of sediment (<2 mm) was mixed with 8 ml of 2% NaCl solution and 
vigorously shaken for 5 minutes and thereafter diluted in the same way as the water 
samples. The toxicity measurements were performed by measuring the 
bioluminescence at 0 and 30 min. to allow toxicity calculations by using the 
relationship between the end point value and the peak value. A correction factor was 
applied based on the response obtained from the non-toxic reference sample (2% NaCl 
solution). The toxicity is presented as EC20 and EC50, which is the effective 
concentration causing 20% and 50% luminescence inhibition. 
 
3.4 Sequential leaching 
The sequential extraction technique used in Papers II is based on Tessier et al. (1979). 
Before the sequential extraction procedure (Table 3), the sediment was dried at 50°C 
and sieved (< 2mm).  
 
Table 3. The sequential extraction procedure. 
Fraction Procedure 
Fraction I 2 g of sediment was extracted at room temperature for 1 h with 16 ml of 1M MgCl2 

(pH 7) with continuous agitation. 
Fraction II Residue from fraction I was extracted at room temperature for 5 h with 16 ml of 1 M 

NaOAc adjusted to pH 5 with HOAc with continuous agitation. 
Fraction III Residue from fraction II was extracted at 96±3 °C for 6 h with 40 ml of 0.04 M 

NH2OH-HCl in 25% (v/v) HOAc (pH~2) with occasional agitation. 
Fraction IV Residue from fraction III was extracted at 85 ± 2°C for 2 h with 6 ml of 0.02 M 

HNO3 and 10 ml of 30% H2O2 adjusted to pH 2 with HNO3 with occasional 
agitation. Then 6 ml of 30% H2O2 adjusted to pH 2 with HNO3 was added at 85 ± 
2°C for 3 h with intermittent agitation. After cooling, 10 ml of 3.2 M NH4OAc in 
20% (v/v) HNO3 and 8 ml of deionised water were added at room temperature for 30 
min with continuously agitation. 

Fraction V Residual from fraction IV was extracted with a HNO3/HCl/HF mixture according to 
the procedure described below for total metal analysis. 

After each extraction, the samples were centrifuged and the supernatant was filtrated through a 0.45 
m filter. The residue was washed and centrifuged before proceeding with the next step. At each 

extraction occasion, a blank sample was analysed in order to verify the quality of the reagents and to 
detect possible contaminations. 
 
3.5 Laboratory analyses  
The water samples were analysed for suspended solids (Paper I, III-VII), heavy metals 
(Paper I-V, VII), and PAH (Paper VI). The suspended solids (SS) were measured 
according to the standard method SS-EN 872:2005 – a standard based on filtering 
through a glass-fibre filter with a pore size of 1.6 m (SIS, 2005). The water samples 
were separated into total and dissolved (<0.45 μm (Paper I, III-VII), <0.2 μm, colloids 
and truly dissolved (Paper IV)) fractions prior to heavy metal analysis. The colloid and 
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truly dissolved fractions were filtrated using ultrafiltration. The total fraction was 
extracted before the analyses by digestion, after which 20 ml of the sample were 
mixed with 2 ml suprapur HNO3 and then processed in a sealed Teflon container in a 
specially modified microwave oven for 50 min at a temperature of 160°C. Before the 
analyses of the dissolved fractions, 1 ml HNO3 was added for every 100 ml of sample. 
Depending on the metal concentrations, the samples were analysed either by optical 
emission spectrometry with inductively coupled plasma (ICP-AES) or by sector field 
mass spectrometry with inductively coupled plasma (ICP-SFMS). For mercury, atomic 
fluorescence spectrometry (AFS) was used in the analysis. Total organic carbon (TOC) 
was analysed with the Shimadzu TOC-5000 high-temperature combustion instrument. 
The total PAH concentration was extracted with hexane prior to analysis and analysing 
the content of the filtered samples (0.45 m) yielded the dissolved concentration. The 
PAH concentrations were determined by High Performance Liquid Chromatography 
(HPLC) with a UV- and fluorescence detector.  
 
The sediment samples were analysed for particle-size distribution (Paper I, V, VII), 
LOI (Paper I and VII), water content (Paper III), heavy metals (I-V, VII) and PAH 
(Paper VI). The sediment samples were analysed for particle-size distribution (wet 
sieving into 18 different size gradations (between 0.063-180 mm)) according to the 
standard method SS-EN 933-1/A:2005 (SIS, 2005). The water content was measured 
as the loss in weight after drying at 105°C for 20 h. Loss on ignition (LOI) was 
measured according to the standard method SS 28113 (SIS, 1981), which involved 
drying the sediment at 105°C for 20 h and thereafter heating at 550°C for 2 h. Before 
the samples were analysed for heavy metals, they were dried at 50°C. The samples 
have been digested differently; In Papers I, III, and VII the samples were digested with 
7M HNO3 and water (1:1) in a modified microwave oven prior to analysis. In Papers 
II, the residue from the leaching was digested with a HNO3/HCl/HF mixture in a 
modified microwave oven. In Paper V, the samples were digested with 5 ml HNO3 
and 0.5 ml H2O2 in a modified microwave oven. In Papers II and III, Cr was 
determined after melting with LiBO2 and then digested with diluted HNO3. Depending 
on the metal concentrations, the samples were either analysed ICP-AES or ICP-SFMS. 
The PAH concentration was extracted with n-hexan/ aceton (1:1) and determined by 
Gas Chromatography–Mass Spectrometry (GC–MS). All chemical analyses were 
performed by the accredited laboratory ALS Laboratory Group, Sweden. 
 
3.6 Calculations 
In this thesis, a mean metal concentration (water and sediment), a mean toxicity 
response (water and sediment), and a mean metal fractionation (sediment) for each 
facility type (pond, sedimentation tank, gully pot) has been calculated from the results 
presented in Papers I, II, III, and VII.  
 
Values below the detection limit were replaced by half of the detection limit’s value to 
perform the calculations, as discussed in Marsalek and Schroeter (1988) and Tsanis et 
al. (1994). Statistical analyses were performed using the program Statgraphics to 
evaluate data.  
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4. RESULTS 

This chapter presents the major results from the seven papers, which are summarised, 
compared, and discussed in relation to one another. The chapter is divided into 
headings with respect to the objectives of the thesis.  
 
4.1 Water and sediment status in stormwater treatment facilities  
In this section, the metal concentrations in the standing water and the sediment in 
ponds, sedimentation tanks, and gully pots are presented. A comparison between 
different types of facilities (i.e. pond, sedimentation tank and gully pot) is performed in 
order to evaluate the concentration and, thereafter, the individual facilities are 
evaluated (Paper I, III, and VII). The purpose was to investigate if differences exist in 
concentrations between different types of facilities and catchment area.  
 
4.1.1 Metal concentrations in the standing water  
The metal concentrations in the standing water for each facility type are shown in 
Table 4. The standard deviation indicates that there were larger differences between 
the individual gully pots than for the ponds and sedimentation tanks. The SS 
concentrations in the ponds, sedimentation tanks, and gully pots were 70 mg/l, 18 
mg/l, and 390 mg/l, respectively. For the ponds and sedimentation tanks, an antecedent 
dry period extended over a few days prior to the sampling, which allowed particles to 
settle, this could explain the low SS concentrations compared to those in the gully 
pots. The standing water in the gully pots showed substantially higher concentrations 
for all metals, both dissolved and particle bound, compared to the ponds and 
sedimentation tanks. In all facility types, most of the metals were attached to particles 
(up to 98%). However, both the ponds and the sedimentation tanks showed higher 
percentages of dissolved metals than did the gully pots. This finding corresponds to the 
lower concentration of SS, because much of the particles had settled; therefore, a 
higher percentage of dissolved metals could be found. Particularly Ni and Zn show 
high percentages in the dissolved phase, while Cr and Pb show low percentages.  
 
For the individual ponds, the results showed that the Järnbrott pond (Paper III) had an 
elevated total water concentration for Cu compared to the Krubban pond and 
Linnéaholm pond (Paper I). In all ponds, most of the metals were attached to particles 
(up to 99% in all three ponds). The SS concentration showed a decrease towards the 
outlet for Krubban pond, while Linnéaholm pond showed an increase (Paper I). 
Therefore, it is not surprising that the metals showed similar trends as those for SS 
concentrations with either decreases (Krubban) or increases (Linnéaholm) towards the 
outlet. For the sedimentation tanks, both Ryska Smällen and Hammarby Sjöstad 
showed that most metals were attached to particles, (up to 86%). They also showed 
small decreases in total metal concentrations between the inlet and outlet positions 
and, in the case of the sedimentation tank Ryska Smällen, this result was a reverse of 
the trend observed for SS concentrations (Paper I). The standing water in the gully pots 
showed that the city center (gully pots receiving only road runoff) had higher total 
metal concentrations than the residential area (gully pots receiving runoff from mixed 
areas). For the residential area, 45-70% of the total concentrations of Cd, Cu, Ni, and 
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Zn were in a dissolved phase while the corresponding values for the city center were 
7-13% (Paper VII).  
 
Table 4. Mean metal concentrations in the standing water for the individual facilities 
as well as values for the each facility type.  

 Ponds Sedimentation tanks Gully pots 
 JP LH KÖ Mean RS HS Mean City Res. Mean 

Total ( g/l)         
Cd 0.2 0.07 0.2 0.16 ± 0.08 <0.05 <0.05 <0.05 0.6 0.3 0.5 ± 0.2 
Cr 4.4 7.7 5 5.7 ± 1.8 2.3 1.3 1.8 ± 0.7 65 7.9 36 ± 40 
Cu 47 34 18 33 ± 15 14 8.4 11 ± 4 206 30 118 ± 124 
Ni 6.1 5.2 3.5 4.9 ± 1.3 3 2.1 2.6 ± 0.6 40 5.3 23 ± 25 
Pb 14 7.2 13 11 ± 3.7 2.4 0.7 4.6 ± 1.2 54 4.8 30 ± 35 
Zn 110 154 158 141 ± 27 110 18 64 ± 65 539 101 320 ± 310 
Dissolved ( g/l)         
Cd 0.006 <0.002 0.07 0.04 ± 0.05 0.01 0.006 0.008 ± 0.003 0.04 0.2 0.1 ± 0.1 
Cr 0.3 0.2 0.1 0.2 ± 0.1 0.6 0.3 0.5 ± 0.2 3 0.6 1.8 ± 1.7 
Cu 0.4 1.1 5.8 2.4 ± 2.9 2 5.1 3.6 ± 2.2 16 21 19 ± 3.5 
Ni 3.4 2.5 2 2.6 ± 0.7 2.1 1.4 1.8 ± 0.5 5 2.4 3.7 ± 1.8 
Pb 0.5 0.04 0.09 0.2 ± 0.3 0.7 0.1 0.4 ± 0.4 1.2 0.5 0.9 ± 0.5 
Zn 1.8 58 80 47 ± 40 35 14 25 ± 15 47 70 59 ± 16 
JP = Järnbrott pond; LH = Linnéaholm pond; KÖ = Krubban Pond; RS = Ryska Smällen; HS = Hammarby 
Sjöstad; City = City center; Res. = Residential area.  
 
4.1.2 Particle-size distribution in the sediment  
The mean particle-size distributions for the different types of facilities are shown in 
Figure 12a. The ponds had the highest percentage of fine particles, while the gully pots 
had the lowest percentage. Ponds are designed to capture more smaller-size particles 
than gully pots; however, the particle-size distributions are influenced by, for example, 
rain characteristics, use of anti-skid material, residence time, activity, and size of the 
catchment.   
 
The ponds’ individual curves showed relatively similar distributions, while the 
sedimentation tanks differed for fractions smaller than 1000 m (Figure 12b) (Paper I). 
The sedimentation tank Ryska Smällen had 68% of fine particles (<63 m), while the 
sedimentation tank Hammarby Sjöstad had 12%. The sediment in the gully pots (Paper 
VII) showed a similar curve as the sedimentation tank Hammarby Sjöstad (Paper I), 
although the sedimentation tank showed more amount of particles between 250 m 
and 1000 m (Figure 12b). According to the results, facilities with higher traffic loads 
(pond Linnéaholm and sedimentation tank Ryska Smällen) had higher compositions of 
fine particles in the sediments compared to those facilities with low traffic loads 
(sedimentation tank Hammarby Sjöstad and gully pots), which indicates that the 
particle-size distribution is more affected by the catchment area than by the facility.  
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Figure 12. Particle-size distribution in ponds, sedimentation tanks, and gully pots; A) 
mean values with standard deviations for each facility type, B) the sedimentation tanks 
Ryska Smällen and Hammarby Sjöstad together with the mean values for ponds and 
gully pots. 
 
4.1.3 Metal concentrations in the sediment 
The mean metal concentrations in the sediment for the different types of facilities are 
shown in Table 5. The ponds had the highest concentrations for all studied metals 
followed by the sedimentation tanks and the gully pots, a finding that corresponds to 
the amount of fine particles (Figure 12a). This result is in contrast to the 
concentrations in the standing water, where the gully pots had the highest metal 
concentrations. The standard deviation shows that there was a larger variation between 
the individual ponds and sedimentation tanks than in the gully pots, a finding that also 
is in contrast with the standing water concentrations. The metal concentrations in the 
standing water represent the conditions occurring at the time of sampling, while the 
metal concentrations in the sediment represent the conditions that have been taking 
place for several years. The organic content in the sediment, measured as loss on 
ignition (LOI), varies between the facilities with the ponds showing the highest 
content (66-74%), followed by the sedimentation tanks (1-14%) and the gully pots (2-
5%), which is expected due to the nature of respectively facility type.  
 
The Järnbrott pond (Paper III) and the Linnéaholm pond (Paper I) showed metal 
concentrations in the same range, except for Cd, while the Krubban pond (Paper I) 
showed lower concentrations of Cu, Ni, and Zn. This indicates the importance of 
catchment area. Both the Järnbrott pond and Linnéaholm pond catchments areas 
consist of highways, while the Krubban pond’s catchment area consists of an industrial 
area. The Linnéaholm pond shows relatively similar metal concentrations for the inlet 
and outlet positions, while the Järnbrott pond shows an increase towards the outlet, 
and the Krubban pond shows a decrease at the outlet position compared to the inlet for 
most metals. The concentration of metals decreases with depth in the Järnbrott pond, 
although the decrease was not large in scale (Paper III). The sedimentation tank Ryska 
Smällen had significant higher metal concentrations (except Pb) than the 
sedimentation tank Hammarby Sjöstad (95% confidence level) (Paper I). For both 
sedimentation tanks, the highest concentration was found at the outlet, which 
correlates with the finding that the highest percentage of fine particles (<63 m) was 
found at the outlet. For the sediment in the gully pots (Paper VII), the metal 
concentrations for the two sites were in the same range and the largest difference 
between them was for Cd, where the residential area had the highest concentration. As 
for the particle-size distribution, the metal concentration in the sedimentation tank 
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Hammarby Sjöstad was more similar to the metal concentration in the gully pots than 
to the sedimentation tank Ryska Smällen. The Järnbrott pond and Linnéaholm pond as 
well as the sedimentation tank Ryska Smällen had elevated concentrations of Cu, Ni, 
and Zn compared to the sedimentation tank Hammarby Sjöstad and to the gully pots, 
findings that are consistent with these facilities being influenced by the highest traffic 
loads and, thus, implicate high traffic loads as a possible pollutant source. 
 
According to the results, the facilities with similar catchment areas show similar metal 
concentrations in the sediment and particle-size distributions.  
 
Table 5. Mean metal concentrations in the sediment for the individual facilities as well 
as the mean concentration for each facility type. 

 Ponds (mg/kg dw) Sedimentation tanks (mg/kg dw) Gully pots (mg/kg dw) 
 JP LH KÖ Mean RS HA Mean City Res. Mean 
Cd  1.1 0.5 0.9 0.8 ± 0.3 0.3 0.2 0.25 ± 0.07 0.04 0.1 0.07 ± 0.04 
Cra 97 52 31 63 ± 33 66 33 50 ± 23 32 23 28 ± 6 
Cu 272 223 102 199 ± 88 237 54 146 ± 129 39 33 36 ± 4 
Ni 30 27 19 25 ± 6 32 18 25 ± 10 17 14 16 ± 2 
Pb 78 57 77 71 ± 12 42 33 38 ± 6 7.8 10 9 ± 1 
Zn 748 905 487 713 ± 211 1197 171 684 ± 725 101 90 96 ± 8 
JP = Järnbrott pond; LH = Linnéaholm pond; KÖ = Krubban Pond; RS = Ryska Smällen; HS = Hammarby 
Sjöstad; City = City center; Res. = Residential area.  
aThe results for Cr in the sediment are presented in the thesis; however, due to differences in analyses techniques 
between Järnbrott pond and the other ponds, no conclusions regarding Cr concentrations for the ponds are 
discussed in the thesis. 
 
4.2 Bioavailability of metals in stormwater treatment facilities  
The presence of high concentrations of metals creates an environmental hazard, 
although the actual risk is hard to assess without assessing the mobility and 
bioavailability of the metals. Therefore, the fractionation and mobility of metals in the 
sediment (Paper II) and the toxicity of the standing water and sediment (Paper I and 
VII) from ponds, sedimentation tanks, and gully pots are presented in this section. A 
comparison between the different types of facilities is performed; thereafter, the 
individual facilities are evaluated. The purpose was to study if metals were bound 
differently depending on the facility and if the metals were more mobile and toxic in a 
certain type of facility. 
 
4.2.1 Toxicity in standing water and sediment  
The toxicity results for the different facilities are shown in Table 6. The standing water 
from the ponds and sedimentation tanks was not toxic to Vibrio fischeri (Paper I), 
while one of the gully pots in the residential area showed a toxic response, a result that 
correlates to the high concentration of dissolved metals in the gully pot (Paper VII). 
The sediment, however, showed a toxic response for all facilities, where the ponds had 
the highest toxicity and the gully pots the lowest, which is also consistent with the 
metal concentration in Table 5. 
 
The sediment from the ponds and sedimentation tanks showed an increase in toxicity 
towards the outlet, although the toxicity for the outlet position for the Krubban pond 
could not be quantified due to an unknown interference affecting the measurement 
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procedure (Paper I). For the sedimentation tanks, Hammarby Sjöstad showed the 
highest toxicity, which was the reverse of the determined metal levels. This finding 
suggests that the sediment-associated metals are more bioavailable in Hammarby 
Sjöstad or that other additional pollutants are contributing to the toxicity. This result 
could also be seen for the gully pots, where the sediment in the residential area showed 
a higher toxicity than the one in the city center (receiving only road runoff), even 
though the metal concentrations were in the same range for both areas (Paper VII).  
 
Table 6. Toxicity results for water and sediment samples collected from ponds, 
sedimentation tanks, and gully pots. 
 Ponds Sedimentation tanks Gully pots 

EC20  n.t. n.t. 900a 
Water (ml/l) EC50  n.t. n.t. 4,770a 

EC20  1.5 6.9 86.5 
Sediment (g/l) EC50  10.8 42 118a 

n.t. =not toxic 
aonly one sample in the gully pots from the residential area 
The concentration unit ml/l refers to the volume of sample added to the medium of the toxicity test;  
 
4.2.2 Mobility of metals in the sediment   
The results from the sequential extraction for the different types of facilities are shown 
in Figure 13. Cr and Ni showed similar results for all facilities, where the highest 
percentage was found in the residual fraction (F V). In all facilities, Cd was the most 
exchangeable metal (11-29%), where the ponds had the highest percentage (29%). The 
largest difference between the facilities was between the ponds and the gully pots, 
although the highest percentage of metals in the exchangeable fraction (F I) was found 
either in the ponds or the gully pots. The ponds had the highest percentage of metals in 
the mobile fractions (F I – F IV), followed by the sedimentation tanks and the gully 
pots. The results showed that a higher total concentration gives higher percentages of 
mobile metals. For all facilities, the highest percentage of Cu was found associated 
with organic matter (F IV) and Zn was associated with Fe-Mn oxides (F III). The 
highest percentage of Cd and Pb was associated with Fe-Mn oxides (F III) in the ponds 
and sedimentation tanks, while the highest percentage was found in the residual 
fraction (F V) for the gully pots. However, all facilities showed that fraction III 
(associated with Fe-Mn oxides) was the most important with respect to the release of 
metals. The order of availability of the metals differed between the facilities, where all 
facilities showed that Cr followed by Ni was the least mobile while the most available 
metals were Cd for the ponds, Zn for the sedimentation tanks, and Cu for the gully 
pots.  
 
For the ponds, the individual facilities had the highest percentages of respective metals 
in the same fraction. The Linnéaholm pond showed a similar distribution between the 
inlet and the outlet, while the Krubban pond showed a higher percentage of metals in 
the residual fraction (F V) at the outlet compared to the inlet. The two sedimentation 
tanks, however, showed a larger variation. The sedimentation tank Ryska Smällen 
showed similar results for the inlet and outlet position, while the sedimentation tank 
Hammarby Sjöstad showed a difference at the inlet position where more metals were 
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found in the residual fraction (F V) compared to the outlet position. The percentage of 
mobile metals (F I – F IV) was higher for the sedimentation tank Ryska Smällen 
compared to Hammarby Sjöstad. The gully pots in the residential area showed the 
highest percentages of respective metals in the same fraction as the gully pots in the 
city center. The largest differences were for the two first fractions, where the 
residential area showed a higher percentage associated with the exchangeable fraction 
(F I), while the city centre showed a higher percentage associated with carbonates 
and/or adsorbed to particles (F II). As for the particle-size distribution and the metal 
concentration in the sediment, the metal fractionation in the sedimentation tank Ryska 
Smällen is similar to that in the ponds, while the sedimentation tank Hammarby 
Sjöstad fractionation is more like the gully pots.  
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Figure 13. Metal fractionation in sediment from ponds, sedimentation tanks, and gully 
pots (%).  
 
The metals associated with the exchangeable fraction could be mobile if the ionic 
composition of the ambient water changes. The sediment is mixed with NaCl during 
the toxicity test procedure, which influences the ionic composition and could, 
therefore, release metals from the sediment. According to the toxicity test, the 
sediment in the ponds showed the highest toxicity, which could be explained by the 
release of the exchangeable metals since the ponds had the highest percentage and also 
the highest concentrations in the exchangeable fraction (Paper I and II). The ponds 
also demonstrated high percentage of both organic content and fine particles compared 
to the sedimentation tanks and gully pots indicating that the organic content may 
influence the toxicity together with the metal concentration and particle size (Paper I). 
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4.3 Maintenance of stormwater treatment facilities: Removed water and sediment  
In this section, the sediment removal processes in a pond (Paper III) and a number of 
gully pots (Papers IV-VII) are evaluated. The purpose was to study how the sediment 
removal process affects the composition of the water and sediment in the treatment 
facilities. The toxicity of the removed water and sediment from the gully pots is 
studied. A source identification for metals and PAH in the gully pots is also performed.  
 
In this thesis, one pond (Paper III) and sixteen gully pots (Papers IV-VII) have been 
emptied. The metal concentrations in the water and sediment phase that were created 
during the removal of sediment from the treatment facilities are presented in Table 7. 
The pond had higher total concentrations of SS, Cu, and Zn compared to the gully 
pots, a finding that is in contrast to the results for the standing water presented in Table 
4, where the gully pots had higher total concentrations of all metals. The gully pots 
had much higher dissolved concentrations than the pond; even the truly dissolved 
concentrations (<1kDa) of Cu and Zn in the gully pots were higher than the dissolved 
concentrations in the pond. This corresponds to the results presented in Table 4, where 
the standing water in the gully pots showed higher concentrations of dissolved metals 
compared to the pond. The metal concentration in the sediment was higher in the pond 
compared to the gully pots, which corresponds to the results presented in Table 5. This 
higher concentration could explain the higher concentration of Cu and Zn in the water 
phase since a re-suspension of the sediment occurs during the removal of sediment, 
which results in higher SS concentrations and also higher metal concentrations, since 
much of the metals are attached to particles. The SS concentration and the total metal 
concentrations were higher after the sediment was removed than before in both the 
pond and the gully pots (Papers III and VII). 
 
Table 7. Metal concentrations in removed water and sediment. 
 Pond (n=5) Gully pots (n=16) 
 Total 

( g/l) 
Dissolved 
( g/l) 

Sediment  
(mg/kg dw) 

Total 
( g/l) 

Dissolved 
( g/l) 

Truly dissolved 
( g/l) (n=3) 

Sediment  
(mg/kg dw) 

SS (mg/l) 11,646 - - 7,978 - - - 
Cd 19 <dl 1.5 14 0.2 0.04 0.1 
Cr 397 0.6 115 792 1.1 0.1 23 
Cu 3,758 0.6 344 1,760 8.6 1.5 29 
Ni 276 3.4 39 512 7.5 1.4 17 
Pb 1,065 0.1 91 2,334 33 0.01 12 
Zn 8,990 2.3 809 5,875 40 7.3 89 

PAH - - - 151 34 - 10 
 
The sediment removal process from gully pots in different areas (residential and city 
center) has been investigated (Paper IV-VII). The mean concentration of SS was 
almost the same for both areas in Papers V and VI, while in Papers IV and VII, the 
concentration differed, the difference being explained by traffic intensity and 
topography. Residential areas showed higher metal and PAH concentrations in the 
water phase than the area containing only roads; however, no statistical differences 
could be found between the two areas (Papers IV-VII). The truly dissolved 
concentrations of Cd, Cr, Cu, and Zn in the residential area were much higher than 
corresponding values in the city center, probably because of the relatively high truly 
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dissolved fraction for organic carbon in the residential area, since this fraction was 
most likely an important complexing agent for the trace metals (Paper IV). The 
toxicity test showed that the water phase in both residential areas was toxic and that 
the site with lower traffic showed higher toxicity than the higher traffic site (Paper 
VII).  
 
For the sediment, the residential areas showed lower concentrations of metals and 
PAH than the city center (only road runoff) (Papers V-VII). A statistical difference 
between the two sites was found for Cr, Cu, Ni, and Zn and for the PAHs NAP, ACE, 
FL, ANT, FLR, PYR, BaF and BPY (Paper V and VI). The importance of traffic could 
also be seen in Paper VII.  
 
The particle-size distribution showed that the curves for the individual gully pots 
differed and many factors had an impact on the size distribution, e.g., topography, 
winter maintenance, sampling procedure, time, and traffic intensity. The highest 
concentration of most metals was found in the finest fraction (<63 μm) (Paper V). 
Both the residential area and the city center tended to show a decreasing concentration 
with increasing particle size up to 500 μm, but for the two largest size fractions, the 
concentration increased. The variation between the fractions seems to be higher in the 
residential area than the city center. The relationship between two adjacent gully pots 
in the amounts of sediment was significant (R2 = 96-97%) (Paper V). The relationship 
between the amounts of metals in each fraction size was only found for Cu and Zn in 
the residential area. 
 
For gully pots that accumulated sediment during a one-year interval, the city center 
showed a higher concentration in the water phase than did the residential area for most 
studied metals which is opposite the results from the accumulated gully pots (i.e. gully 
pots that have not been emptied in several years) (Paper V). The sediment, on the other 
hand, showed similar results as the accumulated gully pots, i.e. the city center showed 
higher concentrations than the residential area. The metal concentration in different 
size fractions is also similar to the accumulated sediment, where the smallest size 
fraction had the highest concentration. They also had the same tendency to show a 
decrease in concentration with an increase in particle size but with an increase in 
concentration for the two largest size fractions.  
 
Al-normalisation was used to trace the sources of the particulate fraction in the water 
samples in the gully pots (Paper IV). Aluminium is a major component in rock-
forming minerals and its concentration in sediments and soils is usually a good 
indicator of detrital particles (primary mechanically weathered minerals). The 
aluminium normalisation showed that the concentrations of Ca, K, Mg, Na, Mn, Ba, 
Co, and Cr could be explained by mineral particles, whereas As, Cu, Pb, Zn, Ni, Cd 
and Hg were enriched in the gully pots, so they probably come from anthropogenic 
sources. The identification of the sources for the PAH (Paper VI) gave different 
answers depending on which methods were used, though all showed that the PAH in 
the gully pot mixture came from mixed sources such as atmospheric fall out, gasoline, 
diesel fuel, used lubricating oil, and to some extent, bitumen (asphalt) (Figure 14).  
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Figure 14. PAH cross plots for the ratios of ANT/ANT+PHEN vs. FLR/FLR+PYR in 
the gully pot sediment, suspended particulate phase and dissolved phase (Paper VI).  
 
The quantity of sediment from the different facilities differs to a large extent. From 
Järnbrott pond, which had been in operation for 10 years, approximately 624 000 kg of 
wet sediments were removed (water content was 66%), although only 45% of the pond 
area was emptied (Paper III). However, from one gully pot, between 4.7 to 9.5 kg dry 
sediment was accumulated during one year (Paper V).  
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5. DISCUSSION 

In this chapter, the results are discussed with respect to the objectives of the thesis as 
well as to relevant studies from the literature. 
 
5.1 Water and sediment status in stormwater treatment facilities 
Stormwater ponds are one of the most common treatment facilities and are probably 
also the most investigated type of facility. In Sweden, for example, a number of 
municipalities use stormwater ponds and the Swedish National Road Administration 
alone has constructed and uses about 400 ponds (Starzec et al., 2005). The water 
samples in this thesis were taken close to the inlets and outlets of the treatment 
facilities; however, these samples cannot be compared with respective inflow and 
outflow samples because the particles in the water samples had settled before sampling 
(Paper I, III and VII). This situation is illustrated by comparing the concentrations of 
metals with inflow concentrations for respective treatment facilities (Table 8). As 
expected, the metal concentrations for the ponds and especially the sedimentation 
tanks were lower than the corresponding inflow concentrations. Unfortunately, 
dissolved concentrations could be found only for the Järnbrott pond. The dissolved 
concentrations in Järnbrott pond were lower than the concentrations reported in 
Lavieille (2005). However, the removal efficiency for the dissolved metals in Lavieille 
(2005) was between -50 to 40%. The dissolved concentrations in the other facilities 
were in the same range as the dissolved concentration reported in Lavieille (2005). The 
results show that the treatment facilities are poor in reducing dissolved pollutants. This 
weakness has also been reported in Pitt et al. (1995), and Tuccillo (2006) discussed 
that particle <5 m will be discharged from BMPs due to their slow settling velocities. 
 
Table 8. Stormwater metal concentrations; values in parentheses are mean 
concentration from the standing water in the individual facilities. 
Study Source area Cu 

( g/l) 
Cr 

( g/l) 
Pb 

( g/l) 
Zn 

( g/l) Comments 

Ryska Smällena Highway runoff 54-890 
(14) 

13-380 
(2.3) 

20-320 
(2.4) 

370-5500 
(110) 

Unfiltered 

Järnbrottb, c Highway runoff 16-210 
(47) 

12-23 
(0.4) 

- 
(4.4) 

1.3-14 
(0.3) 

2-77 
(14) 

0.7-1.2 
(0.5) 

42-520 
(110) 

26-190 
(1.8) 

Unfiltered 
 
Filtered 

Linnéaholmd Highway runoff 42-400 
(34) 

8-130 
(8) 

6-160 
(7) 

120-220 
(154) 

Unfiltered 

Krubbanb Industrial area 13-89 
(18) 

-  
(5) 

9-60 
(13) 

62-240 
(158) 

Unfiltered 

aAldheimer (2004) 
bPettersson et al.(1999) (Unfiltered) 
cLavieille (2005) (Filtered) 
dSwedish Road Administration (2001) 
 
The sediment samples in Paper I, III, and VII are comparable with other studies with 
regards to sampling procedure and the sediment concentration in the Krubban pond 
showed small changes in concentrations compared to studies made in 1999 (German 
and Svensson, 2005). The concentrations of Pb and Cd decreased by 67% and 61%
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respectively between 1999 and 2007 (Paper I) probably due to different regulations 
that have been implemented to control the usage of Pb and Cd in urban areas. Månsson 
et al. (2009) found that, in urban areas, the stock of Cd had decreased by 25% between 
1995 and 2002-2003. Hjortenkrans et al. (2007) found that the Pb and Cd emissions 
from vehicles had decreased to one tenth in 2005 compared to 1998 in the Stockholm 
region. The time variation was also studied in the Järnbrott pond, where the Cd 
concentration decreased by 22% and the Pb concentration by 50% between 1998 and 
2006, although a large decrease could also be seen for Cu (45%) (Paper III). However, 
Casey et al. (2006) studied sediment quality in ponds over a ten-year period and found 
no significant changes in metal concentrations over time, while Heal et al. (2006) 
found a general increase in metal concentrations over a five-year period.  
 
Sedimentation tanks and gully pots have not been as investigated in the literature as 
ponds. The concentration in the sedimentation tank Ryska Smällen has increased since 
sampling was conducted in 2001 (Aldheimer, 2004), which is opposite to the 
investigated ponds. It is possible that the traffic intensity has increased in the 
catchment areas since 2001, although no new measurements on traffic intensity have 
been performed over the past 8 years. The metal concentrations in the sediment in the 
gully pots are in the lower region compared to other studies on gully pot sediment 
reported in Striebel and Gruber (1997) and Birch and Scollen (2003). However, further 
comparison is difficult to make since the sampling sites and methods are not 
sufficiently described.  
 
The mean water and sediment concentrations for the facilities exceeded one or more of 
the compared guidelines: Swedish, Canadian, and U.S. guidelines for water (Table 9) 
and Swedish, Canadian, and French guidelines for soil and sediment (Table 10). The 
mean water concentration for the ponds (Table 4) showed similar results compared to 
the guidelines as for the individual ponds (Paper I and III), while the sedimentation 
tanks and gully pots showed different results due to large variations in concentrations 
for these facilities (Paper I and VII). The metal concentration for the sedimentation 
tank Hammarby Sjöstad became overestimated compared to the guidelines and the 
metal concentration for the sedimentation tank Ryska Smällen became underestimated 
when the facilities were added together. The same happened for the standing water in 
the gully pots where the metal concentrations for the gully pots in the residential area 
became overestimated and those for the gully pots receiving only road runoff (city 
center) became underestimated. The mean sediment concentrations for the ponds and 
gully pots showed similar results compared to the guidelines as for the individual 
facilities (Paper I, III, and VII), while the sedimentation tanks showed different results. 
As for the standing water concentration, the sedimentation tank Hammarby Sjöstad 
became overestimated and the sedimentation tank Ryska Smällen became 
underestimated when the concentrations are compared with the guidelines. These 
guidelines can serve as triggers, which, if exceeded, should encourage further 
investigations. Sediment chemistry data may indicate relatively high metal loads; 
however, they only represent environmental risks if they are bioavailable or can be 
transformed, which could make them bioavailable.  
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Table 9. Water quality guidelines. 
 Swedish EPA ( g/l) CEQb ( g/l) U.S. EPAc ( g/l) 
 Class 4a Class 5a   
Cd 0.3-1.5 >1.5 0.017 0.25 
Cr 15-75 >75 8.9d 74d 

Cu 9-45 >45 2-4 9 
Ni 45-225 >225 25-150 52 
Pb 3-15 >15 1-7 2.5 
Zn 30-300 >300 30 120 
aClass 4: increased risk for biological effects; Class 5: high risk for biological effects with short exposure 
(Swedish EPA, 2000). 
bValues are meant to protect all forms of aquatic life and all aspects of the aquatic life cycles, including the most 
sensitive life stage of the most sensitive species over the long term (Canadian water quality guidelines, 2003). 
cHighest concentration of a material in surface water to which an aquatic community can be exposed briefly 
without resulting in an unacceptable effect (U.S. EPA, 2006). 
dCr III 
 
Table 10. Soil and Sediment quality guidelines. 

 Soil (mg/kg dw) Sediment (mg/kg dw) 
 Swedish EPAa CEQb Frenchc Swedish EPAd OMOEe 

 Less 
serious 

Moderately 
serious 

Res/park Comm.  Class 4 Class 5 LEL SEL 

Cd >0.4 0.4-1.2 10 22 10 7-35 >35 0.6 10 
Cr >120 120-360 64 87 65 100-500 >500 26 110 
Cu >100 100-300 63 91 95 100-500 >500 16 110 
Ni >35 35-105 50 50 70 50-250 >250 16 75 
Pb >80 80-240 140 260 200 400-2,000 >2,000 31 250 
Zn >350 350-1,050 200 360 4,500 1,000-5,000 >5,000 120 820 
aThe boundary between slightly serious and moderately serious is used for classification for sensitive land us, 
where land use is not restricted by soil quality (Swedish EPA, 2003). 
bResidential/parkland use; Commercial land use (Canadian water quality guidelines, 2003). 
cElement concentration levels at which soils containing the elements can be considered as potential sources of 
pollution in terms of risk assessment (BRGM, 2003). 
dClass 4 and 5: A growing risk of biological effects (Swedish EPA, 2000). 
eLowest effect level (LEL); Severe effect level (SEL) (Environment Ontario, 1993). 
 
Marsalek et al. (2006) studied sediment pollution in a number of different BMPs and 
to synthesise the data, a pollution index was introduced that relates the individual 
metal concentration to the corresponding SEL (Severe Effect Level) concentration in 
the Ontario sediment quality guidelines (OMOE in Table 10). Each BMP is 
characterised with an average index value, which makes it possible to compare 
sediment pollution in different BMPs. A sediment pollution index (SPI) has been 
calculated for the ponds, sedimentation tanks, and the gully pots (Figure 15, left 
picture) and for the individual facilities (Figure 15, right figure). The most polluted 
sediments are found in the ponds while the least polluted sediment is found in the 
gully pots, findings that are consistent with the metal concentrations. Compared to the 
BMPs in Marsalek et al. (2006), sediments in the ponds and sedimentation tanks are in 
the same range as sediment from facilities receiving road/highway runoff (or similar 
sources). The SPI index for the individual facilities shows that the sediment in the 
Järnbrott pond is the most polluted followed by the sedimentation tank Ryska Smällen 
and the least polluted are the gully pots in the residential area. This finding shows that 
the facilities receiving runoff from similar sources show similar pollution i.e. Järnbrott, 
Linnéaholm, and Ryska Smällen receive highway runoff, while Hammarby Sjöstad 
and the gully pots receive runoff from lower traffic roads and residential areas.  
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Figure 15. Sediment pollution index (SPI) for the ponds, sedimentation tanks, and 
gully pots (SPI =  (Ci/SELi)/n). 
 
5.2 Bioavailability of metals in stormwater treatment facilities 
The results showed no toxic response for the water samples from the ponds and the 
sedimentation tanks, even though the concentrations of Cu, Pb, and Zn exceeded the 
compared guidelines’ threshold levels (Table 9) (Paper I). The metals were attached to 
particles or colloids; therefore, they were not bioavailable. Marsalek et al. (2002) 
found no toxicity in pond outflow, according to Microtox™, although the Sub-
mitochondrial particle bioassays and SOS Chromotest, which is more sensitive 
(Marsalek et al., 1999a), showed toxic response for the same sample. This response 
suggests that the samples from the ponds and sedimentation tanks may be toxic if more 
sensitive tests are used. Generally, the toxicity test showed that sediment from all 
facilities was toxic, which was confirmed in the ponds and sedimentation tanks by the 
Cu and Zn concentrations exceeding the threshold values in the compared guidelines 
(Table 10). Kayhanian et al. (2008) found that the primary cause of toxicity in about 
90% of the stormwater samples was Cu and Zn. Rosenkrantz et al. (2008) studied 
toxicity of water and sediment from stormwater retarding basin and also found that the 
water was not toxic while the sediment showed toxic response. The sediment beds in 
the gully pots showed toxic responses, even though they did not exceed any of the 
compared guidelines. However, the sedimentation tank Ryska Smällen showed the 
lowest toxicity of the compared facilities, even though the metal concentration was 
high, especially the Zn concentration, which indicates that bioavailable metals are not 
equal to the total concentration (Paper I). An increase in toxicity was found in the 
sediment from the inlet to the outlet in the ponds and sedimentation tanks (Paper I), 
which is consistent with the results in Marsalek et al. (2002). The results showed no 
indication that higher traffic creates higher toxicity. On the other hand, the results 
showed that, for the sedimentation tanks and gully pots, the lower traffic areas showed 
higher toxicity than the higher traffic areas, even though the metal concentrations 
showed the opposite (Paper I and VII). For the gully pots, the residential area have 
higher percentages and concentrations in the exchangeable fraction than the city center 
(receiving only road runoff), which could explain the higher toxicity; however, this 
result could not be seen for the sedimentation tanks (Paper II). Studies on stormwater 
have concluded that highway runoff, especially during winter conditions, showed the 
highest toxicity, while mixed land use showed lower toxicity (Pitt et al. 1995; 
Marsalek et al. 1999a; 1999b). Rosenkrantz et al. (2008) also concluded that the size 
and land use in the drainage area is an important consideration for the implementation 
of retarding basins.  
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It was shown that, in all facilities, Cu was mostly associated with the organic matter, 
Zn was mostly associated with the Fe-Mn oxides, and both Cr and Ni were associated 
with the residual fraction, while the fractionation of Cd and Pb differed, depending on 
the facility (Paper II). The fractionation of metals in pond sediment has been 
investigated in several studies (Lee et al., 1997; Marsalek et al., 1997a; Stead-Dexter 
and Ward, 2004; Clozel et al., 2006), while sedimentation tanks and gully pots have 
been investigated in only a very few studies (Striebel and Gruber, 1997). Many studies 
on pond sediment show similar results as found in Paper II, with Cd being the most 
easily available metal, Pb and Zn being associated with Fe-Mn oxides, Cu being 
associated with organic matter, and most of Cr and Ni being found in the residual 
fraction (Marsalek et al., 1997a; Durand et al., 2004; Clozel et al., 2006). Striebel and 
Gruber (1997), however, studied the fractionation of metals in gully pot sediment and 
the results showed similar results for Cu (associated with organic matter), while Cd, 
Zn, and Pb differed in association compared with the results presented in Papers II. 
The percentage of mobile metals was also much higher, with Cd being the most 
available and Cu being the least available, which is opposite to the results in Paper II.  
 
Facilities with similar catchment areas showed similar fractionation (Paper II).  Clozel 
et al. (2006) studied four stormwater ponds (two highway ponds, one industrial pond, 
and one residential pond) and found that the fractionation was homogeneous, whether 
the pond was a retention or infiltration pond. The explanation was that the metal 
speciation had already been acquired when the water and associated suspended matter 
arrived in the pond. This could explain why facilities with similar activities showed 
similar fractionation. However, the most available metal differed between the facilities 
independent of catchment activity. The results showed that for most metals, the 
oxidizing and reducing conditions (F III) would be most critical with respect to the 
release of metals from sediments, which also was found in Marsalek et al. (2006), 
indicating the importance of maintaining a stable oxygen level in stormwater treatment 
facilities. If the conditions in the facilities change (e.g. anoxic conditions or change in 
pH), the metals could be released from the sediment or change speciation in the water, 
which could result in higher toxicity since the metals become more bioavailable. The 
results of the sequential extractions can be useful when designing a treatment process 
for contaminated sediment. Depending on the fraction to which metals are bound, 
specific treatment can be planned and reducing the metals in the mobile fraction would 
probably also reduce the toxicity of the sediment.  
 
5.3 Maintenance of stormwater facilities: Removed water and sediment  
The ponds in Sweden are relatively young, around 10 years; therefore, not many have 
been emptied of sediment compared to the gully pots, which have been emptied 
several times since they were built. The total metal concentrations in the water phase 
increased in the after samples for both the pond and gully pots compared to the before 
samples. This result can also be seen when the concentrations are compared to the 
guidelines in Table 9, where more metals exceeded the threshold values after the 
removal of the sediment compared to before. This is also indicated by the toxicity test, 
which showed that the removed water showed higher toxicity than the standing water 
in the gully pots (Paper VII). However, the higher toxicity in the removed water can be 
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caused by other pollutants in the water that are not measured. The sediment showed no 
(gully pots) or only small (pond) differences in metal concentrations before and after 
the sediment was removed. Even though the concentration in the pond just increased 
slightly after the sediment removal, the removed sediment is classified equally as 
before the sediment removal i.e. moderately serious to serious according the Swedish 
EPA and the concentrations in the pond also exceed the Canadian guidelines for 
industrial land use (although not shown in Table 10). The sediment in the gully pots is 
classified as less serious, even though the toxicity test showed that the sediment was 
toxic (Paper VII). The toxicity test also indicated that the removed sediment was more 
toxic than the sediment bed in the gully pots; however, as mentioned for the water, this 
difference in toxicity could be caused by other pollutants in the removed sediment that 
are more toxic than the investigated metals.  
 
The variation between individual gully pots is large and differences also exist between 
different areas (Paper IV-VII). The contents in gully pots are very much dependent on 
the activity and the topography in the catchment area, especially in the residential area. 
Relationship between adjacent gully pots was found with respect to the amount of 
sediment; however, for the concentration of metals, a relationship was only found for 
Cu and Zn in the residential area (Paper V). The large variation between gully pots had 
also been found by Butler and Clark (1995) who found a large spread between gully 
pots when studying particle-size distribution in gully pot sediment. Striebel and Gruber 
(1997) showed a large standard deviation of the metal concentrations, which indicates 
a large variation between the gully pots. The residential area showed higher metal and 
PAH concentrations in the removed water than in the area containing only roads, while 
the sediment concentrations showed the opposite (Paper V-VII). The gully pots in the 
city center receive mainly road runoff, while the gully pots in the residential area 
receives runoff that is much more complex and reflects individual household 
behaviour. The metals and PAH are mostly attached to particles in road runoff (Pitt et 
al. 1995) and will, therefore, accumulate in the sediment. The metals and PAH in the 
residential area, however, comes from mixed sources (e.g. road runoff, roof runoff, car 
washing), which probably contribute more water-soluble pollutants. The source 
identification also showed that the gully pots are influenced by a mix of different 
anthropogenic sources (Figure 14). The concentrations in the residential area could 
probably be reduced if the residents are educated in simple things like not to wash 
their cars in the driveways or not to discharge paints to the gully pots.  
 
As mentioned before, most of today’s BMPs are designed to remove particles in 
stormwater but not the dissolved pollutants, and the toxicity is often determined by the 
dissolved fractions (Janssen et al., 2003). The truly dissolved concentrations in the 
gully pots were higher than the truly dissolved concentrations in the reference lake 
(Paper IV). However, the truly dissolved concentrations in the gully pot in the 
residential area were in the same range as the ionic concentrations of Cu and Zn found 
in a stormwater pond (Björklund-Blom et al., 2002). Metal speciation in urban runoff 
generally shows the fractional distribution illustrated in Figure 16, where both Zn and 
Cd were found to be mainly present in a soluble phase, Pb is mainly associated with 
suspended solids, and Cu is evenly distributed between soluble and insoluble phases 
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(Morrison et al., 1990). In the water phase from the gully pot mixture (500 v/d), most 
of the metals were attached to particles; however, in the dissolved phase (<0.2 m), Cd 
had a higher percentage in the truly dissolved phase compared to the colloidal phase, 
Cu and Zn had higher percentages in the colloidal phase compared to the truly 
dissolved phase, while Pb had all its percentages in the colloidal phase. Because of the 
high metal concentrations in the dissolved phase (and truly dissolved phase), which 
exceeded the threshold values for the compared guidelines (Table 9), the water phase 
should not be poured back to the gully pot, if it flows from the gully pot to a receiving 
water without additional treatment. The options for treating dissolved pollutants are 
limited, although different kinds of filters have been recommended (Genc-Fuhrman et 
al., 2007). Biofilters have been investigated with various results; Lau et al. (2000) 
reported a positive reduction of dissolved metals while Muthanna et al. (2007) showed 
a negative reduction. Positive reduction has also been reported for natural organic 
filters (hardwood mulch, softwood mulch, and jute fiber) (Ray et al., 2005). In 
Denmark, a detention pond has been built for the removal of soluble and colloidal 
pollutants. Three different technologies for the sorption of dissolved and colloidal 
pollutants are tested (fixed media sorption in a separate filter unit, precipitation and 
sorption in the bulk water by continuous addition of aluminium salts, and sorption to 
iron oxide enriched in pond sediments) (Vollertsen et al., 2008).  
 

 
Figure 16. Metal speciation distribution in stormwater. 1)Dissolved free and weakly 
complexed metals, 2) Dissolved strongly bound, colloidal, 3) Suspended solid 
exchangeable, weakly adsorbed to particles surface, 4) Associated with sedimentary 
carbonates and bound to Fe and Mn oxides, 5) Metals associated with organic matter 
and sulphides (adapted from Morrison et al., 1990). 
 
Even though the sediment concentrations in the gully pots from different areas are 
quite similar to each other compared to other sediments (pond or sedimentation tanks), 
they still differ (Papers IV-VII). During the removal, it may be of interest to separate 
different areas so that they are not mixed in the truck because factors like pH, de-icing 
salt, and redox potential can vary between sites and influence the fractionation and 
toxicity of the sediment (Paper I, II, and VII). The sediment and water in the pond and 
gully pots become more hazardous after the removal of sediment (especially the water) 
when the concentrations are compared to guidelines, a result that was also indicated by 
the toxicity test. Several studies have shown that metals become more available during 
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aeration of anoxic sediments (Stephens et al., 2001; Sing et al., 1998; Caille et al. 
2003). Clegg et al. (1993) observed variations in the redox potential of undisturbed 
gully pot sediment. If the removed sediment were anoxic, the sediment becomes 
aerated during the removal process and the metals can become more mobile and also 
more toxic.  
 
The sediment in the gully pots was removed by hydraulic methods, while the sediment 
from the pond was removed by a mechanical method, which is the most common 
removal method for ponds (Graham and Lei, 2000). Out of eight emptied ponds 
reported in Graham and Lei (2000), the disposal method varied from disposal in a 
landfill to agricultural use. Ponds and sedimentation tanks retain quite large amounts 
of sediment before they need to be emptied, while gully pots retain less amounts but 
need to be emptied more frequently in order to function properly. The literature shows 
different results regarding cleaning frequency with respect to the quality of the 
outflow, from a cleaning frequency of 4-8 days (Morrison et al. 1998) to no 
improvement of the quality despite a frequent cleaning (weekly, monthly and once a 
year) (Memon and Butler, 2002). Butler and Clark (1995) recommended that gully 
pots should be emptied before they become full and their efficiency decreases. 
Because of the results presented in Papers IV to VII, an annual cleaning would be 
recommended; however, local aspects must be considered and some gully pots will 
need to be emptied more frequently while others can be emptied less frequently. The 
city of Luleå has approximately 10,000 gully pots, which produce between 47,000 to 
95,000 kg of dry sediment per year to take care of, according to the results in Paper V. 
The emptied pond in Paper III produced around 20,000 kg of dry sediment per year 
(however, only 45% of the pond was emptied since it was found that the amount of 
sediment in the rest of pond was negligible (Bengtsson, 2006)). Even though the 
amount of sediment is higher per year from the gully pots, the amount of metals is 
higher for the pond (approximately 3 times). It is estimated that 5 million tons of 
stormwater sediment are produced in France every year (Pétavy et al. 2009a) and that 
it probably needs treatment.  
 
Physical treatment may be used for the remediation of contaminated sediments. 
Usually, physical processes are designed to separate out coarse sediment fractions 
from fine fractions since most of the pollutants are generally associated with the finest 
fractions (Lee et al., 1997; German and Svensson 2002). The highest concentration of 
metals was found in the finest fraction (<63 m); however, the concentration also 
increased for the two largest fractions (500-1000 m and 1000-2000 m) (Paper V). 
Other studies have found similar results, where a significant portion of the pollutants 
was associated with coarser particles or that no specific enrichment from one fraction 
to the next could be found (Stone and Marsalek, 1996; Clozel et al. 2006). 
Consequently, treatment methods aimed at only separating polluted fine fractions from 
non-polluted fractions would, therefore, be inappropriate. Many have studied the 
remediation of contaminated soil, although there has been very little research on 
remediation of contaminated stormwater sediments. Pétavy et al. (2009a) tested the 
attrition technique in a laboratory for sediment cleanup and found that 55-70% of the 
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polluted stormwater sediment (>80 m) could be reused (Figure 17), for example, as 
road embankments and as a capping layer (Pétavy et al., 2009b).  
 

 
Figure 17. Mass and trace element percentage before (B) and after (A) attrition for 
pond sediment. (adapted from Pétavy et al., 2009a).  
 
The concentrations of metals in the treatment facilities exceeded the compared 
guidelines and they also showed toxic responses. Even though more investigation 
needs to be done (e.g. further evaluation of toxicity), the results indicate that the 
sediment needs to be treated before it can be reused. However, it is important to 
remember that, in our society today, pollutants are in the stormwater and BMPs cannot 
remove these pollutant – they can only redistribute them. The only way to decrease the 
load to the environment is to reduce the source of the pollutants.  
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6. CONCLUSIONS 

The results showed that the gully pots had higher concentrations of total and dissolved 
metals in the standing water compared to ponds and sedimentation tanks. For the 
sediment, the ponds showed the highest metal concentration, the highest percentage of 
mobile metals and toxicity, as well as the finest particle-size curve, while the gully 
pots showed the lowest concentration, the lowest percentage of mobile metals and 
toxicity, and the coarsest particle-size curve. The toxicity results from the individual 
facilities showed similar results as the comparison between the different facility types. 
No correlation between toxicity and increased traffic intensity in the catchmant areas 
could be seen, although, for some facilities, sediment from facilities in low-traffic 
areas showed a higher toxicity than from those in higher-traffic areas. The different 
types of facilities showed that the concentrations were either overestimated or 
underestimated when they were compared to the guidelines. Due to large variations in 
concentrations for the individual facilities, the sedimentation tanks were incorrectly 
evaluated for both the water phase and sediment phase, while the gully pots were 
incorrectly evaluated for the water phase and the ponds were incorrectly evaluated for 
the sediment phase. In general, the metal concentration and the guidelines for water 
and sediments were not consistent with the results from the toxicity test (both for the 
facility types and the individual facilities). In short, to accurately evaluate the 
environmental impact of pollutants trapped in stormwater treatment facilities, it is 
important to carry out both chemical analyses and toxicity tests.  
 
The sequential extraction for the different facility types showed that Cu (51-70%) was 
associated mostly with organic matter, Cr (69-86%) and Ni (54-60%) with the 
residuals, and Zn (38-54%) with Fe-Mn oxides in all facilities, while Cd and Pb were 
associated mostly with Fe-Mn oxides (36-42% and 41-45%, respectively) in the ponds 
and sedimentation tanks and with the residuals (51% for both metals) in the gully pots. 
The sequential extraction for the individual facilities showed similar results as the 
comparison between different types of facilities, with the exception of the 
sedimentation tank in the residential area, which showed that Cd and Pb were 
associated mostly with the residual fraction instead of Fe-Mn oxides. However, with 
respect to the release of metals from the sediment, fraction III (Fe-Mn oxides) seems 
to be the most important. All facilities showed that Cr was the least available, while 
Cd was most available in the ponds, Zn in the sedimentation tanks, and Cu in the gully 
pots. The ponds had the highest percentages of mobile metals and facilities with high 
metal concentrations showed higher percentages of mobile metals. For all treatment 
facilities, between 45-96% of the metals (except Cr and Ni) were in potentially mobile 
form and could, therefore, be a threat to the environment if the facilities are not 
maintained properly.  
 
The two sedimentation tanks differed the most of all the individual facilities and the 
sedimentation tank receiving highway runoff showed similar metal concentrations in 
the sediment, particle-size distribution, and fractionation as the ponds (receiving 
highway runoff and runoff from an industrial area). The sedimentation tank receiving 
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runoff from a residential area showed similar metal concentrations, particle-size 
distribution, and fractionation as the gully pots (receiving runoff from lower traffic 
roads and residential areas). Facilities with similar catchment areas have similar 
concentrations, particle-size distribution, and fractionation in the sediment.  
 
During the sediment removal from gully pots and a pond, the concentrations in the 
water phase increased and became more hazardous after the sediment removal 
compared to before. The sediment, however, showed almost similar concentrations 
after the removal as before. The sediment removal from gully pots in different areas 
showed that gully pots in the residential area showed higher water concentrations 
(total, dissolved, and truly dissolved) than gully pots located in catchments with only 
roads (although not a statistical differences). For the sediment, the residential area 
showed lower metal concentrations and statistical differences could be found for Cr, 
Cu, Ni and Zn. The highest concentration was found in the finest fraction (<63 um) 
and the concentration decreased with increasing particle size, although the 
concentrations increased for the two last size fractions (500-1000 m and 1000-2000 

m). The source identification showed that Cu, Pb, Zn, Ni, Cd, and Hg were enriched 
in the gully pots, the enrichment probably coming from anthropogenic sources, while 
the PAH in the gully pots came from mixed anthropogenic sources.  
 
Due to the high concentration of metals and PAH in the water phase that is created 
during sediment removal, the water should not be poured back to the gully pots. Based 
on the results, an annual cleaning of the gully pots is recommended. 
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Abstract 
Sedimentation is a widely used technique in structural best management practices to remove 
pollutants from stormwater. However, concerns have been expressed about the environmental 
impacts that may be exerted by the trapped pollutants. This study has concentrated on 
stormwater ponds and sedimentation tanks and reports on the accumulated metal 
concentrations (Cd, Cr, Ni, Pb, and Zn) and the associated toxicity to the bacteria Vibrio 
fischeri. The metal concentrations are compared with guidelines and the toxicity results are 
assessed in relation to samples for which metal concentrations either exceed or conform to 
these values. The water phase metal concentrations were highest in the ponds whereas the 
sedimentation tanks exhibited a distinct decrease towards the outlet. However, none of the 
water samples demonstrated toxicity even though the concentrations of Cu, Pb, and Zn 
exceeded the threshold values for the compared guidelines. The facilities with higher traffic 
intensities had elevated sediment concentrations of Cr, Cu, Ni, and Zn which increased 
towards the outlet for the sedimentation tanks in agreement with the highest percentage of 
fine particles. The sediment in both treatment facilities exhibited the expected toxic response 
in line with their affinity for heavy metals although the impact was greatest in the ponds. 
 
Keywords: Biotox, Road runoff, Urban drainage, Vibrio fischeri  
 
 
1. Introduction  
Urban areas produce large amounts of pollutants that accumulate on different surfaces such as 
streets and roofs. During rain events and snowmelt, these pollutants are transported into the 
storm sewer system, from where they are either reach treatment facilities or directly discharge 
to receiving waters. Stormwater contains a large variety of pollutants e.g. heavy metals (lead, 
zinc, copper, cadmium, chromium and nickel), organic compounds, nutrients, solids, and de-
icing agents [1,2]. These pollutants are often adsorbed to particles of different sizes [3-5]. One 
of the most common ways to treat stormwater is through sedimentation in different treatment 
facilities e.g. ponds, wetlands, sedimentation tanks and gully pots [6]. The pollutants are 
accumulated in the bottom sediment resulting in concentrations which are higher than in 
natural sediments [7]. Generally, more sediment is found close to the inlet compared to the 
outlet in treatment facilities because coarse-grained particles settle directly when entering the 
facility. The sediment close to the inlet consists therefore mostly of sand and gravel, while the 
sediment at the outlet consist of fine-grained particles like clay and silt [8-10]. The measured 
annual sedimentation rates in ponds range from 0 to 4 cm/year while in sedimentation tanks 
the rate can reach 7 cm/year [2,10-12].  
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Despite the extensive range of pollutants which may be present in stormwater, they may only 
account for a few percent of the full toxic potential. Therefore, toxicity tests complement 
chemical analyses in helping to diagnose the full environmental impact of contaminated 
samples [13]. The toxic effects of stormwater have been studied by e.g. [14-17]. Depending 
on the drainage area and design, season, characteristics of the storm and time during a storm, 
stormwater can show both acute toxicity and genotoxicity [17]. Highway runoff demonstrates 
the highest toxicity, particularly during the first flush stage and during winter conditions 
[17,18], with mixed land use showing lower toxicity [3,19]. Pitt et al. [3] studied, under 
laboratory conditions, the reduction of stormwater toxicity by different treatment processes 
and found that settling, screening and aeration and/or photodegradation processes were the 
most efficient in reducing the toxicity. Studies of stormwater ponds have shown mixed results 
regarding the removal of toxicity with Collins et al. [20] finding no significant toxicity 
reduction while Marsalek et al. [17,18] found minor reduction of toxicity. However, Marsalek 
et al. [18] observed that the sediment in the pond was very toxic and demonstrated a spatial 
increase from the inlet to the outlet [21]. Freshwater sediment receiving stormwater has also 
been investigated with toxic results [22,23].  
 
Many different toxicity tests have been applied to stormwater e.g. plankton (Daphnia magna) 
[17,18], water flea (Ceriodaphia dubia) [19], rotifers (Brachionus calyciflorus) [16], algae 
[23], fish [24] and SOS chromotest [17,18]. One of the most common test organisms is the 
luminescent bacteria Vibrio Fisheri, because the test is rapid, easy and cost-effective and there 
are no ethical implications [25,26]. The toxicity is measured by the reduced light output from 
the bacteria [26] and the technique is employed in several different test kits e.g. Microtox™ 
and Biotox™. To accurately determine the toxicity it is important that the bacteria are in 
direct contact with the particles in the sample since much of the toxicity is dependent on the 
particle bound and marginally soluble pollutants [27]. The Biotox™ Flash method has been 
developed for solid and coloured samples which means that filtration is not required and that 
the solids are in direct contact with the bacteria during the measurement [28]. Both the 
Biotox™ and the Biotox™ Flash methods have been used on different kinds of samples e.g. 
wastewater [29], sediments [30], soil [31] but this study reports the first use of the Biotox 
Flash method on water and sediment samples collected from treatment facilities. The 
objective of this paper is to investigate if differences in metal concentrations (Cd, Cr, Ni, Pb, 
and Zn) and toxicity exist between ponds and underground sedimentation tanks receiving 
urban runoff. The metal concentrations are compared with guidelines and the toxicity results 
are assessed in relation to samples for which metal concentrations either exceed or conform to 
these values. The reported results provide new knowledge regarding the pollutants and the 
toxicity of stormwater sediments and therefore will be of interest to owners/operators 
responsible for the maintenance of stormwater treatment facilities.  
 
2. Experimental 
 
2.1 Field site 
Two sedimentation tanks and two ponds were studied: the sedimentation tanks are at Ryska 
smällen (RS) and Hammarby Sjöstad (HS) in Stockholm, and the ponds are located at 
Linnéaholm in Stockholm (LH) and Krubban in Örebro (KÖ) (Table 1).  
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Table 1. Description of the catchments and facilities. 
 Sedimentation tanks Ponds 
 RS HS LH KÖ 
Construction year 1997 2000 1996 1996 
Total catchment area (ha) 1.1 2.1 4,5 40 
Impervious catchment area (ha) 1.1 2.1 2.8 16 
Commercial or industrial area (%) 100a 0 100b 50 

Residential area (%) 0 100 0 50 
Traffic intensity (vehicles/day) 71,000 4,700 113,000 n.i.c 
Volume (m3) 130 195 885 11,800 
a 40 % is motorway 
b 60 % is motorway 
c no information 
 
2.2 Sampling 
The water and sediment samples were collected during the period, September to November 
2007. Three water samples were obtained from the inlets and outlets of the ponds and 
sedimentation tanks. The samples were collected in acid washed plastic bottles and the pH 
and conductivity was measured immediately after collection. Three sediment samples were 
obtained from the inlet and outlet locations of the sedimentation tanks and the ponds, each 
sample contained a mix of three sub-samples. The samples were collected with a stainless 
steel cup and placed in acid washed plastic containers. At each facility the inlet and outlet 
samples were collected at the same time. 
 
2.3 Analytical Techniques 
The water samples were analysed for pH, conductivity, temperature, suspended solids, and 
heavy metals. The suspended solids (SS) were measured according to the standard method 
SS-EN 872:2005 [32]. The sediment samples were analyzed for particle-size distribution (wet 
sieving into 18 different size gradations (between 0.063-180 mm)) according to the standard 
method SS-EN 933-1/A1:2005 [33]. Loss on ignition (LOI) was measured according to the 
standard method SS 28113 [34], which involved drying the sediment at 105°C for 20 h and 
thereafter heating at 550°C for 2 h. 
 
The water samples were separated into total and dissolved (<0.45 μm) fractions prior to heavy 
metal analysis. The total fraction (20 ml) was initially digested in a sealed teflon container in 
a specially modified microwave oven for 50 minutes at a temperature of 160 ºC after the 
addition of 2 ml suprapure HNO3. The dissolved fraction was analyzed, after filtration 
through a 0.45-μm syringe filter, and 1 ml of HNO3 was added for every 100 ml of sample.  
 
To facilitate heavy metal analysis, the sediment samples were dried at 50ºC and then digested 
with 7M HNO3 and water (1:1) in a specially modified microwave oven. Depending on the 
metal concentrations, the samples were either analysed by optical emission spectrometry with 
inductively coupled plasma (ICP-AES) or sector field mass spectrometry with inductively 
coupled plasma (ICP-SFMS). All the metal analyses (sediment and water) were performed by 
an accredited laboratory (ALS Laboratory Group, Sweden). In the interpretation of the metal 
analyses, values below the detection limit were replaced by half of the detection limit’s value, 
as discussed in Marsalek and Schroeter [35] and Tsanis et al [36]. 
 
2.4 Toxicity measurement 
The toxicity tests was performed according to the Biotox™ Flash method (Aboatox Oy, 
Turku Finland) which is based on the bioluminescent response of Vibrio fischeri bacteria and 
incorporates an automatic correction for colour and turbidity [28,37]. The luminescence 
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measurements were carried out with a high performance Sirius Luminometer and the light 
output was recorded automatically by FB12 Software (Berthold Detection Systems, 
Pforzheim, Germany). Prior to measurement, the freeze-dried Vibrio fischeri bacteria were re-
hydrated with reagent diluent (2% NaCl) at 4°C for at least 30 minutes and then stabilized at 
15°C for approximately 1 hour in a dry cooling block. 
 
The water samples were prepared by mixing 9 ml of sample with 1 ml of 20% NaCl solution 
and adjusting the pH to 7.0 ± 0.2 if the sample pH was not between 6.0 and 8.5. The samples 
were subsequently diluted with 2% NaCl solution to obtain a dilution series (1:2, 1:4, 1:8, 
1:16, 1:32, 1:64). For the sediment samples, 2 g of sediment (<2 mm) was mixed with 8 ml of 
2% NaCl solution in polyethylene test tubes and vigorously shaken for 5 minutes. The pH was 
adjusted as described above and the following dilution series prepared (1:2, 1:4, 1:8, 1:16, 
1:32, 1:64, 1:128). The toxicity measurements for the water and sediment samples were 
performed by initially placing 300 l of diluted sample into luminometer cuvettes (Sarstedt 
55.476) and incubating at 15 °C for at least 10 minutes. Following introduction into the Sirius 
Luminometer, 300 l of the bacterial suspension was automatically injected into the sample 
and the bioluminescence measured. The bioluminescence measurements were repeated after 
30 min. to allow toxicity calculations after this time period using the relationship between the 
end point value and the peak value. A correction factor was applied based on the response 
obtained from the non-toxic reference sample (2% NaCl solution). The inhibition percentage 
(INH %) and the EC20 and EC50 values were calculated according to the ISO standard method 
11348-3 [38], where the initial luminescence reading is replaced with the peak value observed 
immediately after addition of bacteria into the sample.  
 
3. RESULTS AND DISCUSSION  
 
3.1 Water status  
The measured mean pH and conductivity values and suspended solids (SS) concentrations in 
the sampled waters are shown in Table 2. The pH values for the treatment facilities were 
consistently around 7 within each facility with greater differences between inlet and outlet 
samples being observed in the ponds. Pond LH demonstrated the largest conductivity values 
which were coincident with the use of de-icing salt in the catchment area. An antecedent dry 
period extending over a few days prior to the sampling had allowed particle settling therefore 
explains the low SS concentrations, especially in the sedimentation tanks.  
 
Table 2. pH, conductivity, and SS concentration in the sedimentation tanks and ponds. 

 Sedimentation tanks Ponds 
 RS HS LH KÖ 
 In Out In Out In Out In Out 
pH 6.8 6.7 7.6 7.6 6.9 7.2 7.4 7.0 
Conductivity ( S/cm) 225 401 205 230 1266 1278 383 266 
SS (mg/l) 13 55 2 1 77 91 88 1.4 
 
The total and dissolved concentrations for Cd, Cr, Cu, Ni, Pb and Zn in the water samples 
collected from the different treatment facilities are shown in Figure 1. Elevated total metal 
concentrations were observed for the two ponds compared to the two sedimentation tanks and 
the results clearly indicate that in all facilities the metals were predominantly attached to 
particles. Therefore, it is not surprising that ponds KÖ and LH both showed similar trends to 
those for SS concentrations with either decreases (Pond KÖ) or increases (Pond LH) towards 
the outlet. Both sedimentation tanks exhibited small decreases in total metal concentrations 
between the inlet and outlet positions and in the case of the sedimentation tank RS this was a 
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reverse of the trend observed for SS concentrations. The dissolved concentrations, particularly 
of Pb and Cr, were low whereas Ni and to a lesser extent Zn showed an affinity for the soluble 
phase in all treatment facilities. These results are consistent with previous findings that Pb is 
strongly associated and bound to particles, Cr are relatively strongly bound to organic matter 
and Zn is associated with dissolved solids [39-41]. However, the presence of Ni in the 
dissolved state has not been commented upon and appears to be unique to this study. 
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Figure 1. Total and dissolved water heavy metal concentrations (with standard deviations) in 
ponds and sedimentation tanks ( g/l). 
 
3.2 Sediment status  
The mean particle-size distributions for the sediments collected from the treatment facilities 
are shown in Figure 2. The coarsest particle-size curves are exhibited by sedimentation tank 
HS and although the curves follow each other they also demonstrate the largest difference 
between inlet and outlet. In contrast, sedimentation tank RS showed the finest particle-size 
curve which were also very closely matched. The pairs of curves for the two ponds were 
relatively similar too except for a distinctive behaviour demonstrated by the 63 m – 250 m 
fraction of the pond KÖ inlet where a steeper initial gradient exists indicating a coarser 
profile. Comparisons of the curves for the inlet and outlet sediment samples predict a higher 
level of fine particles at the outlet except for pond LH where this trend is reversed. Marsalek 
et al. [8] studied pond sediment and found less than 1% of clay (0.24 m) at the inlet but this 
increased to 54% at the outlet. There is evidence that the facilities with higher traffic loads 
(sedimentation tank RS and pond LH) have higher compositions of fine particles in the 
sediments compared to those facilities with low traffic loads (sedimentation tank HS). This 
indicates that traffic activity in the contributing catchment area has an impact on the sediment 
particle size in the treatment facility with abrasive characteristics associated with high traffic 
densities leading to finer street particles [42].  
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Figure 2. Particle size-distribution curves for the inlet and outlet sediment samples from 
ponds and sedimentation tanks. 
 
The organic content in the sediment, measured as loss on ignition (LOI), varies between the 
facilities with the ponds showing the highest content (66 – 74 %) compared to the 
sedimentation tanks (1 – 14 %). The sediment metal concentrations are represented by bar 
charts in Figure 3. Pond LH shows relatively similar metal concentrations for the inlet and 
outlet positions whereas when a difference is observed for pond KÖ, the inlet metal 
concentration exceeds that at the outlet (e.g. Cu and Zn). Färm [10] also found that the 
concentrations of sedimentary metals in ponds were highest at the inlet although Marsalek et 
al. [8] found the opposite effect in a study of a Canadian stormwater pond. Pond KÖ was also 
sampled in 1999 [9] and 2005 [43] when similar or slightly higher sediment metal 
concentrations were found. For both sedimentation tanks the highest concentration can be 
found at the outlet which correlates with the high percentage of fine particles at the outlet. The 
sediment concentrations for Cr, Cu, Ni and Zn in sedimentation tank RS have increased with 
28%, 48%, 45%, 81%, respectively, since sampling was conducted in 2001 [12]. Pond LH 
and sedimentation tank RS has elevated concentrations of Cr, Cu, Ni, and Zn compared to the 
other studied facilities which are consistent with these facilities being influenced by the 
highest traffic loads and implicate this as a possible pollutant source.  
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Figure 3. Heavy metal sediment concentrations (with standard deviations) in the ponds and 
the sedimentation tanks (mg/kg dw).  
 
Several studies have shown that higher metal concentrations are associated with small 
particles [4,44,45] and this is illustrated in this study by considering the particle size 
association of Zn (Figure 4). For particles smaller than 63 m, a linear relationship exists 
between the total Zn concentration in the samples and percentage of particles in this size 
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fraction for samples (correlation of 0.76) even though the outlet for pond KÖ exhibited a low 
concentration given the high percentage of fine particles. Smaller, but still relevant 
correlations, were found for Cu, Ni and Cr indicating the tendency for these metals to be 
associated with particles less than 63 m. Sedimentation tank RS and pond LH demonstrated 
these correlations most efficiently.  
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Figure 4. Relationship between total Zn concentration and percentage of particles less than 63 

m for all sediment samples. 
 
3.3 Toxicity 
Toxicity tests were conducted on both the water and sediment samples collected from the 
ponds and sedimentation tanks and the results are reported in Table 3; as the concentrations 
that inhibit the luminescence by 20% (EC20) and 50% (EC50). None of the water samples were 
found to be toxic to the bacteria, Vibrio fischeri. This is in contrast to the work of Marsalek et 
al. [18] who observed decreases in toxicity between the inlets and outlets to stormwater ponds 
using a range of toxicity tests including Microtox™. 
 
The sediment from all treatment facilities showed toxic responses (Table 3) which is 
consistent with their affinity for heavy metals. The sediment collected from the outlet 
locations showed increased toxicity in all facilities although this could not be quantified in the 
outlet sample from pond KÖ due to an unknown interference affecting the measurement 
procedure. The highest toxic responses were found in the pond sediments. Comparison of the 
sedimentation tanks shows a higher toxicity for the sedimentation tank HS which is the 
reverse of the determined metal levels (Table 1). This suggests that the sediment associated 
metals are more bioavailable in HS or that there are other additional pollutants which are 
contributing to the toxicity. It has been shown that the toxicity of a sediment can be 
influenced by the particle-size distribution with a high silt/clay content being associated with 
a high natural toxicity [46,47]. These results were obtained using the Microtox™ solid-phase 
test which not makes correction for colour and turbidity. However, in this study (using the 
Biotox™ Flash method) the facility with the highest percentage of fine particles in the 
sediment, the sedimentation tank RS, showed the lowest toxic response.  
 
Table 3. Toxicity results for water and sediment samples collected from the ponds and 
sedimentation tanks. 

 Ponds Sedimentation tanks 
 LH KÖ RS HS 
 In Out In Out In Out In Out 

EC20  n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t. Water (ml/l) EC50  n.t. n.t. n.t. n.t. n.t. n.t. n.t. n.t. 

EC20  2 0.75 1.8 Toxic 12 5 8.25 3 Sediment (g/l) EC50  18 6.75 7.8 Toxic 52.5 50.3 50 19.3 
n.t. =not toxic 
The concentration unit ml/l refers to the volume of sample added to the medium of the toxicity test 
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Figure 5 shows the correlation between sediment organic content and the percentage of 
particles less than 63 m in the treatment facilities. Two groupings can be identified in which 
the characteristics of the ponds and the sedimentation tanks are separately described. The 
ponds demonstrate high percentages of both organic content and small particles (<63 m) 
while the sedimentation tanks show low percentage of organic content and varied percentages 
of small particles (<63 m). Sedimentation tank RS has a high proportion of particles finer 
than 63 m and a higher concentration of metals than HS but the toxicity was not 
appropriately elevated. The sedimentation tank RS also had a low organic content compared 
to the ponds which showed high toxicity indicating that the organic content may influence the 
toxicity together with the metal concentration and particle size. Marsalek et al. [18] studied 
sediment from a stormwater pond and found lower EC50 values than in this study. 
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Figure 5. Correlations between sediment organic content and the percentage of particles finer 
than 63 m. 
 
Figure 6 shows the measured concentration response curves for the sediment from the ponds 
and the sedimentation tanks after 30 min incubation. There is a distinct difference in the 
shapes of the curves for the two facilities with the ponds following a  near inverse exponential 
pattern while the sedimentation tanks are characterized by curves which are between linear 
and inverse exponential. Cosideration of the curves clearly shows that the outlet sediment is 
more toxic than that at the inlet for pond LH and both sedimentation tanks. This is consistent 
with the findings of Marsalek et al. [21] which also found the presence of elevated sediment 
toxicities at the outlet.  
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Figure 6. Concentration response curves for the sediment in the ponds and sedimentation 
tanks after 30 min incubation. 
 
Due to the usage of de-icing salt (NaCl) in the catchment area of pond LH, marine bacterium 
was used for the evaluation of toxicity in the facilities. Biotox™ has been shown not to be 
toxic to NaCl [25]. Kayhanian et al. [19] and Schiff et al. [48] have studied the toxicity of 
stormwater and found that it was toxic both to freshwater and marine species. They also used 
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the Toxicity Identification Evaluation procedure (TIE) and found that Cu and Zn were the 
most likely constituent to be responsible for this toxicity. However, according to Marsalek et 
al. [18] the TIE procedure is not applicable to stormwater because the sources of toxicity are 
numerous, pollutants interact among themselves, and even if identified, they cannot be easily 
controlled. Although the results from this study show that particularly the sediment in the 
treatment facilities are toxic to the bioluminescent Vibrio fischeri bacteria more tests are 
needed to evaluate the toxicity to other test organisms since many studies have shown that 
different organisms react differently to the same sample [16,19,48].  
  
3.4 Environmental assessment 
The Swedish Environmental Protection Agency (SEPA) has issued guidelines for the 
classification of water in lakes and watercourses [49]. These guidelines classify 
environmental impacts on a scale of 1-5 with Class 1 representing situations in which aquatic 
pollutants create no or very slightly risk of biological effects and at the other extreme Class 5 
being representative of levels where there is a high risk for biological effects after short 
exposure. Comparing the total water metal concentrations determined in this study with the 
Swedish EPA guidelines indicates that only the Pb concentration at the inlet to pond KÖ 
exceeds the threshold level for Class 5. In all the facilities the inlet concentrations of Cu 
exceed the threshold level for Class 4 (increased risk for biological effects) and this is also 
true for the inlet concentrations of Zn and Pb in ponds LH and KÖ and sedimentation tank 
RS. Even the outlet concentrations of Cu, Pb, and Zn were so high in pond LH and 
sedimentation tank RS (not Pb) that Class 4 waters were implicated. The United States 
Environmental Protection Agency (US EPA) has provided guidelines for dissolved metals 
[50] which estimate the highest pollutant concentration in a surface water to which an aquatic 
community can be exposed briefly/indefinitely without resulting in an unacceptable effect. 
The concentrations that exceeded the threshold values for US EPA were the inlet 
concentrations of Cu and Zn for pond KÖ. Generally, the toxicity tests showed that the waters 
from the different facilities were not toxic to Vibrio fischeri, even though the concentrations 
of Cu, Pb, and Zn were over the Swedish EPA and the US EPA guidelines threshold levels. 
The metals are probably attached to particles or colloids and therefore not bioavailable.  
 
The sediment concentrations in treatment facilities can be compared to guidelines for both 
soil and sediment depending on the intention of the assessment. The guidelines for sediment 
are designed to assess the status in natural aquatic environments, however when the sediment 
is removed from the treatment facility then it is more appropriate to use soil guidelines. The 
Swedish EPA has produced a similar classification (Classes 1-5) for sediment as that for 
water [49]. The measured sediment metal concentrations have also been compared to the 
Ontario Provincial Sediment Quality guidelines for which there are two levels: lowest effect 
level (LEL) and severe effect level (SEL) [51]. Only the concentrations of Cu and Zn in pond 
LH and sedimentation tank RS exceeded the threshold values for Class 4 and the SEL level. 
Following removal of the sediment from any of the treatment facilities comparison with soil 
guidelines becomes relevant [52]. Application of the criteria identifies the sediment from 
sedimentation tank HS as slightly serious, the sediment from the ponds as moderately serious 
and the sediment from sedimentation tank RS as serious due to high Zn concentrations. The 
boundary between slightly serious and moderately serious is used for classification for 
sensitive land use, where land use is not restricted by soil quality. The concentrations of Cu 
and Zn in ponds LH and KÖ and sedimentation tank RS exceed the threshold values for 
industrial land use found in the Canadian Environmental Quality (CEQ) guideline for soil 
[53]. According to the guidelines the sediment from both the ponds and sedimentation tanks 
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exceeds the CEQ threshold values, where especially the sediment from the sedimentation tank 
RS is classified as serious.  
 
Generally, the toxicity test showed that sediment from all facilities was toxic to Vibrio 
fischeri. This could be confirmed by a comparison with the Swedish and the Canadian 
guidelines for sediment where the concentration of Cu and Zn in pond LH and sedimentation 
tank RS exceeded the threshold values. The toxicity tests also showed that the sediment from 
the sedimentation tank RS had the lowest toxicity of all facilities even though the metal 
concentrations were high, especially the Zn concentration. However, if the conditions in the 
facilities change (e.g. anoxic conditions or change in pH), the metals could be released from 
the sediment or change speciation in the water which could result in higher toxicity since the 
metals become more bioavailable. The results from this study show that it is important to 
carry out both chemical analyses and toxicity tests to be able to correctly evaluate the 
potential environmental impacts of water and sediments from stormwater treatment facilities.  
 
4. Conclusions  
The water samples in the investigated stormwater treatment facilities were found to be non-
toxic to the bacteria Vibrio fischeri despite the concentrations of Cu, Pb, and Zn in the water 
phase exceeding the threshold values for the compared guidelines. This is considered to be 
related to the predominant attachment of metals to particles limiting their bioavailability. The 
sediments from all facilities displayed a toxic response which is consistent with their 
exceedance of the threshold values identified in sediment guidelines. The highest toxicity was 
found in the ponds and sedimentation tank HS showed an elevated level compared to 
sedimentation tank RS although this is the reverse of the metal concentrations. The ponds 
demonstrated high percentages of both organic content and fine particles compared to the 
sedimentation tanks indicating that the organic content may influence the toxicity together 
with the metal concentration and particle size. It is clear that to accurately evaluate the 
environmental impacts of pollutants trapped in stormwater treatment facilities there is a need 
perform both chemical analyses and toxicity tests.  
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Abstract 
Recent studies of the mobility of metals from stormwater sediments have mainly focused on 
the sediments in stormwater ponds; therefore, there is a need to develop metal fractionation 
data from other stormwater treatment facilities. The objective of this study is to investigate 
the mobility and bioavailability of metals in sediments from sedimentation tanks, ponds, and 
gully pots with different traffic intensities using the sequential extraction procedure. The 
results show that the highest concentrations of metals were found in the facilities with high 
traffic intensities or in an industrial area in the catchment area. The metal fractionation was 
similar in facilities with similar activities in the catchment area. All facilities showed that Cr 
was the least mobile metal and the most available metals were Zn for the sedimentation tanks, 
Cd for the ponds, and Cu for the gully pots. The results also show that a higher total 
concentration gives a higher percentage of mobile metals and between 13-96% of the metals 
were in mobile form. The ponds had a higher percentage of metals in the mobile fractions 
compared to the sedimentation tanks and gully pots.  
 
Introduction 
Heavy metals are one of the most common pollutants in urban stormwater (U.S. EPA, 1983; 
Yousef et al., 1990). They often become associated with particles; therefore, they accumulate 
in the bottom sediment in different treatment facilities (Marsalek et al., 1997; Clozel et al., 
2006). Numerous kinds of treatment facilities for stormwater exist, for example, ponds, 
wetlands, gully pots, swales, sedimentation tanks, and infiltration facilities. The concentration 
of metals in the sediment in these facilities will be higher than in natural sediments (Marsalek 
and Marsalek, 1997). The analyses of the total heavy metal content in sediment are often 
inadequate when assessing the mobility and bioavailability of metals in sediment since it is 
the metal’s chemical form that decides its behavior and toxicity (Baun et al., 2002; Stead-
Dexter and Ward, 2004). If the physical and chemical conditions (e.g. pH, redox, and 
complexing ligands) in the sediments change, the mobility and bioavailability of the metals 
can be affected (Marsalek et al., 1997; Ure and Davidson, 2002). The separation of metals in 
the sediments by sequential extraction techniques has been used to evaluate both the mobility 
and the physico-chemical factors controlling the bioavailability of metals (Stone and 
Marsalek, 1996). Many different sequential extraction procedures have been developed and 
some studies have discovered a few methodological problems with the procedures, for 
example, the handling of the sediment (storing and drying), the reagents used during the 
extraction (Rapin et al., 1986), and the possibility of a re-adsorption of elements (Kheboian 
and Bauer, 1987). Despite the problems with the sequential extractions procedures, they still 
give significant information regarding the mode in which the metals occur in the sediment 
(Lee et al., 1997). 
 
A few studies have investigated the mobility of metals in urban sediments using sequential 
extraction methods and most of these have been on street sediments (Stone and Marsalek, 
1996; Harrison et al., 1981; McAlister et al., 2005), while only a few have been on sediments 
from stormwater treatment facilities. The treatment facility that has dominated the literature is 
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stormwater management ponds (Marsalek et al., 1997; Clozel et al., 2006; Lee et al., 1997; 
Durand et al., 2004); therefore, there is a need for metal fractionation data on sediment from 
other treatment facilities. This data is especially important during the maintenance of these 
facilities because handling and removing the contaminated sediments requires a full 
understanding of the quantity and quality of the sediment (Yousef et al., 1994). The objective 
of this study, therefore, is to investigate the mobility and bioavailability of metals (Cd, Cr, Cu, 
Ni, Pb, and Zn) in sediments from sedimentation tanks, ponds, and gully pots, using the 
sequential extraction procedure. The results from the sequential extraction are used to discuss 
if the metals are bound in similar ways or differ depending on the facility.   
 
Study Area and Method 
 
Field site 
 
Sedimentation tanks  
One of the studied sedimentation tanks, called Ryska Smällen (RS), is situated in Stockholm, 
Sweden. The sedimentation tank was constructed in 1997 and is located underground. It has 
an area of 60 m2 and a volume of 130 m3 and is made of concrete. The catchment area is 
approximately 1.1 ha and consists of a parking lot (0.56 ha), a roof (0.1 ha), and a bridge 
(0.45 ha) with a traffic intensity of 71,000 vehicles/day. The sedimentation tank is designed to 
hold runoff from around 15 mm of rain, with a detention time of 36 hours. The other 
sedimentation tank is also located in Stockholm, Sweden in the Hammarby Sjöstad (HS) 
district. It was constructed in 2000, is located underground, and is made of concrete. The 
volume of the sedimentation tank is 195 m3 and the catchment area, which is approximately 
2.1 ha, consists of roads and pavements. The traffic intensity is 4,700 vehicles/day.  
 
Ponds 
Two stormwater ponds were also studied: one in Stockholm, Sweden and the other one in 
Örebro, Sweden. The pond located in Stockholm was constructed in 1996 and is called 
Linnéaholm (LH). The pond is a wet pond with an area of 1000 m2 and a wet volume of 885 
m3. The catchment area is approximately 4.5 ha and consists of a road (2.8 ha) with a traffic 
intensity of 113,000 vehicles/day and green areas (1.7 ha). The pond in Örebro, called 
Krubban (KÖ), was constructed in 1996 and the pond’s bottom and slopes consist of clay. 
The pond was built in a series of three ponds and the total area of 11,800 m2 is divided into 
4,100 m2, 600 m2, and 7,100 m2 respectively. The catchment area is 40 ha and consists of a 
residential area (mainly single-family houses) and a commercial/industrial area. The 
connected catchment has an impervious area of 16 ha. 
 
Gully pots 
The gully pots were sampled in Luleå, Sweden and two sampling sites were selected 
according to type of area and traffic intensity: a housing area featuring 500 vehicles/day, and 
a road featuring 25,500 vehicles/day (v/d). The housing area consists of detached houses with 
private garages located in the outskirt of Luleå. The road is located in the city centre and 
consists of two lanes, paved with asphalt, in each direction with a swale in the middle. The 
contributing areas to the gully pots are asphalted roads (both areas) and roofs (only housing 
area). The gully pots were last emptied in 2007.  
 
Sampling 
The sediment samples were taken in 2007 (pond and sedimentation tanks) and 2009 (gully 
pot). Three grab samples were obtained from the inlet and outlet locations of the 
sedimentation tanks and the ponds, each sample containing a mix of three subsamples (~0.5 
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l). Three grab samples were obtained from the gully pots in the housing area and city center, 
each sample containing a mix of three subsamples from three adjacent gully pots. All samples 
were collected with a stainless steel cup and placed in acid-washed plastic cups.  
 
Sequential extraction  
The sequential extraction technique used in this study is based on a modified Tessier et al. 
(1979) technique. Before the sequential extraction procedure, the sediment was dried at 50°C 
and sieved (< 2mm). The procedure can be summarised as follows:    

1) Fraction I (exchangeable): 2 g of sediment was extracted at room temperature for 1 h 
with 16 ml of 1M MgCl2 (pH 7) with continuous agitation.  

2) Fraction II (associated with carbonates and/or adsorbed to particles): residue from 
fraction I was extracted at room temperature for 5 h with 16 ml of 1 M NaOAc 
adjusted to pH 5 with HOAc with continuous agitation. 

3) Fraction III (associated with Fe-Mn oxides): residue from fraction II was extracted at 
96±3 °C for 6 h with 40 ml of 0.04 M NH2OH-HCl in 25% (v/v) HOAc (pH~2) with 
occasional agitation.  

4) Fraction IV (associated with organic matter or sulphides): residue from fraction III 
was extracted at 85 ± 2°C for 2 h with 6 ml of 0.02 M HNO3 and 10 ml of 30% H2O2 
adjusted to pH 2 with HNO3 with occasional agitation. Then 6 ml of 30% H2O2 
adjusted to pH 2 with HNO3 was added at 85 ± 2°C for 3 h with intermittent agitation. 
After cooling, 10 ml of 3.2 M NH4OAc in 20% (v/v) HNO3 and 8 ml of deionised 
water were added at room temperature for 30 min with continuously agitation.  

5) Fraction V (residual): residual from fraction IV was extracted with a HNO3/HCl/HF 
mixture according to the procedure described below for total metal analysis.    

After each extraction, the samples were centrifuged (10 000 rpm for 30 min) and the 
supernatant was removed with a syringe and filtrated through a 0.45 m filter. The residue 
was washed with 16 ml of deionised water and centrifuged (10 000 rpm) for 30 min before 
proceeding with the next step. At each extraction occasion, a blank sample was analysed in 
order to verify the quality of the reagents and to detect possible contaminations.   
 
Analyses techniques 
The samples were analysed for particle-size distribution according to the standard method SS-
EN 933-1/A1:2005 (SIS, 2005). The water (Fraction I-IV) and sediment (Fraction V) were 
analysed for heavy metals. Before the analyses of the filtrated fractions (I-IV), 1 ml of HNO3 
was added for every 100 ml of sample. Before the sediment fractions (V) were analysed for 
Cd, Cu, Ni, Pb, and Zn, they were dried at 50ºC and then digested with a HNO3/HCl/HF 
mixture in a specially modified microwave oven. Cr was determined after melting with LiBO2 
and then digested with diluted HNO3. The metal concentrations were analysed using modified 
EPA methods 200.7 (ICP-AES) and 200.8 (ICP-SFMS). Loss on ignition (LOI) was measured 
according to the standard method SS 28113 (SIS, 1998), which involved drying the sediment 
at 105°C for 20h and thereafter heating it at 550°C for 2h. All metal analyses were performed 
by the accredited laboratory ALS Laboratory Group, Sweden. 
 
Results  
The mean metal concentration in each extracted fraction and the sum of the five extracted 
fractions are shown in Table 1. The fractionation is expressed as a percentage of the total 
extractable metal content in Figure 1. The first four fractions are potentially mobile: fraction I 
can be transformed by changes in the ionic composition of the ambient water, fraction II by 
changes in the pH, fraction III by reducing conditions, and fraction IV by oxidizing conditions 
(Tessier et al., 1979; Marsalek et al., 1997). 
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Sedimentation tanks 
The particle-size distribution showed that, at the inlet for sedimentation tank RS, 68% of the 
particles (by weight) were <63 m, whereas, at the outlet, 69% were <63 m. However, at the 
inlet for sedimentation tank HS, 7% of the particles (by weight) were <63 m, while at the 
outlet, 17% were <63 m. The sedimentation tank RS had elevated total concentrations 
compared to the sedimentation tank HS (sum in Table 1), especially for Cu (x3.5) and Zn 
(x7), which probably could be explained by the higher percentage of fine particles (<63 m) 
and traffic since the sedimentation tank RS has, approximately, a 15 times higher traffic 
intensity. The inlet and outlet position for the sedimentation tank RS showed almost the same 
total concentration while the sedimentation tank HS, however, showed a higher total 
concentration towards the outlet for all studied metals, which correlates with the higher 
percentage of fine particles at the outlet.  
 
Generally, the metals showed the following order of availability: Cr < Ni < Pb < Cd = Cu < 
Zn for the sedimentation tank RS and Cr < Ni < Pb < Cd = Cu = Zn for the sedimentation tank 
HS (Figure 2). The inlet and outlet position at the sedimentation tank RS showed similar 
results for the fractions while it differed for the sedimentation tank HS where the metals at the 
outlet were more mobile than at the inlet with the exception of Pb. The percentages of the 
mobile metals were higher for the sedimentation tank RS than for HS, especially Zn which 
had 94% in mobile fractions for the sedimentation tank RS. The distribution among the 
fractions differed between the metals for both sedimentation tanks.  
 
Ponds 
At the inlet for pond LH, 62% of the particles (by weight) were <63 m, whereas, at the 
outlet, 52% of the particles (by weight) were <63 m. However, at the inlet for pond KÖ, 
44% of the particles (by weight) were <63 m, while, at the outlet, 65% were <63 m. The 
pond LH had approximately 1.5 times higher total concentrations of Cr, Cu, Ni, and Zn 
compared to the pond KÖ, while the pond KÖ had approximately 1.5 times higher total 
concentrations of Cd and Pb (sum in Table 1). The outlet position in pond LH had the highest 
total concentrations for all studied metals, while the pond KÖ showed a reverse trend where 
the inlet position had higher concentrations compared to the outlet for most of the metals. 
This is in contrast to the particle-size distribution where the inlet for the pond LH and the 
outlet for the pond KÖ showed higher percentages of fine particles.  
 
Both ponds show the same order of availability for the metals - Cr < Ni < Pb < Cu < Zn < Cd 
(Figure 2), although the percentages differ and the metals in the pond LH were more mobile 
than in the pond KÖ. The pond LH showed a similar distribution between the inlet and the 
outlet positions, while the pond KÖ showed a higher percentage of mobile metals at the inlet 
compared to the outlet position.  
 
Gully pots 
The two areas showed almost the same particle-size distribution: the percentage of fine 
particles < 63 m was 11% in the housing area and 7% in the city centre. Both areas showed 
similar total concentrations, which correlates to the similarity in the particle-size distribution.   
 
The housing area showed the following order of availability: Cr < Ni < Pb <Cd < Zn < Cu, 
while the city center demonstrated the following order: Cr < Ni <Cd < Pb < Zn < Cu (Figure 
2). The two areas showed a similar percentage of mobile metals, although it differed for the 
two first fractions where the gully pots in the housing area showed a higher percentage in 
fraction I while the gully pots in the city center showed a higher percentage in fraction II.  
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Table 1. The mean metal concentrations (mg*kg-1) in the geochemical fractions of sediment 
from sedimentation tanks and ponds. 

 Sedimentation tanks Ponds Gully pots 
 RS HS LH KÖ 
 In Out In Out In Out In Out 

 
City  

Housing  
Area 

Cd 
F I 
F II 
F III 
F IV 
F V 
Sum. 

 
0.06 
0.07 
0.2 

0.03 
0.08 
0.4 

 
0.06 
0.09 
0.2 

0.04 
0.07 
0.5 

 
0.01 
0.05 
0.05 
0.02 
0.08 
0.2 

 
0.04 
0.09 
0.09 
0.02 
0.05* 

0.3 

 
0.2 

0.07 
0.3 

0.03 
0.03* 

0.6 

 
0.2 

0.08 
0.3 

0.03 
0.03* 

0.6 

 
0.4 
0.2 
0.5 
0.1 

0.05* 

1.3 

 
0.2 
0.3 
0.3 

0.05 
0.06 
0.9 

 
0.01 
0.01 
0.02 
0.02 
0.09 
0.1 

 
0.06 
0.02 
0.06 
0.02 
0.1 
0.3 

Cr 
F I 
F II 
F III 
F IV 
F V 
Sum. 

 
0.01 
1.5 
13 
6 

65 
86 

 
0.006 

1.7 
12 
5 

58 
77 

 
0.01 
0.5 
4.3 
0.7 
29 
35 

 
0.02 
0.6 
8.4 
1.9 
38 
49 

 
0.02 
1.9 
16 
7 

49 
74 

 
0.02 
2.1 
18 
8 

48 
76 

 
0.02 
0.6 
6.8 
8 

29 
44 

 
0.007 

0.4 
3.7 
4.9 
38 
47 

 
0.01 
0.7 
6.4 
1.2 
54 
62 

 
- 

0.4 
5.5 
1.8 
43 
51 

Cu 
F I 
F II 
F III 
F IV 
F V 
Sum. 

 
1.4 
4.1 
9.7 
158 
29 
202 

 
1.3 
3.0 
10 
152 
30 
196 

 
0.8 
4.1 
8.1 
10 
10 
33 

 
0.9 
3.7 
9.1 
47 
15 
76 

 
4.8 
7.5 
7.5 
151 
34 
205 

 
3 

5.5 
7.4 
167 
35 
218 

 
2.2 
6.7 
5.9 
117 
25 
157 

 
0.4 
3.3 
3.0 
37 
23 
67 

 
0.8 
3.8 
3.2 
25 
12 
45 

 
2.2 
3.2 
6.1 
20 
11 
43 

Ni 
F I 
F II 
F III 
F IV 
F V 
Sum. 

 
0.4 
1.8 
7.9 
4.9 
21 
36 

 
0.4 
2.1 
7.5 
4.7 
18 
33 

 
0.1 
1.0 
3.4 
2.1 
8 

15 

 
0.3 
2.2 
7.0 
3.2 
12 
25 

 
0.4 
1.1 
7.2 
3.6 
17 
29 

 
0.5 
1.2 
7.3 
3.8 
16 
29 

 
1 

1.3 
5.9 
3.4 
12 
24 

 
0.3 
1.4 
5.5 
3.1 
15 
25 

 
0.1 
0.6 
3 

5.6 
12 
21 

 
0.5 
0.5 
2.8 
3.2 
12 
19 

Pb 
F I 
F II 
F III 
F IV 
F V 
Sum. 

 
0.1 
8.5 
24 
3 

19 
55 

 
0.07 
8.2 
24 
3.4 
19 
55 

 
0.006 

5.1 
9.6 
0.6 
17 
32 

 
0.01 
6.4 
23 
2.5 
18 
50 

 
0.7 
12 
31 
3.8 
19 
67 

 
0.8 
13 
31 
3.8 
19 
68 

 
0.5 
11 
45 
4.9 
36 
97 

 
0.1 
14 
37 
10 
30 
91 

 
0.03 
6.8 
6.7 
0.7 
12 
26 

 
0.8 
2.8 
6.8 
0.4 
13 
24 

Zn 
F I 
F II 
F III 
F IV 
F V 
Sum. 

 
35 
338 
642 
46 
69 

1130 

 
37 
383 
728 
54 
75 

1277 

 
0.3 
24 
55 
14 
35 
78 

 
3.1 
50 
128 
24 
43 
248 

 
49 
142 
488 
42 
62 
783 

 
55 
142 
527 
47 
64 
835 

 
61 
140 
357 
59 
77 
694 

 
3.8 
70 
124 
36 
73 
307 

 
3.2 
24 
50 
20 
44 
141 

 
12 
12 
62 
20 
45 

151 
*In order to perform the calculations, values below the detection limit were replaced by half of the detection 
limit’s value, as discussed in Marsalek and Schroeter (1988) and Tsanis et al (1994). 
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Figure 1. Metal fractionation in sediment from sedimentation tanks, ponds, and gully pots (in 
= inlet; out = outlet; C = city centre; H = housing area). 
 
Discussion  
Typical road origins of heavy metals are cars and road furnishings while building facades and 
roofs are added for residential areas. The metals are the same, but the quantity and 
percentages may differ (Davies et al., 2001). In addition to these sources, the contribution 
from industrial activities often provides the same metals (Clozel et al., 2006). All studied 
treatment facilities receive runoff from roads with different traffic intensities where the 
sedimentation tank RS and the pond LH have the highest intensities. The catchment area for 
the pond KÖ differs from the other facilities because it contains an industrial area. As seen 
from the results, the highest total concentration for all metals was found in the facilities with 
high traffic intensities (sedimentation tank RS and the pond LH) or in pond KÖ. This finding 
indicates that the sources of the metals probably are traffic and the industrial area for the KÖ 
pond. The lowest concentrations were found at the inlet of the sedimentation tank HS or in the 
gully pots, which correlates to the low percentage of fine particles. The total metal 
concentrations in sedimentation tank RS are higher than those previously reported by 
Aldheimer (2004) for the same sedimentation tank, where Zn has increased most by 82%. 
Due to the decrease in the use of leaded petrol, the Pb concentrations are lower in pond KÖ 
than those previously reported by German and Svensson (2005), while the rest of the metals 
show similar concentrations. Compared to other studied stormwater ponds, the concentrations 
in pond LH and KÖ are higher than reported by Lee et al. (1997) for a pond receiving 
highway runoff and are similar for Cd, Cr, Ni, and Pb and are higher for Cu and Zn than 
reported by Marsalek et al. (1997). The gully pot concentrations are in the lower region 
compared to a study made by Striebel and Gruber (1997) for gully pot sediment. The total 
concentrations were compared against different guidelines and according to Canadian 
Environmental guidelines (2003) for soil, the concentrations of Cu and Zn exceed the level 
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for industrial land use. According to the French guidelines for contaminated land, which are 
element concentrations levels at which soils containing the elements can be considered as 
potential sources of pollution in terms of risk assessment, the concentrations of Cr and Cu 
exceeded the threshold values (BRGM, 2003).  
 
A comparison of the fractionation between the facilities seems to indicate that the behaviour 
of the metals differs between them, although the difference is not large in scale. All facilities 
showed that Cr was the least mobile followed by Ni and Pb, except for the gully pots in the 
city centre, where Pb was more mobile than Cd. However, the most mobile metals were Cd, 
Cu, and Zn, although the facilities had a different distribution between them. For the 
sedimentation tanks, Zn was the most mobile, while it was Cd for the ponds and Cu for the 
gully pots. Generally, the ponds had higher percentages of metals in the mobile fractions (F I 
– F IV), compared to the sedimentation tanks and gully pots. The gully pots had the highest 
percentage in the residual fraction compared to the other facilities, but they had the same 
percentage of exchangeable metals as the ponds. The metal fractionation in the ponds and the 
sedimentation tank RS shows similar distribution, while the sedimentation tank HS shows a 
similar distribution as the gully pots. This suggests that metals in the ponds and sedimentation 
tank RS were accumulated and transformed in a similar way, which also applies for the 
sedimentation tank HS and gully pots. This difference between the facilities could probably 
be explained by different activities in the catchment areas where the ponds and sedimentation 
tank RS have similar activities and higher traffic intensities than the sedimentation tank HS 
and the gully pots.  
 
Cd is the metal that has the highest percentages in the exchangeable fraction (F I) in all of the 
studied facilities and only a small change in the ionic composition of the ambient water is 
needed for the metal to be dissolved. If all of the Cd in the exchangeable fraction becomes 
dissolved, the concentration will be substantially higher than the threshold value for the 
Swedish EPA guideline for water, which represents levels where there is high risk for a 
biological effect with short exposure (Swedish EPA, 2000). The carbonate fraction (F II) 
obtained from extraction with sodium acetate at pH 5 is supposed to remove metals in 
carbonate phases; however, a change in pH will also affect the metals adsorbed to minerals or 
particle surfaces (Gleyzes et al., 2002). In this study, it is more likely that the metals are 
adsorbed to minerals or particles than they are associated with carbonates since the 
concentration of Ca is low and there are no carbonate-rich soils in the surrounding areas. The 
metals that are adsorbed to particles are very sensitive to pH: Cu is desorbed around pH 6 and 
all other metals are desorbed around pH 5.5. The usage of de-icing salt, for example, can 
change the pH and make the metals mobile (Norrström and Jacks, 1998), which could happen 
for the pond LH since de-icing salts are often used in the catchment area. In stormwater 
facilities, new sediment will bury older sediment and this occurrence could result in anoxic 
conditions and make the metals mobile in the porewater, especially Zn, since all facilities had 
the highest percentages associated with Fe-Mn oxides (F III). However, out of all fractions it 
seems like most metals are associated with the Fe-Mn oxides which also was found in 
Marsalek et al. (2006), who studied sediment from different BMPs. This mobility could 
happen especially during the winter months with the risk of anoxic conditions under the ice 
cover (Marsalek et al., 1997), particularly in the ponds and gully pots since the sedimentation 
tanks are located underground. Cu prefers to form complexes with organic matter (Morrison, 
1995), which also could be seen in this study where approximately 70% of the Cu in the 
ponds, 62% of the Cu in the sedimentation tanks, and 51% of the Cu in the gully pots was 
associated with organic matter.  The organic matter, measured as loss on ignition, was much 
higher in the ponds (66-74%) compared to the sedimentation tanks (1-14%) and the gully pots 
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(2-5%). The remaining fraction (F V) consists of resistant minerals that are not mobile or 
bioavailable.   
 
The results indicate that a higher total concentration gives a higher percentage of mobile 
metals and the extraction analysis of sediment indicates that approximately 45-96% of Cd, 13-
34% of Cr, 69-86% of Cu, 37-51% of Ni, 45-71% of Pb, and 69-94% of Zn were in a 
potentially mobile form and may be released if the conditions change in the facilities. 
Stormwater facilities need to be maintained properly and the sediment must be removed in 
order to keep the efficiency of the facility. The sediment can be removed by different 
techniques, but the removed sediments are often disposed of on land to dry before final 
disposal (Graham and Lei, 2000; Sandberg and Skibicka, 2005). The most important factors 
controlling the mobility of metals are the redox potential, pH, and the organic matter decay 
rate, and the disposal of dredged sediment on land is likely to change these factors (Förster 
and Kersten, 1989; Marsalek et al., 1997). In general, several studies show that an enrichment 
of trace elements’ availability occurs during aeration of anoxic sediments (Stephens et al., 
2001; Sing et al., 1998). Caille et al. (2003) studied the solubility of metals in anoxic sediment 
during aeration and found that the solubility of Cu, Pb, and Zn increased during the first 
stages of aeration but was followed by re-adsorption with the exception of Cu, which 
continued to increase gradually with time due to soluble carbonate or organic matter 
complexes. This finding is important to remember during the management of stormwater 
facilities, since changes that occur in the first few weeks after disposal may lead to an increase 
in metal mobility. However, the results from this study show that, in the current condition, 
between 13-96% of the metals were in mobile form and could, therefore, be a potential threat 
to the environment and if the sediment is disposed of on land, the percentages of mobile 
metals could increase. Consequently, the treatment facilities must be maintained in such a 
way that the metals remain in the sediment during the operation and the sediment must be 
removed under controlled conditions. 
 
Conclusion 
The highest total concentrations of metals were found in facilities with high traffic intensities 
or in an industrial area in the catchment area. Facilities with low total concentrations had also 
a low percentage of fine particles (<63 m). The total concentration of Cu, Zn, and Cr 
exceeded the threshold values for the compared guidelines. The fractionation between the 
facilities differs, although the difference is not large in scale and it seems as if a higher total 
concentration gives a higher percentage of mobile metals. All facilities showed that Cr was 
the least mobile and the most available metals were Zn for the sedimentation tanks, Cd for the 
ponds, and Cu for the gully pots. The ponds had a higher percentage of metals in the mobile 
fractions (F I – F IV) compared to the sedimentation tanks and gully pots however, with 
respect to the release of metals, fraction III seems to be the most important in all facilities. 
Facilities with similar traffic intensities and activities in the catchment area show similar 
metal distributions. However, the results from the metal fractionation showed that for all 
treatment facilities, between 13-96% of the metals were in potentially mobile form and could, 
therefore, be a threat to the environment if the facilities are not maintained properly.   
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ABSTRACT 
Temporal trends in stormwater pond sediment quality were evaluated by conducting field 
sediment surveys in 1998 and 2006. A sediment removal process in 2006 was also assessed. 
Results show that, for both years, the sediment closest to the inlet had the lowest 
concentrations of metals. The results from 1998 showed no significant differences in sediment 
heavy metal concentrations depth while the results from 2006 showed a decreasing trend with 
depth. A significant difference between the two years could be seen for Cr, Cu, and Pb. The 
water phase in the pond showed a difference before and after the removal of sediment. The 
water samples after emptying showed higher concentrations of metals as a result of disturbing 
and re-suspending the bottom sediment. No significant difference could be found in the 
samples taken from the bottom sediment before the removal of the sediment and from the 
sediment pile formed during the removal process. The total heavy metal concentration in water 
exceeded the threshold limits for the selected quality guidelines and, according to soil quality 
guidelines, the sediment would be classified moderately serious to serious.  
 
Keywords  
Heavy metals, retention pond, sediment removal, urban drainage 
 
INTRODUCTION 
One of the most common ways to manage and treat stormwater is to use ponds (Van Buren et 
al., 1997; Persson et al., 1999). Design focus on earlier ponds was often to reduce flood peaks, 
while today’s ponds are constructed to also improve the water quality as well as flood control 
(Baxter et al., 1985; Starzec et al., 2005). Pollutants are removed in ponds mainly through 
sedimentation of suspended solids and associated pollutants as well as through the uptake of 
nutrients and the degradation of organic compounds by aquatic plants and microorganisms 
(U.S EPA, 1999). The removal efficiency varies significantly between different ponds; for 
example, removal efficiencies between 14 and 99% (suspended solids) and 10 to 84% (metals) 
have been reported (Pettersson, 1998; Färm, 2002; German and Svensson, 2005; Hossain et al., 
2005). However, in cold climates, the performance of ponds can decrease; for example, an ice 
cover will reduce the effective volume in the pond and also limit the availability of oxygen, 
which can lead to the release of pollutants from the bottom sediment. Cold meltwater reduces 
the settling velocities of particles, thus lowering the treatment efficiency (Oberts 2000 and 
2003). Pollutant concentrations in the sediment vary considerably between different ponds and 
within each pond. Marsalek et al. (1997) found that the concentrations of metals increased from 
the inlet to the outlet, while Färm (2002) found that the concentrations of metals were higher at 
the inlet than at the outlet. The amount of sediment deposited in ponds also varies between and 
within ponds. More sediment is generally found closer to the inlet than to the outlet because of 
the settling of coarse-grained particles immediately upon entering a pond. Because of this 
behaviour, sediment close to the inlet consists mostly of sand and gravel, while sediment at the 
outlet consists of clay and silt (Marsalek et al., 1997; Färm, 2002, German and Svensson, 
2005). The measured annual accumulation rate in ponds differs substantially between different 
studies and ranged from 0 cm/year to 4 cm/year in studies by Yousef et al. (1990), Marsalek et 
al. (1997), Färm (2002), and Heal et al. (2006). However, the removal efficiency decreases 
when the sediment thickness increases because the pond volume decreases; therefore, 
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stormwater ponds have to be properly maintained, which includes sediment removal. For 
planning the sediment removal and disposal, it is important to know the sediment volumes and 
quality as well as the frequency of sediment removal (Marsalek and Marsalek, 1997; Heal et 
al., 2006). Hvitved-Jacobsen et al. (1994) suggested that a pond should be emptied once every 
10 years, while Yousef et al. (1994) proposed that a pond should be emptied when the effective 
volume of the pond has been reduced by 10 to 15%, in their case 25 years. Marsalek et al. 
(1997), however, found that the pond volume had been reduced by 13% after 10 years. Oberts 
et al. (1997) reported a Minnesota pond volume reduction of 18% in 21 months, with eventual 
near filling after eight years of operation. According to Graham and Lei (2000), sediment 
removal techniques can be divided into mechanical or hydraulic removal. The mechanical 
removal entrains less water compared to hydraulic removal, which reduces dewatering costs, 
although mechanical removal of undrained ponds can cause significant sediment re-suspension 
unless the pond is substantially drawn down prior to sediment removal. Hydraulic removal 
reduces sediment re-suspension due to the suction used, but it entrains a significant amount of 
water, which increases the dewatering costs and could present water disposal problems.    
 
The objective of this study is to evaluate temporal changes in pond sediment quality by 
comparing trace metal concentrations in samples collected in 1998 and 2006. The sediment 
removal was assessed to evaluate the metal exchange in the water between the total and 
dissolved phase as well as in the sediment phase. 
 
STUDY AREA AND METHOD 
 
Study site 
The pond is located in the southern part of Sweden in the city of Gothenburg and was 
constructed in 1996. The pond’s catchment area is 478 ha and consists of a residential area 
(70%), which consists mainly of blocks of flats, and a commercial area (30%) divided by a city 
motorway, with an annual average daily traffic of 59,000 vehicles. The impervious area of the 
catchment is 160 ha (about 33% of the watershed). The surface area of the pond is 6,200 m2 
and the volume is 6,000 m3 during dry weather. The pond was built with a concrete slab at the 
inlet in order to facilitate the removal of sediments and the middle section has a shallow 
macadam bottom. The part of the pond closest to the outlet has a clay bottom. Samples were 
taken only close to the inlet where the concrete bottom is located (Figure 1). 
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Figure 1. Sampling locations in the Järnbrott pond in 1998 and 2006. The scale is only 
applicable on the pond and its surroundings. 
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Sampling 
The sediment samples from 1998 were collected with a core sampler with a core diameter of 70 
mm. Four different places in the pond were sampled and where the sediment layer was thick 
enough, the core was sliced into sub-samples 2-4 cm thick, each core yielding 2-4 sub samples.  
 
Five water samples were taken in the first part of the pond (concrete bottom) before the pond 
was emptied in 2006. The water samples were collected in washed plastic bottles and were 
filtered directly after sampling with a 0.45-μm syringe filter. The sediment core samples 
collected in 2006 were taken before the pond was emptied with a core sampler with a diameter 
of 70 mm. Five different places in the pond were sampled, the samples being taken at the same 
side as in 1998 and approximately at the same place (Figure 1). The cores were between 6-26 
cm long and were sliced, in the field, into sub-samples into the intervals 0-2 cm, 2-5 cm, 5-10 
cm, 10-15 cm, and >15 cm. Sampling was only performed in the first part of the pond since a 
previous study found no or a very small amount of sediment in the second part of the pond 
(German and Svensson, 2005). The sampling sites were located in the sediment banks that 
were observed when the pond was emptied of water in 1997 (German and Kant, 1997). 
 
Three weeks before the sediment was removed, the inflow to the pond was closed. The pond 
was dredged with an excavator (mechanical removal) after the water level was lowered until 
the sediment was visible but not disturbed. However, not all of the water was pumped out 
because re-suspension was too high. During the sediment removal when the material was 
deposited onshore, sediment and water samples were taken. Five water samples were taken 
from the draining water and five sediment samples were taken randomly by hand from the 
sediment pile. The water samples were collected in acid washed plastic bottles and the water 
was filtered directly after sampling with a 0.45-μm syringe filter. 
 
Laboratory analyses 
The sediment samples from 1998 were analysed for heavy metals by inductively coupled 
plasma mass spectrometry (ICP-MS) with correction for molecular ion interferences. The 
samples were digested with a CEM Mars 5 microwave digestion system. Five hundred 
milligrams of sediment was weighed into a PTFE reactor together with 10 ml 7 M HNO3 and 
digested with a controlled temperature program according to ASTM standard procedure 
D5258-92. 
 
The water samples from 2006 were analysed for suspended solids (SS) and heavy metals. For 
suspended solids (SS), the standard method SS-EN 872:1996 was used (SIS, 1996). The water 
content was measured as the loss in weight after drying at 105°C for 20 h. The metals were 
analysed for total and dissolved (<0.45 μm) fraction. The total fraction was extracted by 
digestion, after which 20 ml of the sample was mixed with 2 ml suprapur HNO3 and then 
processed in a sealed teflon container in a specially modified microwave oven for 50 minutes 
at a temperature of 160 ºC. To the dissolved fraction, 1 ml of HNO3 was added for every 100 
ml of sample. The metal concentrations were analysed by optical emission spectrometry with 
inductively coupled plasma (ICP-AES) and sector field mass spectrometry with inductively 
coupled plasma (ICP-SFMS).  
 
The sediment samples from 2006 were first dried at 50ºC and then digested with 7M HNO3 and 
water (1:1) in a specially modified microwave oven. Subsequently, for the analysis of Cr, 
0.125 g of the sample was melted with LiBO2 and dissolved in HNO3. The metals were 
analysed with ICP-AES. All the metal analyses from 2006 were performed by the accredited 
laboratory Analytica AB, Sweden. 
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Values below the detection limit (for example, Cd for dissolved phase, 0.002 g/l) were 
replaced by half of the detection limit’s value to perform the calculations, as discussed in 
Marsalek and Schroeter (1988) and Tsanis et al. (1994). From the core samples, a mean 
concentration (for each metal) has been calculated according to equation 1 and 2.  
 

tot

n

slice

slicesliceslice
core dwV

ionconcentratdwVionconcentratdwV
mean

......
21     (1) 

n
meanmean

mean ncorecore
total

....
1             (2) 

 
where  is the dry density (kg/m3), V is volume (m3), dw is the dry weight (%). A statistical 
analysis was performed using a two-sample comparison of means (t-test) which is assumed to 
have normally distributed samples and a Wilcoxon two-sample test which is assumed not to 
have normally distributed samples with the program Statgraphics.  
 
RESULTS AND DISCUSSION 
Pettersson et al. (1999) have found that ponds provide the best SS removal when their surface 
area represents no less than 2.5% of the catchment area. However, this specific pond has a 
surface area of only 40 m2/ha (0.4%) for its load to settle in; therefore, the pond’s load is rather 
high, compared to the preferred one. This high load indicates that the removal efficiency of the 
pond could be low; however, a previous study has shown that the removal efficiency for TSS 
was 70% and for metals 11-48% (overflow not included) (Pettersson et al., 1999). German and 
Svensson (2005) found no or very little sediment in the downstream sections of the pond, 
indicating that most of the particles settled in the first or middle section. Thus, the sampling of 
the sediments was focused on the first section. The results for Cr are presented in the paper, 
however, due to differences in analyses techniques between 1998 and 2006 no conclusions 
regarding the time variation for Cr is discussed in this paper.  
 
Time variation 
The total mean concentrations of Cd, Ni, and, to some extent, Zn did not change considerably 
between 1998 and 2006 (Table 1). The mean concentrations of Cu and Pb were higher in 1998 
and according to statistical analyses, both the t-test and Wilcoxon, there was a significant 
difference between the two years for Cu and Pb, at a 99% confidence level. The high 
concentration of Pb in 1998 can be due to the use of leaded petrol, which was not banned in 
Sweden until 1995, although leaded petrol usage had decreased over the past few decades 
before that (Levlin et al., 2001). The decrease in Cu between 1998 and 2006 could be 
explained by a decrease of Cu in the drainage area; one possible explanation for this decrease 
could be that an industrial source could have been removed during this period. However, the 
standard deviation for all metals was higher for 2006 than for 1998, indicating a larger 
variation, which can also be seen in the minimum and maximum values. Casey et al. (2006) 
studied different land use impacts on the sediment quality of ponds over a ten-year period and 
found that the Cu, Pb, and Zn concentrations did not change significantly over the ten years, 
with the exception of the Zn concentration in the highway pond. The concentrations in the 
Casey et al. (2006) study were lower than those in this study. Marsalek et al. (2006) reported 
concentrations in the same range as those in this study for Cd, Ni, Pb, and Zn, while Cu had 
lower concentrations. Heal et al. (2006) studied stormwater pond sediment during a five-year 
period and reported higher concentrations of Ni but lower concentrations of Cd, Cu, Pb, and Zn 
compared to this study.  
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Table 1. Mean, standard deviation, minimum and maximum concentrations in sediment in the 
Järnbrott pond (mg/kg dw). 

 1998 (n=13) 2006 (n=21) 
 Mean Min Max Mean Min Max 

Cd 1.4 ± 0.3 1 1.8 1.1 ±0.6 0.2 2 
Cr 47 ± 5 38 61 97 ±16 66 133 
Cu 492 ± 89 359 610 272 ± 134 47 505 
Ni 29 ± 4 23 37 30 ±10 13 48 
Pb 156 ± 23 120 197 78 ±31 19 123 
Zn 702 ± 123 529 878 748 ± 321 187 1380 
 
Spatial and depth variation 
Spatial variations in the pond show that the sediment close to the inlet, for both years, has the 
lowest metal concentration (Figure 2). This observation coincides with the findings in 
Marsalek et al. (1997) and German and Svensson (2005). The size of the particles in the pond 
was not measured; however, during sampling, it was clearly visible that the inlet had larger-
sized particles than the rest of the pond. Many studies have found that larger particles show 
lower concentrations of heavy metals than fine particles (e.g. Lee et al., 1997; Marsalek et al. 
1997; Karlsson and Viklander, 2008). Lee et al. (1997) and Yousef et al. (1990) found that the 
concentration of trace metals decreases with depth in pond sediments, a discovery that could be 
seen in 2006 but not in 1998 (Figure 2). Even though the results from 2006 show a decreasing 
trend, the decrease is not large in scale. The samples taken in 2006 seem to have a slight 
enrichment of metals in the surface layer, except for Pb in sample 2006:4, while the highest 
concentration in the samples from 1998 varies between the four layers. The higher 
concentration in the top layer for 2006 can be a temporal trend since the traffic intensity in the 
catchment area has increased since the sampling in 1998. It could however also depend on that 
the metals are transported through the sediment to the surface, although Lin (1990) found that 
the transport of metals through pond sediments is a very slow process and that it takes many 
years to saturate the top 150-200 mm of sediments with Pb, Cu, and Zn. However, if conditions 
in the pond change (e.g. change in pH or anoxic conditions), the metals could be released from 
the sediment and become mobile (Marsalek and Marsalek, 1997).   
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Figure 2. Trace metal concentration in sediment cores from 1998 and 2006.  
 
The average rate of sediment accumulation (spatially and temporally) of 1.7 cm/year was 
estimated as the average length of sediment cores divided by the period of accumulation (10 
years). The sediment accumulation rate was also estimated by dividing the total amount of 
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sediment removed by the density, then by the area, and finally by the accumulation period, 
resulting in a rate of 1.8 cm/year. A sedimentation rate of 1.7-1.8 cm/year gives approximately 
a total accumulation of 14 cm during eight years; if this number is added to, for example, the 
first core from 1998 (4.4 cm long), the core sampled in 2006 should be 18 cm long. The actual 
core sampled in 2006 was 15 cm long. The difference could be due to compaction or a 
difference in sampling sites (the cores were not taken in exactly the same spot). The calculated 
sedimentation rate indicates that the bottom layer in the sediment core sampled in 2006 could 
be equal to the top layer in the sediment core from 1998. However, the sedimentation rate is 
different within the pond, which makes the sediment unevenly spread and difficult to estimate 
precisely in one specific point.  
 
Environmental Assessment 
Several studies compare trace metal concentrations with sediment quality guidelines designed 
mainly to evaluate sediments in natural waters bodies (Marsalek et al., 1997; German and 
Svensson, 2005; Heal et al., 2006). This comparison could be of interest because the metals 
could be distributed to natural waters if the pond overflows. This consideration is also 
important when we consider disposal practices for the removed sediment. Comparing the 
sediment concentrations with guidelines for soil could also be of interest since the sediment 
must be removed from the pond and then disposed of somewhere. Table 2 shows the guidelines 
for sediment (Swedish EPA and Ontario Provincial Sediment Quality Guidelines) and soil 
(Swedish EPA and Canadian Environmental Quality Guidelines). All of the studied metals 
exceeded some of the guidelines. Cd only exceeded the guideline for soil (Swedish EPA), 
while Cr, Cu, and Zn exceeded almost all of the threshold values. These three metals also 
exceeded the limit for CEQ guidelines for industrial land use (although not shown in Table 2). 
Ni and Pb exceeded the lower levels of the guidelines for both sediment and soil. The results 
from this study shows that the pond is protecting the downstream water from a considerable 
amount of pollutants which otherwise would have ended up in the stream and might have 
affected the aquatic environment. However, it is important to remember that the biological 
activities within the pond are affected by the high metal concentrations and that these 
sediments eventually need to be removed and disposed of properly (Marsalek et al. 2002). 
Compared to the soil guidelines, the sediment would be classified moderately serious to serious 
and should not be reused before it has been treated. However, besides chemical analyses, it is 
also of interest to make toxicity tests studies, which show whether the observed metals are 
bioavailable or not.  
 
Table 2. Sediment and soil guidelines from Sweden and Canada (mg/kg dw). 
 Guidelines (Sediment) Guidelines (Soil) 
 Swedish EPA* OMOE# 

 
Metal  

 
Class 3 

 
Class 4 

 
Class 5 

 
LELa 

 
SELb 

Swedish EPA** 
Less             Moderately 
serious         serious 

CEQ¤ 

 
Res/Parkc  Comm.d 

Cd 2-7 7-35 >35 0.6 10 <0.4 0.4-1.2 10 22 
Cr 20-100 100-500 >500 26 110 <120 120-360 64 87 
Cu 25-100 100-500 >500 16 110 <100 100-300 63 91 
Ni 15-50 50-250 >250 16 75 <35 35-105 50 50 
Pb 150-400 400-2000 >2000 31 250 <80 80-240 140 260 
Zn 300-1000 1000-5000 >5000 120 820 <350 350-1050 200 360 
*Swedish EPA, 2000; Class 3: Biological effect may occur, Class 4 and 5: A growing risk of biological effects. 
Metal concentrations in class 5 affect the survival of aquatic organisms even where exposure is short-term.  
#Environment Ontario, 1993; aLowest Effect Level, bSevere Effect Level 
**Swedish EPA 2003; ¤CEQ 2003; cResidential/Parkland use; dCommercial land use 
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Sediment Removal 
The sediment was removed from the pond with a mechanical excavator. To study if the metal 
speciation changed during the removal, water and sediment samples were taken before and 
after the removal of the sediment. The water concentrations, together with guidelines for water, 
are shown in Table 3 and the sediment concentration in Table 4. There were a large differences 
between the before and after samples in the water phase for the total concentration although no 
statistical differences could be found. However, this difference is mainly due to the high 
concentration of suspended solids, since most of the metals were attached to particles (Table 
3). The increase of suspended solids is expected since the disturbance of the sediment will 
make much of the sediment go into re-suspension. As well, the total metal concentration in the 
after samples varies considerably, a variation that can be seen in the large standard deviation, 
compared to the before samples. Both occurrences validate the need to take care of all draining 
water during the sediment removal. The dissolved metal concentrations do not differ as much 
as the total concentration, although there is a significant difference ( =0.05) between the 
before and after samples for Cr and Pb according to the t-test and the Wilcoxon test. Pb shows 
an increase in the before sample while Cr shows an increase in the after sample. Cu and Zn 
also show an increase in the after sample, although not a statistical difference. The decrease of 
Pb in the after sample is probably due to the adsorption of dissolved Pb to particles during the 
disturbance phase since Pb is strongly associated with and bound to particles (Oliver et al., 
1974; Norrström, 2005). One conceivable explanation for the increase of Cr, Cu, and Zn in the 
after samples could be that the overlaying water and pore water have been mixed during the 
disturbance phase, resulting in a higher dissolved concentration. One further explanation could 
be that some of the metals that were adsorbed to particles became mobile during the removal of 
sediment, since Zn is considered to be weakly bound and has high mobility, while Cr and Cu 
are relatively strongly bound to the dissolved organic fraction (Morrison, 1995). However, the 
difference between the before and after samples is smaller than reported in Karlsson and 
Viklander (2006) during the removal of catch basin water and sediment (hydraulic method). 
The sediment removal method (mechanical vs. hydraulic) has a large impact on the distribution 
of metals; the more disturbance the sediment is exposed to, the more the metals will change 
between the particulate and dissolved phase.  
 
Table 3. Trace metal concentration in water ( g/l) before and after sediment removal (n=5, 
mean ± std.dev). 

 TOTAL DISSOLVED Guidelines ( g/l) 
  

Before 
 

After 
 

Before 
 

After 
Swedish EPA* 

Class 4      Class 5 
 
US EPA** 

SS (mg/l) 83 ± 10 11,646 ± 10,229 - -    
Cd 0.2 ± 0.03 19±25 0.006 ± 0.004 <d.l 0.3-1.5 >1.5 2.2 
Cr 4.4 ± 0.8 397±537 0.3 ± 0.04 0.6 ± 0.1 15-75 >75 74a 
Cu 47 ± 9 3,758±4,997 0.4 ± 0.08 0.6 ± 0.4 9-45 >45 9 
Ni 6.1 ± 0.8 276±370 3.4 ± 0.2 3.4 ± 1.3 45-225 >225 52 
Pb 14 ± 1 1,065±1,436 0.5 ± 0.03 0.1 ± 0.1 3-15 >15 2.5 
Zn 110 ± 18 8,990±11,804 1.8 ± 0.3 2.3 ± 0.8 60-300 >300 120 
*Class 5: high risk for biological effects with short exposure, Class 4: Increased risk for biological effects 
(Swedish EPA 2000); **the highest concentration of a material in surface water to which an aquatic community 
can be exposed briefly without resulting in an unacceptable effect (US EPA, 2006); aCr III 
 
For water, the Swedish EPA guidelines should be compared with the total concentration, while 
the US EPA guidelines should be compared with the dissolved concentration. In the before 
sample, for the total phase, Cu exceeded the limit for class 5 while Pb and Zn exceeded the 
limit for class 4 (Table 3). For the total concentration in the after sample, all studied metals 
exceeded class 5. For the dissolved concentrations, all of the metals, both before and after, 
were below the threshold limit for the US EPA guidelines. The results in this study show that it 
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is important to treat the water phase during the sediment removal process, especially after the 
water and sediment have been mixed and not allowed to drain to the nearest receiving body of 
water. 
 
During the removal of sediment, all sediment was placed in a pile and, as seen in Table 4, not 
much difference existed between the cores (before) and pile (after) samples and no significant 
difference between the two samples could be found, even if the pile samples show slightly 
higher concentrations for all metals. The higher concentrations in the pile samples could be 
explained by the adsorption to particles by dissolved metals or just by spatial differences in the 
pond and pile. Compared to the guidelines in Table 2, the mean concentrations were over some 
of the threshold values. The pile samples would be classified as moderately serious to serious 
according to the Swedish EPA guideline for soil, and the same metals as mentioned earlier (Cr, 
Cu, and Zn) exceeded the limit for CEQ guidelines for industrial land use (not shown in Table 
2). 
 
Table 4. Trace metal concentration in sediment (mg/kg dw) before and after sediment removal 
(n= 5, mean ± std.dev). 

 
 
 
 
 
 

 
Figure 3 shows the water content in the sediment cores from 2006 and in the sediment pile. 
The water content in the sediment cores was higher in the top layer than in the bottom layer, 
most likely due to compaction. The sample closest to the inlet showed lower water content 
compared to the other samples, presumably caused by coarser particles. The water content in 
this study was slightly lower than in the study of the same pond reported in German and 
Svensson (2005) and slightly higher than reported in Yousef et al. (1990) and Marsalek and 
Marsalek (1997), especially for the bottom layers. The samples from the pile had a water 
content of 66%, which is quite a high quantity of water if the sediment is transported directly 
after removal from the pond to a deposit. However, if the pond was emptied by hydraulic 
removal instead of mechanical removal, the water content would have been even higher 
(Graham and Lei, 2000).  
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Figure 3. Water content in the sediment cores and in the sediment after sediment removal. 
 
Approximately 624 000 kg of wet contaminated sediments were removed from the pond; 
roughly 45% of the pond area was cleaned (Gothenburg Water, 2007). The removed sediment 
was transported in sealed containers to a treatment facility. However, because of the high water 
content in the sediment, the weight the truck was allowed to carry was reached before the 

 Core Pile 
Cd 1.1 ± 0.6 1.5 ± 0.3 
Cr 97 ± 16 115 ± 7.5 
Cu 272 ± 134 344 ± 71 
Ni 30 ± 10 39 ± 4.8 
Pb 78 ± 31 91 ±13 
Zn 748 ± 321 809 ± 156 
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containers were totally filled. Consequently, the truck had to make more trips, which increased 
the transportation costs as well as the release of exhaust fumes. Utilizing both the mechanical 
and hydraulic removal methods could decrease the transportation costs; for example, the 
sediment with high water content (top layers) could be removed by the hydraulic method, 
while the sediment with low water content (bottom layers and close to the inlet) could be 
removed by the mechanical method. The dry sediment removed by the mechanical method 
could be transported directly to a deposit, while the sediment removed by the hydraulic method 
could be stored in sealed containers until the finest particles have settled and, thereafter, the 
sediment could be dewatered. However, it is important to treat the water slurry that is created 
from the hydraulic method. This separation of sediment could also be of interest when looking 
at the metal concentration. As seen in Figure 2, the lowest metal concentration was found at the 
inlet and at the bottom layers; i.e. the dry sediment would be removed by the mechanical 
method, while the sediment with the highest concentration (top layers) would be removed by 
the hydraulic method. The separation of sediment could decrease the disposal cost if the 
separated sediment could be disposed of in different ways due to different metal 
concentrations. However, in order to keep the efficiency of the pond, the sediment must be 
removed as environmentally and as economically feasible as possible.   
 
CONCLUSION 
The results from the stormwater detention pond show that there was a significant difference in 
the sediment for Cr, Cu and Pb between 1998 and 2006, while no differences were observed 
for Cd, Ni, and Zn. Cu and Pb had higher concentrations in 1998, while Cr had a higher 
concentration in 2006. The sediment closest to the inlet consisted of coarse particles and had 
the lowest metal concentrations for both years. A decreasing trend of trace metals with depth 
could be seen in 2006, although it was not large in scale. Samples from 2006 had the highest 
concentrations in the top two layers, while the highest concentrations varied between the 
different layers for the samples from 1998. The averaged rate of sediment accumulation was 
1.7-1.8 cm/year. All of the metals studied exceeded some of the guidelines for soil and/or 
sediment quality. 
  
The sediment removal showed that there was a significant difference in the water phase 
between the total metal concentration before and after the emptying process. Furthermore, the 
results show that most of the metals were attached to particles. For the dissolved metal 
concentrations, there was a significant difference between before and after samples for Cr and 
Pb. For the sediment, no significant difference could be found between the core and pile 
samples. Compared to Swedish EPA and US EPA guidelines, the total water concentration 
exceeded the threshold limits, while the dissolved concentration was below the threshold 
limits. According to the soil guidelines, the sediment would be classified moderately serious to 
serious and should not be reused before it has been treated. 
 
The water content in the sediment cores was higher in the top layer compared to the bottom 
layer due to compaction. The sample closest to the inlet showed lower water content compared 
to the other samples and the after sample showed a higher content of water.  
 
ACKNOWLEDGEMENT 
This study has been supported by the Swedish Research Council for Environment, Agricultural 
Science and Spatial Planning (FORMAS). Gothenburg Water is gratefully acknowledged for 
providing information and reports. 
 
 
 



 10

REFERENCES 
Baxter, E.H., Mulamoottil, G., and Gregor, D. 1985. A study of residential stormwater 

impoundments: perceptions and policy. Water Resour. Bull., 21(1):83-88. 
Canadian water quality guidelines. 2003. “Summary of Canadian water quality guidelines.” < 

www.ec.gc.ca/CEQG-RCQE/English/Ceqg/Water /default.cfm#rec> (Jan. 29, 2005). 
Casey, R., Simon, J., Atueyi, S., Snodgrass, J., Karouna-Renier, N., and Sparling, D. 2006. 

Temporal trends of trace metals in sediment and invertebrates from stormwater 
management ponds. Water Air Soil Poll., 178:69-77.  

Environment Ontario, 1993. Guidelines for the protection and management of aquatic sediment 
quality in Ontario. Ontario Ministry of the Environment, ISBN: 0-7729-9248-7. 

Färm, C. 2002. Evaluation of the accumulation of sediment and heavy metals in a storm-water 
detention pond. Wat. Sci. Technol., 45(7):105-112. 

German, J. and Kant, H. 1997. Simulation of the flow pattern in a detention pond – verified 
FE-analyses with FIDAP. Master thesis, Chalmers University of Technology, Gothenburg, 
Sweden. (In Swedish). 

German, J. and Svensson, G. 2005. Stormwater pond sediments and water – characterization 
and assessment. Urban Water J., 2(1):39-50.  

Gothenburg Water. 2007. Sanering av sediment i Järnbrottsdammen, Göteborgs kommun. 
(Decontamination of sediment in the pond Järnbrott, Gothenburg municipality). Golder 
Associates AB. (In Swedish). 

Graham, E.I. and Lei, J.H. 2000. Stormwater management pond and wetlands sediment 
maintenance. Water Qual. Res. J. Can., 35(3):525-539. 

Heal, K.V., Hepburn, D.A., and Lunn, R.J. 2006. Sediment management in sustainable urban 
drainage system ponds. Wat. Sci. Technol., 53(10):219-227. 

Hossain, A.M., Alam, M., Yonge, D.R., and Dutta, P. 2005. Efficiency and flow regime of a 
highway stormwater detention pond in Washington, USA. Water Air Soil Poll., 164:79-89. 

Hvitved-Jacobsen, T., Johansen, N.B., and Yousef, Y.A. 1994. Treatment systems for urban 
and highway run-off in Denmark. Sci. Total Environ., 146/147:499-506. 

Karlsson, K., and Viklander, M. 2006. Wet sediment – a problem in stormwater systems? 
Proceedings of ”7th Int. Conf. on Urban Drainage Modelling and 4th Int. Conf. on Water 
Sensitive Urban Design”., 2-7 April, Melbourne, Australia. Vol.1: 453-459. 

Karlsson K., and Viklander, M. 2008. Trace metal composition in water and sediment from 
catch basins. J Environ. Eng. – ASCE, 134:870-878.  

Lee, P-K., Baillif, P., and Touray, J-C. 1997. Geochemical behaviour and relative mobility of 
metals (Mn, Cd, Zn, and Pb) in recent sediment of a retention pond along the A-71 
motorway in Sologne, France. Environ. Geol., 32(2): 142-152. 

Levlin, E., Tideström, H., Kapilashrami, S., Stark, K., and Hultman, B. 2001. Slamkvalitet och 
trender för slamhantering (Sludge quality and trends for sludge management). VA-forsk 
rapport 2001:05. (In Swedish).  

Lin, L. 1990. Transport of heavy metals through accumulated sediments in detention/retention 
ponds. Dissertation, University of Central Florida, Orlando, Florida, USA. 

Marsalek, J. and Schroeter, H. 1988. Annual loadings of toxic contaminants in urban runoff 
from the Canadian great lakes basin. Water Poll. Res. J. Can,, 23(3):360-378. 

Marsalek, J., and Marsalek P.M., 1997. Characteristics of sediment from a stormwater 
management pond. Wat. Sci. Technol., 36(8-9):117-122. 

Marsalek, J., Watt, W.E., Anderson, B.C., and Jaskot, C. 1997. Physical and chemical 
characteristics of sediments from a stormwater management pond. Water Qual. Res. J. 
Can., 32(1):89-100. 

Marsalek, J., Rochfort, Q., Grapentine, L., and Brownlee, B. 2002. Assessment of stormwater 
impacts on an urban stream with a detention pond. Wat. Sci. Technol., 45(3):255-263.  

http://www.ec.gc.ca/CEQG-RCQE/English/Ceqg/Water/default.cfm#rec


 11

Marsalek, J., Watt, W.E., and Anderson, B.C. 2006. Trace metals levels in sediments deposited 
in urban stormwater management facilities. Wat. Sci. Technol., 53(2):175-183. 

Morrison, G.M. 1995. Metal availability from the environment. In: Handbook on metal-ligand 
interaction in biological fluids. Vol.2, part 3, chapter 7, section A. (Berthon, G., and 
Dekker M., Eds), New York.  

Norrström, A-C. 2005. Metal mobility by de-icing salt from an infiltration trench for highway 
runoff. Appl. Geochem., 20:1907-1919. 

Oberts, G., J. Sventek, M. Perniel, and R. Anhorn, 1997. Lake McCarrons Wetland Treatment 
System: Phase III Study Report. Metropolitan Council, Environmental Services, 
Publication No. 32-97-026. Metropolitan Council, St. Paul, MN, USA. 

Oberts, G. 2000. Sustainable solutions/Best Management Practices for urban drainage in cold 
climates, Chapter 6. In: Urban drainage in cold climates, Volume II, Technical Documents 
in Hydrology No.40, UNESCO, Paris, pp. 149-169.  

Oberts, G. 2003. Cold Climate BMPs: solving the management puzzle. Wat. Sci. Technol., 
48(9):21-32. 

Oliver, B.G., Milne, J.B., and LaBarre, N. 1974. Chloride and lead in urban snow. J. Water 
Pollut. Control Fed., 46(4):766-771. 

Persson, J., Somes, N.L.G., and Wong T.H.F. 1999. Hydraulics efficiency of constructed 
wetlands and ponds. Wat. Sci. Technol., 40(3):291-300. 

Pettersson, T., 1998. Water quality improvement in a small stormwater detention pond. Wat. 
Sci. Technol., 38(10):115-122. 

Pettersson, T., German, J., and Svensson, G. 1999. Pollutant removal efficiency in two 
stormwater ponds in Sweden.  Proceedings of the “8th International Conference on Urban 
Storm Drainage”, 30 August – 3 September, Sydney, Australia. pp 866-873.  

Starzec, P., Lind, B., Lanngrenn, A., Lindgren, Å., and Svensson, T. 2005. Technical and 
environmental functioning of detention ponds fort the treatment of highway and road 
runoff. Water Air Soil Poll., 163:153-167.  

Swedish Environmental Protection Agency. 2000. Environmental quality criteria – Lakes and 
Watercourses. Report 5050, ISBN: 91-620-5050-8.  

Swedish Environmental Protection Agency. 2003. Introduction to a method. For inventories 
and risk classification of contaminated sites. ISBN: 91-620-8093-8.  

Swedish Standards Institute (SIS). 1996. Water quality – Determination of suspended solids – 
Method by filtration through glass fiber filters. SS-EN 872:1996. 

Tsanis I., Xu, P., and Marsalek, J. 1994. Estimates of toxic contaminant mean Concentrations 
and loads from runoff water quality Data. J. Great Lakes Res., 20(2):435-442. 

U.S. Environmental Protection Agency (USEPA). 1999. Preliminary data Summery of Urban 
Storm Water Best Management Practices. Office of water (EPA-821-R-99-012), 
Washington D.C. 

U.S. Environmental Protection Agency (USEPA). 2006. National Recommended Water 
Quality Criteria. Office of Science and Technology (4304T). Wasington D.C. 

Van Buren, M.A., Watt, W.E., and Marsalek, J. 1997. Removal of selected urban stormwater 
constituents by an on-stream pond. J. Environ. Plann. Man., 40(1):5-14. 

Yousef, Y.A., Hvitved-Jacobsen, T., Harper, H.H., and Lin, L.Y. 1990. Heavy metal 
accumulation and transport through detention ponds receiving highway runoff. Sci. Total 
Environ., 93:433-440. 

Yousef, Y.A., Hvitved-Jacobsen, T., Sloat J., and Lindeman, W. 1994. Sediment accumulation 
in detention or retention ponds. Sci. Total Environ., 146/147:451-456. 

 



 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Physicochemical speciation of metals in the water phase of  
gully pot mixtures 

 
 

Karlsson, K., Westerstrand, M., Ingri, J., and Viklander, M. 
 

Accepted for publication 
 

Water Quality Research Journal of Canada, 2009, 44(2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Paper IV 



 
 



 1

Physicochemical distribution of metals in the water phase of catch basin 
mixtures 
 
Kristin Karlsson1*, Magnus Westerstrand2, Maria Viklander1, Johan Ingri2 

1Division of Architecture and Infrastructure, Luleå University of Technology, S-971 87 Luleå, 
Sweden  
2Division of Applied Geology, Luleå University of Technology, S-971 87 Luleå, Sweden  
*Corresponding author, Tel.: +46 920 493146; fax: +46 920 49 2818; e-mail address: 
kristin.karlsson@ltu.se  
 
Abstract 
A mixture of sediment and water is formed during the cleansing of catch basins. This paper 
discusses the concentration levels and distribution of numerous metals and organic carbon in 
the water phase of this mixture. The results show that due to the high concentrations of metals 
in the water phase, the catch basin mixture should be treated before it reaches a recipient. 
Three sites with different types of area and traffic intensity were sampled. Four fractions were 
analyzed: unfiltered, dissolved (<0.2 μm), colloidal (0.22 μm-1kD), and truly dissolved 
(<1kD). The results of the unfiltered fraction show high concentrations of metals and organic 
carbon (OC) in the catch basin mixture. A comparison of Canadian and Swedish EPA 
guidelines and the catch basin mixtures shows that the concentration exceeded the threshold 
values for As, Cd, Cr, Cu, Ni, Pb and Zn. Compared with samples from a reference lake in the 
area, the unfiltered fraction shows high concentrations of all elements. Organic carbon seems 
to have a large impact on the overall speciation of trace metals in the catch basin mixture. To 
trace the sources of the particulate fraction in the unfiltered samples, Al-normalization was 
used. Al-normalization indicated that Ca, K, Mg, Na, Mn, Ba, Co, and Cr concentrations 
could be explained by mineral particles used as traction control. Furthermore, the trace 
elements As, Cu, Pb, Zn and, Ni were all enriched in the catch basin mixture.  
 
Keywords 
stormwater, speciation, sources, ultrafiltration 
 

Introduction 
The uptake of metals and other substances in flora and fauna is generally in a dissolved 

form (Sunda et al. 1976). Metals in natural water are distributed between three different 
fractions: particles, colloids, and a truly dissolved fraction. For example, Janssen et al. (2003) 
pointed out that the truly dissolved fraction and its speciation mainly determine bioavailability 
and thus the toxicity. Changes in environmental conditions (e.g. redox and pH) can strongly 
influence mobility and bioavailability by changing the speciation of metals (Ure and 
Davidson 2002). Hence, to understand stormwater and its effects on the environment, one 
must know the distribution of the elements in the water. The distribution is important not only 
for a biological (bioaccumulation, bioconcentration, bioavailability, and toxicity) 
understanding, but also for the geochemical (transport, adsorption, and precipitation) cycling 
of the elements (Florence et al. 1992). Metal distribution and bioavailable metals in 
stormwater have been investigated in very few studies, e.g. Wei and Morrison (1994), Brown 
(2002), and Björklund-Blom et al. (2002). A Canadian study where stormwater was collected 
from 14 different sources showed that stormwater could have toxic concentrations, depending 
on storm characteristics, season, source, timing during a storm, and overall drainage design 
(Marsalek et al. 1999). Kjølholt et al. (2001) showed that road runoff was toxic to algae. 
Lithner et al. (2003) showed that many trace elements in stormwater from Stockholm are 
directly bioavailable.  

mailto:karlsson@ltu.se
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Stormwater quality is affected by rainfall, in particular by the catchment where the major 

sources of pollutants are traffic (vehicles emissions, corrosion and abrasion), road material, 
building material, animals, street litter, and spills (Butler and Davies, 2000). Several studies 
over the last 30 years have shown stormwater to contain a wide range of polluting substances, 
such as organic substances, nutrients, trace metals, suspended material, and road salt (e.g. 
Sartor and Boyd, 1972; Malmqvist, 1983; Marsalek, 1997; Westerlund et al., 2003). Most of 
these pollutants are attached to different size particles (Stone and Marsalek 1996, Viklander 
1998). Particles from roads and other sites are trapped in catch basins (gully pots) to protect 
the downstream sewer system or receiving waters as well as the sewer wall from sediment 
deposition. Biochemical reactions (e.g. anaerobic conditions) dominate in the catch basins 
during dry weather; physical processes dominate (e.g. re-suspension of sediment) during wet 
weather (Morrison et al. 1995; Butler et al. 1995; Memon and Butler 2002a). According to 
Sartor and Boyd (1972), almost all particles greater than 246 μm are trapped in catch basins, 
whereas only 30% of the particles less than 43 μm are trapped. Grottker (1990) investigated 
catch basin sediment and showed that the highest concentrations of heavy metals were found 
in fractions less than 1.6 mm. However, according to Morrison et al. (1988) catch basins 
retain very little of the finest fractions and Butler et al. (1995) state that the metal 
concentration increases in the catch basin water between storm events due to the biochemical 
reactions during dry weather. Memon and Butler (2002b) concluded that catch basins are very 
ineffective in reducing dissolved pollutants.  

 
When the grit chamber is full, the sediment and water are removed with the help of 

hydrodynamic pressure and the standing water, sediment, and wash water are mixed together. 
The water phase of this mixture can be poured back into the catch basin, storm sewer, sanitary 
sewer, or surface water. This paper discusses the concentration levels and speciation of 
numerous metals and organic carbon in the water phase of this mixture (henceforth called 
catch basin mixture). Aluminium normalization was used to see if the metals could come from 
anthropogenic sources. This paper also investigates a wide range of metals to conduct a first 
screening of the content of metals in catch basin mixtures. Since this is just a first screening, 
no statistically based conclusions are drawn about the general distribution of metals in catch 
basins. However, this study could be of interest to owners/operators responsible for managing 
catch basins and government agencies responsible for protecting surface water quality to 
increase their knowledge of pollutants and their distribution within the water phase during the 
maintenance of catch basins.  
 

Materials and Methods 
 
Site description and sampling procedure 

The catch basin samples were taken during late autumn (November 2004) in Luleå, 
Sweden. Three sites with different traffic loads were chosen: catch basin 1 – 500 vehicles/day, 
catch basin 2 – 13,800, and catch basin 3 – 25,500. The site with 500 vehicles/day is a 
housing area, while the other sites are in the city centre. The housing area consists of detached 
houses with private garages and is located in the outskirts of Luleå, catch basin 2 is located 
next to a small green strip and catch basin 3 is located next to a sidewalk. The cleaning 
frequency differs between the three catch basins. Catch basin 1 has not been cleaned for about 
the last 25 years, catch basin 2 is cleaned about every 10 years and catch basin 3 is cleaned 
about every 5 years. Every year, approximately 6,000-7,000 tons of anti-skid material (4-8 
mm) is used in the city of Luleå, with approximately 50% of it removed in the spring through 
street sweeping. More anti-skid material is used in the city centre compared to the outskirts of 
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the city. No de-icing salts are used in Luleå. The catch basin sediment and water were 
collected according to the general procedure in Sweden. The catch basins were emptied with a 
washed sludge vehicle, using hydrodynamic pressure and a vacuum to loosen and remove the 
sediment and water from the catch basin. The sludge vehicle has a capacity of 390 l/min at 
13,000 kPa. The standing water, sediment, and wash water were mixed during transport in the 
sludge vehicle. When the mixture was discharged from the sludge vehicle, pH and oxygen 
were measured and water samples were collected for immediate analysis. These water 
samples represent water that could be poured back into the catch basin or surface water. The 
samples were collected in acid-washed plastic bottles and analyzed for suspended solids and 
metals. The metals were analyzed in four different fractions – unfiltered, dissolved (<0.2 μm), 
colloidal (<0.2 μm, >1kD), and truly dissolved (<1kD) fractions. The colloidal and truly 
dissolved fractions were obtained from ultrafiltration.  
 
Ultrafiltration  

The ultrafiltration technique used in this paper was cross flow filtration (CFF) (Figure 1). 
In a CFF process, the water sample is recirculated parallel to the filter membrane at a high 
flow rate allowing particles and colloids to remain in suspension and prevent the filter from 
clogging. A hydrostatic pressure drives elements smaller than the pores of the membrane 
through the filter in the permeate container (truly dissolved fraction). Elements larger than the 
pores of the filter are concentrated in the retentate container (colloid fraction). Dahlqvist et al. 
(2004) further describe the ultrafiltration technique.  

 
 

 
 
Figure 1. Schematic set up of the ultrafiltration (Forsberg, 2005) 
 

The samples were pre-filtered through a 0.2-μm filter before ultrafiltration. The colloidal 
fraction ranges from 0.2 μm to 1kD, where the truly dissolved fraction is smaller than 1 kD 
(Figure 2). During ultrafiltration, all samples were filtered through a 1k Dalton (kD) Prep-
Scale-TFF-6 filter made of regenerated cellulose with a membrane area of 0.54 m2. The pump 
used during ultrafiltration was a peristaltic base-plate pump. The retentate volume was kept 
constant at 2.5 l during the filtration process. The filter was rinsed with MilliQ water and 
solutions of NaOH (0.1 M) and HCl (0.5 M) after every filtration according to a procedure 
described by Ingri et al. (2000).  
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Figure 2. Flow schema for the ultrafiltration procedure for the gully pot mixture 
 

The relationship between the permeate flow and the retentate flow is called cross flow ratio 
(CFR). For reliable results, Larsson et al. (2002) suggest a cross flow ratio above 15, though if 
the CFR is too low elements can remain on the filter surface. The CFR is calculated according 
to equation 1,  
 

perm

ret

F
FCFR  (1) 

 
where Fperm is the flow rate for the permeate (l min-1) and Fret is the flow rate for the retentate 
(l min-1). The CRF was 200 for catch basins 1 and 2 and 40 for catch basin 3.  
 

During ultrafiltration, the colloid fraction is enriched in the retentate, i.e. the retentate 
concentration has to be corrected to obtain the colloidal concentration in the original sample. 
This correction was done according to equations 2 and 3,  
 

Cf
CC

C permret
0  (2) 

ret

retperm

V
VV

Cf  (3) 

 

where C0 is the original colloid concentration, Cret is the measured colloid concentration, Cperm 
is the truly dissolved concentration, Cf is the concentration factor, Vperm is the permeate 
volume, and Vret is the retentate volume. 

 
Recovery 

Calculating a recovery is common to verify if the different fractions are contaminated 
during ultrafiltration or if parts of the fractions remain on the filter. Recovery (R) is calculated 
according to equation 4,  
 

S
CC

R permret  (4) 

 
where Cret is the colloid concentration, Cperm is the truly dissolved concentration, and S is the 
initial concentration. If no elements are trapped in the filter, recovery (R) will be 1. The rinsed 
solutions (NaOH and HCl) for the ultrafilter were analyzed. Adding these results to the mass 
in the permeate and retentate solutions allows the calculation of a new adjusted recovery (Ra) 
according to equations 5 and 6.   
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retperm

HClNaOHpermret

VV
MMMM

C  (5) 

 

S
CRa  (6) 

 
where C is the total mass of the elements per volume of water in the sample, Mret is the mass 
of the elements in the retentate, Mperm is the mass of the elements in the permeate, MNaOH is 
the mass of the elements in the NaOH solution, MHCl is the mass of the elements p in the HCl 
solution, and S is the initial concentration. 
 
Laboratory analyses 

The samples were analyzed by Analytica AB. Analytica is accredited according to the 
international standard ISO 17025, ISO 9001:2000, SS EN 1484 and ISO/IEC Guide 25.  
 
The standard method SS-EN 872:1996 was used for suspended solids – a standard based on 
filtering through a glass-fibre filter with a pore size of 1.6 m. To determine the concentration 
of suspended solids, the filters were weighed before filtration and then dried and weighed 
again after filtration. The lower limit of determination is 2 mg/l, without the establishment of 
an upper limit (SIS 1996). The unfiltered phases were extracted before the analyses by 
digestion with a 20 ml sample and 2 ml suprapur HNO3, which were processed in sealed 
Teflon containers in a specially modified microwave oven for 50 minutes at 160°C. The 
detection limits for the unfiltered samples were as follows: Ca (0.2 mg/l), Fe (0.02 mg/l), K 
(0.4 mg/l), Mg (0.14 mg/l), Na (0.5 mg/l), S (0.2 mg/l), Al (50 g/l), As, Ba, Cu (1 g/l), Cd 
(0.05 g/l), Co (0.2 g/l), Cr, Mn (0.9 g/l), Hg 0.02 g/l), Ni, Pb (0.6 g/l), and Zn (4 g/l). 
The dissolved fractions were filtered through a 0.2-μm filter and before the analyses of the 
dissolved, colloid, and truly dissolved phase as well as the NaOH and HCl solutions, 1 ml 
HNO3 was added for every 100 ml of sample. The samples were analyzed through optical 
emission spectrometry with inductively coupled plasma (ICP-AES) and sector field mass 
spectrometry with inductively coupled plasma (ICP-SFMS). For mercury, atomic 
fluorescence spectrometry (AFS) was used in the analysis. Ca, Fe, K, Mg, Na, S, Al, Ba, Co, 
Cr, Cu, Mn, Ni, and Zn in the unfiltered samples and Ca, Fe, K, Mg, Na, S, Ba, Mn, Sr, and 
Zn in the dissolved, colloid, and truly dissolved samples were analyzed with ICP-AES. All 
remaining metals were analyzed with ICP-SFMS. Total organic carbon (TOC) was analyzed 
with the Shimadzu TOC-5000 high-temperature combustion instrument. 
 

Results and Discussion 
In all catch basins, the oxygen content at slightly below 100% and pH 7 were 

approximately the same.   
The calculated recovery and the adjusted recovery for the catch basins are shown in Table 

1. Considering the uncertainty of the ICP analysis, most of the recovery values are close to 1 
(Figure 3). Low recovery usually indicates that a fraction of the colloids was retained in the 
ultra filter, a result that mainly influences the concentration in the retentate. As shown in 
Table 1, catch basin 2 has a lower recovery than the other catch basins, probably due to a 
lower cross flow rate at the end of the ultrafiltration caused by problems with the pump. 
Recovery values become sensitive to small errors when metal concentrations are low. The 
higher recovery values for catch basin 3 indicate some type of contamination or problem with 
the analysis. However, these errors only affect the colloid concentration in catch basin 3 and 
do not influence the conclusions drawn in this paper.  
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Table 1. Recovery and mass balances for catch basin mixture 1, 2, and 3.  
 Recovery Adjusted recovery 

 Catch basin 1 
(500 v/d) 

Catch basin 2 
(13,800 v/d) 

Catch basin 3 
(25,500 v/d) 

Catch basin 1 
(500 v/d) 

Catch basin 3 
(25,500 v/d) 

Ca 0.96 0.97 0.98 1.01 0.98 
Fe 0.91 0.35* 1.41 0.93 1.57 
K 0.99 0.94 1.01 1.05 1.01 
Mg 0.96 0.98 0.98 1.01 0.98 
Na 0.97 0.99 0.98 2.04 2.65 
S 0.98 0.91 1.03 1.03 1.03 
Al 0.88 0.48 1.43 0.91 1.56 
As 0.89 0.15* 0.85 0.92 0.88 
Ba 0.90 0.92 0.95 0.96 0.96 
Cd 0.92 0.51 0.77 1.03 1.18 
Co 0.73 0.31 0.46 0.83 0.60 
Cr 0.93 0.43 1.37 0.97 2.00 
Cu 0.67 0.46 1.05 0.76 1.23 
Mn 0.94 0.90 0.95 1.01 0.96 
Mo 0.96 0.89 1.03 1.01 1.03 
Ni 0.75 0.39 0.46 0.88 0.79 
P 0.90 0.93 1.73 0.95 1.81 
Pb 0.84 0.28 1.44 0.87 1.80 
Sr 0.96 0.96 0.98 1.02 0.99 
Zn 0.65 0.31 0.39 0.76 0.57 
*samples have no detectable truly dissolved fraction. 
 

 

 
Figure 3. Recovery values and the ICP-MS errors. 
 

The concentrations of suspended solids in the catch basin mixture increase with increasing 
traffic intensity (Table 2). The catch basins had high concentrations of suspended solids when 
compared to literature values for road runoff. According to, for example, Threllfall et al. 
(1991), Sansalone et al. (1998) and Westerlund et al. (2003), the concentration of suspended 
solids in road runoff is approximately 20 to 2,000 mg l-1. However, the concentration of 
suspended solids in urban snow can be between 1,300 and 14,000 mg l-1 (Viklander 1999 and 
Reinosdotter and Viklander 2005), which corresponds well with the catch basin mixture, since 



 7

both snow packs and catch basins accumulate large quantities of solids during an extended 
period.  
 

Overall, the catch basin mixture showed higher unfiltered concentrations of both major and 
trace elements compared to the reference lake water (Table 2). The TOC concentrations in the 
unfiltered fractions were substantially higher in the catch basin mixture and increase with 
increasing traffic intensity. Also, a large difference existed between concentrations in the 
unfiltered water (UF) compared to the dissolved (0.2 μm filtered) water in the catch basin 
mixture for all studied metals. Furthermore, catch basin 1 had relatively higher concentrations 
in the colloidal and truly dissolved fractions compared to catch basins 2 and 3. Comparing the 
reference lake’s truly dissolved fraction to the catch basin mixture’s truly dissolved fractions 
shows that the catch basins generally had higher values. Some elements differed less than 
others, Mg, S, Sr, and Pb had the smallest differences in concentration (less than four times), 
whereas Mn, Co, and Cd had substantially higher concentrations (more than 15 times) in the 
catch basin mixture compared to the reference lake.   
 

The unfiltered Al concentration was highest in catch basin 3, but the highest dissolved (0.2 
μm filtered) fraction was found in catch basin 1. Similarly, the dissolved (0.2 μm filtered) 
fractions for Fe, As, Cd, Co, Cr, Cu, P, Pb, Zn, and OC in catch basin 1 were much higher 
than in catch basins 2 and 3. For Al and Fe, more than 80% of their dissolved concentrations 
were in colloidal form, as opposed to Ca, K, Mg, and Na, which showed less than 10% (Ca 
has 15%) in the colloidal fraction. The high colloidal Al concentration in catch basin 1 was 
probably not caused by primary mechanically weathered minerals, i.e. detrital particles, since 
the total suspended solids were 7-8 times lower than in catch basins 2 and 3. Hence, the high 
colloidal fractions for Al (and to some extent Fe) and other trace metals were related to the 
high colloidal OC concentration in catch basin 1. The truly dissolved concentrations of Cd, 
Cr, Cu, and Zn in catch basin 1 were much higher than corresponding values in catch basins 2 
and 3, possibly due to the relatively high truly dissolved fraction for OC in catch basin 1. This 
fraction was most likely an important complexing agent for the trace metals.  
 

The large difference between unfiltered and dissolved (0.2 μm filtered) water in the catch 
basin mixture indicates that much of the high element concentrations in the unfiltered water 
was caused by suspended solids. For example, Ca data in catch basin 1 shows that 
approximately 90% of the Ca concentration in the unfiltered fraction were in a particulate 
form, whereas with the 0.2 μm filtered dissolved fraction, approximately 15% were in 
colloidal form. Hence, to understand the composition of the unfiltered fraction, it is important 
to trace the origin of the particulate fraction. Al-normalization was used to trace the sources of 
the particulate fraction in the unfiltered samples. Aluminium is a major component in rock-
forming minerals and its concentration in sediments and soils is usually a good indicator of 
detrital particles.   
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Table 3 clearly illustrates that the normalized concentrations of Ca, K, Mg, Na, Mn, Ba, 
Co, and Cr in the catch basin mixture were very similar to the local bedrock, Andesite. This 
similarity indicates that the high concentrations of these elements in the unfiltered samples 
were mainly caused by natural mineral particles used as traction control. Elements associated 
with the mineral fraction will also remain inert during sedimentation and early diagenesis in 
the sedimentary column. However, Cr is a common metal found in stormwater due to traffic 
being a major source (Muschak 1990); therefore, it could also be from anthropogenic sources. 
Iron increased slightly in catch basins 1 and 2, indicating some other phase besides detrital 
particles. However, this enrichment was much lower than that measured in many natural 
particles transported in the Kalix River (Table 3), indicating large enrichments because of 
secondary formed Fe-oxyhydroxides.  

 
Table 3. The ratio between the different elements unfiltered concentration and the aluminium 
unfiltered concentration (#mg mg-1; *mg g-1).  

 Andesite Ryholite Soil SS SS, 
spring 

Catch basin 1 
(500 v/d) 

Catch basin 2 
(13,800 v/d) 

Catch basin 3 
(25,500 v/d) 

#Ca/Al 0.67 0.08 0.35 1.63 0.48 0.68 0.71 0.70 
#Fe/Al 0.94 0.21 0.62 11.9 2.79 1.7 1.21 0.96 
#K/Al 0.33 0.56 0.3 0.71 0.34 0.28 0.20 0.17 
#Mg/Al 0.49 0.01 0.17 0.46 0.27 0.46 0.49 0.47 
#Na/Al 0.22 0.35 0.39 0.57 0.27 0.47 0.26 0.24 
#Al/Al 1 1 1 n.d. n.d. 1 1 1 
*As/Al n.d. n.d. 0.01 0.4 0.1 0.9 0.2 0.1 
*Ba/Al 11.2 2.4 9.2 17 11 11.5 12.2 10.8 
*Co/Al 0.5 n.d. 0.2 0.8 0.3 0.7 0.9 0.7 
*Cr/Al 2.7 n.d. 1 2.8 1.4 3.6 2 1.6 
*Cu/Al 0.9 n.d. 0.5 2.2 0.8 9.1 5.7 5.6 
*Mn/Al 18.3 4.7 0 230 60 23.3 18.6 13.9 
*Ni/Al 0.5 n.d. 0.3 0.9 0.5 2 1.4 1.2 
*Pb/Al n.d. n.d. 0.1 0.9 0.3 25.7 3.1 1.8 
*Zn/Al 1.7 0.3 0.6 n.d. n.d. 36.1 22.7 17.5 
n.d. = no data available  
Andesite and Ryholite is bed rock in Luleå (Perdahl and Frietsch, 1993) 
Soil samples are taken from the Kalix rivers catchment area  
SS = Suspended solids, Kalix river  
SS, spring = Suspended solids during spring, Kalix river 
 

The trace elements As, Cu, Pb, Zn, and, to some extent, Ni were all enriched in the catch 
basin mixture. The ratio for As was not measured in the Andesite, though it was compared 
with the soil samples from the Kalix River (Table 3). As was elevated ten times or more in all 
three catch basin mixtures. Average suspended solids in the Kalix River generally showed a 
high enrichment of As due to the sorption of As onto the suspended Fe-oxyhydroxides. Fe 
was not greatly enriched in the catch basin mixtures; therefore, the enrichment of As could 
not be fully explained by the presence of Fe-oxyhydroxides. Cu, Pb, and Zn (and Hg and Cd, 
though they were not detected in the natural samples) showed a clear normalized enrichment 
in the unfiltered water from the catch basin mixture compared with all natural particles shown 
in Table 3. The enrichment of these elements in the unfiltered fractions could not be explained 
through detrital particles or Fe-oxyhydroxides. Table 2 clearly shows that much of the OC 
(organic carbon) in the catch basin mixture was in particulate form. The enrichment of As, 
Cd, Cu, Hg, Pb, and Zn in the unfiltered fraction appears to be associated with particulate 
organic fraction and /or sorbed onto the mineral particles, so it probably comes from 
anthropogenic sources. The sources of metals are many and depend on specific materials, land 
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use and local activities within the catchment areas. Possible sources within the catchment 
areas for the catch basins are traffic (e.g. tire wear, brake lining, motor oil, grease, and 
automobile exhaust), wear and leaching of the road, crash barriers, road signs, and 
atmospheric fallout.  

 
The Swedish Environmental protection agency (SEPA) has conducted a quality criterion 
classification according to the concentration of certain metals in lakes and watercourses 
(SEPA, 2001). The metals are classified into five different classes, with the possibilities for 
biological effects are found in classes 3 to 5 (Table 4). Biological effects can be found in 
waters in class 3, there is an increasing risk of biological effects in class 4 and a high risk for 
biological effects in class 5, even at a short exposure time. According to the Swedish EPA, 
this guideline should be compared with the unfiltered concentrations. All compared metals 
had an unfiltered concentration that exceeded the threshold value for class 5 in one or more of 
the catch basins (Table 5). However, many of the dissolved metal concentration also exceeded 
the guideline. The dissolved concentration of Pb in catch basin 1 was so high that it exceeded 
the threshold value for class 5, and the truly dissolved concentrations for Cd and Cu in catch 
basin 1 exceeded the threshold value for class 3. The concentrations in the catch basins are 
also compared to the Canadian water quality guideline (Table 5), which has slightly lower 
threshold values than the Swedish guideline (Table 4). The unfiltered concentrations, for all 
compared metals, in all three catch basins exceeded the guideline, with some of the dissolved 
concentrations (As, Cd, Cu, Pb, and Zn) over the threshold value, especially in catch basin 1. 
These guidelines are for the whole recipient, i.e. the catch basin mixture will be diluted. 
However, the toxicity is dependent on the sensitivity and the water chemistry (e.g. the TOC 
concentration and its speciation) of the recipient, though long-term exposure of the polluted 
water will eventually affect the recipient (e.g. De Shamphelaere et al. 2003).  
 
Table 4. The Swedish Environmental protection agency guideline for metals in lakes and 
watercourses and the Canadian water quality guideline (SEPA 2001; CWQ 2003).   

Swedish EPA* Metal  
( g/l) Class 3 Class 4 Class 5 

Canadian water 
quality guidelinea 

As 5-15 15-75 >75 5.0 
Cd 0.1-0.3 0.3-1.5 >1.5 0.017 
Cr 5-15 15-75 >75 8.9b  
Cu 3-9 9-45 >45 2-4 
Hg - - - 0.026 
Ni 15-45 45-225 >225 25-150 
Pb 1-3 3-15 >15 1-7 
Zn 20-60 60-300 >300 30 
avalues are meant to protect all forms of aquatic life and all aspects of the aquatic life cycles, including the most 
sensitive life stage of the most sensitive species over the long term (Canadian water quality guidelines 2003) 

bCr III 
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Table 5. The elements from the catch basins in different speciation compared with the SEPA 
classification and the Canadian water quality guideline (SEPA 2001; CWQ 2003).   

 As Cd Cr Cu Ni Pb Zn 

Swedish EPA        

Class 3 1-D 
 

1-D 
1-TD  1-TD 

2-D    

Class 4 2-UF 
3-UF   1-D  

  1-D 

Class 5 1-UF 
1-UF 
2-UF 
3-UF 

1-UF 
2-UF  
3-UF 

1-UF 
2-UF 
3-UF 

1-UF 
2-UF 
3-UF 

1-UF 
1-D 

2-UF 
3-UF 

1-UF 
2-UF 
3-UF 

Canadian water  
quality guideline 

1-UF 
1-D 

2-UF 
3-UF 

 

1-UF 
1-D 
1-C 

1-TD 
2-UF 
2-D 

3-UF 
3-D 

1-UF 
2-UF 
3-UF 

 

1-UF 
1-D 
1-C 

1-TD 
2-UF 
2-D 

3-UF 
3-D 

1-UF 
2-UF 
3-UF 

1-UF 
1-D 
1-C 

2-UF 
3-UF 

 

1-UF 
1-D 
1-C 

2-UF 
3-UF 

 

1 = catch basin 1 (500 v/d); 2 = catch basin 2 (13,800 v/d) and 3 = catch basin 3 (25,500 v/d)  
UF = unfiltered phase, D = dissolved phase, C = colloidal phase and TD = truly dissolved phase 
 

Conclusions 
The catch basin mixture had higher unfiltered concentrations of both major and trace 

elements compared to the lake water. Furthermore, the high OC concentration observed in the 
catch basin mixture, compared to lake water, had most likely an impact on the speciation of 
trace metals in the particulate, colloidal, and truly dissolved phases in the catch basin mixture. 
Organic carbon probably worked as both a sorption phase and a complexing agent. The OC 
concentration appeared to be related to the number of passing vehicles.  

 
The large difference between unfiltered and dissolved fractions (0.2 μm filtered) in the 

catch basin mixture shows that most elements were attached to particles. Catch basin 1 
showed a high truly dissolved concentration for Cd, Cr, Cu, and Zn, which were probably 
related to the high concentration of truly dissolved OC. Aluminium normalization showed that 
the concentrations of Ca, K, Mg, Na, Mn, Ba, Co, and Cr could be explained by mineral 
particles, whereas the metals Cu, Pb, Zn, Ni, Cd and Hg were enriched in the catch basin, so 
they probably come from anthropogenic sources. 

However, with these high concentrations the catch basin mixture needs to be treated before 
it reaches a recipient. Therefore, more research regarding the distribution of metals in catch 
basins is needed.   
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Trace Metal Composition in Water and Sediment
from Catch Basins

Kristin Karlsson1 and Maria Viklander2

Abstract: When eductor trucks are used to maintain catch basins, the mixture of water and sediment that is produced has to be disposed
of in some way. This paper considers the quality of this mixture after it has been discharged from the eductor truck. The results show that
the metal concentrations varied more in the water phase than in the sediment phase and that most of the metals were attached to particles.
No significant difference could be found in the water between a housing area and a road, whereas a significant difference could be found
for Cr, Cu, Ni, and Zn in the sediment at a 95% confidence level. The smallest fraction ��63 �m� in the sediment had the largest
concentration of metals. Sampling procedure, time, and traffic intensity had an impact on the particle-size distribution. The water exceeded
the guidelines for all studied metals; however, the concentration for the water will be affected by the wash water volume, whereas, for the
sediment, only copper exceeded the guidelines.
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CE Database subject headings: Particle size; Receiving water; Runoff; Storm sewers; Stormwater management; Water pollution;
Metals; Sediment.

Introduction

Pollutants in street sediments arise from a number of different
sources, such as road wear, slipperiness control materials, ve-
hicles, buildings, and industries. Studies have been carried out on
sediments from street surfaces �Ellis and Revitt 1982; Stone and
Marsalek 1996; Viklander 1998; German 2002�. Many studies
have shown that most of the metals are associated with the small-
est fraction of particles; however, Stone and Marsalek �1996�
found that a significant portion of the metals was associated with
larger particles. A large portion of the particles that carry the
contaminants are collected as sediments in catch basins, detention
basins, or ponds or accumulate at the surface where the storm
water is allowed to infiltrate �Grottker 1990; German 2003�.

Catch basins are used to trap particles and to protect the down-
stream sewer system or receiving waters from sediment deposi-
tion. The catch basin operates under two systems: dry weather
and wet weather. Biochemical reaction dominates during dry
weather and physical processes dominate during wet weather
�Morrison et al. 1995; Butler et al. 1995; Memon and Butler
2002b�. According to Morrison et al. �1988�, catch basins are poor
sedimentation basins because they retain very little of the finest
fractions. Ellis and Harrop �1984� showed that nearly two-thirds
of the total particles discharged to the catch basins are between

400 and 3,000 �m, with about 10% of the mass being less than
400 �m and only 5% less than 60 �m. According to Butler and
Karunaratne �1995�, the inflow to a catch basin will depend upon
the catchment area and the storm-event intensity. However, Sartor
and Boyd �1972� found that only 1% of the initial particles in the
catch basin were removed by flushing and that almost all particles
greater than 246 �m are trapped in catch basins, whereas only
30% of the particles less than 43 �m are trapped. Broeker �1984�
found that catch basins retain 99% of particles greater than
230 �m. Grottker �1990� investigated catch basin sediment and
showed that smaller particles have higher concentrations of heavy
metals. In order to provide good control of the outflow of pollut-
ants to the drainage system or receiving water, the ideal was to
clean the catch basin at 4–7 day intervals �Morrison et al. 1995,
1988�. Memon and Butler �2002a� concluded with their model
that frequent cleaning of catch basins does not improve the runoff
quality and that catch basins are effective in retaining solids
but that the reduction of dissolved pollutants is very ineffective.
Striebel and Gruber �1997� found out that particle-bound metals
in catch basin sediment are more weakly bound compared to met-
als in street dust, which could be very important to keep in mind
when discussing the management of storm-water-related sedi-
ment, such as removal �via sweeping� from the street prior to
entry into the catch basins.

The transport of water and particles in sewage systems de-
pends on several factors, such as rain and the catchments’
characteristics, traffic intensity, property-owner habits, as well as
the maintenance of the system, e.g., the cleaning of catch basins.
Catch basins can be cleaned out by hand, but an eductor truck
is more commonly used. The eductor truck uses hydrodynamic
pressure and a vacuum to loosen and remove sediments and the
standing liquid from a catch basin. This system has a problem in
that it creates a large amount of liquid compared to solids �Hepp
1995�. The liquid that is generated during the cleaning of catch
basins is of concern as it contains contaminants from the original
standing liquid plus particles from sediment resuspension. When
the catch basin is cleaned and the combined sediments and stand-
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ing liquid are vacuumed into the eductor truck, this mixture be-
comes a “slurry.” This slurry of standing liquid, sediments, and
wash water has to be disposed of in some way. The objective of
this paper is to consider the quality of the solid phase and liquid
phase �henceforth called sediment phase and water phase� of this
slurry due to the presence of As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn
after it has been discharged from the eductor truck and to deter-
mine if any differences in concentrations exist between a housing
area and a road. The distribution of As, Cd, Cr, Cu, Hg, Ni, Pb,
and Zn to one catch basin at each site during 1 year was studied.
The results are compared to guidelines from different countries to
determine whether the water and sediment exceed the discharge
criteria.

Study Area and Method

Field Site

The study area was situated in the municipality of Luleå, which is
located in northern Sweden �N:65°36�, E :22°13��, with ap-
proximately 73,000 inhabitants. In this study, two sampling sites
were selected according to type of area and traffic intensity: a
housing area featuring 500 vehicles /day, and a road featuring
25,500 vehicles /day �v/day�. See Fig. 1 where the catch basin
from the housing area is referred to as H1–4 and the catch basin
from the road as R1–4.

Sampling

The samples were taken during the autumn of 2004 and 2005.
One catch basin from each site was emptied during November
2004 �H1a and R1a�. The same catch basins were emptied in
November 2005 �H1b and R1b� together with six other catch
basins, three from each site �H2–4 and R2–4�. Three catch basins
from the road had been emptied once during the summer, which
makes the accumulation period only four months �R2–4�. The
accumulation period for each catch basin can be seen in Table 1.
The catch basins were emptied with a washed eductor truck
�Volvo FH 126X4�, which uses hydrodynamic pressure and a
vacuum to loosen and remove the sediment and water from the
catch basin. The eductor truck has a capacity of 390 L /min at
13,000 kPa. Different amounts of water were added to the catch
basins due to the hardness of the sediment. The combination
of standing water, sediment, and wash water was mixed together
in the eductor truck and the mixture was collected in washed
plastic containers �one container for each catch basin�. When this
mixture was discharged from the eductor truck, water samples
were collected for immediate analysis. These water samples
represent the water that could be poured back into the cleaned
catch basin, storm sewer, sanitary sewer, or surface water. The
remaining water in the container was pumped away and all sedi-
ment was collected and thereafter dried at approximately 30°C
for several days before it was weighed and sieved. Between every
sampling occasion, the eductor truck was washed. All catch ba-
sins were built out of concrete where the catch basins in the
housing area had a volume of approximately 0.3 m3 and the catch
basins at the road had a volume of approximately 0.4 m3. Table 1
gives essential information about the eight catch basins: H1 and
R1 were sampled at two occasions, giving a total number of ten
samples.

Laboratory Analyses

The water samples were analyzed for suspended solids �SS� and
heavy metals. The method used for SS was the standard method
SS-EN 872:1996 �SIS 1996�. The metals were analyzed for total
fraction and dissolved ��0.45 �m� fraction. The total fraction
was extracted before the analyses by digestion, after which 20 mL
of the sample were mixed with 2 mL suprapur HNO3 and then
processed in a sealed Teflon container in a specially modified
microwave oven for 50 min at a temperature of 160°C. The dis-
solved fraction was analyzed after filtration through a 0.45 �m
syringe filter, and 1 mL of HNO3 was added for every 100 mL of
sample. The metal concentrations were analyzed by optical emis-
sion spectrometry with inductively coupled plasma �ICP-AES�
and sector field mass spectrometry with inductively coupled
plasma and atomic fluorescents spectrometry �AFS� for mercury.

Table 1. Physical Characteristics for the Catch Basins

Catch basin

Housing area Road

H1a H1b H2 H3 H4 R1a R1b R2 R3 R4

Sampled �year� −04 −05 −05 −05 −05 −04 −05 −05 −05 −05

Water added �L� 420 — 40 80 — 600 — — — —

Water in the catch basin �L� �20 70 �20 �20 �30 �20 100 90 85 75

Dry mass �kg� 75.8 9.5 43.2 157 49.7 70 4.7 2.8 3.0 2.4

Accumulation period �year� �25a 1 �25a �25a �25a �5a 1 0.3 0.3 0.3
aAccording to the city of Luleå.

Fig. 1. Sampling location in Luleå, Sweden, H1–4=catch basin in
the housing area and R1–4=catch basin from the road
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The sediment samples were analyzed for particle-size distribution
and heavy metals. One part of the sample was wet sieved into
18 different size gradations �between 0.063 and 180 mm� to
obtain a particle-size distribution. Representative samples for wet
sieving were obtained by the coning and quartering technique
�ASTM 1985�. The rest of the dry samples were split with woven
stainless steel wire cloth test sieves �0.063–2 mm� into six size
fractions: �63, 63– �125, 125– �250, 250– �500, 500–1,000,
and 1,000–2,000 �m. The particle-size distribution was per-
formed according to the standard method SS-EN 933-1:1998 �SIS
1998�. Only the dry-sieved fraction was analyzed for heavy met-
als and before the samples were analyzed, they were dried at
50°C and then digested with 5 mL HNO3 and 0.5 mL H2O2 in a
specially modified microwave oven. The metals were analyzed
with ICP-AES. All the metal analyses were performed by Ana-
lytica AB, Luleå Sweden.

In order to perform the calculations, values below the detec-
tion limit were replaced by half of the detection limit’s value,
as discussed in Marsalek and Schroeter �1988� and Tsanis et al.
�1994�. Statistical analyses were performed using the program
STATGRAPHICS in order to evaluate the data.

Results and Discussion

Particle-Size Distribution

The mean particle-size distribution with the standard deviation for
the catch basins is shown in Fig. 2. As seen in Fig. 2, the standard
deviation was largest for the middle fractions �1,000–2,000 �m�,
whereas it was smallest for the finest fraction ��63 �m�. This

shows that the catch basins retain almost the same amount of fine
particles ��63 �m�, whereas, for the larger particles the variation
was larger. Fig. 2 also shows the particle distribution of catch
basin deposits from Grottker �1990� and Pratt et al. �1987�. The
results differ between the three studies, where Grottker �1990�
had the highest amount of fine particles. However, the difference
was smaller for the finer particles compared to the larger particles.
One conceivable explanation for the difference between the stud-
ies can be different sampling techniques, different types of sam-
pling sites, or the temporal differences as the street-cleaning
practices and the wet fall and dry fall probably have changed
during the last 20 years.

The particle-size distribution for all ten sampling occasions is
shown in Fig. 3. The mean particle-size distribution for the two
sites showed very similar curves �not shown in Fig. 3�, whereas
the individual curves in respective sites showed large variations.
The sampling procedure differs between the catch basins, where
four catch basins �H1a, H2, H3, and R1a� have been sampled
with the help of hydrodynamic pressure �see Table 1�. As seen in
Fig. 3, these four catch basins and catch basin R1b show a
particle-size distribution that has a larger amount of fine particles
than the other five catch basins. Presumably, there is a release of
fine particles when the mass of sediments on the bottom of the
grit chamber is dispersed under pressure. This indicates that the
sampling procedure is probably one important factor to take into
consideration when one is looking at the particle-size distribution.
The time factor also seems to have an impact on the particle-size
distribution. Comparing the catch basins on the road �sampled
without hydrodynamic pressure� with each other seems to indi-
cate that the catch basin that had been accumulating for 1 year
had more amounts of fine particles than the catch basin that had
been accumulating for only 4 summer months. Finally, the traffic
intensity also seems to have an impact on the particle-size distri-
bution. Comparing two catch basins �H1b and R1b� that have
been sampled in the same way �without hydrodynamic pressure�
and that have been accumulating for the same period of time
�1 year�, but with different traffic intensities �500 v /day versus
25,500 v /day� shows that the catch basin with higher traffic in-
tensity �R1b� has more amounts of fine particles. Ellis and Revitt
�1982� showed that particles on the streets were crushed by high
traffic intensity. This indicates that many factors have had an
impact on the particle-size distribution in a catch basin, e.g., sam-
pling procedure, time, and traffic intensity.

Fig. 4 shows the particle-size distribution from the catch ba-

Fig. 2. Particle-size distribution in catch basins

Fig. 3. Particle-size distribution for the sediment removed from the catch basins
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sins for the road �R1a, R1b, R2, R3, and R4�, street sediment
from the same street, and the original friction material �natural
gravel, 4–8 mm� used during the winter in Luleå �Viklander
1998�. Fig. 4 shows that, compared to the original friction mate-
rial, the particles less than 4 mm increased from 16 to 75% in the
swept material, to 51–59% in Catch Basins R2, R3, and R4 �ac-
cumulated over 4 months�, to 78% in Catch Basin R1b �accumu-
lated over 1 year�, and to 87% for catch basin R1a �accumulated
over five years�. This increase of small particles in the street
sediment could be caused by the traffic crushing the original fric-
tion material and by the wearing of the road surface and of tires.

Total Metal Content

The total and dissolved concentration in the water phase is sum-
marized in Table 2. Table reports the mean, standard deviation,
median, and range as well as the guidelines from Swedish EPA
�SEPA 2000�, the Canadian environmental quality guidelines
�CEQ 2003�, and the USEPA �only dissolved metals� �USEPA
2006�. The mean and median values show large variations for all
metals, differences that indicate a large variation between catch
basins. Most of the metals were attached to particles; the dis-
solved fraction was around 1% or lower for all metals except As,
which was 5%. Corresponding values for storm water were be-

tween 10 and 25% and for meltwater under 4% for Cd, Cu, Ni,
Pb, and Zn �Westerlund et al. 2003�. Table 2 shows that the mean
values of the total concentrations for As, Cd, Cr, Cu, Ni, Pb, and
Zn exceeded both guidelines for total concentrations, whereas Hg
exceeded the guidelines for Canada. The mean concentration of
dissolved Cu and Pb exceeded the USEPA guideline, which also
was the case for the dissolved maximum levels of Cd and Zn. The
mean concentration of dissolved Pb and the dissolved maximum
level for Zn even exceeded the two guidelines for total concen-
tration, whereas the maximum levels of dissolved As, Cd, and Cu
were very close to exceeding some of the guidelines. The concen-
tration in the water phase was dependent on how much water was
added to the catch basin, i.e., more water gave lower concentra-
tions. The total concentrations of the wash water were �1,
�0.05, �0.9, 16, �0.02, �0.6, 0.9, and 33 �g /L for As, Cd, Cr,
Cu, Hg, Ni, Pb, and Zn, respectively, which is less than 1% of the
total metal concentration. However, as the water was added with
hydrodynamic pressure, the sediment was substantially mixed, an
action that gave rise to higher concentrations of SS, which then
gave rise to higher concentrations of metals in the water as most
of the metals were attached to particles. The results showed that
the highest concentrations for most of the metals in the total phase
were found in catch basins that water was added to. However, the
added water and the mixing of water and sediment just increased
the concentrations of SS and metals up to a certain level, after
which time the water had a diluting effect. For the dissolved
phase, no relationship could be seen between the concentrations
and the amount of water added to the different catch basins. Com-
pared to highway runoff �event mean concentrations� reported by
Sansalone and Buchberger �1997� and Shinya et al. �2000�, the
total concentration in the catch basin mixture was higher for Cr,
Cu, Ni, and Pb, whereas the dissolved concentration was lower,
which was expected as catch basins are ineffective in reducing
dissolved pollutants �Memon and Butler 2002a�. The higher con-
centration for the total phase was probably because the water in
the catch basin had been accumulated during a long period of
time. However, the traffic intensities in Sansalone and Buchberger
�1997� and Shinya et al. �2000� were much higher than those in
this study. The water phase concentration in this study had higher

Table 2. Total and Dissolved Metal and SS Concentrations in Water �n=10� and Guidelines

Metal ��g /L� Mean SD Median Minimum Maximum

Guidelines ��g /L�

Swedish EPAa

CEQb USEPAcClass 4 Class 5

SS �mg/L� 6,681 6,170 3,700 2,000 18,000

As Tot./diss. 109 /5.2 114 /3.6 55 /5.8 24 / �2 384 /12 15–75 �75 5.0 150

Cd Tot./diss. 17 /0.2 24 /0.5 7.5 /0.06 1.5 /0.02 82 /1.5 0.3–1.5 �1.5 0.017 0.25

Cr Tot./diss. 633 /1.6 627 /2.4 413 /1.0 53 /0.2 2260 /8.4 15–75 �75 8.9d 74d

Cu Tot./diss. 1,738 /11 1,553 /12 1,165 /7.4 252 /1.8 5,590 /41 9–45 �45 2–4 9

Hg Tot./diss. 1.1 /0.002 1.8 /0.002 0.3 /0.001 0.01 / �0.002 5.9 /0.006 — — 0.026 0.77

Ni Tot./diss. 410 /6.1 463 /3.3 251 /4.8 39 /2.9 1,580 /12 45–225 �225 25–150 52

Pb Tot./diss. 3,425 /52 5,433 /108 854 /6.1 108 /0.5 17,900 /330 3–15 �15 1–7 2.5

Zn Tot./diss. 5,361 /60 4,486 /99 3,955 /26 534 /12.4 16,900 /304 60–300 �300 30 120
aClass 5: high risk for biological effects with short exposure, Class 4: Increased risk for biological effects �Swedish EPA 2000�.
bValues are meant to protect all forms of aquatic life and all aspects of the aquatic life cycles, including the most sensitive life stage of the most sensitive
species over the long term �Canadian water quality guidelines 2003�.
cHighest concentration of a material in surface water to which an aquatic community can be exposed briefly without resulting in an unacceptable effect
�USEPA 2006�.
dCr III.

Fig. 4. Particle-size distribution over original friction material, street
sediment and catch basin sediment

JOURNAL OF ENVIRONMENTAL ENGINEERING © ASCE / OCTOBER 2008 / 873



concentrations for the studied metals than the standing liquid in
catch basins, except for Cd, according to a study reported in Pratt
and Adams �1984�. The higher concentration in this study was
probably due to the difference in sampling technique.

According to Sartor and Boyd �1972�, particles greater than
2,000 �m are less important in transporting metals; therefore,
only particles �2,000 �m were analyzed. Table 3 shows the
mean, standard deviation �SD�, median, and range as well as the
guidelines for soil from the Swedish EPA �SEPA 1999� and the
Canadian environmental quality guidelines �CEQ 2003�. The
mean and median values were almost the same for all metals and
the standard deviation was not as high as it was for water. This
indicates that the metal concentration was more equal between the
catch basins in the sediment phase than in the water phase. The
mean values for the catch basins were less serious when com-
pared to the Swedish EPA. Compared to the Canadian guidelines,
only the maximum value for copper exceeded the limit for resi-
dential or parkland use. Unfortunately, there is no guideline for
mercury. Compared to other catch basin sediment, the metal con-
centrations for Cd, Cr, Cu, Ni, Pb, and Zn in this study were
lower than reported by Grottker �1990� and Birch and Scollen
�2003�. Compared to street sediment �German 2003� and pond
sediment �Marsalek and Marsalek 1997; German 2003�, the con-
centration in the catch basin was lower, whereas for the pond
sediment, as reported by Liebens �2001�, the concentrations for

As, Cr, Cu, and Ni were higher in the catch basin. However, a
large numbers of factors affect the concentration in the sediments,
e.g., traffic intensity and drainage area.

Metal Content in Different Areas

In order to study if any differences exist between the sites, the
results have been divided into two different sites: housing area
and road. Table 4 shows the mean, median, and SD for the water
concentrations for the two sites. The mean concentration of SS
was almost the same in both areas. When the mean concentration
for the metals was compared for the two sites, the values for the
housing area appeared to be higher than those for the road. In
order to verify this, statistical analyses were performed using a
two-sample comparison of the means, a t-test, for the total and
dissolved concentrations between the two sites. According to the
test, there was no significant difference between the two sites, at a
95% confidence level, for either total or dissolved concentrations.
The explanation for not finding a significant difference could be
that the differences are just a function of sampling method or that
the housing area has too many variations because the debris in the
basin has been there for 25 years. The road is a more homogenous
area than the housing area, which makes the variation smaller in
this site. Compared to the guidelines in Table 2, all of the total
concentrations in both areas exceeded the limits for one or more

Table 3. Metal Concentrations in Sediment ��2,000 �m, n=10� and Guidelines for Soil �mg/kg dw�

Metal Mean SD Median Minimum Maximum

Guidelines

Swedish EPAa CEQb

Less
serious

Moderately
serious Res/parkc Comm.d

As 6 2 6 2 9 �15 15–45 12 12

Cd 0.1 0.1 0.1 0.1 0.3 �0.4 0.4–1.2 10 22

Cr 18 7 19 8 31 �120 120–360 64 87

Cu 38 21 39 10 81 �100 100–300 63 91

Hg 0.5 0.1 0.5 0.5 0.7 — — — —

Ni 14 6 13 4 20 �35 35–105 50 50

Pb 32 19 28 12 67 �80 80–240 140 260

Zn 85 31 86 25 121 �350 350–1050 200 360
aSwedish EPA 1999b.
bCanadian Environmental quality guidelines 2003.
cResidential/Parkland use.
dCommercial land use.

Table 4. Total and Dissolved Metal and SS Concentrations in Water from the Housing Area and Road ��g /L�.

Metal

Housing area �n=5� Road �n=5�

Mean SD Median Mean SD Median

SS �mg/I� 6,662 6,790 3,000 6,700 6,288 4,100

As Total/dissolved 177 /7.7 131 /2.8 173 /6.6 40 /2.7 16 /2.3 37 /1.9
Cd Total/dissolved 29 /0.4 31 /0.6 19 /0.06 4.7 /0.07 2.5 /0.04 3 /0.06
Cr Total/dissolved 885 /2.6 845 /3.3 705 /1.5 381 /0.7 102 /0.4 389 /0.6
Cu Total/dissolved 2,380 /16 2,048 /15 1,800 /14 1,096 /6.2 449 /2.6 874 /7.3
Hg Total/dissolved 2 /0.003 2.3 /0.002 1.6 /0.003 0.3 / �0.002 0.1/— 0.3 / �0.002

Ni Total/dissolved 557 /8.4 605 /3.1 392 /7.8 262 /3.7 90 /1.1 224 /3.2
Pb Total/dissolved 6,264 /101 6,795 /143 4,730 /10 587 /3.7 309 /5 433 /1.6
Zn Total/dissolved 7,059 /96 6,050 /123 6,120 /38 3,810 /23 1,360 /6.6 3,280 /26
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of the guidelines. Even the concentration for dissolved lead in the
housing area exceeded the limits for all three guidelines.

Table 5 shows the mean, median, and SD for the sediment
concentrations for the two sites. The mean concentration was
higher for the road for all metals except Cd and Pb. This was
opposite to the water concentrations, which had the highest con-
centration in the housing area. Even if the difference between the
two sites was smaller than it was in the water phase, a significant
difference between the sites could be seen for some metals. Ac-
cording to the t-test, there was a significant difference between
the two sites for Cr, Cu, Ni, and Zn, at a 95% confidence level,
whereas no significant difference could be found for As and Pb.
Unfortunately, no statistical analysis could be made for Cd and
Hg as most of the concentrations were below the detection limit,
�0.1 and �1 mg /kg, dry weight �dw� respectively. Compared to
the guidelines for soil in Table 3, the concentration for each metal
was below the limits.

Metal Content and Particle Size

The mean metal concentrations and standard deviations for six
grain-sized fractions ��63, 63–125, 125–250, 250–500, 500–
1,000, and 1,000–2,000 �m� for all catch basins are shown in
Fig. 5. Hg is not shown in Fig. 5 as the concentrations were under
the detection limits ��1 mg /kg dw� for most of the fractions. For
both sites, most of the metals had the highest concentration in the
smallest fraction ��63 �m� except for Pb and Zn for the road.
Particles from tires and brake linings, for example, which are a
source of metals �Muschak 1990; Davies et al. 2001�, are in the
size range 0.4–25 �m �Kumata et al. 1997; Garg et al. 2000�,
which could explain the high concentration in the smallest frac-
tion ��63 �m�. However, the particles produced when the pave-
ment erodes are larger than the particles from tires and brake
linings, but the size of the particles is dependent on the quality of
the pavement �Gustafsson 2002�. Both sites tended to show a
decreasing concentration with increasing particle size up to
500 �m, but then show an increase in concentration for the last
two fractions. This tendency has also been shown in previous
studies on street sediments �Stone and Marsalek 1996; Viklander
1998�. It also seems as if the variation between the fractions was
higher in the housing area than for the road.

Metal Content to a Catch Basin during 1 Year

One catch basin at each site �Catch Basin H1b and R1b� was
sampled over a 1-year interval to study how much of the metals
were retained in the catch basin during the year. Table 6 shows
the total and dissolved water concentrations and also the sediment
concentrations ��2,000 �m, mg/kg dw� for the two sites. A com-
parison of the total and dissolved water concentrations between
the two sites showed that the road �25,500 v /day� had a higher
concentration than the housing area �500 v /day�, except for dis-

Table 5. Metal Concentrations in Sediment ��2,000 �m� from Housing
Area and Road �mg/kg dw�

Metal

Housing area �n=5� Road �n=5�

Mean SD Median Mean SD Median

As 5 2 6 7 1.3 6

Cd 0.1 0.07 0.1 0.1 0.04 0.1

Cr 13 3.9 13 24 3.9 22

Cu 24 13 19 53 17 44

Hg 0.5 0.04 0.5 0.6 0.08 0.5

Ni 8 2.4 9 19 1.7 19

Pb 34 24 28 30 16 28

Zn 60 20 65 111 8.5 110

Fig. 5. Metal concentrations in different particle-size fraction, �2,000 �m �mg/kg dw� �n=10�
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solved Zn. The difference was larger for the total phase than for
the dissolved phase. Most of the metals were attached to particles
in both sites. All metals exceeded some of the water guidelines
�Table 2�; even many of the dissolved concentrations exceeded
the guidelines. For the sediment, on the other hand, the difference
between the two sites was not so large, except for Pb and Zn.
Compared to the soil guidelines in Table 3, all metals were below
the guideline limits. Although Table 6 shows only the results from
one catch basin from each site, these results can indicate what
will collect in a catch basin during 1 year.

Fig. 6 shows the metal concentrations in six grain-size
fractions ��63, 63–125, 125–250, 250–500, 500–1,000, and
1,000–2,000 �m� collected in a catch basin during 1 year. Cd
and Hg are not shown in Fig. 6 as the concentrations were under
the detection limits �0.1 mg /kg dw and �1 mg /kg dw respec-
tively, for most of the fractions. The smallest fraction ��63 �m�
had the highest concentration, except for Pb and Zn for the road
where the largest fraction �1,000–2,000 �m� had the highest con-
centrations. Both sites had the same tendency to show a decreas-
ing concentration with increasing particle size. The concentration
in the housing area decreased with increasing particle size except
for As and Cr, where it increased for the largest fraction. For the
road, the concentration decreased to 250 �m for Cr, Cu, Ni, and
Pb; however, for Zn, it increased from 500 �m and up and for As,

it increased for the largest fraction. However, the concentration
was almost the same for the sediments that have been accumu-
lated, except for Pb in the housing area, which had a considerably
lower concentration, probably because the use of leaded gasoline
has decreased over the past few decades.

Quantity

All the concentrations in this study represent the conditions oc-
curring at the time of sampling, i.e. they reflect the build up of
pollutants in the sediment during different periods. The quantity
of sediment within each catch basin varies, where the mean quan-
tity of sediment from the housing area �500 v /day� was 81.5 kg
�accumulated for 25 years�, with a total mean runoff volume of
5,800 m3. However, during 1 year, approximately 9.5 kg of sedi-
ment was collected from the catch basin in the housing area �run-
off volume of 220 m3�. By multiplying the quantity of sediment
accumulated during 1 year by the number of years the accumu-
lated sediments have been in the catch basin, one can see that, for
the housing area, the quantity that should have been retained in
the grit chamber was substantially higher, almost three times
more, than what was actually retained. This shows that a consid-
erable amount of sediment from the housing area has been trans-
ported directly to the sewer system and has been deposited in the
pipes or flushed out to the receiving waters. The same trend can
be seen for the quantity of metals ��2,000 �m�. By comparing
the quantity of metals collected during 1 year to the quantity that
has accumulated, one can see that, in the housing area, the
amount of metals collected should have been three times higher
than what was actually collected.

The catch basins for the road �25,500 v /day� had different
emptying frequencies �see Table 1�. During four months �July–
October�, approximately 2.7 kg of sediment was retained, and
during 1 year, approximately 4.7 kg of sediment was retained. By
multiplying the amount of sediment that was retained during the
4 months by three, one can see that more sediment should have
been retained during 1 year than what was actually retained.
However, during late summer and autumn, rain events with high
flow will occur and transport larger particles to the catch basin,
whereas, during snowmelt, more fine particles will be transported
than during rain events �Westerlund and Viklander 2006�. Most of
the larger particles left on the street after snowmelt will be re-

Table 6. Metal and SS Concentrations in Water and Sediment
��2,000 �m� in a Catch Basin during 1 Year

Metal

Water ��g /L�
Sediment

�mg/kg dw�Housing area Road

Total Dissolved Total Dissolved
Housing
area Road

SS �mg/I� 3,000 — 4,100 — — —

As 29 5.6 62 6.8 5.6 5.7

Cd 1.5 0.03 7.3 0.1 0.08 0.1

Cr 53 0.6 389 1.3 12 24

Cu 252 5.7 866 5.9 34 38

Hg 0.1 �0.002 0.3 �0.002 0.5 0.5

Ni 39 4.2 224 5.5 10 16

Pb 108 2 1,120 29 13 31

Zn 534 38 3,080 29 63 109

Fig. 6. Metal content in different particle-size fraction in a catch basin during 1 year, �2,000 �m �mg/kg dw�
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moved by street sweeping before they are transported to the catch
basin �German 2002; Viklander 1998; Stone and Marsalek 1996�.
According to Fig. 3, Catch Basin R1b �sediment accumulated
during 1 year� had a higher amount of fine particles than did
Catch Basins R2, R3, and R4 �sediment accumulated during
four months� and as fine particles weigh less than larger particles,
the amount of sediment should be different between the catch
basins. This indicates that the amount of sediment and the
particle-size distribution in the catch basins differ during the year,
so it is important to study the whole year, including the snowmelt
period.

Two catch basins in each site �H1 and H2 in the housing area
and R1 and R2 for the road� lie next to each other. In order to
examine the relationship between the amount of sediment in each
fraction size ��2,000 �m� between these two catch basins in
both sites, a regression analysis was performed. A statistically
significant relationship ��=0.01� was found for both sites with an
R2=96% for the catch basins by the road �25,500 v /day� and
R2=97% for the catch basins in the housing area �500 v /day�,
i.e., the two catch basins that lie next to each other have very
similar amounts of sediment �for fractions �2,000 �m�. An ad-
ditional regression analysis was performed in order to examine
the relationship between the amounts of metals in each fraction
size ��2,000 �m� for the two catch basins in each site. A statis-
tically significant relationship was found in the housing area for
Cu ��=0.01, R2=97%� and a weaker relationship was found for
Zn ��=0.05, R2=79%�, whereas no relationship was found for
the other metals �As, Cd, Cr, Cu, Hg, and Pb�, i.e., the two catch
basins that lie next to each other in the housing area have very
similar amounts of Cu and Zn in each of the six size fractions �for
fractions �2,000 �m�.

When this method �eductor truck� is used to clean catch ba-
sins, a large amount of water is created that can be poured out
into the cleaned catch basin. With less water in the trucks, they
are safer to operate, fewer problems with the load limit occur,
and more sediments can be transported �Hepp 1995�. However,
many municipalities have recommendations that the mixture
should be taken to a specific dumping site. Nevertheless, occa-
sionally, the water is poured back into the catch basin, storm
sewers, or surface water, thus causing problems in the receiving
water �Crowley 2006�. As seen when the concentration of the
catch basin mix is compared with different guidelines, the water
phase contains high concentrations of metals. This implies that
the water mixture must be treated before it reaches the natural
environment and should not be poured back to the catch basin if
it flows from the catch basin to a receiving water without addi-
tional treatment. Ideally, discharge into a sanitary sewer for ad-
equate treatment would be desirable. Although this paper only
investigated a few catch basins, it demonstrates what the catch
basin mixture can contain in terms of metals. Based on the results
from this study, the recommendation is that the catch basins
should be cleaned annually to prevent movement of contaminants
from the catch basins into the sewers. However, the load of con-
taminants to catch basins differs between areas and the cleaning
frequency could therefore vary between a couple of months or
years, although the general recommendation is cleaning at 1 year
intervals.

The interest in sustainable societies and recycling systems re-
quires the reuse of different materials, including sand used for
skid control or sediment from catch basins. However, because
these sediments contain much higher concentrations of pollutants
than do natural sediments, they may be a secondary source of
pollutants in a long-term perspective. However, the question of

how to handle the contaminated sediments is still unanswered.
This problem deals not only with sediments from catch basins but
also with other contaminated sediments from different best man-
agement practices, e.g. ponds, detention basins, and swales. The
contaminated sediment can be placed in a controlled landfill, but
with the volume of sediment there is today �pond, wetland, swale,
catch basin, etc.�, that process is very expensive. Therefore, a
more effective way to deal with the sediment problem than the
one used today is needed, as every municipality is handling the
sediment in different ways. The sediment is cleaned in some way
before it is reused, dumped in a controlled landfill, or just dumped
somewhere that is convenient. In one way or another, in the end,
the pollutants will reach the receiving water or soil and the only
way to decrease the load to the environment is to reduce the
sources of the pollutants.

Conclusions

The results showed that the metal concentrations varied more in
the water phase than in the sediment phase and that most of the
metals were attached to particles. No significant difference was
found in the water phase between the two sites, whereas a signifi-
cant difference was found for Cr, Cu, Ni, and Zn in the sediment
at a 95% confidence level, where the road had the highest con-
centrations. With two exceptions, the smallest fraction ��63 �m�
had the largest concentration of metals and both sites tended to
show a decreasing concentration with increasing particle size up
to 500 �m; however, the concentration increased for the last two
fractions. During a 1-year accumulation period, the road had
higher concentrations than the housing area. The particle-size dis-
tribution showed that many factors had an impact on the size
distribution in a catch basin, e.g., sampling procedure, time, and
traffic intensity. It is also important to study the whole year as the
amount of sediment collected in a catch basin differs during the
year. The water exceeded the guidelines for the discharge criteria
for all studied metals, whereas for the sediment, only copper ex-
ceeded the guidelines for soil. This result implies that the catch
basin mixture must be treated before it reaches the natural envi-
ronment and the water phase should not be poured back to the
catch basin if it flows from the catch basin to a receiving water
without additional treatment. Ideally, discharge into a sanitary
sewer for adequate treatment would be desirable. Based on the
results from this study, a general recommendation of an annual
cleaning is suggested.
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Abstract A gully pot is often cleaned with the help of
an eductor truck, which uses hydrodynamic pressure
and a vacuum to loosen and remove the solids and
standing liquid from a gully pot. This paper considers
the polycyclic aromatic hydrocarbons (PAH) content in
the gully pot mixture (water and sediment) after it has
been discharged from the eductor truck. The results
show that most PAH was attached to particles, and the
dissolved phase represented approximately 22% of
the total water concentration. No significant difference
was found for the water phase between a housing area
and a road, whereas a significant difference was found
for NAP, ACE, FL, ANT, FLR, PYR, BaF, and BPY in
the sediment at a 95% confidence level. Source iden-
tification showed that the PAH in the gully pot mixture
came frommixed sources. Both the water and sediment
phase exceed all or some of the compared guidelines.
The result from this paper shows that not only the
sediment needs to be discussed, but also the water phase
created during the maintenance of different BMPs.

Keywords BMP. Catch basin . Organic content .

Sources . Stormwater

1 Introduction

The major sources of PAH in stormwater are the wear
and leaching of asphalt, tire wear, drips of crankcase
oil, and vehicular exhaust (Neff 1979; Brandt and De
Groot 2001, Brown and Peake 2006). Smith et al.
(2000) reported that the total concentration of PAH
was highest at the beginning of the runoff, the so-
called first flush, and decreases with time. The most
abundant PAHs in stormwater are phenanthrene, an-
thracene, fluoranthene and pyrene (Gonzalez et al.
2000; Brown 2002). Gonzalez et al. (2000) reported
that these four PAHs accounted for 85% from a total
16 PAH in stormwater. Rocher et al. (2004) studied
sewer deposits in a combined system and found phen-
anthrene, fluoranthene and pyrene to dominate. How-
ever, Smith et al. (2000) reported that naphthalene,
followed by acenaphthene, was most frequently de-
tected in stormwater in Virginia, USA. Generally, as a
group, PAHs have relatively low solubility and high
affinity for organic carbon, and most PAH can there-
fore be found attached to particles that have settled
or are suspended in the water column (Simon and
Sobieraj 2006; ATSDR 1995). Marsalek et al. (1997)
found that PAHs in stormwater were correlated to
suspended solids and only a small amount of the
total load was found in dissolved form. This has also
been reported in other studies, such as Hoffman et al.
(1984) and Gonzalez et al. (2000). In road runoff
small molecules such as three-ring PAHs tend to be
enriched in the fine sand fraction, whereas the larger
PAH (six-ring PAHs) are enriched in the fine silt frac-
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tion (Krein and Schorer 2000). Several PAHs are
carcinogenic and mutagenic (ATSDR 1995), and are
included in the United States Environmental Protec-
tion Agency (USEPA) and EU priority pollutants list.
According to a Danish study, runoff-contaminated sedi-
ments from a stream and a retention basin were polluted
with heavy metals and PAH, and the sediment and the
pore water were toxic to algae (Christensen et al. 2006).
Boxall and Maltby (1995) and Maltby et al. (1995)
found that organic compounds were the source of
the toxicity in runoff-contaminated sediment and that
the fraction of three to five-ring PAHs were the major
toxicants.

Gully pots are used to trap solids and protect the
downstream sewer system or receiving waters from
sediment deposition. Many workers have studied the
metal concentrations in gully pot sediment and water,
e.g. Birch and Scollen (2003); Grottker (1990) and Pratt
and Adams (1984), though very few have studied PAH
in gully pots. However, Brown and Peake (2006)
found that road debris (street dust and gully pot
mixture) was the major source of heavy metals and
PAH in stormwater and that the gully pot mixture
(water and sediment) had higher concentrations of
PAH than street dust. Gully pots need to be cleaned
periodically because they collect significantly large
amounts of material that have been washed off the
streets and other surfaces into the stormwater system.
The most commonly used method to clean gully pots
is to use an eductor truck, which uses hydrodynamic
pressure and a vacuum to loosen and remove solids
and the standing liquid from the gully pot. With this
method, a large amount of liquids is produced com-
pared with solids (Hepp 1995). The liquid created
during the cleaning contains pollutants from the
original standing liquid plus suspended solids that
can be of concern if the liquid is disposed of back into
the gully pot or receiving water. When the gully pot
is cleaned and the solids and standing liquid are
vacuumed into the eductor truck, this mixture becomes
a slurry of standing liquid, solids and wash-water that
has to be disposed of. The objective of this paper is to
consider the quality of the solid and liquid phase
(henceforth called sediment phase and water phase) of
the slurry due to the presence of PAH after it has been
discharged from the eductor truck, and to determine
if any differences in concentration exist between a
housing area and a road. The sources of the PAHs will
be investigated using profiles and ratios. The results

are compared to guidelines from different countries to
determine whether the water and sediment exceed the
discharge criteria.

2 Study Area and Method

2.1 Field Site

This study was conducted in northern Sweden in
the city of Luleå (N:65°36′, E:22°13′), with approxi-
mately 73,000 inhabitants. Luleå has an average an-
nual precipitation of 506 mm of which 194 mm
(water equivalent) is an average annual snowfall
(Alexandersson and Eggertsson Karlström 2001). No
de-icing salts are used in the city of Luleå however;
however, between 6,000–7,000 tons of anti skid
material are used (4–8 mm) and approximately 50%
is removed in the spring through street sweeping.
More anti-skid material is used in the city centre
compared to the outskirts of the city. Two sampling
sites were selected according to the type of area and
traffic intensity: housing area (500 v/d) and road
(25,500 v/d). The housing area consists of detached
houses with private garages located in the outskirt of
Luleå. The road is located in the city centre adjacent
to a gulf and consists of two lanes, paved with as-
phalt, in each direction with a swale in the middle.
The studied gully pots are on the side closest to the
water and a sidewalk is located between the gully pots
and the water. The contributing areas to the gully pots
are asphalted roads (both areas) and roof runoff (only
housing area) i.e. the areas are impervious.

2.2 Sampling

The samples were taken during the autumns of 2004
and 2005. One gully pot from each site was emptied
in November 2004 and then again in November 2005
together with six other gully pots, three from each
site. Three gully pots from the road (R2, R3, and R3)
were emptied once during the summer, making the
accumulation period only four months in this study.
The gully pots were totally emptied with a washed
eductor truck using hydrodynamic pressure and a
vacuum to loosen and remove the sediment and water.
The eductor truck has a capacity of 390 l/min at
13,000 kPa. Different amounts of water were added to
the gully pots due to the hardness of the sediment.
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The mixture of standing water, sediment and wash-
water was mixed together in the eductor truck. When
this mixture was discharged from the eductor truck,
water samples representing the water that could be
poured back into the cleaned gully pot, storm sewer,
sanitary sewer, or surface water were collected for
immediate analysis. However, the water was not
poured back into the gully pots in this study and the
entire mixture was dumped into a clean container and
the sediment samples were collected after the over-
laying water was pumped away. Between every sam-
pling occasion, the eductor truck was washed. All
gully pots were made of concrete.

Table 1 gives information about the eight gully
pots regarding sampling year, cleaning interval, im-
pervious area in the catchment, amount of standing
liquid, and amount of water added during the cleaning.
The whole grit chamber in gully pots H1a, H2 H3, and
R1a were filled with sediment and water was therefore
used during the emptying process to remove all the
sediment.

2.3 Laboratory Analyses

The method used for suspended solids (SS) was the
standard method SS-EN 872:1996 – a standard based
on filtering through a glass-fibre filter with a pore size
of 1.6 μm (SIS 1996). The water and sediment were
analysed for a suite of 16 PAHs; Naphthalene (NAP),
Acenaphthylene (ACY), Acenaphthene (ACE), Fluo-
rene (FL), Phenanthrene (PHEN), Anthracene (ANT),
Fluoranthene (FLR), Pyrene (PYR), Benzo(a)anthra-
cene (BaA), Chrysene (CHY), Benzo(b)fluoranthene
(BbF), Benzo(k)fluoranthene (BkF), Benzo(a)pyrene
(BaP), Dibenz(a,h)anthracene (DBA), Benzo(ghi)perylene
(BPY) and Indeno(1,2,3-cd)pyrene (INP). All chemi-
cal analyses were performed by the accredited lab-

oratory Analytica AB. The water concentrations
were performed according to the methods US EPA
610 and 550 and determined by High Performance
Liquid Chromatography (HPLC) with a UV- and
fluorescence detector. The total concentration was
extracted with hexane prior to analysis and analysing
the content of the filtered samples (0.45 μm) yielded
the dissolved concentration. Both external calibration
and five internal standards (d8-naphtalene, d10-
acenapthene, d10-phenathrene, d12-chrysene, d12 -
perylene) were used. The calibration ranges were
from 10 to 2,000 ng/ml (μg/l). Limits of determi-
nation were 0.1 μg/l for NAP, 0.01 μg/l for ACY,
ACE, ANT, BaA, CHY, BbF, BkF, INP, DBA, BPY,
0.02 μg/l for FL and BaP, 0.03 μg/l for PHEN and
FLR, and 0.06 μg/l for PYR. The sediment concen-
trations were performed according to the method US
EPA 8270. The PAH concentration in the sediment
was determined by Gas Chromatography–Mass Spec-
trometry (GC–MS) after extraction with n-hexan/
aceton (1:1).

The suspended particulate concentration was cal-
culated by subtracting the dissolved concentration
from the total concentration and then dividing the
result by the concentration of SS in the sample. To
perform the calculations, values below the detection
limit were replaced by half of the detection limits
value, as discussed in Tsanis et al. (1994). Statistical
analyses were performed using the program Stat-
graphics to evaluate data.

3 Results and Discussion

3.1 Total PAH Concentration

The pH, temperature, conductivity, total and dissolved
concentration, mean, standard deviation, median and

Table 1 Physical characteristics for the gully pots

Housing area Road

Gully pot H1a H1b H2 H3 H4 R1a R1b R2 R3 R4

Sampled (year) -04 -05 -05 -05 -05 -04 -05 -05 -05 -05
Cleaning interval (year) >25a 1 >25a >25a >25a >5a 1 0.3 0.3 0.3
Impervious area (m2) 418 – 305 429 560 208 – 212 197 216
Standing liquid (l) <20 70 <20 <20 >30 <20 100 90 85 75
Water added (l) 420 – 40 80 – 600 – – – –

a According to the city of Luleå; n.d. = No data
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range in the water phase are summarized in Table 2.
The Canadian environmental quality guidelines (CEQ
2003), Australian Water Quality Guidelines for Fresh
and Marine Waters (ANZECC 1992), British Colum-
bia Provincial water quality criteria for polycyclic
aromatic hydrocarbons (O’Riordan 1993), guideline
values from the Dutch circular about contaminated
soils and groundwater (DEM 1994) and the EU guide-
lines for drinking water (EU 1998) are shown in
Table 3. The results for pH, temperature and conduc-
tivity showed that the values between the gully pots
varied, though small. For the metals the mean and
median values show relatively similar values, while
the standard deviation shows high values indicating
large variations between the gully pots. The sum of
carcinogenic PAH (BaA, CHY, BbF, BkF, BaP, DBA,
and INP) had a mean concentration of 3.3±2.5 μg/l in
the total phase and 0.5±0.9 μg/l in the dissolved
phase. The dissolved phase for the each individual
PAH could be detected in most of the gully pots. FL
and PHEN were the only PAHs detected in the dis-
solved phase in all gully pots. Most PAH were attached
to particles; the dissolved fraction was between 4 and
65% for the 16 PAH in the gully pots, with a mean of

22%. However, some of the individual PAH show high
percentages in the gully pots, e.g. for BaP the dis-
solved phase was as high as 73% of the total con-
centration in gully pot H3, which is of interest since
BaP is strongly carcinogenic (Neff 1979) and in gully
pot R2 all of the NAP was in dissolved phase. These
results are higher than reported for stormwater in
Marsalek et al. (1997), where around 11% in the dis-
solved phase and only 3 individual PAH (PHEN, PYR
and FLR) were found in the dissolved phase. Hoffman
et al. (1984) reported that high molecular PAH was
associated with particulate matter, averaging from 79
to 93%. However, Brown (2002) reported a high per-
centage of dissolved PAH with low molecular weight,
whereas PAH with high molecular weight were asso-
ciated with particular matter. This has also been some-
what observed in the present study. Brown (2002) also
reported a higher total concentration of the total 16
PAH (similar sampling techniques) compared to this
study.

In the total phase, the most abundant PAH was
NAP, which accounted for 55% of the total sum of 16
PAH, followed by PHEN (10%), FLR (7.5%), and
PYR (7%) of the total sum of 16 PAH. These four

Table 2 Mean-, standard deviation-, median-, maximum- and minimum concentration for pH, temperature, conductivity, suspended
solids, total and dissolved PAHs in the water phase (n=10), (μg/l)

Mean St. dev Median Max Min

pH 7.4 0.4 7.6 8.0 6.8
Temperature (°C) 7.4 0.5 7.2 8.2 6.8
Conductivity (μS) 392 171 430 578 126
SS (mg/l) 6,681 6,170 3,700 18,000 2,000
NAP Tot./Diss. 105/28 95/52 94/11 240/170 <0.34/<0.34
ACY Tot./Diss. 1.4/0.3 1.0/0.5 1.4/0.1 2.9/1.6 <0.25/<0.25
ACE Tot./Diss. 6.5/1.0 5.7/1.5 7.0/0.6 17/5.2 <0.025/<0.025
FL Tot./Diss. 6/1.0 5.2/1.5 5.3/0.6 15/5.2 0.057/0.04
PHEN Tot./Diss. 12/1.5 11/2.3 8.6/0.8 31/7.9 0.6/0.08
ANT Tot./Diss. 1.9/0.3 1.7/0.5 1.6/0.1 5/1.6 0.05/<0.013
FLR Tot./Diss. 8.4/1.0 8/1.8 5.8/0.4 22/6.1 0.8/<0.03
PYR Tot./Diss. 5.9/0.7 5.5/1.2 3.9/0.3 16/4.1 0.6/<0.037
BaA Tot./Diss. 0.4/0.05 0.5/0.08 0.2/0.02 1.1/0.3 0.1/<0.01
CHY Tot./Diss. 1.1/0.2 1/0.4 0.5/0.1 3.4/1.2 0.3/<0.016
BbF Tot./Diss. 0.7/0.08 0.5/0.1 0.5/0.02 1.7/0.4 0.2/<0.027
BkF Tot./Diss. 0.2/0.03 0.2/0.05 0.1/0.01 0.6/0.2 <0.01/<0.01
BaP Tot./Diss. 0.4/0.06 0.3/0.1 0.4/0.01 1.1/0.4 0.04/<0.026
DBA Tot./Diss. 0.1/0.02 0.1/0.03 0.07/0.01 0.3/0.1 0.03/<0.012
BPY Tot./Diss. 0.7/0.09 0.5/0.2 0.5/0.03 1.8/0.5 0.15/<0.01
INP Tot./Diss. 0.3/0.04 0.3/0.07 0.2/0.01 1/0.2 0.06/<0.01
∑16 PAH Tot./Diss. 151/34 131/60 127/15 340/200 4.6/0.7
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individual PAH represented 80% of all 16 PAH
measured in the total phase. NAP was also the most
abundant PAH in the dissolved phase, 82% of the 16
PAH, followed by PHEN at only 5% of the 16 PAH.

Unfortunately, no threshold values for the indi-
vidual PAH ACY, BbF and DBA were included in
the five different guidelines. The mean dissolved con-
centrations for the individual PAH, viz. NAP, PHEN,
PYR, and the sum 16 EPA-PAH all exceeded the
limit for the three fresh and marine waters guidelines.
The mean dissolved concentration for FLR, CHY,
BaP, BPY, and the sum of 4 EU-PAH exceeded the
guidelines for groundwater and drinking water; how-
ever, all of the maximum dissolved concentrations
exceeded the threshold values reported in the Dutch
groundwater guidelines.

Table 4 shows the mean, standard deviation, median,
and range for the sediment as well as the guidelines
for soil and sediment from the Canadian environ-
mental quality guidelines (CEQ 2003) and Ontario
Provincial Sediment Quality Guidelines (Environment
Ontario 1993). All individual PAH, except ACY, were
found in all or a few of the gully pots. The sum of
carcinogenic PAH (BaA, CHY, BbF, BkF, BaP, DBA,
and INP) had a mean concentration in the sediment
of 0.3±0.1 mg/kg dw. Table 4 shows that only NAP
exceeded the CWQG for soil (residential/parkland

use), and NAP, ACE, and FL exceeded the CWQG
for sediment. Compared to OMOE, those that ex-
ceeded the lowest effect levels were FL, PHEN, FLR,
PYR and the sum 16 EPA-PAH. However, the max-
imum value for ANT and BPY exceeded the guide-
lines for sediment. The mean concentration of the
sum 16 EPA-PAH was higher in this study compare
to a New Zealand study with a similar sampling tech-
nique (Brown 2002). Another Swedish study on gully
pot sediment from roads with higher traffic intensities
had lower concentrations for NAP, ACE, PHEN, ANT,
FLR, and PYR than this study, and the sum of 16 EPA-
PAH shows the same mean value, i.e. 10 mg/kg dw
(Larsson 2006). Stout et al. (2004) investigated surface
sediment (0–10 cm) in 9 US waterways, with 6 show-
ing lower sediment concentrations for the sum 16
EPA-PAH than the sediment from the gully pots. The
most abundant PAH in the sediment was NAP, at 58%
of the total sum of 16 PAH, followed by FLR (11%),
PHEN (9%), and PYR (7%).

3.2 PAH Concentration in Different Areas

To study if any differences exist between the sites, the
results were divided into two different sites: the
housing area (500 v/d) and road (25,500 v/d). Table 5
shows the mean, median, and standard deviation for

Table 3 Threshold values for five PAH guidelines

CWQG BCG ANZECC DEM EU

NAP 1.1 1a 16 70 –
ACY – – – – –
ACE – 6a – – –
FL – 12a – – –
PHEN 0.4 0.3a 0.6 5 –
ANT 0.012 4a/0.1b 0.01 5 –
FLR 0.04 4a/0.2b 1.0 1 –
PYR 0.025 0.02b – – –
BaA 0.018 0.1a – 0.5 –
CHY – – – 0.2 –
BbF – – – – –
BkF – – – 0.05 –
BaP 0.015 0.01a 0.1 0.05 0.01
DBA – – – – –
BPY – – – 0.05 –
INP – – – 0.05 –
∑4 PAHc – – – – 0.1
∑16 PAH – – 3 – –

a Fresh water (chronic); b Fresh water (phototoxic); c Sum of BbF, BkF, BPY and INP
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the water concentrations for both sites. The housing
area had higher mean concentrations than the road for
almost all individual PAH in both total and dissolved
phases; only BaP had the same total concentrations in

both areas. Both areas had high standard deviations,
though the housing area appeared to be higher be-
cause the road area is a more homogenous than the
housing area. However, statistical analyses were

Table 4 Mean-, standard deviation-, median-, maximum- and minimum concentration for suspended solids, total and dissolved PAHs
in the sediment phase (n=10), (mg/kg dw)

CWQG OMOE

Mean St.dev Median Max Min Soil Sedimenta Sedimentb

NAP 6.8 5.7 6.3 15 0.6 0.6c/22d 0.391 –
ACY <0.25 – – <0.25 <0.25 – 0.128 –
ACE 0.5 0.4 0.5 1 0.036 – 0.0889 –
FL 0.4 0.2 0.4 0.7 0.06 – 0.0212 0.19
PHEN 0.8 0.4 0.9 1.4 0.2 5c/50d 0.515 0.56
ANT 0.2 0.1 0.2 0.3 0.02 – 0.245 0.22
FLR 0.9 0.4 0.9 1.3 0.2 – 2.355 0.75
PYR 0.5 0.2 0.6 0.8 0.2 10c/100d 0.875 0.49
BaA 0.06 0.01 0.06 0.07 0.04 1c/10d 0.0748 0.32
CHY 0.03 0.03 0.02 0.1 <0.037 – 0.862 0.34
BbF 0.2 0.07 0.2 0.2 0.06 1c/10d – –
BkF 0.03 0.01 0.02 0.04 0.02 1c/10d – 0.24
BaP 0.01 0.01 0.01 0.03 <0.01 0.7c/0.7d 0.782 0.37
DBA 0.01 0.01 0.01 0.03 <0.01 1c/10d 0.135 0.06
BPY 0.09 0.06 0.09 0.2 0.03 – – 0.17
INP 0.02 0.01 0.02 0.05 <0.034 1c/10d – 0.2
∑16 PAH 10 7.4 9.9 20 1.4 – – 4

a Freshwater, Probable effect level; b Lowest effect level; c Residential/Parkland use; d Commercial land use

Table 5 Mean-, standard deviation-, and median concentration for suspended solids, total and dissolved PAHs in the water phase in a
housing area and a road (μg/l)

Housing area Road

Mean St. dev Median Mean St. dev Median

SS (mg/l) 6,662 6,790 3,000 6,700 6,288 4,100
NAP Tot./Diss. 121/41 111/73 180/8.9 89/15 87/16 57/12
ACY Tot./Diss. 1.5/0.4 1.3/– 2/0.1 1.2/0.2 0.7/0.1 1.1/0.1
ACE Tot./Diss. 8.1/1.3 7.6/2.2 11/0.3 4.9/0.7 3.2/0.5 4.9/0.9
FL Tot./Diss. 7.7/1.3 7/2.2 11/0.3 4.4/0.8 2.5/0.5 4.4/0.7
PHEN Tot./Diss. 16/2 14/3.3 23/0.6 7.6/1 3.7/0.6 7.1/0.8
ANT Tot./Diss. 2.5/0.4 2.2/0.7 3.3/0.09 1.3/0.2 0.8/0.1 1.3/0.1
FLR Tot./Diss. 12/1.4 10/2.6 18/0.4 4.9/0.6 2.5/0.4 4.5/0.4
PYR Tot./Diss. 8.4/1.0 7/1.7 11/0.3 3.4/0.4 1.5/0.3 3/0.3
BaA Tot./Diss. 0.7/0.07 0.5/0.1 0.9/0.03 0.2/0.03 0.1/0.02 0.1/0.02
CHY Tot./Diss. 1.6/0.3 1.2/0.5 1.7/0.1 0.6/0.1 0.6/0.1 0.4/0.05
BbF Tot./Diss. 0.9/0.1 0.7/0.2 0.9/0.03 0.5/0.05 0.1/0.05 0.5/0.01
BkF Tot./Diss. 0.2/0.04 0.3/0.07 0.1/0.01 0.09/0.01 0.03/0.007 0.08/0.01
BaP Tot./Diss. 0.4/0.09 0.4/0.2 0.2/0.01 0.4/0.04 0.1/0.003 0.4/0.01
DBA Tot./Diss. 0.2/0.02 0.1/– 0.1/0.01 0.1/0.009 0.07/0.004 0.06/0.01
BPY Tot./Diss. 0.9/0.1 0.7/0.2 0.7/0.02 0.5/0.06 0.1/0.05 0.4/0.04
INP Tot./Diss. 0.5/0.06 0.4/0.1 0.4/0.01 0.1/0.02 0.03/0.02 0.1/0.01
∑16 PAH Tot./Diss. 183/48 162/86 270/11 118/19 98/16 84/19
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performed (two-sample comparison of the means, a t-
test) indicating no significant difference between the
two sites, at a 95% confidence level for either total or
dissolved concentrations. The sum of carcinogenic
PAH in the housing area had a mean concentration of
4.5±3 μg/l in the total phase and 0.8±1.3 μg/l in the
dissolved phase, and the road had a mean concentra-
tion of 2±1 μg/l in the total phase and 0.2±0.3 μg/l
in the dissolved phase. Compared to the guidelines
presented in Table 3, the dissolved concentrations for
both areas exceeded all or a few of the guidelines, and
only FL had concentrations below the limits.

Table 6 shows the mean, standard deviation, and
median for the sediment concentrations of the two
sites. The mean concentration of the road was higher
for all individual PAH except for BaP. The standard
deviation was higher for the housing area, though
generally lower in the sediment than for the water
phase. According to statistical analyses (a t-test), a
significant difference between the two sites existed
for NAP, ACE, FL, ANT, FLR, PYR, BaF, and BPY,
at a 95% confidence level, whereas no significant
difference could be found for BaA, BbF, and BkF.
Unfortunately, no statistical analysis could be made
for the following PAH, since most of their con-
centrations were below the detection limit, i.e.
ACY <0.25 mg/kg dw, CHY <0.037, BaP <0.01,

DBA <0.01, and INP <0.034. Similar differences
between sites were previously reported, such as
Murakami et al. (2005) who studied the PAH content
in road dust in Japan for a residential area and a heavy
traffic area and found a significant difference in the
PAH profiles between both locations rather than
between size-fraction, density-fraction and period
of sampling. Lau and Stenstrom (2005) showed that
street particles in a residential area had lower con-
centrations than commercial, road and industrial land
use. The sum of carcinogenic PAH had a mean con-
centration in the sediment of 0.2±0.05 mg/kg dw for
the housing area and 0.4±0.05 mg/kg dw for the
road. Compared to the guidelines for soil and sediment
in Table 4, only the NAP concentration exceeded the
limit for soil (residential/parkland use), while the
concentrations of ACE and FL, in both sites, and
the concentrations of PHEN, ANT, FLR, PYR, and 16
EPA-PAH for the road exceeded the guidelines for
sediment.

3.3 Sources

The major source of PAH in stormwater comes from
combustion of fossil fuels or wood (pyrogenic source)
and drips of petroleum products (petrogenic source)
(Neff 1979; Brown 2002). Many studies, e.g. Hoffman

Table 6 Mean-, standard deviation-, and median concentration for suspended solids, total and dissolved PAHs in the sediment phase
in a housing area and a road (mg/kg dw)

Housing area Road

Mean St. dev Median Mean St. dev Median

NAP 1.8 1.2 1.7 12 3 11
ACY <0.25 – – <0.25 – –
ACE 0.2 0.1 0.2 0.8 0.2 0.8
FL 0.2 0.09 0,2 0.6 0.07 0,6
PHEN 0.4 0.2 0.5 1.3 0.1 1.2
ANT 0.09 0.05 0.1 0.3 0.03 0.3
FLR 0.6 0.3 0.7 1.2 0.1 1.2
PYR 0.3 0.1 0.4 0.7 0.04 0.7
BaA 0.05 0.02 0.05 0.07 0.005 0.06
CHY 0.03 0.01 0.02 0.04 0.05 0.02
BbF 0.08 0.03 0.07 0.2 0.02 0.2
BkF 0.02 0.005 0.02 0.03 0.01 0.03
BaP 0.02 0.01 0.02 0.007 0.004 0.005
DBA 0.01 0.01 0.005 0.02 0.007 0.02
BPY 0.04 0.03 0.03 0.1 0.04 0.1
INP <0.034 – – 0.03 0.02 0.03
∑16 PAH 3.8 1.9 4 17 2.9 17
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et al. (1984); Rocher et al. (2004); Brown and Peake
(2006), have divided the 16 EPA-PAH into 2 different
groups depending on their physical, chemical and bio-
logical properties; low molecular weight (LMW) and
high molecular weight (HMW) PAH. The LMW PAH
have 2–3 rings (naphthalene to anthracene) and are
acutely toxic to many aquatic organisms; the HMW
PAH have 4–6 rings (fluoranthene to Indeno(1,2,3-cd)
pyrene) and are strongly carcinogenic, especially BaP
(Neff 1979; Brown 2002). Pyrogenic sources have a
high abundance of HMW PAH, and LMW PAH domi-
nates petrogenic sources. However, some sources are
in-between pyrogenic and petrogenic profiles, e.g. used
lubricating oil and asphalt (Brown and Peake 2006).

The relative distribution of individual PAH can
be used to study the source of the PAH (Brown and
Peake 2006; Stout et al. 2004). The individual profiles
for the gully pots are plotted in Fig. 1 together with
the profile for atmospheric emissions from the steel
industry (Wahlberg 2007, pers. comm.), gasoline
(Marr et al. 1999), diesel fuel (Mi et al. 2000), used
lubricating oil (Wang et al. 2000), bitumen (Brandt
and De Groot 2001) and tire rubber (Lindgren 1998).
All three profiles for the gully pots show a very high
abundance of NAP; 83% for dissolved, 66% for

suspended particles, and 65% for sediment phase.
Gonzalez et al. (2000) found that NAP contributed
66% to the total atmospheric fallout in a study in
Paris, and Yang et al. (1998) showed that the concen-
tration of NAP is much higher than other PAH from
various industrial stacks. A major steel industry lo-
cated in Luleå discharged approximately 0.99 ton/year
of sum of 16 PAH into the atmosphere, where NAP is
the most abundant individual PAH (Alatalo 2006).
Regardless of NAP, the gully pots are enriched in
LMW PAH both in the water and sediment phase. The
suspended particles and the sediment show similar
profiles even though the sediment had slightly more
FLR than the water phase. The profile for gasoline
shows a high abundance of NAP while that of diesel
fuel shows high abundance of LMW PAH. The profile
for the used lubricating oil has a high abundance of
PHEN, ANT, NAP, and PYR, i.e. mostly LMW PAH.
HMW PAH dominates the bitumen profile more,
though it has high abundance of some LMW PAH
(NAP and PHEN), while the tire rubber profile shows
a high abundance of PYR. The gully pot mixture
seems to be a mix between atmospheric fall out, gas-
oline, diesel fuel, used lubricating oil, and to some
extent, bitumen (asphalt). The gully pots are depleted

Fig. 1 Relative distribution of individual PAH for the
dissolved, suspended particles and sediment phase for the gully
pot mixture and atmospheric emission from steal industry
(Wahlberg 2007, pers. comm.), gasoline (Marr et al. 1999),

diesel fuel (Mi et al. 2000), used lubricating oil (Wang et al.
2000), Bitumen (Brandt and De Groot 2001), Tyre rubber
(Lindgren 1998)
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in HMW PAH, which mainly comes from combus-
tion, and are regarded as fine particles (Krein and
Schorer 2000). Because the gully pot poorly retains
fine particles (Morrison et al. 1988), the fine particles
have probably followed the stormwater out from the
gully pot.

Another approach to study the sources is to use
different parent (non-alkylated) PAH ratios; com-
monly used ratios are LMW/HMW, PHEN/ANT (or
ANT/ANT+PHEN), and FLR/PYR (or FLR/FLR+
PYR) (Soclo et al. 2000; Yunker et al. 2002; Rocher
et al. 2004; Brown and Peake 2006). LMW PAH dom-
inate petrogenic contaminations (spilt oil or petroleum
products) with an LMW/HMWratio >1, whereas HMW
PAH dominate pyrogenic contaminations (incomplete
combustion of fossil fuels or wood) with an LMW/
HMW ration <1 (Neff 1979; Soclo et al. 2000). The
gully pots had high LMW/HMW ratios of 20.4 for
the dissolved phase the ratio, 4.2 for the suspended
particles and 5.9 for the sediment. LMW PAHs are
more soluble than HMW PAHs (Neff 1979), a char-
acteristic that might explain why the LMW/HMW ratio
was higher for the dissolved phase than the particulate
phase. The ratio for the suspended particles and sedi-
ment phase was also high, indicating a petrogenic
source. The LMW/HMW ratio for gasoline was 91,
diesel fuel was 22, used lubricating oil was 1.2, and
bitumen 0.5 (Marr et al. 1999; Brandt and De Groot
2001; Mi et al. 2000; Wang et al. 2000). The ratio can
differ between different brands of gasoline, diesel and
oil, depending on the difference in crude oil properties,
refinery operations or both (Marr et al. 1999). Even if
the ratios for gasoline and diesel were higher than the

gully pot ratio, they are most likely a source for PAH
in the gully pot mixture. Dividing the gully pots into
different areas (housing and road) the results showed
that the road had a higher ratio than the housing area,
in the suspended particles phase 3.6 vs. 8.3 and in
the sediment 2.2 vs. 6.1, indicating a larger contribu-
tion of petrogenic sources for the road. In this study
the sources of the road are most likely atmospheric
deposits and traffic, while the sources from the housing
area are more dependent on the activities in the area.
Some studies, e.g. Soclo et al. (2000), have excluded
the lowest weight PAH due to their higher volatility
than higher weight PAH. Several studies (e.g. Smith
et al. 2000; Grynkiewicz et al. 2002; Brown 2002)
have detected high concentrations of low weight PAH
in stormwater, indicating that these PAH should not
be disregarded, since they are acutely toxic to many
aquatic organisms (Neff 1979). However, if NAP is
excluded from the calculations the LMW/HMW ratio
still shows a value >1, indicating a petrogenic source.

The PHEN/ANT ratio is high when petrogenic
sources are dominant, since PHEN is more stable than
ANT and the ratio is lower when pyrogenic sources
are dominant (Soclo et al. 2000). Budzinski et al.
(1997) has defined two classes; PHEN/ANT >10 for
petrogenic sources and PHEN/ANT <10 for pyro-
genic sources, though the boundary between the
sources can fluctuate. FLR and PYR are often asso-
ciated and are considered as typical pyrogenic pro-
ducts because they are primarily produced during
combustion processes (Neff 1979; Soclo et al. 2000).
However, the ratio differs for the combustion of dif-
ferent coals, e.g. Polish and French coal gives a ratio

Fig. 2 PAH cross plots
for the ratios of ANT/ANT+
PHEN vs. FLR/FLR+PYR
in the gully pot sediment,
suspended particulate phase
and dissolved phase
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between 4.4 and 6.5 and Australian coals gives ratios
between 0.3 and 0.7 (Masclet et al. 1987). PHEN/
ANT ratios in the gully pot were similar for sediment
5.3 and suspended particles 6.2, and the dissolved
phase had a ratio of 9.8. The sediment and suspended
particles indicated pyrogenic sources, while the dis-
solved phase was in the boundary zone. For example,
the PHEN/ANT ratio was higher in the gully pots
than for used lubricating oil (1.7), petrol engine soot
(1.8) and wood smoke (3.4) (O’Malley et al. 1996;
Wang et al. 2000), but lower than crude oil (13.6)
(Benner et al. 1990). The gully pots FLR/PYR ratio
was 1.6 for the sediment, 1.4 for the suspended par-
ticles and 1.2 for the dissolved phase indicating a
pyrogenic source. The ratios for all three phases are
similar to combustion sources like petrol engine soot
(0.9) and wood smoke (0.95) (O’Malley et al. 1996).

Yunker et al. (2002) classified the ratios ANT/
ANT+PHEN and FLR/FLR+PYR according to sev-
eral references. As seen in Fig. 2, the ratio ANT/
ANT+PHEN <0.1 designates petrogenic sources, while
ratios >0.1 specifies pyrogenic sources. The ratio FLR/
FLR+PYR <0.4 indicates petroleum sources, the ratio
between 0.4 and 0.5 is a mixed zone with both petro-
leum and combustion sources and ratios >0.5 indi-
cate grass, wood, coal combustion or a combination
thereof. The ANT/ANT+PHEN ratio in the gully pots
specifies combustion sources, though most of them
are very close to the boundary line between combus-
tion and petroleum (Fig. 2). A few gully pots also
designate petroleum sources for the water phase
(suspended particles and dissolved phase). The FLR/
FLR+PYR ratio, however, shows grass, wood, coal
combustion or a combination thereof for most of the
gully pots, but some gully pots show mixed sources
in the water phase.

The different approaches to identify the sources
discussed in this paper give different answers depend-
ing on which is used, though all approaches indicate
that the mixed sources dominate the gully pot mix-
ture. PAH ratios work best for samples dominated by
a single source, but because most environmental
samples contain PAH from mixed sources (Yunker
et al. 2002), it is difficult to identify the sources
through ratios or profiles.

A large amount of contaminated water is formed
when the gully pots are cleaned with help of an
eductor truck. Sometimes this water is poured back
into the gully pot to transport more solids (Hepp

1995), which can cause problems in the receiving
water (Crowley 2006). Christensen et al. (2006)
showed that the suspension of sediment particles is
more toxic than pore water and that the suspension
may cause toxic effects in the receiving water. The
PAH concentrations in the gully pot mixture exceed
the different guidelines, meaning that the mixture
(especially the water phase) must be treated before it
reaches the environment.

4 Conclusions

All measured PAH were found in the gully pot
mixture. The results show that in the water phase
most PAH were attached to particles and approxi-
mately 22% of the total 16 PAH were in dissolved
phase. The most abundant PAH in the gully pot
mixture were NAP, PHEN, FLR and PYR. In the
water phase no significant difference between the
two sites could be found at a 95% confidence level.
There was a was a significant difference in the sedi-
ment phase between the two sites for NAP, ACE,
FL, ANT, FLR, PYR, BaF, and BPY, at a 95%
confidence level, whereas no significant difference
could be found for BaA, BbF, and BkF. Both the
water and sediment phases exceeded one or more of
the compared guidelines. The identification of the
sources gave different answers depending on which
are used, though all showed that the PAH in the
gully pot mixture came from mixed sources. The
results from this paper show that not only the sedi-
ment but also the water phase created during the
emptying process of the different gully pots need to
be discussed. The water should not be poured back
to the gully pot, storm sewer, sanitary sewer, or surface
water; instead, it should be treated in a sustainable way
before it reaches the environment.
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ABSTRACT 
This paper compares gully pot liquids and sediments removed from two different catchments 
and two different cities with respect to their metal concentrations. The results showed that 
there are differences in metals concentrations between catchments and cities, though aspects 
such as topography and snow management must be considered. The sediment removal 
process is also evaluated, indicating an increased metal concentration in the liquid after 
sediment removal compared to before. For the sediment, the differences in metal 
concentrations before and after sediment removal were not as high as for the liquid samples. 
The toxicity results showed that the liquid and sediment (both before and after sediment 
removal) were toxic to the bacteria, Vibrio fischeri. Toxicity results for the liquids are 
consistent with their excess of the threshold values for the compared guidelines, while the 
sediment concentrations did not exceed the threshold values, even though they showed a toxic 
response.  
 
INTRODUCTION 
Gully pots are used to capture particles from roads and other sites to protect the downstream 
sewer system or receiving waters from sediment deposition. The catchment area mainly 
influences the quality of the inflowing water and particles, from sources such as traffic 
(vehicles emissions, corrosion and abrasion), road material, building material, animals, street 
litter, and spills (Butler and Davies, 2000). Most pollutants are associated with the smallest 
fraction of particles (Lee et al., 1997), though some studies have shown that a significant 
portion of pollutants is associated with larger particles (Stone and Marsalek, 1996; Karlsson 
and Viklander, 2008). Only a minor portion of the fine particles in the gully pot is retained; 
approximately 30% of the particles less than 43 m are trapped (Sartor and Boyd, 1972). 
According to simulation results, gully pots are ineffective in reducing dissolved pollutants 
(Memon and Butler, 2002). After being trapped in a gully pot, some of the sediment is flushed 
out. Sartor and Boyd (1972) found that 1% of the initial particles in the sediment beds were 
removed by flushing, though Morrison et al. (1988) found that only large storms with both 
high volumes and intensities remove particles from the sediment beds, possibly increasing the 
pollution load in the outflow. To prevent pollutants from being flushed out from the gully pot 
into the sewer system, Morrison et al. (1988) recommend that gully pots be cleaned every 4-7 
days. However, Memon and Butler (2002) found that the quality of the outflow does not 
improve because of frequent cleaning. When planning the sediment removal and disposal of 
gully pot sediment, knowing the sediment quantity and quality as well as the quality of the 
overlaying water is important. The chemical form of the metal determines its behaviour and 
toxicity; therefore, analysing only the total heavy metal content is insufficient (Baun et al., 
2002; Stead-Dexter and Ward, 2004). The mobility and bioavailability of metals can be 
affected if the physical and chemical conditions change (e.g. pH, redox, and complexing 
ligands) (Marsalek et al. 1997; Ure and Davidson, 2002). The bioavailability of pollutants can 
be studied with the help of toxicity tests. Several studies have shown that stormwater and 
stormwater-related sediment are toxic (Boxall and Maltby, 1995; Mulliss et al., 1996; Lithner 
et al., 2003; Baun et al., 2008). Sites with high traffic loads show higher toxicity than sites 
with mixed land use (Pitt et al. 1995; Marsalek et al. 1999).  
 
The sediment and water in a gully pot are cleaned out with an eductor truck, which uses 
hydrodynamic pressure and a vacuum to loosen and remove sediments and the standing 
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liquid. Hydraulic removal creates a large amount of water compared to solids (Hepp, 1995). 
The liquid generated during the cleaning of gully pots contains pollutants from the original 
standing liquid plus particles from sediment re-suspension, with the liquid often poured back 
into the gully pot to make room for more sediment in the truck. Karlsson and Viklander 
(2008) studied the concentration of metals in the removed liquid and sediment from two 
different areas and found a difference in metal concentrations for both liquid and sediment. 
The objectives of this paper was to a) study the importance of catchment characteristics for 
the metal concentrations in the removed liquid and sediment from gully pots, and b) study 
how the sediment removal process affects the liquid and sediment regarding metal 
concentrations. The first objective was achieved by studying the metal concentrations in the 
removed water and sediment from two different catchments in two different cities (Luleå and 
Sundsvall). For Luleå, the results presented in Karlsson and Viklander (2008) are used. The 
second objective was achieved by studying the metal concentrations (and toxicity), in both the 
liquid and sediment, before and after the sediment was removed. The reported results 
provided new knowledge regarding the pollutants and toxicity of the gully pot liquid and 
sediment as well as the sediment removal process. The results from this study could be of 
interest to owners/operators responsible for managing gully pots and government agencies 
responsible for protecting surface water quality to increase their knowledge of pollutants and 
their toxicity during the maintenance of gully pots.  
 
STUDY AREA AND METHOD 
 
Field site 
The gully pots were sampled in Luleå and Sundsvall at sites with different types of areas and 
traffic intensities. In Luleå, the study site was a residential area featuring 500 vehicles per 
day, and a road featuring 25,500 vehicles per day (v/d). The catchment area for the residential 
area consists of detached houses with private garages located in the outskirts of Luleå. The 
road is located in the city centre and consists of two lanes in each direction with a swale in the 
middle and the studied gully pots located next to the sidewalk. The gully pots in Luleå were 
last emptied two years ago (2007). In Sundsvall, the study sites were two different residential 
areas. One area is located in the city centre and has a traffic intensity of 9,600 vehicles/day. 
The catchment area consists of blocks of flats and detached houses with flats. The other area, 
located near the city centre and consisting of single-family houses with private garages, has a 
traffic intensity of approximately 700 vehicles/day. The gully pots in Sundsvall are emptied 
every three years (last emptied in 2004).  
 
The topography between the cities differs, where Sundsvall is hilly and Luleå is flat. The 
higher traffic street in Sundsvall is located downstream in the catchment area, whereas the 
other site in Sundsvall and the two sites in Luleå are located on relatively flat areas. 
 
Luleå, with 73,000 inhabitants and located at 65° latitude, has an average annual rainfall of 
506 mm and an average annual snowfall of 194 mm water equivalent. Sundsvall, with 95,000 
inhabitants and located at 62° latitude, has an average annual rainfall of 539 mm and an 
average annual snowfall of 195 mm water equivalent. Normally, Luleå has colder 
temperatures during the winter season than Sundsvall. In winter road maintenance, Sundsvall 
greatly uses salt as a de-icer, whereas Luleå only uses friction material (4-8 mm). The largest 
industries in Sundsvall are pulp and paper, aluminium production and chemical industries, 
while Luleå has steel and the manufacturing of vehicles parts industries.   
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Sampling 
The standing liquid and sediment bed were sampled in Luleå in 2009, with the samples taken 
separately from three adjacent gully pots. The three samples, liquid and sediment, were mixed 
to create one mixed sample in each type of area. This process was repeated three times, 
resulting in three mixed water samples and three mixed sediment samples from each area. The 
samples were collected with a stainless steel cup and placed in acid-washed plastic cups. The 
liquid and sediment from Sundsvall were taken in 2007, according to the same sampling 
procedure as in Luleå, but with help of an eductor truck (henceforth referred to as the 
removed liquid and removed sediment). The liquid samples were taken when the mixture was 
discharged from the truck. The eductor truck was washed between each sampling occasion. 
The sampling procedure from Luleå for the removed liquid and sediment, sampled in 
2004/2005, is described in Karlsson and Viklander (2008). While the removed liquid and 
sediment were sampled in 2004/2005, the standing liquid in one gully pot from a residential 
area was sampled.  
 
Toxicity measurement 
The toxicity test was performed according to the Biotox™ Flash method (Aboatox Oy, Turku 
Finland), based on the bioluminescent Vibrio fischeri bacteria. The Flash method is developed 
for solid and coloured samples, where the correction for colour and turbidity is done 
automatically in each sample (Lappalainen et al. 1999; Lappalainen et al 2001). The 
luminescence measurements were carried out with a high-performance Sirius Luminometer 
and the light output was recorded automatically by FB12 Software (Berthold Detection 
Systems, Pforzheim, Germany). Before the measurement, the freeze-dried Vibrio fischeri 
bacteria were re-hydrated with a reagent diluent at 4°C for at least 30 minutes and then 
stabilized at 15°C for approximately 1 hour in a dry cooling block Grant Boekel PCB2 (Grant 
Instruments, UK). 
 
For the water sample, 9 ml of the sample were mixed with 1 ml of 20% NaCl solution and the 
pH was adjusted to 7 ± 0.2 if the pH in the sample was not between 6 and 8.5. The samples 
were diluted with a 2% NaCl solution to obtain a dilution series (1:2, 1:4, 1:8, 1:16, 1:32, 
1:64). For the sediment samples, 2 g of sediment (<2 mm) were mixed with 8 ml of a 2% 
NaCl solution in polyethylene test tubes and then shaken for 5 minutes. The pH in the 
sediment sample was adjusted to 7 ± 0.2 if the pH in the sample was not between 6 and 8.5. 
The samples were diluted with a 2% NaCl solution to obtain a dilution series (1:2, 1:4, 1:8, 
1:16, 1:32, 1:64, 1:128). The toxicity measurements for the water and sediment samples were 
performed according to the following procedure: 300 l of a diluted sample were placed into 
luminometer cuvettes (Sarstedt 55.476) and incubated at 15°C for at least 10 minutes prior to 
being measured. The samples were placed into the Sirius Luminometer, 300 l of the bacterial 
suspension were automatically injected into the sample and the bioluminescence was 
measured. The second value for the toxicity calculations was measured after 30 min and the 
toxicity of the sample was calculated as the relationship of the end point value and the peak 
value. The results were corrected with the correction factor obtained from the non-toxic 
reference sample (2% NaCl solution). The inhibition percentage (INH %) and the EC20 and 
EC50 were calculated according to the ISO standard method 11348-3 (ISO, 1998), where the 
initial luminescence reading was replaced with the peak value observed immediately after the 
addition of bacteria into the sample.  
 
Metal Analyses 
The water samples were analysed for pH, conductivity, temperature, suspended solids, and 
heavy metals. The suspended solids (SS) were measured according to the standard method 



 4

SS-EN 872:2005 (SIS 2005). The heavy metals were analysed for total and dissolved (<0.45 
μm) fractions. The total fraction was extracted before the analyses by digestion, after which 
20 ml of the sample were mixed with 2 ml suprapur HNO3 and then processed in a sealed 
Teflon container in a specially modified microwave oven for 50 minutes at a temperature of 
160ºC. The dissolved fraction was analysed after filtration through a 0.45-μm syringe filter 
and 1 ml of HNO3 was added for every 100 ml of sample.  
 
The sediment samples were analysed for particle-size distribution, loss of ignition (LOI), and 
heavy metals. The sediment was wet sieved into 18 differently sized gradations (between 
0.063-180 mm) to obtain a particle-size distribution. The particle-size distribution was 
performed according to the standard method SS-EN 933-1/A:2005 (SIS 2005). The LOI was 
measured according to the standard method SS 28113 (SIS, 1981), which involved drying the 
sediment at 105°C for 20 h and then heating it at 550°C for 2 h. Prior to analysis, the sediment 
samples were dried at 50ºC and then digested with 7M HNO3 and water (1:1) in a specially 
modified microwave oven. Depending on the metal concentrations, the samples were either 
analysed through optical emission spectrometry with inductively coupled plasma (ICP-AES) 
or sector field mass spectrometry with inductively coupled plasma (ICP-SFMS). The 
accredited laboratory ALS Laboratory Group, Sweden, performed all metal analyses . 
 
RESULTS AND DISCUSSION   
 
Removed liquid and sediment from Sundsvall and Luleå 
Table 1 shows the mean conductivity, pH, and suspended solids (SS) concentrations for the 
removed liquid. The largest conductivity was found in Sundsvall, at the street with the highest 
traffic intensity, which coincided with the use of de-icing salt in the catchment area. This site 
also had the highest pH and SS concentration, with the high concentration of SS acting as a 
buffer, i.e. increasing pH. For Luleå, the SS concentration was relatively similar between the 
two areas as reported in Karlsson and Viklander (2008). A further evaluation of the results 
showed that one high SS concentration for each site, except for the low-traffic street in 
Sundsvall, caused the high standard deviations. The corrected values are 5,550±113 mg/l for 
the high traffic street in Sundsvall, 3,820±2,813 mg/l for the low traffic street in Luleå and 
3,925±1,179 mg/l for the high traffic street in Luleå. The low traffic streets show higher 
standard deviations than the high traffic streets, i.e. there is larger variation between the gully 
pots in residential areas (low traffic streets) compared to gully pot receiving mostly road 
runoff (high traffic streets). This illustrates the importance of individual household behaviour. 
For the high traffic streets, the standard deviation was higher in Luleå compared to Sundsvall, 
probably due to winter maintenance, since Luleå uses friction material (4-8 mm). Even 
though Sundsvall had lower traffic intensity, it had higher SS concentration, perhaps due to 
the differences in topography.  
 
Table 1. Conductivity, pH, and SS concentration in removed liquid from the gully pots in the 
two cities.  
 Removed liquid - Sundsvall Removed liquida - Luleå 
 700 v/d 9,600 v/d 500 v/d 25,500 v/d 
Conductivity ( S/cm) 251 1,262 224b 485b 

pH 6.8 8.5 7.3b 7.5b 

SS (mg/l) 4,187 ± 1,538 17,367 ± 20,467 6,662 ± 6,790 6,700 ± 6,288 
aValues from Karlsson and Viklander (2008) 
bnot published in Karlsson and Viklander (2008) 
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For the removed liquid, most of the metals were attached to particles in both Sundsvall and 
Luleå (Table 2). In Sundsvall, the highest concentrations (total and dissolved) were found at 
the street with the higher traffic intensity, which is consistent with the SS concentration. For 
Luleå, the low traffic street had higher concentrations, explained by the longer accumulation 
period in Karlsson and Viklander (2008). For the two streets with lower traffic, Luleå had 
higher metal concentrations than Sundsvall, especially for Cd and Pb. This could also be 
explained by the longer accumulation period in Luleå (25 years compared to 3 years). 
Månsson et al. (2009) found that, in urban areas, the stock of Cd had decreased by 25% 
between 1995 and 2002-2003. For the high traffic streets, Sundsvall had higher concentrations 
than Luleå for all metals. The use of NaCl during the winter could explain part of the 
differences, since NaCl increases the corrosion of vehicles and road surfaces, thus leading to 
an increase of metals in the runoff (Norrström and Bergstedt, 2001).  
 
Table 2. Metal concentrations in the removed liquid from the gully pots from Sundsvall and 
Luleå (mean ± st.dev.). 

 Removed liquid - Sundsvall Removed liquida - Luleå 
 700 v/d 9,600 v/d 500 v/d 25,500 v/d 
Total ( g/l)    
Cd 6.4 ± 2.8 9.7 ± 1.6 29  ± 31 4.7 ± 2.5 
Cr 493 ± 281 1,623 ± 277 885  ± 845 381  ± 102 
Cu 684 ± 281 2,910 ± 478 2,380  ± 2,048 1,096  ± 449 
Ni 329 ± 154 1,033 ± 274 557  ± 605 262  ± 90 
Pb 412 ± 165 617 ± 113 6,264  ± 6,795 587  ± 309 
Zn 2,923 ± 1,000 10,537 ± 2,748 7,059 ± 6,050 3,810  ± 1,360 
Dissolved ( g/l)    
Cd 0.01 ± 0.008 <0.004 0.4 ± 0.6 0.07 ± 0.04 
Cr 0.2 ± 0.1 0.4 ± 0.4 2.6 ± 3.3 0.7 ± 0.4 
Cu 1.3 ± 0.2 8.2 ± 11 16 ± 15 6.2 ± 2.6 
Ni 3.2 ± 0.2 17 ± 21 8.4 ± 3.1 3.7 ± 1.1 
Pb 0.9 ± 0.6 0.4 ± 0.4 101 ±142 3.7 ± 5 
Zn 6.2 ± 3.7 8.5 ± 3.3 96 ± 123 23 ± 6.6 
afrom Karlsson and Viklander (2008) 
 
The mean particle size distributions for the removed sediment are shown in Figure 1. In 
Sundsvall, the low traffic street showed a lower percentage of particles <63 m (4%) than the 
high traffic street (11%). The particle-size distribution curves for the removed sediment from 
Luleå showed that in both areas 6% of the particles were <63 m. The differences between 
both sites in Sundsvall could be explained by the higher traffic intensity, since particles on the 
street can be crushed by the high traffic intensity (Ellis and Revitt, 1982). However, this is not 
seen when the two high traffic streets are compared, because Luleå shows a coarser profile 
than Sundsvall even though the traffic intensity was higher. Still, as previously mentioned, the 
difference in topography and winter road management can have an influence. The high traffic 
street in Sundsvall most likely receives material from upstreams, since fine particles are often 
flushed out of gully pots (Morrison et al., 1988). As mention before, Luleå uses friction 
material (4-8 mm) that is probably collected in gully pots and could explain the coarser 
profile. The particle size distribution for the low traffic areas shows similar curves, possibly 
due to no or very little friction material used in the Luleå residential area.  
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Figure 1. Particle-size distribution from the removed sediment from Sundsvall (700v/d and 
9,600 v/d) and Luleå (500 v/d and 25,500 v/d) (*From Karlsson and Viklander, 2008). 
 
The organic content, measured as loss on ignition (LOI), for the sediment from Sundsvall was 
low (3-5%), which is in the lower region compared to results reported in Butler et al. (1995), 
whose organic content ranged from 3 to 22%. Figure 2 shows the sediment concentration in 
the removed sediment from Sundsvall and Luleå. In Sundsvall, the high traffic street showed 
higher concentrations of metals than the low traffic street. This was also found in the removed 
sediment from Luleå with the exception of Cd and Pb (Karlsson and Viklander, 2008). The 
metal concentrations for the two low traffic streets are in the same range, with the exception 
of Ni and Pb, which is consistent with the particle size distribution. The metal concentrations 
for the two high traffic streets were also in the same range, with the exception of Cd and Pb, 
even though Luleå had higher traffic intensity than Sundsvall. As previously mention, 
differences in winter maintenance could influence the concentration, since the friction 
material probably contains fewer metals and therefore has a diluting effect. This is also 
indicated by the particle size distribution, where Luleå had a coarser profile than Sundsvall.  
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Figure 2. Total metal concentrations in the removed sediment from Sundsvall (700v/d and 
9,600 v/d) and Luleå (500 v/d and 25,500 v/d), (*from Karlsson and Viklander, 2008).   
 
Karlsson and Viklander (2008) indicated differences in metal concentrations between the 
residential area and city centre (only road runoff). This is confirmed with the results from 
Sundsvall, and other aspects like topography and snow management must be considered.  
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Standing and removed liquid as well as sediment beds and removed sediment in Luleå 
The metal concentrations for the standing and removed liquid from the gully pot, sampled in 
Luleå in 2005, are presented in Table 3. The percentages of the dissolved phase were high for 
the standing liquid (73-100% for Cd, Cu, Ni, and Zn) compared to the removed liquid (0-7%) 
(Pb is not included due to its unexplainably high concentration in the dissolved phase for the 
removed liquid). Both the total and dissolved concentrations increased for the removed liquid, 
especially the increase between 92 and 240 times for the total concentrations, whereas the 
dissolved concentrations only increased between 2.5 and 15 times.  The concentrations for the 
standing liquid sampled in 2005 (Table 3) are similar to the metal concentrations for the 
standing liquid in 2009 (Table 5).  
 
Table 3. Metal concentration in the liquid samples from one gully pot in Luleå sampled in 
2005 (500 v/d). 

 Total ( g/l) Dissolved ( g/l) 
 Standing liquid Removed liquid Standing liquid Removed liquid 

Cd 0.1 24  0.1  1.5  
Cr 1.7 407  0.6  1.5  
Cu 15 1270  11  15  
Ni 2.3 211  2  12  
Pb 2.5 4730  0.4  330  
Zn 64 6120  69  304  
 
The pH in the standing liquid was consistently around 7 and the conductivity was lower than 
for the removed liquid (Table 4). The sediment remvoal process caused the large differences 
in SS concentrations between the removed liquid and the standing liquid, since the liquid and 
the sediment are mixed in the truck and a resuspension of fine particles occurs.  
 
Table 4. Conductivity, pH, and SS concentration in the standing liquid (sampled in 2009) and 
removed liquid. 
 Standing liquid - Luleå Removed liquida - Luleå 
 500 v/d 25,500 v/d 500 v/d 25,500 v/d 
Conductivity ( S/cm) 64 132 224 485 
pH 7.1 7.0 7.3 7.5 

SS (mg/l) 506 275 6,662 ± 6,790 6,700 ± 6,288 
aValues from Karlsson and Viklander, (2008) 
 
For the standing liquid, the street with higher traffic intensity had higher total concentrations 
than the street with lower traffic intensity (Table 5). The low traffic street demonstrated a 
higher percentage (45-70% for Cd, Cu, Ni, and Zn) of dissolved metals compared to the high 
traffic street (2-13%). The runoffs to the gully pot in the low traffic street are from mixed 
sources (e.g. road runoff, roof runoff, car washing), which probably contribute with more 
water-soluble pollutants than only road runoff (high traffic street). The removed liquid 
showed higher concentrations than the standing liquid and the increase was larger for the low 
traffic street than the high traffic street. The removed liquid showed a lower percentage of 
dissolved metals compared to the standing liquid. Morrison et al. (1988) and Butler et al. 
(1995) found that the dissolved metals concentrations increased in the standing liquid between 
storms, which could explain the differences between the standing liquid and the removed 
liquid. Compared to the standing liquid reported in Pratt and Adams (1984), the 
concentrations in this study were lower with the exception of Cu.  
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Table 5. Metal concentrations in the standing liquid and removed liquid from Luleå (mean ± 
st.dev.). 

 Standing Liquid Removed liquida - Luleå 
 500 v/d 25,500 v/d 500 v/d 25,500 v/d 
Total ( g/l)    
Cd 0.3 ± 0.4  0.6 ± 0.3 29  ± 31 4.7 ± 2.5  
Cr 7.9 ± 5 65 ± 30 885  ± 845  381  ± 102  
Cu 30 ± 27 206 ± 59 2,380  ± 2,048  1,096  ± 449  
Ni 5.3 ± 2.9 40 ± 21 557  ± 605  262  ± 90  
Pb 4.8 ± 1.5 54 ± 43 6,264  ± 6,795  587  ± 309  
Zn 101 ± 53 539 ± 253 7,059 ± 6,050  3,810  ± 1,360  
Dissolved ( g/l)    
Cd 0.2 ± 0.3  0.04 ± 0.01  0.4 ±0.6  0.07 ± 0.04  
Cr 0.6 ± 0.7  3 ± 1.7  2.6 ± 3.3  0.7 ±0.4  
Cu 21 ± 27  16 ± 0.9  16 ±15  6.2 ±2.6  
Ni 2.4 ± 2  5 ± 0.5  8.4 ±3.1  3.7 ±1.1  
Pb 0.5 ± 0.7  1.2 ± 0.6  101 ±142  3.7 ±5  
Zn 70 ± 47  47 ± 4.1  96 ± 123 23 ±6.6  
aValues from Karlsson and Viklander, (2008) 
 
The sediment bed from the street with the lower traffic intensity showed a higher percentage 
of fine particles (11% are less than 63 m) compared to the high traffic street (7%). The 
removed sediment showed a coarser profile than the sediment beds (Figure 3). This is 
probably due to the sampling, since the sediment bed is collected as grab samples from the 
surface, which probably contains a greater percentage of fine particles compares to the entire 
sediment samples collected during the sediment removal. 
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Figure 3. Particle-size distribution for the sediment beds and the removed sediment from 
Luleå.  
 
For the sediment beds, the concentrations between the two sites are in the same range, with 
the exception of Cd and Cr (Figure 4). The sediment bed in the low traffic street shows higher 
concentrations than the removed sediment, probably due to the higher percentage of fine 
particles. The sediment bed in the high traffic street shows lower concentrations than the 
removed sediment. The differences between the sediment beds and the removed sediment 
were not as high as for the liquid samples, i.e. the sediment removal does not have as large an 
affect on the sediment phase as on water. The concentrations for the sediment beds and the 
removed sediment are in the lower region compared to Grottker (1990), Striebel and Gruber 
(1997), and Birch and Scollen (2003).  
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Figure 4. Sediment concentrations in the sediment beds and removed sediment from Luleå.  
 
Toxicity 
The result showed differences in metal concentrations between Sundsvall and Luleå for both 
the removed liquid and sediment. However, compared to the concentrations in the standing 
liquid and sediment bed, the concentrations in the removed liquid and sediment from Luleå 
and Sundsvall were in the same range. Therefore, the toxicity results from Sundsvall, for the 
removed liquid and sediment, are used.   
 
The results from the toxicity test are shown in Table 3, reported as the concentration that 
inhibits the luminescence by 20% (EC20) and 50% (EC50) after 30 min. The standing liquid 
from the high traffic street showed no toxic response to the bacteria, Vibrio fischeri, whereas 
one gully pot in the low traffic street showed a toxic response, correlating to the high 
concentration of dissolved metals in the same gully pot. For the removed liquid, one gully pot 
from each area showed toxic responses consistent with their affinity for heavy metals,  
 
Both the sediment beds and removed sediment showed toxic responses. The sediment bed at 
the low traffic street showed a higher toxicity than at the high traffic street. For the removed 
sediment, only one sample from each area showed toxic response, and the high traffic street 
showed a higher toxic response than the low traffic street, which is consistent with the 
concentration of metals. The sediment bed showed lower toxicity than the removed sediment, 
though more samples showed toxic response. The toxicity of the sediment could be influenced 
by the particle-size distribution, where sediment with a high content of silt/clay has a high 
natural toxicity (Benton et al. 1995; Ringwood et al. 1997). However, in this study, the 
percentage of fine particles (<63 m) was not particularly high (4-11%) and should therefore 
not affect the toxicity. For the removed liquid and sediment, the traffic intensity could 
influence the toxicity, which corresponds to other studies on stormwater (e.g. Pitt et al., 1995 
and Marsalek et al., 1999). However, this correlation could not be seen for the standing liquid 
and sediment beds, since the higher traffic street showed a lower toxicity than the lower 
traffic street.  
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Table 4. Toxicity results for water and sediment samples from gully pots. 
  Standing liquid and sediment bed Removed liquid and sediment 
  500 v/d 25,500 v/d 700 v/d 9,600 v/d 

EC20  900a n.t 1,242a 495a 
Liquid (mg/l) EC50  4,770a n.t n.t 1,890a 

EC20  72 109b 7a 5.8a 
Sediment (g/l) EC50  118a n.t 35a 23.5a 

n.t. = not toxic 
aone gully pot showed toxic response; btwo gully pots showed toxic response 
The concentration ml/l refers to the volume of sample added to the medium of the toxicity test 
 
Environmental assessment 
The Swedish Environmental Protection Agency (SEPA) has developed guidelines for the total 
concentration of water in lakes and watercourses (Swedish EPA, 2000). These guidelines 
classify environmental impacts on a scale of 1-5, with Class 1 representing levels in water 
with no or very little risk of biological effects and Class 5 representing levels with a high risk 
of biological effects after a short exposure. All metal concentrations for the removed liquids 
(for both cities) and the concentrations of Cu, Pb, and Zn in the standing liquid for the street 
with the higher traffic intensity exceeded the level for Class 5. In the standing liquid, the 
concentration of Cd in both streets and the concentrations of Cr, Cu, Pb, and Zn in the street 
with the lower traffic intensity exceeded the level for Class 4 (increased risk for biological 
effects). The United States Environmental Protection Agency (US EPA) has developed a 
guideline for dissolved metals (US EPA, 2006). The guideline is an estimation of the highest 
concentration of a material in surface water to which an aquatic community can be exposed 
briefly/indefinitely without resulting in an unacceptable effect. Only the dissolved 
concentration of Cu in the standing liquid exceeds the US EPA guideline. The sediment 
concentration is compared to soil guidelines from the Swedish EPA and the Canadian 
environmental quality guidelines (Swedish EPA, 1999; CEQ, 2003). According to the 
Swedish EPA, the removed sediment is classified as less serious, and according to the 
Canadian guidelines, the removed sediment concentration was lower than the threshold for 
residential/parkland use. The guidelines confirm the toxicity results for the liquids, but not for 
the sediments. The results from this study show the importance of conducting both chemical 
and toxicity tests to correctly evaluate the potential environmental impact of liquid and 
sediment from gully pots.  
 
CONCLUSIONS 
The comparison between catchments, for removed liquid and sediment, shows differences in 
metal concentrations, especially for the removed liquid. Still, aspects such as topography and 
snow management must be considered. Metal concentration in the liquid increased after the 
sediment removal compared to before. For the sediment, the differences in metal 
concentrations before and after the sediment removal were not as high as for the liquid 
samples, indicating that the sediment removal process did not have as great an effect on the 
sediment as on the liquid. The toxicity results showed that the liquid and sediment (both 
before and after sediment removal) were toxic to the bacteria, Vibrio fischeri. The toxicity 
results for the liquids are consistent with their excess of the threshold values for the compared 
guidelines, whereas the sediment concentrations did not exceed the threshold values, even 
though they showed a toxic response.  
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