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Abstract 

In Stockholm, Sweden, diffuse emissions of metals have become the dominating source of copper to 
water. This thesis work made an attempt to link the source of copper emission and the fate of the 
copper in a lake. These models have been applied in the case study of Lake Råcksta Träsk and its 
urban drainage area in Stockholm, Sweden. The source analysis model has been adopted and 
modified from Cui et al (2008) and Sörme and Lagerkvist (2002) and the basic fate model has been 
taken and modified from Håkanson (2006) and Lindström and Håkanson (2001). For better 
understanding and improving the modelling, a second type of modelling approach both for source 
(i.e. StormTac model) and fate analyses (i.e. QWASI model) have been included in this study. The 
results from the different modelling approaches are compared. Models were presented in an as 
transparent as possible way and were connected through the urban copper load to the lake. All 
models were tested against previously published monitoring data. In the source analysis, the traffic 
and road sections emit the most of copper especially through brake linings of the vehicles. The lake 
model was evaluated using monitoring data from the 15-year period, 1991-2006. Both the water and 
sediment copper contents respond to a change in the copper load to the lake, but the response is 
slower for the sediments. Thus it is proposed that the sediment copper contents can be used to 
follow urban copper emissions. 

Key words: copper, source, fate, urban, modelling, lake 
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Sammanfattning  

I Stockholm, Sverige, har diffusa utsläpp av metaller blivit den dominerande källan för koppar till 
vatten. Detta examensarbete gör ett försök att koppla kopparutsläpp och kopparhalter i en sjö via en 
källmodell kopplat till en sjömodell. Dessa modeller har tillämpats för undersökning av sjön Råcksta 
Träsk och dess urbana dräneringsområde i Stockholm, Sverige. Källanalysmodellen har tagits från Cui 
et al (2008) och Sörme och Lagerkvist (2002) och modellen för fördelning av koppar i sjön har 
hämtats från Håkanson (2006) och Lindström och Håkanson (2001). För bättre förståelse och bättre 
modeller, har också andra typer av modellering använts for både källa (dvs. StormTac-modellen) och 
typer fördelning (dvs. QWASI-modellen) i denna studie.  Resultat från de olika modellstrategierna har 
jämförts. Båda modellerna presenterades på ett så transparent som möjligt sätt och var kopplade via 
kopparbelastningen till sjön. Samtliga modeller testades mot tidigare publicerade data. I 
källanalysen, visade det sig att trafik och vägavsnitt släpper ut mest koppar särskilt genom 
bromsbelägg. Sjömodellen har utvärderats med hjälp av data från en 15-årsperiod, 1991-2006. Både 
vattnets och sediments kopparinnehåll svarar på en förändring av kopparbelastning till sjön, men 
responsen är långsammare för sediment Kopparinnehållet i sediment kan användas för att följaden 
urbana miljöns kopparutsläpp.  

Nyckelord: koppar, ursprung, urban, modellering, sjö, källa 
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Nomenclature 

A Area [m2] 
AD Atmospheric deposition [mg/m2 yr] 
Alt Altitude  [masl] 
Aq Aquivalence  [mol/m3] 
C  Concentration [kg/m3] 
Cdiff  Diffusion constant [% year-1] 
Cont Continentality/distance from ocean  [km] 
CR  Copper runoff rate per unit area [µg/L] 
 d Bulk density of sediment  [kg/m3] 
D Depth [m] 
DWT Deep water (hypolimnetic) temperature  [°C] 
E  Emission   [kg/yr] 
 ET Fraction of ET areas [%] 
F Flow [kg] 
G Mass flow rate  [m3/h] 
I  Intensity of precipitation,   [mm/yr] 
IL Percentage of impermeable land  [%] 
kS and KW Transformation rate constant for sediment and water respectively [h-1] 
kT Sediment-water mass transfer coefficient  [m/h] 
kV Air-water (water side) mass transfer coefficient  [m/h] 
L Length  [km] 
Lat Latitude [°N] 
LOI Loss on ignition  [%] 
 M Mass  [kg] 
MC Metal content per unit mass (or unit mass of particulate matter) [mg/kg] 
PF Particulate fraction [%] 
Q  Runoff water flow or discharge  [m3/yr] 
R Flow rate  [yr-1] 
SWT Surface water (epilimnetic) temperature  [°C] 
T Retention time  [year] 
t Thickness of active sediment layer  [m] 
TW  Traffic work  [km/yr] 
TA Age of A area  [year] 
TET Age of ET areas  [year] 
 v Velocity  [m/yr] 
V Volume  [m3] 
Vd Form factor/volume development [dimensionless]
W Water content in active sediment layer  [%] 
W Wear rate (or of particulate matter)  [mg/veh. km] 
 Z Aquivalence capacity [dimensionless]
α  Fraction of emission to stormwater [%] 
β Fraction of stormwater to lake [%] 
WTP Water treatment plant  
  



 

x 
 

Subscript   
A Accumulation area in Simile model 
A Air in QWASI model 
B Burial 
bur Burying 
crit Critical 
D Deposition 
diff Diffusion 
DW Deep water 
ET Erosion and transport area 
i Brake lining, tire, and road asphalt 
I Water inflow 
in Input in to the lake 
 j Metro, tram, and train,  
J Water outflow 
k Copper roof, impregnated wood, and asphalt covering roof,  
l   Watershed, lake (itself),  
G Groundwater 
m Mean 
max Maximum 
out Going out from the lake 
P Parking in source analysis model  
P Particles in QWASI model 
Q Aerosol 
R Resuspension 
S Sediment 
SW Surface water 
T Diffusion 
V Volatilization/absorption 
W Water 
X Water particle inflow 
Y Water particle outflow 
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1. Introduction 

Heavy metals in air, soil, and water are a great global problem and are an alarming threat to humans 
as well as to the environment. In this study, the author will concentrate on copper. Copper is a metal 
that has good conductivity of heat and electricity and which has good resistance to air and water. In 
trace amounts, copper is very important for humans, animals and plants. At the same time, 
marginally higher copper levels than the natural can cause harmful effects on soil and water 
organisms. 

Copper ions, which carries positive charge, is attracted by the negative charge of soil particles; 
thereby some copper is prevented to dissolve in water. Some of this copper becomes soluble, and is 
then more dangerous due to facilitated transport and higher availability for plants and animals.  

In Stockholm, Sweden, copper mainly has diffusive sources of emissions, e.g., traffic, road, building 
material, atmospheric deposition, pipe sediment, people and animal (Cui et al, 2008). Due to the 
weathering and wearing of copper products and materials (e.g., cables, wires, electrical products, 
roof materials, pipes for plumbing, heating and ventilating, pesticides and for decoration), copper is 
emitted to the surrounding biosphere. This emitted copper is transported to recipient lakes by the 
storm water, surface water/streams, as well as groundwater.  

In Stockholm, there are elevated levels of copper in water, sediment, soil and groundwater. Every 
year, the supply of copper to Stockholm is approximately 2300 tonnes (Stockholms Stad, 2008), for 
example, electric equipments (e.g., transformers, generators, and electrical cables), appliances, brass 
(i.e., mixture of copper and zinc) taps, and etc.  Approximately 120 000 tonnes of copper are present 
in Stockholm as products/materials (Stockholms Stad, 2008).  

In Stockholm, the metal contents in the uppermost sediment of lakes are frequently monitored and 
reported (Stockholm Vatten, 2000; Lithner et al, 2003; Sternbeck et al, 2003). Sediment metal 
content in the lakes of Stockholm shows an elevated level, despite the fact that the local industries 
were moved out of the drainage area, as for example, in the case of Lake Trekanten (Cui et al, 2008). 
Surveys in 1991 and 1997 by Stockholm Vatten AB (Stockholm Vatten, 2000) showed high metals in 
the sediments of the Lake Råcksta Träsk. The lead contents were moderately high and very high 
copper levels according to the classes of Environmental Protection Agency (EPA) (Stockholm Vatten, 
2000) were found in sediment. Further, for copper, it is the highest record in all of the city's lake in 
Sweden (Stockholm Vatten, 2000). Therefore, we used lake Råcksta Träsk as a case study to find the 
reasons of high copper content in lake sediments. 

In order to find the reasons of high sediment copper content, sources of copper emissions to the lake 
as well as the fate of this emitted copper in the lake needs to be analyzed. In Stockholm, Sörme et al 
(2001) evaluated the urban emission based on the concept of the MFA/SFA (material flow 
analysis/substance flow analysis) and Sörme and Lagerkvist (2002) quantified the urban copper 
emission to a centralized sewer treatment plant. Furthermore, in the field of environmental 
modelling, a variety of models is available to quantify the fate of metals in the aquatic system, 
especially lakes, e.g., QWASI (Quantitative Water Air Sediment Interaction); (Mackay & Diamond, 
1989). 
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In line with the above discussion, Cui et al (2008) estimated the sources of copper emissions to the 
lake Trekanten by the SFA approach and made a fate analysis by adopting the modelling approach of 
Lindström & Håkanson (2001), thereby coupling between the urban diffuse emission and fate of it. In 
the study by Cui et al (2008), a model test based on the case of Lake Trekanten in Stockholm, Sweden 
showed that this approach of coupling the source analysis and pollutant fate model is promising. The 
model showed better predictive capacity for copper in sediment than water, but the model did not 
explain its unsatisfactory results of copper concentration in the water column with the field 
monitoring value. 

This study will be conducted to model the source of copper emission and its fate in a lake. For this, 
Lake Råcksta Träsk in Stockholm, Sweden, and its urban catchment has been taken a case. For better 
understanding and improving the modelling as well as explaining the unsatisfactory results in the 
study of Cui et al (2008), we can use a second type of modelling approach both for source and fate 
analysis in this study. We also attempt to couple between the urban emissions and the fate in the 
lake to investigate the reasons of high copper content in the lake sediment.  

The main aims and objectives of this study are to: 

1. Develop a  source analysis model for copper by MFA/SFA approach and a dynamic fate model 
of copper in a lake 

2. Couple the source and fate model  and apply the coupled models in lake Råcksta Träsk, 
Stockholm and its drainage area 

3. Test the  models by comparing results, for example, pollution level, with second type of 
modelling approach as well as field data 

4.  Identify the dominant processes and factors by analyzing the sensitivity and uncertainty of 
the models 

5. Investigate the model prediction by the response of sediment copper content with the 
change of urban load 
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2. Research Methodology 

This study is based on the developing of a conceptual model and application and verification of this 
model by the synthesis of data. The conceptual models were developed from the literature studies 
and modified the models by visiting the lake and its drainage area, discussing with supervisors of this 
study, and comparing with the second type of modelling approaches as well as their results. The data 
were collected from different journals, publications, and books. Moreover, personal communications 
were made for data collection and adopting the process of metal emission as well as the 
quantification.  
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3. Model Description  

Copper is a very useful material in the society as it has high electric conductivity and thus is used for 
electronic uses and power transmissions, and utilities for other purposes. There are diffuse sources 
of copper in the urban environment. The possible sources of copper to the urban environment are 
traffic (e.g. brake lining, tires, oils; Westerlund, 2001; and Sörme and Lagerkvist, 2002), road, 
electrical products, power transmission cables for metro, tram and train, wires (Sörme et al, 2001; 
and Sörme and Lagerkvist, 2002), building materials (e.g. copper roof, impregnated wood, asphalt 
covering roof; Persson and Kucera, 2001; and He et al, 2001), alloy materials, paintings and chemicals 
(e.g. impregnation of wood, pesticides) consisting of copper, pipes for plumbing, heating and 
ventilating, people and animals (Sörme and Lagerkvist, 2002 ; and Cui et al, 2008).  

The weathering and wearing processes of copper products and materials emit copper to the 
surrounding biosphere, and eventually, this diffusely emitted copper comes to natural aquatic 
recipient, e.g., lakes, by the means of atmospheric deposition, stormwater, surface water (e.g. 
streams, tributaries), as well as groundwater. In this study, we are focusing on the fate of copper in 
lakes. When copper reaches the lake it may be transported downstream by the advective flow or 
settled in the sediment of the lake. In the sediment, the fate of copper follows geochemical 
principles.  

To achieve the linkage between urban diffuse sources in the drainage area and the sediment copper 
content in lake, two models- a source model in the drainage area and a fate model in the lake- are 
adopted and connected. The system boundary of this modelling is the possible sources of diffusely 
emitted copper, transportation to lakes, and eventually the fate of copper in the lake. In this study, 
the models for the source and fate analysis have been adapted from previous studies the literature. 
The basic source analysis model has been adopted from Cui et al (2008) and Sörme and Lagerkvist 
(2002) and the basic fate model has been taken from Håkanson (2006) and Lindström and Håkanson 
(2001). For better understanding and improving the modelling, we have used second types of 
modelling approaches both for source and fate analysis in this study and compared the results from 
different modelling approach discussed in Chapter 6.  

3.1 Source Analysis 

The urban sources of metals and the loading to the aquatic recipients or treatment plants have 
previously been estimated by substance or material flow analyses (MFA/SFA). MFA/SFA is an 
important analytical tool in the research field of analyzing the stocks and flows of metals. Several 
studies, e.g., a spreadsheet model of urban metabolism of copper in Stockholm (Hedbrant, 2001), 
emission of copper to the Henriksdal wastewater treatment plant (WTP) in Stockholm (Sörme and 
Lagerkvist, 2002), urban copper emission to Lake Trekanten, Stockholm (Cui et al, 2008), have been 
came out based on the MFA/SFA approach to estimate metal emission from urban sources. A similar 
approach has been taken to improve the source analysis model in this study. In addition, the 
StormTac model developed by Larm (2000) has been taken as the second type of modelling approach 
to quantify the source emission of copper to lakes.  
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3.1.1 The Source Analysis Model  

The source analysis model employed here is basically an improvement of the source submodel of 
copper loading to the Lake Trekanten from Cui et al (2008).  In their source model, they described 
different sources of emission, emission rates, pathways, as well as emission contribution to recipient 
lakes by using the concept of SFA. The starting point of that modelling was the land use, e.g., traffic 
area, business area, and residential area. Thereafter, they considered factors, e.g., traffic density, 
road type, area of copper material, hard and soft areas of watershed of the lake, which characterizes 
the source potential, and subsequently, they discussed about the different sources, contribution to 
stormwater as well as the lake. In the conceptual model, the groundwater contribution to the lake 
was discussed, but in the process quantification as well as in the implementation phase in the case 
study, Lake Trekanten, this was considered as a negligible source, though the average groundwater 
concentration of copper in Stockholm region is 8.6 µg/L (Stockholm Vatten, 2009). Moreover, there 
exist some potential sources of emission in the watershed of the study area, which were not included 
in the modelling, as for example parking lots, and railways (Sörme et al, 2001). 

 Figure 3.1 Conceptual model of urban copper sources and delivery to a recipient lake  
In this study, a bit different modelling approach has been attempted (Figure 3.1), but the same 
concept of SFA has been considered to build up the model. This model adds railways, parking lots, as 
well as groundwater contribution of copper to the original model. In this modelling approach, our 
starting point was the sources of copper, i.e., what are the sources of copper emission to the lake, 
e.g., traffic, railway, building material, etc. Thereafter, we concentrated on the emission to the 
watershed as well as to the lake. On the way of searching the sources of copper emission, we got 
another type of sources which are not actually the original sources of emission, i.e., they are the 
consequences of the original or primary sources. These types of sources, which are the consequence 

Traffic 
Brake lining 

Tires and Asphalt 

Railway 
Brakes, etc 

Building 
Material 

Copper roof, 
impregnated wood 

Parking

Atmosphere

Soil

Groundwater

Lake 

Primary sources Secondary sources 
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of the primary sources, can be defined as the secondary sources of emission, e.g., parking lots, 
atmosphere, soil, groundwater, etc. Certainly, soil and groundwater may have some natural copper 
compounds, which might contribute to lake emission. In spite of this, soil and groundwater have 
been considered as secondary sources. 

The primary and main sources of copper emission to the lake are traffic (i.e. basically from the 
wearing of brake lining, tires, and road asphalt), building materials (i.e. copper roof, impregnated 
woods), railway (i.e. metro, tram or train). The secondary sources are: parking lot, whose parent 
source is traffic; atmospheric deposition from primary sources; groundwater which has also been 
considered as the secondary sources, since the stormwater with copper from primary sources 
infiltrates as well as percolates through contaminated soil pool. Most of the copper emitted to the 
local soil from the primary sources is immobile, but to some extent, some copper be transported to 
the lake by ground water; therefore, the contaminated soil pool, which can be considered as the 
secondary sources of emission, has been merged with groundwater contribution to the lake.  

Emitted copper from the primary sources distributes to atmosphere as well as adjacent areas. 
Thereafter, it goes to stormwater, when it is raining or snowing. The stormwater can be collected by 
the waste water system; so, some parts of the stormwater go to water treatment plants (WTP), and 
some parts are transported to the surface water and thereby to lakes. The rest of the stormwater 
goes to soil and groundwater. Atmospheric copper can be transported to other areas beyond the 
lake’s watershed; accordingly, some copper could be transported from other places into the 
concerned watershed. Therefore, average atmospheric concentration as well as deposition to the 
watershed has been considered here (see Table 4.4 and 4.2.1.5 Atmospheric Deposition). Copper 
from the diffuse sources is mainly transported to the lake by stormwater. Other paths, which have 
been considered, are groundwater, surface water, direct atmospheric deposition into the lake, and 
atmospheric deposition transported by stormwater as well as surface water.  

Impregnated wood is an important source for copper during its early age but with decreasing 
significance after two months of exposure (Persson & Kucera 2001). Since this wood is generally used 
for flooring purposes, it can be assumed that emitted copper from impregnated wood ends up in the 
treatment plant along with sewage through the waste water collecting system. Because of this, 
impregnated wood has not been considered in the estimation of copper to the lake. Pipe deposition 
(i.e. water pipes and heat exchangers made of copper may cause significant releases of copper, 
especially in areas with corrosive drinking water) has also not been considered a copper source to 
lake since it is fully connected with  the water collecting system. Now-a-days, the copper content in 
oil and gasoline from traffic is considered as bellow the detection level (<1 ppm) (Sörme & Lagerkvist, 
2002) in Stockholm. Sources such as paintings, asphalt covering roof, pesticides, heating and 
ventilating (Sörme & Lagerkvist, 2002) have not been included in the model for the estimation of 
copper to the lake, as there was no documented proof of copper emission from them into the lake. 

The conceptual model focuses on two types of information, i.e., sources and land use. The source 
information, which is related to possible products and materials that can emit metal in to the 
environment, estimates how much copper emit from the source to the biosphere. The land 
information (e.g. business area, residential area, traffic area) estimates how much of the copper 
emission that goes to lake. The quantification of processes and equations of copper emission to lake 
from primary and secondary sources are shown in Table 3.1. 
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Table 3.1 The quantification of copper emission to lake from different sourcesa 

Sources Quantification Reference 

Primary Sources   

Traffic  365  

Sörme et al 2002; and Cui et al 
2008 

Railway  Sörme et al 2002; and Johansson 
and Johansson 2003 

Building Material  Sörme et al 2002; and  Cui et al 
2008 

Secondary Sources   

Parking 

See case study section 
Atmospheric Deposition  

Groundwater 
aE = Emission, M=metal content per unit mass (or unit mass of particulate matter), W=wear rate (or of 
particulate matter) in mass per vehicle kilometer, TW=traffic work in kilometer per year, Dv= traffic density 
(traffic per day), L=length (km), CR= copper runoff rate per unit area, A=area, AD=atmospheric deposition 
(mg/m2 yr), C=concentration of copper, I=intensity of precipitation, α=fraction of emission to stormwater, 
β=fraction of stormwater to lake; subscript i=brake lining, tire, and road asphalt, j=metro, tram, and train, 
k=copper roof, impregnated wood, and asphalt covering roof, P=parking, l (small L)= watershed, lake (itself), 
G=groundwater. 
 

The processes quantification included two steps:  Firstly, the copper content, wear rate, and source 
potential have been considered in the calculations of the emission. Secondly, transport of copper to 
the lake has been estimated by the product of the fraction going to stormwater (α), and the fraction 
of stormwater going to the lake (β). The quantification is discussed in details in the case study 
section. The quantification of atmospheric deposition and groundwater do not follow this concept, 
and is described in the case study section. 

3.1.2 Source Analysis according to the StormTac Model 

StormTac is an easy-to-use stormwater and recipient model (StormTac, 2009). It is a watershed-
based Excel model for quantification of water flows and pollutant loads, as well as design of 
stormwater treatment, transport and detention facilities, e.g., wet ponds, filter strips, wetlands, 
sewers, ditches, channels and detention basins. 

 In the StormTac model (Larm, 2000), estimation of copper emission from the urban sources, is based 
on the land use and standard runoff coefficients and standard concentrations. In this model, 
quantification of pollutant loads to recipients was characterized by standard emission from a 
particular land use, e.g., park, industrial area, woodland, etc., and a corresponding runoff coefficient, 
to the recipient. By using the StormTac model, the estimation of copper emission from the diffuse 
urban sources to the recipient can be explained by two models: the runoff model and the pollutant 
transport model.  
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The runoff water model calculates the runoff water flow, i.e., discharge of water (m3/yr), from a 
specific land area to the recipient. The runoff water flow can be calculated from precipitation data 
and land use specific runoff coefficients and areas. The quantifying equation of the runoff estimation 
is (Larm, 2000): 

10  … … … 3.1  

Where, Q=runoff water flow or discharge (m3/yr), I=precipitation intensity (mm/yr), =yearly runoff 
coefficient, =size of land use (ha), and i=land use, i.e., 1=park, 2=industry, 3=woodland,… … n.  

The yearly runoff coefficient, β (i.e. fraction of stromwater goes to lake mentioned tin the source 
model) can be calculated according to Roesuer and Guo (1996) cited in Larm (2000) by the empirical 
equation of 

0.858 100 0.78 100 0.774 100 0.04 … … … 3.2  

where, IL=percentage of impermeable land (%). The runoff coefficient is homologous to fraction of 
stormwater that goes to lake. Therefore, we use the values of β (Table 4.5) in the estimation of 
copper loading instead of Equation 3.2. 

The pollutant transport model calculates the loading of pollutants into the recipient. The pollutant 
load rate (kg/year) can be quantified from calculated flow Q (m3/yr) and from standard 
concentrations C (mg/L).  The quantifying equation of pollutant transportation L (kg/yr) is (Larm, 
2000): ∑ 1000 … … … 3.3  

3.2 The Fate Model in a Lake 

Mass-balance models for lakes are fundamental tools to gain knowledge about processes and fluxes. 
The mass-balance approach to lake eutrophication has evidently played a important role in lake 
management (Håkanson, 2000). During the last 15 years, there has been an uprising change in 
ecosystem modelling. The major reason, in fact, is the Chernobyl accident (Håkanson, 2000). The 
research for understanding the Chernobyl accident effect on aquatic systems  has revealed important 
ecosystem pathways which are valid not only for radiocesium in lakes, but also for the most types of 
contaminants, e.g., for metals, nutrients and organics, in most types of aquatic environments. Similar 
approach has been taken to build up the fate analysis model in this study. In addition, the QWASI 
model developed by Mackey et al (1983) is taken as a second type of model to quantify the copper 
fate in the lake. 

3.2.1 The Lake Model 

The basic concept of the employed model comes from the structure of the lake model for suspended 
particulate matter (SPM) developed by Håkanson (2006); actually, this model is the modified version 
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of a lake model for radiocesium (Håkanson 2000). Since, in this study, we are concentrating on the 
fate of copper, this lake model absorbed the basic characteristic of copper from Lindström and 
Håkanson (2001), which focused on the estimation of heavy metal loads to lakes. The basic structure 
of the dynamic lake model consists of four compartments: surface water column (SW), deep water 
column (DW), sediment on erosion and transport areas (ET-areas) which dominate the bottom 
dynamic conditions, and sediment on accumulation areas, i.e., surface sediment (A-areas) (Figure 
3.2).  

 Figure 3.2. The dynamic conceptual fate model of copper in a lake (Håkanson and Bryhn, 2008) 
According to this model (Håkanson and Bryhn, 2008), each compartment is considered as a well-
mixed box. Surface water is the upper layer of the lake water that can be called as epilimnitic layer, 
and the deep water can be defined as the hypolimnitic layer (Ottosson and Abrahamsson, 1998). 
There is an empirical formula for critical depth, Dcrit (Table 3.2), which separates the surface water 
and deep water, as well as ET areas and A areas. Erosion areas (E) prevail in shallow or slow waters 
where there is not an apparent deposition of fine material but rather the removal of it. 
Transportation area (T) prevails when fine materials are deposited periodically. This bottom type 
dominates where wind/waves regulate the bottom dynamic conditions. It is sometimes difficult to 

MSW 

MDW 

MET 

MA 

FSWET 

Fin Fout 

FADW 

FETSW 

FSWDWX 

FDWSW 

FSWDW 

FETDW 

FDWA 

Fbur 

Compartments 
MSW=Mass in Surface Water (SW) column  
MET=Mass in Erosion Transport (ET) area 
MDW=Mass in Deep Water (DW) column 
MA=Mass in Accumulation (A) area 
 
Flows 
Fin=Total inflow from the catchment 
FDWSW=Mixing from DW to SW 
FETSW=Resuspension from ET areas to SW 
 
FSWET=Sedimentation on ET areas 
 
FSWDW=Sedimentation to deep water 
FETDW=Resuspension from ET areas to DW 
FSWDWX=Mixing from SW to DW 
FADW=Diffusion from A areas to DW  
 
FDWA=Sedimentation on A areas 
 
Fout=Outflow from SW 
Fbur=Burial 
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separate E and T areas and generally they are considered as a single whole. Accumulation area (A) 
prevails where the fine materials are deposited continuously. This A sediment transports to the 
passive sediment due to burying under newly deposited material (Håkanson and Jansson, 1983).  

Processes in between the compartments considered in this model are sedimentation on ET-areas and 
on A-areas through deep water, resuspension from the ET-areas, mixing between DW and SW, and 
diffusion from the A-areas (Figure 3.2).  

Heavy metals are commonly found in the solid phase with pH condition controlling which part can be 
found in aqueous solution. This part is generally very little and its fate is linked to the water flow. The 
biggest part of heavy metals is represented by the solid particulate matter (SPM). In this fate model 
the cohesive fine material settling is considered according to Stokes’ law. Only the particulate 
fraction (PF) of heavy metals in water is subject to sedimentation. Sedimentation involves the paths 
between water compartments to deep water, water compartment to ET areas and deep water to A-
area.  

Resuspension involves the material settled in the ET-area. Material is not deposited here but it can 
be resuspended by the advective process (Håkanson, 2004). The process can have two different 
directions, from the ET-area to surface water and from the ET-area to the deepwater (Håkanson and 
Bryhn, 2008). The suspended particulate matter can be deposited on the whole bottom area of a 
small lake during a calm night. When the wind blows in the morning, resuspension starts from 
shallow waters and the particulate matter is transported down to the wave base. When water depth 
increases, the resuspension rate decreases (Lindström & Håkanson, 2001). TET is the average age of 
the ET-sediment (years) and it has been setto 1 year for lakes according to Håkanson (2001). 

Malmaeus and Håkanson (2003) introduced the mixing process between surface and deep water. It 
depends on thermal stratification, modified by a dimensionless moderator that is the mean monthly 
wind speed. The process quantification of mixing has been presented in the Table 3.2. The diffusion 
process involves transport of particulate matter from the A-area to deep water compartment 
because of the concentration gradient between these two compartments. Metal mobility in the 
sediment depends on the redox-conditions, which in turn depend on the bottom water oxygen 
concentration and the organic load on the sediment. Most metals are more effectively bound to the 
sediment at lower redox-conditions than in oxic sediment (Lindström & Håkanson, 2001). Table 3.2 
represents the quantification processes and the corresponding rates treated in the lake model. 
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Table 3.2. The quantification of processes and corresponding rates treated in the lake modela 

Processces Quantification Reference 

Outflow  
 1.386   

 
 3  45.7√ 1021.4 √ 10 1 1 

 

Lindström & Håkanson 
2001; Håkanson 2006; 
and Håkanson & Bryhn 
2008 

Sedimentation  1  
 

 
 

 

 

 

1 .
.

 

 3    

2   1  1  3
 

 

Lindström & Håkanson 
2001; Håkanson 2006; 
and Håkanson &Bryhn 
2008  

Resuspension 1 3  3  

 
 

Lindström & Håkanson 
2001; Håkanson et al 
2004  

Mixing    1, 
 ,   
 

 
 12 ;  4 , 12 44 75090 . 0.1 . 0.25 500 .  √  
 

Håkanson 1996; 
Ottosson & 
Abrahamsson 1998; 
Håkanson and Bryhn 
2008  
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Continued (Table 3.2) 

Burying  1
 1 1 100  

3  2.6 10100 2.6 1  

 

Lindström & Håkanson 
2001; Håkanson and 
Bryhn 2008  

Diffusion  

 

Lindström and 
Håkanson 2001 

aF=flow, R=rate (/yr), M=mass (kg), T=retention time (year), C=concentration (kg/m3), V=volume (m3), A=area 
(m2), D=depth (m), PF=particulate fraction, v= velocity (m/yr), ET=fraction of ET areas, d=bulk density of 
sediment (kg/m3), t=thickness of active sediment layer (m), w=water content in active sediment layer 
(%),TET=age of ET areas (year), TA=age of A area (year),  Vd=form factor or volume development, Lat=latitude, 
Alt=Altitude (masl), Cont=continentality/distance from ocean (km) (Ottosson and Abrahamsson 1998), 
Cdiff=diffusion constant (% year-1), SWT=surface water (epilimnetic) temperature (°C), DWT=deep water 
(hypolimnetic) temperature (°C), LOI=loss on ignition (%); subscript in=input in to the lake, out=going out from 
the lake, SW=surface water, DW=deep water, ET=erosion and transport area, A=accumulation area, 
diff=diffusion, crit=critical, max=maximum, m=mean, bur=burying, S=sediment 
 

The mass balance equations at unsteady state condition for water and sediment columns are below 
(Håkanson and Bryhn, 2008; and Lindström and Håkanson, 2001): 

The basic concept of mass balance equation is dM/dt= total input rate – total output rate. 

The differential equation for the surface water column is: 

 … … … 3.4  

The differential equation for the deep water column is: 

 … … … 3.5  

The differential equation for the erosion and transport area is: 

  … … … 3.6  

The differential equation for the accumulation area is: 

  … … … 3.7  
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3.2.1.1 Sensitivity of the fate model 

Because of the complexity in the environmental system, as for example a lake, it is important to 
simplify models by indentifying processes which have the largest impact on a system. Such dominant 
processes can be identified by a sensitivity analysis. Sensitive analysis of the lake model focuses on 
the parameters involved in sedimentation, burying, and mixing, which are the dominant processes 
for the copper fate in the lake. Further, inflow (Fin) is connecting the two models: source model and 
lake model, so it also needs to be considered in sensitive analysis. The sensitive analysis will be 
conducted on seven parameters (Fin, PF, SWT, ET, TET,TA) base on the case of Lake Råcksta Träsk in  
three compartments (i.e. surface water, deep water and accumulation area).  

In order to conduct the sensitivity analysis, seven of the model parameters will be varied +80% from 
the base case using ten different values. The purpose was to asses which parameters the model was 
sensitive to and to understand how changes in the parameters affects the concentration of copper in 
the mentioned compartments.  

3.2.2 The Lake Model in QWASI 

The QWASI Model (Quantitative Water Air Sediment Interaction) that is based on the concept of 
fugacity developed by Mackey et al (1983), describes chemical fate and transport in aquatic systems 
demonstrating a mass balance approach. Fugacity f (Pa), a thermodynamic property of a chemical, 
can be regarded as the escaping tendency of a contaminant from an environmental phase. As an 
equilibrium criteria, fugacity is linearly or near linearly related to concentration C (mol/m3), i.e., C=fZ; 
where Z (mol/m3 Pa) is the fugacity capacity which depends on the characteristics of chemical, 
medium and temperature (Mackey & Paterson 1981; Mackey et al 1983; Mackey 2001; and 
Woodfine et al, 2000).  

The QWASI fugacity model describes the fate of a chemical in a lake system consisting of three 
primary well mixed compartments, i.e., air, water, and sediment (Mackey et al 1983; and Mackay & 
Diamond, 1989). The transfer and transportation processes treated in the model include advective 
flow, volatilization, sediment deposition, resuspension, burial, sediment-water diffusion, wet and dry 
atmospheric deposition, rain dissolution, and degrading reactions (Figure 3.3). The diverse process 
rates can be expressed as the product of fugacity and a transport or transformation parameter D 
(mol/Pa h), and chemical transported by advective flow can be defined as the product of mass flow 
rate G (m3/h) and Z, where G=mass flow rate (m3/h). The transport and transformation parameter D 
can be defined as the product of volume V (m3), first order rate constant k (h-1), and fugacity capacity 
Z, i.e., D=VkZ. 
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 Figure 3.3. Schematic representation of transfer and transportation process treated in the QWASI model (Mackay & Diamond, 1989) 
The fugacity model is suitable for chemicals which have concentrations in the gas phase. This is not 
applicable for metals, organics which have zero or negligible vapour pressure, but in this case 
‘aquivalent concentration’ or ‘aquivalence’ Aq (mol/m3) has been proposed (Mackay & Diamond, 
1989). In this modified QWASI model approach, aquivalence substitutes the fugacity, and Z values 
have been redefined as aquivalence capacity; i.e. C=Aq*Z. Aquivalence Z values are dimensionless 
and it is set to 1 for water, i.e, ZW=1 (Mackay & Diamond, 1989).  

3.2.2.1 Process Quantification in QWASI 

As fugacity model is convenient used only for those chemicals which have measurable and known 
vapour pressure, it is necessary to demonstrate aquivalence concept in equilibrium criterions in this 
case, i.e., copper. For this, fugacity at different phases in equilibrium criterions can be discussed to 
demonstrate aquivalence (Aq). At equilibrium conditions, fugacity would be same at different phases 
(Mackay & Diamond, 1989): 

   … … … 3.8   
Where CA, CW, and CS are the concentrations of the chemical in air, water, and sediments 
respectively, and Kp is the sediment-water partition coefficient (L/kg). Similarly, PS and CS are the 
vapour pressure and solubility of the chemical, while RT is the product of gas constant and 
temperature, and d is the sediment density (kg/L). When we multiply Equation 3.8 by CS /PS, we get 
the aquivalence (Mackay & Diamond, 1989) in the equilibrium criterion:  
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… … … 3.9  

Now, aquivalence capacity can be defined as (Mackay & Diamond, 1989): ;  1;  … … … 3.10  

The ratio of two Z values of two phases can be defined as the dimensionless partition coefficient, K12, 
for the two phases considered, e.g., K12=Z1/Z2. Z values (i.e. aquivalence capacity) for subsequent 
phases can be calculated as the product of the appropriate Z value and the partition coefficient. 
Table 3.3 represents the processes, transport D values and the corresponding rates treated in the 
QWASI model. 

Table 3.3. The processes and corresponding rates treated in the QWASI model (Mackay & Diamond 
1989; Woodfine et al, 2000; and Mackey, 2001)a 

Processes D Value (m3/h) Defination of D Value Rates (mol/h) 

Sedidiment burial DB GB*ZS DB*AqS 
Sediment transformation DS VS*ZS*kS DS*AqS 
Sediment resuspension DR GR*ZS DR*AqS 
Sediment to water diffusion DT KT*AS*ZW DT*AqS 
Water to sediment diffusion DT KT*AS*ZW DT*AqW 
Sediment deposition DD GD*ZW DD*AqW 
Water transformation DW VW*ZW*kW DW*AqW 
Volatilization DV kV*AW*ZW DV*AqW 
Air to water absorption DV kV*AW*ZW DV*AqA 
Water outflow DJ GW*ZW DJ*AqW 
Water particle outflow DY GP*ZP DP*AqW 
Rain dissolution DM GM*ZW DM*AqA 
Wet particle deposition DC GC*ZQ DC *AqA 
Dry particle deposition DQ GQ*ZQ DQ *AqA 
Water inflow DI GI*ZW DI*AqI 
Water particle inflow DX GX*ZP DX*AqI 
Direct emissions  EW  
aG=massflow rate (m3/h), Aq=aquivalence (mol/m3), Z=aquivalence capacity (dimensionless), AW=air-water area 
(m2), AS=water-sediment area (m2), V=volume (m3), kS and KW=transformation rate constant for sediment and 
water respectively (h-1), kT=sediment-water mass transfer coefficient (m/h), kV=air-water (water side) mass 
transfer coefficient (m/h); subscript W=water, A=air, Q=aerosol, P=particles, R=resuspension, B=burial, 
S=sediment, I=water inflow, D=deposition, T=diffusion, V=volatilization/absorption, X=water particle inflow, 
J=water outflow, Y=water particle outflow. 
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The mass balance equations at unsteady state condition for water and sediment columns are 
(Mackay & Diamond, 1989; and Woodfine et al, 2000): 

Since, VZdAq/dt= total input rate – total output rate 

The differential equation for the water column is: 

… … … 3.11  

Similarly, the differential equation for the sediment column is: 

… … … 3.12  

Here, ZBW and ZBS refer to the aquivalence capacity of the bulk or total phase including dissolved and 
sorbed material. At steady sate solution, i.e., derivatives are equal to zero, the simplified equations 
would be  

   … … … 3.13  

 … … … 3.14  

 

 

  



 

18 
 

 

  



 

19 
 

4. Case Study  

To establish the copper source and fate model, the conceptual model needs to be applied in a case. 
For this reason, the Lake Råcksta Träsk has been selected to implement the discussed models.  

4.1 Lake Råcksta Träsk, Stockholm 

Råcksta Träsk, which covers about 3.6 hectares with a maximum depth of 2.3 m, is located in the 
eastern part of Grimsta, Stockholm, Sweden. In the early 1970, the lake was dredged due to strong 
overgrown. The lake is an important breeding room for amphibians and the lake is considered to 
have some recreational value for fishers (Stockholm Vatten, 2007). 

4.1.1 Catchment Area 

The catchment area of the Lake Råcksta Träsk consists mainly of forest and open land included in the 
Grimsta recreation area. According to Figure 4.1, the catchment area can be divided into three 
regions (i.e. south-east region, east region, and northern region of the lake) from where stormwater 
enter into the lake. It has been apprehended that stormwater from these three region enters into 
the lake following the three different path shown in the Figure 4.1 (Stockholm Vatten, 2001). 

The south-east region of the lake consists of the road, Bergslagsvägen, with its surrounding 
permeable lands, metro line exposed to air, business area (e.g., Vatten Fall’s office building), and a 
smaller proportion of multi-family housing with local streets. At Råcksta round plan, there is a lamella 
plant which receives stormwater from the round plan and parts of Bergslagsvägen. The treated 
surface waters are led through a 250 m long ditch that leads into the lake's eastern part. 

The east region of the lake consists of roads (i.e., Bergslagsvägen with its surrounding permeable 
lands, and Jämtlandsgatan with certain environmentally hazardous activities), large car parks, Vatten 
Fall’s building, SL’s infrastructure, and some multi-family buildings with local streets. Water from the 
SL infrastructure with its area and parking spaces are connected to storm water pipes. The large 
wagon hall, where the trains are only parked (i.e. no washing and maintenance), has no 
management, and run-off from the subway trains are made directly on the ground (macadam bed).    
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The northern region of the lake has largely permeable woodland, Råcksta crematorium (northwest of 
Råcksta Träsk), roads (i.e., Bergslagsvägen and Lövstavägen, and some local roads), metro line 
exposed to air, and a large Vinsta industrial region (northwest of Bergslagsplan) in the catchment 
area. The roads and the industrial areas are too large and heavily exploited for local solutions (e.g., 
filter elements can come in question for copper emission). 

The entering path of stormwater into the lake from different region has been discussed above. The 
watershed of the lake Råcksta Träsk is not connected with waste water treatment plant (Sternbeck, 
2003). Therefore, there is no stormwater going to waste water treatment plant. In addition, there is 
no other stream coming to the lake (Sternbeck, 2003). The only outlet stream, which has also been 
pointed out in Figure 4.1, is flowing into in lake Mälaren (Lambarfjärden). 

4.1.2 Point Source 

Elevated levels of heavy metals, arsenic and bacteria in the form of clostridium as well as petroleum 
hydrocarbons have been found in the groundwater of the catchment area of the lake Råcksta Träsk 
(Stockholm Vatten, 2001). Also very high copper levels have been found in the groundwater in the 
catchment area. The levels exceed the median of 50 times (Stockholm Vatten, 2001). In connection 
with an investigation of the abandoned landfill in Stockholm in 1998 as cited by Stockholm Vatten 
(2000), the samples of groundwater were taken from three sites around Johannelundstippen (i.e. 
landfill shown in Figure 4.1). Two of the test points are within the catchment area. In one of those, 
the mercury with a level of slightly more than double the median value of groundwater in Stockholm 
was found (Stockholm Vatten, 2000) in this study. We considered the landfill as a point source. 

4.1.3 Load 

Råcksta Träsk receives water from the relatively large surface areas, especially north of 
Bergslagsvägen. Storm water is discharged into the lake from three sides, as discussed before. The 
largest amount of stormwater is generally added into the lake through the western part, near the 
cemetery. This water is occasionally contaminated by oil (Stockholm Vatten, 2000).  

The catchment area is relatively large and hosts environmentally hazardous activities and roads. 
Wear of brake linings from traffic introduces copper to storm water. According to the inventory of 
copper in Stockholm in 1997, there are approximately 2000 m2 (Stockholm Vatten, 2000) of roofs 
covered with copper sheets in Råcksta Träsk catchment area, including on Råcksta crematorium and 
some buildings in Vinsta. 

Stockholm Vatten AB has done a series of publications based on the lakes in Stockholm, e.g., Råcksta 
Träsk. From their research and experiment, we got some important limnological parameters (Table 
4.1). We also compared our model results with their findings.  Table 4.1 represents the numerical 
measurement of different land uses of the watershed as well as the contribution of copper loading, 
runoff coefficient (β) and discharge (Q) of different watershed in the Lake Råcksta Träsk (Stockholm 
Vatten, 2000). 

  



 

22 
 

Table 4.1 The contribution of copper loading, area, runoff coefficient and discharge of different 
watershed in the Lake Råcksta Träsk (Stockholm Vatten, 2000) 

Watershed 
Area 
(ha) 

Runoff 
m3/m2 

Discharge 
Q (m3/yr) 

Runoff 
coeff. (β) 

Cu Conc. 
(mg/L) 

Published 
Cu (kg/yr) 

A. Water 3.5 

Wetlands 3.5 0.24 8400 0.40 

B. Communications 32.6 7.50 

Road <20 000 vehicles / day 14.3 0.43 61490 0.72 0.05 3.07 

Road> 20 000 vehicles per day 3.7 0.43 15910 0.72 0.09 1.43 

Parking 5.8 0.43 24940 0.72 0.03 0.75 

Tram 8.8 0.23 20240 0.38 0.09 1.82 

C. Development 79 18 

Environmentally hazardous 
activities 

17.7 0.41 72570 0.68 0.09 6.53 

Workplace / service 20.1 0.36 72360 0.60 0.03 2.17 

Special Unit 21 0.29 60900 0.48 0.08 4.87 

Multi-Family Real Estate 17.3 0.31 53630 0.52 0.08 4.29 

Single-Family Real Estate 0.7 0.29 2030 0.48 0.04 0.08 

Livestock 2.1 0.24 5040 0.40 

Other settlements 0.1 0.29 290 0.48 0.04 0.01 

D. Permeable soil/land 245 10 

Contaminated soil 11.2 0.24 26880 0.40 0.09 2.42 

Cemetery 7.4 0.24 17760 0.40 0.02 0.36 

Cultivated land / parcels 4.7 0.24 11280 0.40 0.02 0.23 

Other open land 109 0.24 261600 0.40 0.02 5.23 

Woodland 113 0.24 271200 0.40 0.01 2.17 

TOTAL 360   987000 36 

 

From the published data of Stockholm Vatten AB (Stockholm Vatten, 2000), the developing sector 
contributes more copper to the lake than the other sectors (Table 4.1). The environmentally 
hazardous activity (e.g. industries, pumping stations, etc.) under the developing sector contributes 
the most copper to the lake. The environmentally hazardous activity occurs generally in the industrial 
area (see the map: Figure 4.1), but there is no strong source of copper emission situated in that 
industrial region (Stockholm Vatten, 2000). However, the estimation method for copper contribution 
to the lake was basically the same as discussed for the source analysis according to the StormTac 
model. In the source analysis section, we have discussed more about sources as well as contribution 
to the lake.  
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4.1.1 Water and sediment quality  

Råcksta Träsk is mainly supplied by stormwater and the residence time of water is very short. The 
water is relatively salty with a conductivity of 60 mS/m. Alkalinity is high and the pH is 7.7 (Lindström 
and Håkanson, 2003).  

The concentrations of heavy metals in the sediments are high. Lead content are high to very high and 
copper levels are very high under the EPA's rating (Stockholm Vatten, 2000) as discussed before. 
Copper levels are the highest measured in any of Stockholm's waters (Stockholm Vatten, 2000). 
Further down in the sediments, there are the high levels of organic pollutants (e.g., PAHs and PCBs); 
(Stockholm Vatten, 2001). 

Table 4.2 shows the water and sediment copper concentration in Lake Råcksta Träsk in the year 
range 1991-2006. From the Table 4.2, it can be seen that both in water and sediment, the copper 
concentration is decreasing with time from 1991. Later, in the model prediction and discussion 
sections, we discuss this decreasing trend and also predict the water and sediment copper behavior.   

Table 4.2 Water and sediment copper concentration in Lake Råcksta Träsk 

Lake Year 
Water  Cu 

content µg/L 
Sediment Cu content 

mg/kg dw  
Reference 

Råcksta Träsk 

1991 1007 Stockholm Stad 2009 

1996-197 8 1810 
Lindström and Håkanson 2001; 
1Stockholm Stad 2009  

2001 4 892 Lithner et al 2003 

2002 660 Stockholm Stad 2009 

2006 620 Stockholm Vatten 2009 

4.2 Source Analysis 

4.2.1 Source Analysis Model 

4.2.1.1 Traffic 

Copper emission from traffic has been categorized by brake lining, tires, road asphalt, and oil. As in 
the Stockholm city, the copper content in oil and gasoline from traffic considers as the detection level 
(<1 ppm); (Sörme & Lagerkvist 2002). This study has only taken into account copper in the brake 
lining, tires, and road asphalt.  

In Stockholm, the proportion of traffic is composed of 90% light vehicle (e.g. passenger car) and 10% 
heavy vehicle (e.g. busses, good vehicles) in both highways and local ways according to Larm & 
Holmgren (1999). The area of highway and local way around the catchment area of the Lake Råcksta 
Träsk are 3.7 ha and 14.3 ha respectively (Stockholm Vatten, 2000). The length of the highway, which 
has been measured from the map of catchment area produced by Stockholm Vatten AB, is 3 km and 
the length of local way, which was estimated by the equation of L=A/B (where, L=length of the road, 
A=total area of local road within the catchment cordon, B=width of the local road around the Lake 
Råcksta Träsk), is approximately 17 km. The vehicle density of the high way and local roads are 31594 
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vehicles per day and 10000 vehicles per day, respectively (Stockholms Stad, 2006 and Stockholm 
Vatten, 2001). There arouse a question about the usage of the total road length by the vehicles. In 
this catchment area, there exists only the highway Bergslagsvägen and it can be assumed that the 
vehicle density of every point along its length is the same. Again, the variation of vehicle per day in 
local roads within the catchment area is 5000 to 15000 (Stockholm Vatten, 2000 and Stockholm 
Vatten, 2001). Therefore, the vehicle density of the local road has been assumed the average of the 
range, i.e., 10000 vehicles per day. Further, we can assume that the vehicle density on every point 
along its length is the same since the mean value (i.e. 10000 vehicles per day) has been used to 
estimate the copper emission from traffic. 

For the estimation of copper emissions from brake linings, it is necessary to know the copper content 
in the brakes of the vehicles, but this is different from vehicle to vehicle (e.g. new or old, heavy 
vehicles or cars, etc.) as well as between front to rear brakes of vehicles (Westerlund, 2001). Besides, 
the vehicle needs to change its brake after the wearing of 70% of the original one. Consequently, this 
would happen when the vehicle is 4 years old (Westerlund, 2001).   According to Westerlund (2001), 
40% is new vehicles and rest of the vehicles is old in the estimation of the copper content in brakes. 
Table 4.3 represents the copper content of brake linings in different types of vehicles and their 
proportions. The weighted mean copper content in the brake linings have been calculated based on 
the information showed in Table 4.3 as well as the above discussion. 

Table 4.3 Copper content of brake linings in different types of vehicles and their proportion 
(Westerlund, 2001) 

Vehicles Category Type Units 
New Old 

Front Rear Front Rear 

Passenger car (90%) mg/kg 118000 92000 72000 51000 

Heavy vehicle (10%) Goods vehicles (75%) Scania (40%) mg/kg 77 77 77 77 

Volvo (60%) mg/kg 15000 15000 15000 15000 

Busses (25%) Scania (8%) mg/kg 88 88 88 88 

  
Volvo (92%) mg/kg 27300 27300 27300 27300 

 

The values of metal content, wear rate, fraction to stormwater from brake lining, tires, and road 
asphalt are shown in Table 4.3 and the values of runoff coefficients from different sources are shown 
in Table 4.4.  Copper loading into the Lake Råcksta Träsk from brake lining, tires, and asphalt are 
represented in Table 5.1.      
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4.2.1.2 Railway 

There exists a metro line (exposed to open air) in the catchment area of the Lake Råcksta Träsk. This 
study has adopted the wear rate of particulate matter (PM) and copper content in the emitted PM 
from the case study in Mariatorget metro station (Stockholm, Sweden) which is not exposed to open 
air.  In that station, the average emission of PM10 in the surrounding atmosphere is 357 µg/m3 in 
weekdays and 267 µg/m3 in weekends (Johansson and Johansson, 2003) and the average metro per 
day including both sides is 556 (Johansson and Johansson, 2003). The PM emission per unit length 
year has been calculated by multiplying the cross sectional area of the station (10mX6m) (Gidhagen 
et al, 2003) with the PM emission per unit volume. Thereafter, the PM wear rate per metro-km year 
(Table 4.4) has been estimated from dividing it (PM emission per unit length year) by the metro 
density, as the emission of particulate matter is linearly proportional to number of trains (Johansson 
and Johansson, 2003). The copper content in the emitted PM (Table 5.1) has been estimated from 
the copper oxide (CuO) content in the particulate matter (1.8%) (Johansson and Johansson, 2003). 

The sources of PM are wearing of steel due to the friction between wheels and rail, wearing of 
brakes, particles from the rail track and the platforms, as well as vaporization of metals due to 
sparking (Johansson and Johansson, 2003). This occurrence can be comprised with traffic emission, 
though the main source of copper in traffic is brake linings. In traffic, approximately 31% emitted 
copper from the brake lining is attached with the vehicle, 20% goes to stormwater and rest of the 
copper remains in the atmosphere (Hulskotte et al, 2007). Therefore, we propose that the emitted 
PM from railway may follow the same path. For this reason, the fraction of PM to stormwater has 
been assumed the same as for the traffic sector. The runoff coefficient from the railway area has 
been taken from Stockholm Vatten (2000); (Table 4.1 and Table 4.5). The average daily metro 
including both ways and weekends in Råcksta metro station is 200 (SL 2009).  

4.2.1.3 Building Material 

In Stockholm, the source of emission from the building materials to lake is the copper roofs, and 
there are some buildings with copper roofs in the drainage area of the Lake Råcksta Träsk. There are 
1500 m2 copper roof around the Råcksta crematory and 2500 m2 copper roofs on the industrial 
building in northern region of the lake (Stockholm Vatten, 2001). The copper roofs were estimated 
from the aerial photographs, but the inclination of the roofing has not been considered to calculate 
the copper roofing area. The inclination of the most of the building roof is around 5° (varies from 5° 
to 15°) (Ekstrand et al, 2001); therefore, the estimated area of copper roof can be assumed to be 
near the actual value. The runoff rate from copper roof and the copper loading to the lake from the 
building materials are shown in Table 4.4 and Table 4.5 respectively.  

4.2.1.4 Parking  

Traffic is the main source of copper emission from parking lots. In this case, it was a bit troublesome 
to relate the emission from parking with the traffic. On the other hand, a lot of studies based on the 
copper emission from parking lots have been done (Larm, 2000a, b; Stockholm Vatten, 2000; and 
Westlin, 2004). In those studies, the copper was estimated from the runoff rate. For this reason, the 
copper runoff rate (Table 4.4) from the parking lots has been estimated from the copper 
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concentration to the runoff from the parking lots. The concentration of copper (30 µg/L) has been 
taken as the most common value from the literatures mainly based on the case studies in Stockholm 
region (Larm, 2000a,b; Stockholm Vatten, 2000; and Westlin, 2004). Here, atmospheric deposition 
has been deducted from the copper runoff rate to avoid the double counting.  The runoff rate from 
parking lots and the copper loading to the lake from the parking area are shown in Table 4.4 and 
Table 4.5, respectively. 

4.2.1.5 Atmospheric Deposition 

The atmospheric deposition of copper was estimated by the summation of average wet deposition 
(1.12 mg/m2) and average dry deposition (1.38 mg/m2) (Burman & Johansson, 2000). Hence, the 
average atmospheric deposition of copper in Stockholm region (2.5 mg/m2) (Burman & Johansson, 
2000) has been considered in the catchment area of the Lake Råcksta Träsk, because wind can carry 
the copper particles from the neighbour region into the lake watershed as well as going out from the 
catchment area through wind. It was assumed that the fraction of deposition to stormwater (α) is 
90%; as in the wet deposition, copper has already been to the stormwater (e.g. copper deposits 
through rain) and the dry deposited copper in the watershed is easily accessible for the stormwater 
(Burman & Johansson, 2000). In the case of the watershed deposition, the mean value of runoff 
coefficient has been used. Again, in the case of direct deposition to the lake, β can be assumed as 1 
(Table 5.2). The point source (i.e contaminated soil) in the catchment area has been excluded for the 
estimation of copper from the atmospheric deposition.  

4.2.1.6 Groundwater 

In Stockholm, the average copper concentration in groundwater is much higher than the Swedish 
average concentration (Stockholm Vatten, 2009). The mean annual groundwater recharge in 
Stockholm is 70 mm, and this estimation is based on the aerial distribution of the geological elements 
and impediments in Stockholm (Aastrup & Thunholm, 2001). The fraction of stormwater, αG (Table 
4.4) that goes to groundwater has been estimated by the ratio of annual groundwater recharge (70 
mm) and annual precipitation (600 mm) (Larm & Holmgren, 1999) in Stockholm.  

We have already discussed that there is an old landfill (now it is not used as a dumping land) in the 
catchment area. Elevated levels of heavy metals, arsenic and bacteria in the form of clostridium and 
petroleum hydrocarbons have been found in the groundwater in the landfill area (Stockholm Vatten, 
2001). Even very high copper levels have been found in the groundwater in the catchment area, and 
the levels exceed the median by 50 times (Stockholm Vatten, 2001).  Therefore, we considered it as a 
point source as already discussed in the point source section.  For this reason, the median value of 
groundwater copper concentration (i.e 8 µg/L) in the Stockholm region (Stockholm Vatten, 2009) has 
been used in the estimation of groundwater contribution to the lake. Groundwater of the landfill 
region has not been considered in this case in order to avoid overestimation of copper. It has been 
assumed that all of recharged groundwater from the catchment area goes to the lake. 



 

29 
 

4.2.1.7 Point source 

There is a landfill in the catchment area, which has been designated as contaminated soil in Table 
4.1. The landfill itself is a great source of metal. In this study, it has been considered as a point source 
of metal emission. The copper emission from this contaminated soil to lake has been taken from the 
estimation of Stockholm Vatten (2000) (Table 4.1).  

4.2.2 StormTac Model 

The parameterization of the StormTac is very easy, since Larm (2009) suggests the standard values 
for runoff coefficients of specific land use and the corresponding copper concentration (Appendix A: 
Table 1). Larm (2009) has also made a chart for maximum and minimum values of the runoff 
coefficient as well as the concentration, and he suggests to use the standard values for the typical 
land use but the values should be maximum for the slanted area (runoff coefficient) or densely 
populated area (concentration) and vice versa. However, there is an uncertainty in the standard 
values (Appendix A: Table 1) because of the large difference between the maximum and minimum 
values albeit the maximum runoff coefficient was explained as the consideration of base flow Larm 
(2000a, b).   

The quantification is similar between the StormTac model and in the method used by Stockholm 
Vatten (2000). However, the concentrations and runoff coefficients used in Stockholm Vatten (2000) 
are more case specific, i.e., the estimation was based on the lake Råcksta Träsk, than that of the 
StormTac model. In the StormTac model, the standard concentrations as well as the runoff 
coefficients were estimated from the different case studies mostly from the Stockholm region (Larm, 
2000a, b). Most of the values of concentrations and related runoff coefficients of specific land uses 
are pretty close both in the two estimations. On the other hand, some values are very different 
between the estimations. Therefore, the values of runoff coefficients and standard concentrations 
used in Stockholm Vatten’s estimation (Table 5.2) have been taken in this case to reduce the 
uncertainty of the StormTac model.  

4.3 Fate Analysis Model 

4.3.1 Fate Model through Simile 

In this study, the result of the source analysis model is used as the input data for the lake model. 
Further, the copper input (i.e. total copper emission from the source analysis including the point 
source and direct atmospheric deposition) into the lake has been simplified as entering through 
stormwater, since there is no special characteristics of different input paths in the lake model. The 
limnological parameters used in the fate model for the lake Råcksta Träsk are shown in the Table 4.6. 
Water retention time, surface water retention time, and annual discharge to the lake have been 
estimated from the data produced by Stockholm Vatten AB (Stockholm Vatten, 2000).  Other 
calculated values cited in the Table 4.6 have been estimated from the equations depicted in Table 
3.2.  The continentality, which refers to the distance of the lake Råcksta Träsk from the ocean, has 
been assumed as 100 km.  The model is implemented through a graphical interface dynamic causality 
model approach in Simile v 5.1.  
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Table 4.6 Parameters used in the Lake model 

Parameter Symbol Unit Råcksta Träsk Reference 

Water retention time T yr 0.06 Calculated (T=Q/V) 

Surface water retention time TSW yr 0.024 Calculated (TSW=Q/VSW) 

Discharge Q m3/yr 987000 Calculated 

Lake surface area A m2 36000 Stockholm Vatten 2000 

Area of the drainage area AD m2 3600000 Stockholm Vatten 2000 

Lake volume V m3 54000 Calculated (V=ADm) 

Mean depth Dm m 1.5 Stockholm Vatten 2000 

Maximum  depth Dmax m 2.3 Stockholm Vatten 2000 

Form factor Vd dimensionless 2 calculated (see Table 3.2) 

Fraction of ET-area  ET % 23 calculated (see Table 3.2) 

Lake-typical sedimentation vs cm/yr 0.46 Lindström and Håkanson 2001 

Active sediment depth t cm 5 Mackay 2001 

Age of ET-sediment TET yr 1 Håkanson 2004, p. 22 

Age of A-sediment TA yr 8.42 Calculated (see Table 3.2) 

Diffusion constant Cdiff %/year 0.35 Lindström and Håkanson 2001 

Settling velocity of the particles v m/yr 50 Lindström and Håkanson 2001 

Particle fraction PF % 28 Lindström and Håkanson 2001 

Burying velocity vbur cm/yr 0.91 Sternbeck 1998; p.10 

Loss of ignition LOI % 22 Sternbeck 2003, p. 69 

Water content in sediment w % 92.3 Sternbeck 2003, p. 70 

Latitude Lat °N 59.35 StockholmVatten 2009 

Altitude Alt masl 40 CWOP 2009 

Continentality Cont km 100 Assumed (see text) 

Longitude Long °E 17.88 StockholmVatten 2009

 

4.3.2 Fate Model through QWASI 

System specific characteristics for the Lake Råcksta Träsk and chemical properties are shown in Table 
4.7 (see in details: Appendix B).  In this study, total chemical input (i.e. total copper emission from 
the source analysis including the point source and direct atmospheric deposition) into the lake has 
been considered as entering through water, i.e., the stormwater and the ground water, for the 
simplification as well as making it comparable with the Simile model. Obviously, there exists direct 
atmospheric deposition into the lake, but it is negligible comparing with total emission (0.09<<38 
kg/yr). Thus, the chemical input to the lake has been estimated as copper concentration in inflowing 
water (Table 4.7).  

The lake dimensions have been taken from the Vattenprogram (2000). However, in this study, 
volume of the lake was not taken directly from the data provision in the publication because of the 
vague result in the estimation of the lake mean depth; the volume has instead been calculated as the 
water sediment area (A) multiplying by the mean depth of the Lake (Dm), i.e., V=A*Dm. The mean 
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active sediment depth has been set to 5 cm, because most of the activity occurs in the top 5 cm of 
the sediment, and the deeper sediments are less accessible (Mackay, 2001). 

The organic fraction in the sediment has been estimated from value of the loss on ignition (LOI), 
because LOI represents the loss of organic matter (Mackey, 2001, p. 74). On the other hand, due to 
insufficient data for the organic fraction of solids (OC) in water column, we did several tentative 
inputs of organic fraction of solids in the QWASI model input box (version 3.10), which gave us the 
same results in the main processes. In this case, we assumed OC in particulate matter as 40% for 
typical growing lake (Mackey 2001). 
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Table 4.7 Limnological and chemical parameter of the Lake Råcksta Träsk for the QWASI model 

Parameter Unit Råcksta Träsk Reference 

Lake dimensions 

Water and sediment area m2 36000 Vattenprogram 2000 

Volume m3 54000 Calculated (see Table 4.6) 

Mean depth m 1.5 Vattenprogram 2000 

Mean sediment active depth m 0.05 Mackay 2001 

Particle properties 
Suspended particle density kg/m3 2000 Diamond et al 2000 

Sediment density kg/m3 2400 Diamond et al 2000 

Aerosol density kg/m3 2400 Diamond et al 2000 

Particle concentration in water column mg/L 30 Lithner et al 2003 

Inflow particle concentration mg/L 30 Lithner et al 2003 

Organic fraction in water column 0.4 Assumed (see text) 

Organic fraction in sediment 0.22 Sternbeck 2003 

Organic fraction in resuspended particle 0.22 Sternbeck 2003 

Transfer rates 
Volatilization (air side) m/h 1 Mackay and Diamond 1989 
Volatilization (water side) m/h 0.01 Mackay and Diamond 1989 
Overall water side m/h 0 Mackay and Diamond 1989 
Sediment water diffusion m/h 0.0002 Diamond et al 2000 

Partition coefficient 

Air-water (KAW) dimensionless 0 Mackay and Diamond 1989 
Aerosol-water dimensionless 1 Mackay and Diamond 1989 
Sedimment-water kg/L 333000 Mackay and Diamond 1989 
Suspended particle-water kg/L 333000 Mackay and Diamond 1989 

Flows 
Water inflow m3/h 112 Calculated (see Table 4.6) 

Water outflow m3/h 112 Same as inflow 

Deposition rate of solids g/m2 day 0.72 Woodfine et al 2000 
Burial rate of solids g/m2 day 0.61 Woodfine et al 2000 
Resuspension rate of solids g/m2 day 0.12 Woodfine et al 2000 

Z Values D Values (m3/h)

ZA= 0 DB=300 

Calculated 
(see Table 3.3 and 
Appendix B) 

ZW= 1 DS=3.4E-4 

ZQ= 1 DR=57 

ZP= 6.68x105 DT=7.2 

DD=720 
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Continued (Table 4.7) 

Aquivalence (mol/m3) DW=7.9E-6 

Calculated 
(see Table 3.3 and 
Appendix B) 

AqA= 0 DV=0 

AqW= 2.3x10-5 DV=360 (water) 

AqS= 4.5x10-5 DJ=110 

AqI= 2.9x10-5 DY=22600 

DM=2.9 

Chemical inputs DC=0 

Direct Emission (kg/yr) 0 DQ=0 

Cu concentration in inflow water (ng/L) 38400 DI=110 

Cu concentration in air (ng/L) 0 DX=2260 

 

The values of partition coefficients for copper in QWASI in this study have been taken from Mackay 
and Diamond (1989), but those values were estimated for lead. We have used those lead partition 
coefficient values in the case of copper, because in earlier studies partition coefficients derived for 
metals were considered the same for all metals (Woodfine et al, 2000). Similarly, transfer rates (m/h) 
for diffusion has been taken from Diamond et al (2000), which value was estimated for mercury. 
Since the copper does not have the significant partial pressure or solubility, we did not emphasize on 
the transfer rates for the volatilization. We used the value from Mackay and Diamond (1989).  

The most important parameters in the QWASI aquivalence model that define the fate of chemicals in 
the lake, are the flow rates, e.g., deposition rate of solids, burial rate of solids, and resuspension rate 
of solids. At first, we calculated the deposition rate of solids for the QWASI aquivalence model from 
the settling velocity of copper (50 m/yr) (Lindström and Håkanson, 2001), which value we used in the 
Simile model, but this settling velocity gave an unacceptable result in the outflow and burial rate. 
Similarly, we calculated the burial velocity for the QWASI aquivalence model from the values used in 
Simile model; it also did not give the satisfactory result. Actually, the settling velocity of copper and 
burial velocity of sediment, used in the Simile model, was the calibrated values compatible to that 
modelling (Lindström and Håkanson, 2001). Therefore, these velocities can be used for the similar 
type of modelling approach, but using this type of calibrated values in the different type of 
modelling, e.g., QWASI modelling approach is quite different from the Simile modelling, would not be 
appropriate. For this reason, we have selected the values from Woodfine et al (2000) for use in 
QWASI.  
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5. Results  

In order to connect the sources and the lake in the urban system, we used both models: the source 
analysis model and the lake model. The source analysis or urban emission model accounts for the 
possible diffuse emissions following the approach of Sörme and Lagerkvist (2002) using a simple 
quantification as illustrated in the section of model description as well as in the section of the case 
study. The fate of copper in the recipient lake is represented in the lake model following the 
approach of Håkanson (2006). This approach is based on quantifying fluxes between compartments 
representing different physical units of the lake system by process-based, empirical transfer 
equations (Table 3.2). Besides this, a source analysis according to StormTac model and the fate of 
copper in the lake through QWASI model has also been evaluated. To connect the source and the 
fate models, the result of the source analysis is used as the input data for making the lake mass-
balances model. 

5.1 Results of the Source Model 

5.1.1 Source Analysis 

The source model estimated the total copper load in the drainage area (Fin) for the Lake Råcksta 
Träsk, Stockholm, Sweden. Figure 5.1 and Table 5.1 show the copper loading into the lake from 
different sources in the drainage area.  From Table 5.1 and Figure 5.1, it can be seen that the traffic 
and road sectors contribute the largest amount of copper to the lake, and in the traffic section, brake 
linings contributes the most. Road asphalts contribute notable amounts of copper, but the tires have 
a negligible emission to the lake.  In this case, traffic in local roads emits more copper to the lake 
than the highways. Therefore, in the traffic and road sectors, the local roads emit the most of 
coppers especially through brake linings.  

Table 5.1 Estimation of copper loading into the lake from different sources 

Source Catalog Type 
Copper into Lake 
(kg/year) 

Traffic and roads Brake lining Highway 6.72 
Local road 12.67 

Tires Highway 0.003 
Local road 0.006 

Asphalt Highway 1.24 
Local road 2.34 

Parking   0.65 
Railway (Metro)   2.52 
Building material Copper roof  3.64 
Atmospheric deposition Lake  0.09 

Watershed  3.45 
Groundwater   2.15 
Contaminated soil Point source  2.42 
Total   38 
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Building materials (i.e. copper roofs) and atmospheric deposition both carry equal weight, which are 
the dominating source of emission to the lake after the traffic (Figure 5.1). In the case of atmospheric 
deposition, direct deposition is negligible compared to watershed deposition and transported to the 
lake. Previously, it was suspected that the landfill (point source) in the watershed is responsible for 
the high copper content in the lake sediment (Stockholm Vatten, 2000). Our source analysis suggests 
that it contributes only 6% of total emitted copper to the lake. In the case of railway (metro), 
groundwater, and the discussed point source (i.e., landfill), each of them has almost equal 
contribution to the lake. In this case, parking does not have a significant contribution to the lake. 

 Figure 5.1 Copper loading into the lake from different sectors 
As discussed above, the traffic sector contributes the most copper to the lake through the brake 
linings, but only 20 percent of emitted copper from the brake linings goes to stormwater (Table 4.4; 
Hulskotte et al, 2007). Searching the fate of the other eighty percent, Hulskotte et al (2007) found 
that 49% of the copper from brake linings goes to atmosphere as an aerosol, and the 31% attached 
to wheels, steering, and other suspension equipments of the traffic. Further, emission from brake 
wearing particles smaller than 10 µm is about 88%; furthermore, less than 2.5 µm and 0.1 µm are 
63% and 33% respectively (Hulskotte et al, 2007). Therefore, the wearing of brake linings is an 
important source of atmospheric copper concentrations. In connection with this, a mass balance of 
copper has been made with the help of distribution coefficients of different emissions, i.e., α and β. 
Figure 5.2 shows the mass balance of the source analysis model of copper to the Lake Råcksta Träsk. 
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Building 
material (9%)

Atm. deposition 
(9%)

Groundwater 
(6%)

Contaminated 
soil (6%)

Copper Loading to Lake Råcksta Träsk
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 Figure 5.2 Mass balance of the source analysis model of copper to Lake Råcksta Träsk 
Without considering the point source, the total anthropogenic emission in the catchment area of 
Råcksta Träsk is around 163 kg per year. Most of the emitted copper (77 kg per year) remains in 
atmosphere as aerosols. Approximately 19 kg copper emits to the soil and stores at 17 kg per year by 
the retention of copper on the soil while it infiltrates as well percolates to the groundwater. Finally, 
38 kg of emitted copper goes to the lake in every year by the means of stormwater, surface water as 
well as groundwater. Further, most of the attached copper with the traffic (e.g. attached to wheels, 
steering, and other suspension equipments) goes to water treatment plant through washing of 
vehicles, whileonly 1 kg from them settles down on parking lots every year. In Stockholm, most of the 
vehicles are washed in a controlled way that washing contaminants do not spread into the 
environment (Stockholm Stad 2008, Stockholm Vatten, 2009), i.e., there are few vehicles that are 
washed in open fields. Therefore, every year, approximately 34 kg of emitted copper from the 
Råcksta Träsk’s catchment area goes to water treatment plants by the means of the washing of the 
traffic. 

In the source model, the input data of the case Lake Råcksta Träsk is the length of the road and the 
traffic volume in the major roads, the distribution of land use, the area of copper roof, in their 
drainage area.  Here, it is assumed that the input information is static and the source model give an 
average Fin in a period of 2000-2006. First, since those data are collected from different fields (urban 
plan and transportation), it is hard to gather all the information for the case in the same year. In this 
study, those data are generally collected in a period of 2000-2006: Data on the land use is given by 
Stockholm water program in 2000 (Stockholm Vatten, 2000), the distribution of copper roof in 
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Stockholm is estimated in 2000 (Stockholm Vatten, 2000), and the traffic volumes in major roads are 
reported in 2005-2006 (Stockholms Stad, 2006). Therefore, the estimated emission of copper 
represents the present emission, as there was no action made in the catchment area of the lake after 
2006. 

In the mass balance of the source analysis, only around 23% of total emission goes to the lake. 
Further, approximately 52% of total emission goes to the atmosphere, and as this emitted copper is 
in the form of very small particles as mentioned before, they remain in the atmosphere a long time 
as an aerosol. In the Stockholm region, the average atmospheric deposition of copper is 2.5 mg/m2 
(Table 4.4). After the atmospheric deposition of emitted copper, 47% of the total emission is stored 
in the atmosphere every year. Defining the fate of copper, in this case, we produced the Figure 5.3, 
which represents the distribution of emitted copper in different compartments (e.g. atmosphere, 
soil, and lake) and comparison of traffic sector with total emission. 

 Figure 5.3 Distribution of emitted copper and comparison of traffic sector with total 
In the Figure 5.3, it is clear that the traffic sector is responsible for approximately 75% of total 
emission to the biosphere. Further, in the total traffic emission, 94% comes only from brake linings.  

5.1.1.1 Testing of the Source Model 

The source analysis model has been tested against another established model (StormTacl) and 
published data for the copper loading in the Lake Råcksta Träsk from Stockholm Vatten AB (Table 
4.1). The total estimated copper loading according to our source analysis fit better with the 
estimation of StormTac than with Stockholm Vatten (2000). The total emission to the lake according 
to both models (i.e. our source model and StormTac) is 38 kg per year, while Stockholm Vatten 
(2000) estimated the loading as 36 kg per year. These results are pretty close to accept the source 
analysis model as a right modelling approach. We will discuss more about this in the comparison 
section (Chapter 6).  
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5.1.2 Source Analysis Results through the StormTac 

The source analysis according to the StormTac model and comparison of the results with Stockholm 
Vatten (2000) are shown in Table 5.2. The comparison of results between StormTac model and the 
published data from Stockholm Vatten (2000) is pretty close (Table 5.5), in view of the fact that the 
process quantification of these two models is quite similar. 

Table 5.2 The process quantification of StormTac model and comparison of the result with Stockholm 
Vatten (Stockholm Vatten, 2000, Larm, 2000 and StormTac, 2009) 

Land use 
Area, A 
(ha) 

Runoff 
Coff. 
(β) 

Precipitn
Intensity 
I 
(mm/yr) 

Discharge, 
Q=10*I*β*A 
 (m3/yr) 

Standard 
conc. of 
Cu, C 
(µg/L) 

Pollutant 
Transport, 
L=Q*C/1000 
(kg/yr) 

Stockholm 
Vatten  
Copper 
(kg/yr) 

Road<20000 
veh./day 

14.3 0.85 600 72930 51 3.74 3.07 

Road>20000 
veh./day 

3.70 0.85 600 18870 72 1.36 1.43 

Parkinga 5.80 0.72 600 25056 40 1.00 0.75 

Tram/Metroa 8.80 0.40 600 21120 49 1.03 1.83 

600   

Industryb 38.7 0.70 600 162540 90 14.63 11.4 

Commercial Area 20.1 0.70 600 84420 22 1.86 2.17 

Apartmentab 17.3 0.40 600 41520 80 3.32 4.29 

Houseab 0.80 0.40 600 1920 40 0.08 0.08 

600   

Farmlandab 14.2 0.40 600 34080 20 0.68 0.59 

Pastureab 109 0.40 600 261600 20 5.23 5.23 

Woodlandab 113 0.40 600 271200 8 2.17 2.17 

Contaminated Soilab 11.20 0.40 600 26880 90 2.42 2.42 

Atmosppheric 
deposition in Lake 

3.60 1 600 21600 25 0.54   

Total 38 36 

aRunoff coefficient has been taken from Stockholm Vatten, 2000 
abRunoff coefficient and concentration of Cu has been taken from Stockholm Vatten, 2000 
bConcentration of Cu has been taken from Stockholm Vatten, 2000 
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5.2 Results of the Fate Model 

5.2.1 Results of Fate Model through Simile 

In this model, the copper to the lake has been set as 38 kg per year, and this emission represents the 
yearly average over the period of 2000-2006 as mentioned above. Outflow from the lake is the 
dominant process. The outflow of copper from the lake is approximately 27 kg per year, while the 
burial rate of copper is 11 kg per year (Figure 5.4). Thus the copper goes to the downstream system 
(outflow) more than the copper accumulated in passive sediment (Bury), since outflow is the 
dominant process. 

In this model, three compartments remain beneath the surface water column, i.e., deep water, ET 
area, and A area. Sedimentation of copper particles mainly defines the fate of copper. Here, 
sedimentation occurs in two steps: firstly, sedimentation from the surface water; secondly 
sedimentation from the deep water to accumulation area. From the surface water, most of 
sedimentation occurs to the deep water compartment rather than to the ET area. In this model, 
sedimentation actually distributes according to the dimension of ET and A areas. In every year, 3 kg 
copper is resuspending from the ET areas to surface water (1 kg) as well as the deep water (2 kg). 
Eventually, 12 kg copper deposits on the accumulation area every year at the steady state condition. 
The diffusion from the sediment to deep water is 1.5 kg per year.  

In this model, mixing is an important process because of the temperature difference between the 
surface water and deep water temperature as well as the seasonal variation. From the surface water, 
1 kg copper goes to deep water; on the other hand 1.9 kg copper from the deep water goes to 
surface water column as mixing. If mixing is excluded, the outflow and burial do not show any 
considerable change in their fluxes. In this case, the outflow exhibits approximately 26 kg and rest of 
the portion goes to burial. On the other hand, if we consider the maximum mixing in this model (i.e. 
not fully mixed; in this case, still there remains the concentration difference between the surface 
water (21 µg/L) and the deep water column (25 µg/L); according to Håkanson and Bryhn (2008), Rmix 
should not greater than 12), it does not show any significant change in their fluxes but it shows an 
important change in the accumulation storage which exhibits higher copper concentration in the 
sediment column. From the above discussion, in sediment copper concentration, mixing plays an 
important role. In the base case, model gives the sediment copper concentration at steady to 825 
mg/kg dw, whereas at the maximum mixing rate, 700 mg/kg dw. The decreasing tendency of 
sediment concentration can be described as higher flux of mixing goes to surface water from the 
deep water column. At the same time, lower flux of sedimentation occurs on A area from the deep 
water column. Therefore, the copper storage in the A area decreases when the mixing rate increases. 
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 Figure 5.4 Mass balance of copper at steady-state in the Lake Råcksta Träsk through the Simile model  
In this modelling approach, the particulate fraction (PF) has an important role, because if there is no 
particulate fraction in water, i.e., only dissolved copper, there will be no sedimentation on A area at 
the steady state condition. In this case, the copper concentration in surface water obviously would 
be high (28 µg/L). On the other hand, if all copper act as particulate form, i.e., 100% PF, certainly, 
precipitation would be increased. At the same time, the burial of copper would be increased (23 kg); 
consequently, outflow of copper from the lake will decrease (15 kg). As a result, sediment copper 
concentration would be increased to 1726 mg/kg dw, but surface water concentration would be 
decreased to 10 µg/L.  

5.2.1.1 Comparison of the model results with historical data 

According to the model result, the copper concentration in the water column is approximately 20 
µg/L where as the monitoring copper concentration in water of the lake is 4-8 µg /L (1996-2001) 
(Table 4.2). The model copper concentration is higher than that of the field. This lower concentration 
of copper in the water column can be explained in two ways: firstly, the parameterization of the 
sedimentation as well as internal loading is not correct; secondly, the field concentration in the water 
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column has not been measured according to the modelling approach. According to the first 
assumption, if sedimentation rate increases, the surface water concentration decreases, but the 
storage of the accumulation area would be so high that the sediment copper concentration would 
not fit with the field value. Second explanation will be described later in the result of the QWASI 
modelling section, because after the result of QWASI model, the explanation would be more 
understandable. 

In the sediment column, the model result is quite satisfactory. Our estimated source represents the 
emission period 2000-2006. In this period, the average monitored copper concentration in the active 
sediment is approximately 724 mg/kg dw where as the model gives 825 mg/kg dw at the steady state 
condition. Later, in the comparison and discussion section, this result will be discussed more. 

5.2.2 Results of Fate Model through QWASI 

System specific characteristics for the Lake Råcksta Träsk and chemical properties are shown in the 
Table 4.7 (see in details: Appendix B).  In this study, total chemical input (i.e. total copper emission 
from the source analysis including the point source and direct atmospheric deposition) into the lake 
has been considered as entering through water, i.e., the stormwater and the ground water, for the 
simplification as well as making it comparable with the Simile model. Obviously, there exists direct 
atmospheric deposition into the Lake, but it is negligible comparing with total emission into the lake 
(0.09<<38 kg/yr). Thus, the chemical input into the lake has been estimated as copper concentration 
in inflow water.  

 Figure 5.5 Mass balance of copper at steady-state in the Lake Råcksta Träsk through the QWASI model  
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To connect the source and the fate models, the result of the source analysis (i.e., 38 kg/yr) is used as 
the input data for making the lake mass-balances model. QWASI MODEL-Version 3.10 (QWASI, 2007) 
has been used to estimate the steady state mass balance of copper in the Lake Råcksta Träsk. Figure 
5.5 shows the mass balance of copper in the Lake Råcksta Träsk through the QWASI model. In this 
mass-balance, copper enters the lake as dissolved and particulate form, and they maintain their 
equilibrium condition in the outflow as well. In the equilibrium condition in water, 5% copper 
remains in dissolved state; therefore, 95% of total copper acts as particulate forms in this model.  
There is no direct emission into the lake as well as no interaction with atmosphere as discussed 
above. Microorganism does not have any effect on copper, and in the Figure 5.5, we can see that 
there is negligible portion of copper transformation in the water and sediment column.  

The dominant transport process in this mass balance is the outflow from the lake. Approximately 30 
kg of copper leaves the lake per year though water as outflow while the burial rate of copper from 
active sediment to passive or deep sediment is 7.6 kg per year. Actually, the outflow rate as well as 
the burial rate defines the fate of copper in the lake. In this modelling approach, sedimentation rate 
defines the outflow as well as the burial of copper. For example, if most of the copper deposits on 
sediment, less amount of copper remain in the water column; eventually, less copper in the outflow. 

In the internal process of the modelling, resuspension contributes 1.4 kg per year to the water 
column where diffusion adds 0.09 kg per year to the water column. According to the QWASI model, 
diffusion exists in both directions, i.e., sediment to water and water to sediment. Certainly, diffusion 
from sediment to water is higher than that from water to sediment (Figure 5.5), since the copper 
concentration in sediment is higher than in the water column. Net sediment water exchange at the 
steady state including all internal process is 7.6 kg copper transported to sediment from the water 
column every year. 

5.2.2.1 Comparison of model results with monitoring data 

The modelled copper concentration in the water column is approximately 30 µg per liter where as 
the monitoring copper concentration in water of the lake is 4-8 µg /L (1996-2001) (Table 4.2). The 
modelled copper concentration is again higher than the field. This lower concentration of copper in 
the water column can be explained in two ways as mentioned above: firstly, the parameterization of 
the sedimentation as well as internal loading is not correct; secondly, the monitoring concentration 
in the water column has not been measured according to the modelling approach. In the modelling, 
the water column is well mixed, and the concentration of copper in the water column gives the 
average concentration of that year according to the source at the steady state condition. Here, in 
measuring the monitoring copper concentration in water, the average has been made by taking the 
samples three times in a year (Stockholm Vatten, 2000), but there remain some uncertainties in the 
sample collection condition, raining, snowing, sunny day, etc. It was mentioned that the sample was 
collected at the mid of the lake beneath 1 m from the surface of the water table (Lindström & 
Håkanson, 2001). In natural condition, copper remains in the water column when it rains or snowing; 
otherwise, the particulate copper settles down to the sediment as well as leaves the lake through 
outflow. Only, the dissolved portion exists in the lake water in a sunny day. Besides, there are other 
meteorological factors (e.g. temperature) as well as pH which have an impact on the partition 
coefficients, solubility, etc. (Woodfine et al, 2000), but we did not consider these factors in our 
modelling. 
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From the QWASI result, we got only 5% dissolved copper in the water column as mentioned above, 
but according to the field observation approximately 72% copper remain in dissolved condition in the 
water (Lindström & Håkanson, 2001; Stockholm Vatten, 2009). This higher dissolved fraction in the 
water column can be explained as the dissolution as well as conversion of particulate copper to 
dissolved form. Further, the higher dissolved fraction of copper in the monitoring data can be 
explained as at the sample collecting situation most of the particulate copper settled down to the 
sediment or left out through the outflow. In addition, the collection time might be a sunny day while 
there was no recent stormwater in the lake. In this case, it also explains the lower copper content in 
the water column. Therefore, monitoring data of lower copper concentration and higher dissolved 
copper in water indicates that most of the particulate form of copper settled down on the sediment 
bed. 

In the sediment column, the model result is again quite satisfactory. Our estimated source represents 
the emission period 2000-2006. In this period, the average monitored copper concentration in the 
active sediment is approximately 724 mg/kg dw where as QWASI modelling approach gives 947 
mg/kg dw at the steady state condition.  
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6. Comparison of Results from Different Sources 

6.1 Comparison of the Results of the Source Analysis 

Table 6.1 shows the comparison of results among the different source models. The total copper 
contribution to the Lake Råcksta Träsk from the three analysis is close (Table 6.1), but it is very 
difficult to compare individual sources for the reason that the concept of models are not similar. The 
source analysis model has concentrated on the actual sources of copper. The dominant approach in 
this study is source-based approach, based on the structure of SFA. It is quantified from the stock of 
diffuse sources. On the other hand, the StormTac model and Stockholm Vatten (2000) have focused 
their analysis on the land use, i.e., through the concentration-based approach. The copper load is 
quantified by the standard copper concentration and the water flux in different land use area. The 
quantification approach according to the StormTac model as well as Stockholm Vatten (2000) shows 
that land is the source of copper emission to the lake, e.g., farm and wood land, and etc. (Table 6.1). 
Certainly, land is the source of metal, but it is the secondary source which has been described in the 
source analysis conceptual model as well as the result section this work. In spite of different 
approach of quantification, the comparison has been made according to the source based approach.  

Table 6.1 Comparison of results among different models 

Source 

Source Analysis 
Model- This Study 
(Source based) 

Stockholm Vatten 
(Concentration 
based) 

StormTac Model  
(Concentration 
based) 

Traffic and roads 22.99 4.51 5.10 
Parking 0.65 0.75 1.00 
Metro 2.52 1.82 1.03 
Building material 3.64 17.94 20.43 
Atmospheric deposition 3.54 
Groundwater 2.15 
Contaminated soil 2.42 2.42 2.42 
Farm and woodland 0.00 7.88 8.08 

Total (kg/yr) 38 36 38 

 

In the source analysis of this work, copper contribution to the lake for the traffic and roads is higher 
than in other analyses (Table 5.6), while the results from Stockholm Vatten (2000) and the StormTac 
model are pretty close. The similar results from Stockholm Vatten (2000) and the StormTac model 
can be explained by similar quantifications in these assesments are same, i.e., standard 
concentration based approach. On the other hand, the source analysis of this work has estimated the 
copper emission from the traffic brake lining, tires and road asphalt. The emission from the traffic as 
well as the adjacent road emits copper to the road as well as the atmosphere. Emitted copper to the 
atmosphere can settle down immediately on the surrounding lands, e.g., commercial area, open 
land, park, even forest, etc. which is easily accessible to stormwater; eventually, stormwater goes to 
the lake from this land. In the source based model, the traffic sector includes the deposition on road 
as well as the immediate deposition of copper on the surrounding lands. On contrary, according to 
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the concentration based approach, the quantification for traffic has been made only from the road 
area. In source based approach, long term atmospheric deposition, i.e., very smaller particles settle 
far away from the place of emission, has not been included in this traffic sector. These smaller 
particles are considered as atmospheric deposition in source based approach. On the other hand, in 
concentration based estimation, this atmospheric deposition is included in farm and woodland.  

In the comparison of building materials (Table 6.1), the concentration based approach gave higher 
copper than the source based model. In this case, the source based approach considered only the 
copper roofs. In contrast, the concentration based approach considered not only copper roofs but 
also the total emission from the industrial or residential area (i.e. the concentration based approach 
includes the traffic emission to the surrounding lands of the road according to the source based 
approach). In conclusion, the source-based approach represents the potential sources more 
specifically than the concentration-based approach. 

6.2 Comparison between Simile and QWASI Results 

The main difference between the two modelling approaches is the way they consider the storage 
compartment. In the Simile model, there are four major compartments: surface water, deep water, 
ET sediment, A sediment. On the other hand, the QWASI model considers only one sediment and one 
water compartment. It cannot be said that more compartment gives the better result.  The QWASI 
model is thus simpler than the Simile model, but the processes and their quantifications are not as 
easy and understandable as in Simile. Actually, the Simile model is based on the concept of 
particulate matter whereas the QWASI model explains the processes based on the fugacity, in this 
case, aquivalence as mentioned in the model description. 

In order to compare the results from the two models, input conditions have been similar between 
both models. Because of this, we did not consider the water atmosphere exchange in the QWASI 
model, as there is no corresponding process in the Simile model. Moreover, copper is a heavy metal, 
and it is not volatile. Therefore, total input to the lake, coming through water only, is a reasonable 
simplification.  

Now, we can discuss about the outflow from the lake as the inflow in to the lake has been put as 38 
kg in both models. The two models do not give the same outflow of copper from the lake. According 
to the Simile model, the outflow of copper from the lake is 27 kg per year, but the QWASI model 
gave this value as 30 kg. In the Simile model, the copper concentration in the surface water is less 
than the deep water column, and only the surface water is going out as outflow. On the contrary, 
there is only one well mixed water compartment and copper is going out as an elevated 
concentration in the water in the QWASI model. Apparently, this higher outflow in QWASI is because 
of the one well mixed water compartment which gave higher water concentration. Moreover, 
outflow depends on the sedimentation, resuspension as well as the burial rate. However, we note 
that the Simile and QWASI models give results that differ less than 10%. 

Here, we calibrated the QWASI model following the outflow and burial rate of the Simile model by 
changing the particulate deposition (i.e. sedimentation) rate (from 0.7 to 1.2 g/m2 day), burial rate 
(from 0.6 to 0.9 g/m2 day) and resuspension rate (from 0.1 to 0.2 g/m2 day). This calibrated model 
gives approximately the same outflow and burial as in Simile (Appendix: Figure 3B). Then, we made a 
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comparison of the internal loadings from the different process between two model results. In this 
case, sedimentation and resuspension gave almost the similar values in the result from the two 
models, but diffusion in QWASI is much lower than in Simile. However, this diffusion flux does not 
have a significant contribution to the fate of copper in the lake. 

Particulate matter in the water plays a key role in influencing the behavior of copper in the QWASI 
model as well as the Simile as mentioned in the result section. In both modelling approaches, we 
found that in the water column particulate form is less than the monitored value. It has already been 
discussed about the particulate fraction in the result section. Now, if we want to compare the 
particulate fraction in the modelling approaches, at first, it should be made in a comparable way. For 
this reason, we set particulate fraction 95% in the Simile model to make it comparable with the 
QWASI. 

In this case, if we took the particulate fraction as 95% in the Simile model, we should consider the 
settling velocity of the particulate matter, because the settling velocity of the particulate matter in 
the Simile model was fixed by calibrating with the PF for different lakes by Lindström & Håkanson 
(2001). To make compatible with the QWASI model, we took the setting velocity of particulate 
matter in the Simile model from the calibrated QWASI model’s settling velocity as mentioned in the 
result section. Adopting the settling velocity of QWASI in the Simile model, the settling velocity of the 
particulate matter became 15 m/yr instead of 50 m/yr.  

Thereafter, the sedimentation rate was calculated according to the Simile model by using the 95% 
particulate fraction and the settling velocity of the particulate matter as 15 m/yr.  This estimation of 
sedimentation rate gave us the same value both for surface water as well as the deep water 
sedimentation rate used in the Simile model. Therefore, the sedimentation rate used in the Simile 
model is acceptable according to the QWASI model, but the particulate fraction and its settling 
velocity do not satisfy with QWASI. 

From the above comparison about the particulate fraction between the two modelling approaches 
and the monitoring value of water copper concentration as well as the dissolved content, we can 
conclude that most of the particulate matters settle down on the sediment when the samples were 
collected. For this reason, we got higher dissolved copper in water and lower copper concentration in 
the water column than the monitored value.        
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7. Sensitivity and Uncertainty Analysis 

7.1 Source Model 

7.1.1 Sensitivity analysis of the source analysis 

Since both input data and parameter setting originates from different source, data quality and 
precision varies. To investigate the uncertainty, it was found that the model was sensitive to data. 
However, from the previous discussion, the model is most sensitive to the brake lining emissions. 
Further, the fractions of emitted copper to stormwater (α) as well as the runoff coefficient (β) define 
the distribution of emitted copper into the lake. Therefore, the most dominant processes are the 
brake linings emissions and transported to the lake.   

7.1.2 Uncertainty analysis of the source model 

In the case study, there remains uncertainty in the runoff coefficient and fraction from emission to 
stormwater. Besides, the measurement of the contribution from local roads, which has a large 
contribution of emission, has a bit of uncertainty as there has been used the mean traffic density and 
indirect measurement of road length. Furthermore, the model result still has not been exempted 
from the question of the composition of vehicles, traffic density, copper content in brake lining, and 
wear rate. 

In the case study of Lake Råcksta Träsk, brake lining (Figure 5.3) is the most sensitive part of the 
source model, and the uncertainty of the brake lining lies in the local traffic density, local road length, 
fraction of copper that goes to stormwater (α), fraction of stormwater that goes to lake (β), copper 
content of brake lining and its wear rate. 

For the local traffic density, the maximum and the minimum value on the roads of the catchment 
area of the lake Råcksta Träsk was found 5000 to 15000 vehicles per day. In this case, the roads 
consisting of 15000 vehicles per day would not be greater than one kilometer. Moreover, most of the 
local roads carry approximately 5000 vehicles per day (Larm and Holmgren, 1999; Stockholm Vatten, 
2001; and Stockholms Stad, 2006).  In the uncertainty analysis, the average traffic density for local 
roads was set the minimum and maximum range as 5000 to 10000. Table 7.1 shows the maximum 
and minimum values for uncertain parameters in the source analysis.  

In the source analysis, we got the length for local and high ways from the indirect way as well as the 
published data from Stockholm Vatten (2000) as mentioned before. However, we got a map of the 
catchment area of the lake from Stockholm Vatten (2009). From that map, we measured the lengths 
of the roads (Appendix A). The results contradict a lot with our data, used in the source analysis. 
From this measurement, we got only 1.5 km of highways whereas we used in the modelling was 3 
km. It can be explained that after the Bergslagsplan, the highway Bergslagsvägen divides into two 
directions. Previously, those roads were considered as highways, but traffic density in both of these 
roads can be assumed as approximately 15000 vehicles per day since the measured traffic of the 
road Bergslagsvägen is approximately 30000 vehicles per day. Therefore, before the Bergslagsplan 
(Figure 4.1 and Appendix A), the road Bergslagsvägen can be considered as the highways, but two 
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roads with 15000 vehicle per day after the Bergslagsplan in the catchment area of the lake can be 
considered as the local roads.  

Now, the estimated length of the local roads is only 7.2 km whereas we used was 17.9 km. It can be 
explained that there are some local roads in the catchment area which do not carry vehicles at all or 
significant vehicles per day (<100 vehicles per day; assumed). In the source analysis, these roads 
were treated as the local roads consisting of 10000 vehicles per day. Therefore, it can be said that 
there remains a huge uncertainty in measuring the road lengths. According to the above discussion, 
we set the maximum value for local road length is 17.9 km while the minimum value has been set as 
7.2 km (Table 7.1).  

Table 7.1 Maximum and minimum values for uncertain parameters in source analysis 

Parameter  Type Unit Minimum Maximum 

Local Traffic Density (Dv)  veh/day 5000 10000 
Highway road length  km 1.5 1.7 
Local Road Length  km 7.2 17.9 
Copper content in Bake Lining Front (car) mg/kg 87000 94000 

Rear (car) mg/kg 64000 71000 
Front (HV) mg/kg 12000 14000 
Rear (HV) mg/kg 12000 14000 

Wear rate in Brake lining Front mg/veh. km 9.5 12 
Rear mg/veh. km 4.6 5.6 

Vehicle Private Car % 90 96 
Heavy Veh. % 10 4 

Fraction to Storm water (α) Brake lining % 16 24 
Tires % 40 60 
Asphalt % 40 60 
Metro % 16 24 

Run off coefficient (β) Brake lining % 60 85 
Tires % 70 90 
Asphalt % 70 90 
Parking % 70 90 
Metro % 10 80 
Building % 30 50 
    

Total emission to Lake (range)   kg 17 48 

 

It has already been mentioned that brake lining emission is the most sensitive and dominant process 
in this modelling. Here, it needs to be discussed a bit about the runoff coefficient (β) related to the 
brake lining emission. In the source analysis, β has been set as 85% which is basically suited for roads 
having rainwater collection facilities. According to the source analysis model, emission from the 
brake linings does not confine in the road boundary. Heavy particles emitted from brake linings 
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which has not been included in the atmospheric (i.e. long term deposition has been considered in the 
atmospheric deposition and transported to the lake), can be deposited immediately after the 
emission on surrounding lands. The runoff coefficient for those lands should not be considered as 
85%. According to the adjacent land use of the roads in the catchment area of the lake, we proposed 
to be assumed β as 70%, because most of the adjacent land of the road is either business areas or 
residential areas (Stockholm Vatten, 2000). In this case, maximum and minimum values can be set as 
60 to 85% based on the above discussion. 

For the fraction of emission to stormwater (α) from of brake linings, there remains uncertainty as we 
did not find the original work of Oonk et al (2006) cited in Hulskotte et al (2007). However, in this 
case, we proposed to assume +20% uncertainty (i.e. 40% uncertainty) in the result according to 
Hulskotte et al (2007). For the ratio private cars and the heavy vehicles, two sets of data have been 
found: 96/4 (P/H) and 90/10 in Westerlund (2002) and Larm & Holmgren (1999), respectively. This 
has also been considered in the uncertainty analysis. Among other parameters, wear rate of brake 
linings assumed as ±10% uncertainty according to Westerlund (2002), and rest of the cases, 
uncertainties has been assumed as ±20% (Stockholm Vatten, 2000; Larm, 2000a,b). 

According to the uncertainties of different parameters in the Table 7.1, the minimum and the 
maximum emission to the lake has been estimated as 17 to 48 kg per year. If we only consider the 
road length measured from the map (Appendix A), we get the Fin to approximately 25 kg per year. 
Moreover, the combination of extreme maximum and extreme minimum is a rare case. Therefore, 
only considering the brake lining, it can give the satisfactory range of copper emission to the lake (22-
40 kg/yr). 

In conclusion, measuring the road length with corresponding traffic density is the most important 
work in the source analysis. Only considering the direct measurement of the road length from the 
map (Appendix: Figure 1A) instead of indirect measurement mentioned before, the emission 
decreased by approx. 35% from the previous measurement. Comparing the direct and indirect 
measurement of local roads, it can be speculated that Stockholm Vatten (2000) also included the 
roads, which do not have significant vehicles (i.e. no vehicles or less than 100 vehicles per day as 
mentioned above), as the same potential as busy local roads (i.e. 5000 to 2000 vehicles per day 
according to Larm (2000a,b), Stockholm Vatten (2000)). Besides, according to Stockholm Vatten 
(2000), a larger flux came from the open land and forest region (Table 4.1). On contrary, the source 
based approach found only the atmospheric deposition in that region, and that flux would not be as 
high as published. Moreover, Stockholm Vatten (2000) used higher copper concentration than the 
standard concentration according to Larm (2000a,b). Therefore, the total emission to the lake 
Råcksta Träsk should be less than their published result.     

7.2 Fate Model 

7.2.1 Sensitivity analysis of the fate model 

Figure 7.1 shows the results of sensitive analysis on seven parameters (Fin, PF, SWT, ET, TET, TA, and 
t) base on the case of Lake Råcksta Träsk in three compartments (i.e. (a) surface water, (b) deep 
water and (c) accumulation area). In the sensitivity analysis, age of active sediment (TA) and active 
sediment thickness (t) showed the same response with the variation of the parameter values in every 
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compartment. For this reason, TA and t are presented combined in Figure 7.1. Furthermore, one 
analysis has been made especially for the sediment copper concentration (Figure 7.1: d) to assess the 
sensitivity of t. 

Sensitivity analysis in the four cases (Figure 7.1), Fin (inflow to the lake) is the most sensitive 
parameter as well as the dominant process. It was concluded that in the surface water column the PF 
(particulate fraction) was the most sensitive parameter after the Fin. PF affects the sedimentation 
rate. When the value of PF was decreased, the concentration of copper in the surface water column 
was increased. The dominant process after Fin for determining copper in the surface water column 
was thus the sedimentation process, particularly sedimentation on the deep water column, which 
had the next largest flux. Similarly, in the deep water column (Figure 7.1: b), Fin and PF followed the 
same path as it was in the surface water column (Figure 7.1: a) except in the case of very low 
particulate fraction. When PF is less than 50% of the base case, the copper concentration in the deep 
water column tends to decrease (Figure 7.1: b). Because of the low PF, the dissolved fraction in water 
will be increased, and most of the copper going out through outflow. Eventually, sedimentation to 
deep water will be decreased; therefore, copper concentration in the deep water will be decreased.  

 Figure 7.1 Sensitivity analysis in different compartments of Simile model: in (a) surface water, (b) deep water, (c) A area/sediment, and (d) sediment concentration in A area  
In the A sediment column, the sensitivity analysis showed TA (the age of A-sediment) as the most 
sensitive factor varying greatly the concentration of copper in the A sediment.  TA affects the burial 
rate. When the value of TA was increased the concentration of copper in A-sediment was also 
increased. The most dominant process for determining copper in the A sediment was the burial 
process. This flux is the largest sink for copper in the A-sediment. PF also showed  A-sediment. 

a b

c d
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An extra analysis for sediment concentration (Figure 7.1: d) has been done to test the sensitivity of 
the thickness of active sediment (t) as mentioned above. In this case, t did not cause any 
considerable response in changing the sediment copper concentration. Furthermore, the mixing 
process was also included in the sensitivity analysis (i.e. SWT (surface water temperature) represents 
the mixing process), but it did not show any important response in water columns or in sediment. In 
this case, when temperature was low, i.e., low mixing, the sediment copper concentration was low 
but higher surface water concentration. 

7.2.2 Uncertainty of the Fate Model 

According to the sensitivity analysis, Fin is the most dominant process for all compartments, i.e., 
water as well as sediment copper concentration and also the parameter the model is most sensitive 
to.  In this case, the uncertainty in Fin is 20 to 40 kg per year as estimated in the uncertainty in source 
analysis. After the inflow, sedimentation dominates the fate of copper in the lake. The uncertainty 
from the sedimentation process is considered from the dominated parameters, such as v, PF (see 
Figure 7.1). The uncertainty of v can be considered as 50% (Håkanson 2004); while, the average 
coefficient of variation (CV) of PF is 0.28 (Lindström & Håkanson, 2001). The burial rate has a great 
impact in sediment copper content (Figure 7.1). In this case, the age of A-sediment as well as burying 
velocity is responsible for defining the burying rate. The uncertainty from the bury process is 
estimated from the burial velocity. The burial velocity (vb) was measured by 210Pb in 1998 (Sternbeck, 
1998), the uncertainty of vb in that work was 10%. The uncertainty range of the fate model would be 
presented in the discussion part.  
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8. Model Prediction of Dynamic Copper Levels in the Lake 

The result of source analysis (Fin) after considering the road length uncertainty, i.e., 25 kg per year, is 
introduced to the lake model, which simulate the copper fate when the total load in the drainage 
area goes into the lake. In this step, the initial point is set as the monitoring data of copper 
concentration in both water and sediment column in 1991 (Stockholm Stad, 2009), and then the lake 
model runs a fifteen year simulation. The simulations in this case are compared with the monitoring 
data from several reports (Table 4.2), as well as the maximum and minimum Fin (see the uncertainty 
of source analysis) in to the lake. The uncertainty in Simile model has only been considered in Fin, 
since the other parameters except PF have little contribution to the sediment as well as the water 
copper concentration (Figure 7.1). In the case of PF, we have already discussed that PF can be 
changed but the sedimentation rate would be the same as mentioned before. Figure 8.1 shows the 
simulated copper content in water and sediment in the lake Råcksta Träsk in the period of 1991-
2006; square point represents the monitoring data from field observation (Table 4.2), and the 
uncertainty range according to the source analysis has been presented as maximum and minimum. 

 

 Figure 8.1 Simulated copper content in water and sediment in the lake Råcksta Träsk in the period of 1991-2006; square point represents the monitoring data from field observation (Table 4.2); maximum and minimum mean the range of uncertainty according to the source analysis. 
From Figure 8.1, the model result in sediment is much better than in the model for water. It has 
already been discussed why field observed water concentration does not fit with the model result. 
Further, the source model only provides the annual copper load to the lake (see chapter 5). Thus, to 
link with the source model, the lake model presents the copper transport process in the annual level.  

The simulation result of presents the average of the total process whereas the field observed data 
represents only the average of three samples taken in three different times in the year (Lindström & 
Håkanson, 2001; Stockholm Vatten, 2009). Moreover, the fate model distributes the incoming flux 
(Fin) equally over the year, but the natural process is different. Furthermore, seasonal effect has an 
importance in the copper concentration in the water column, for example, in the rainy season higher 
flux comes to the lake; certainly, the water concentration would be high. However, though seasonal 
variation has an effect on water copper concentration, it could not explain the lower concentration in 
the field. Besides, as we discussed above, the sample collection time plays an important role in this 
case. Here, we found 72% dissolved copper in the field observation, but according to QWASI model, 
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only 5% copper act as dissolve forms (Figure 5.5).. Therefore, it is certain that the field samples were 
collected when the particulate fraction deposited on the sediment bed; that’s why, the observed 
field data does not satisfy the simulation results.  

Now, the fate model will be linked with the source and predict the response of time. For this, at first, 
we considered an unrealistic event (i.e. run the model without any source) to predict the response 
time. Figure 8.2 shows the changes of water and sediment copper concentration with time when 
there exists no source of copper emission in to the lake. 

 Figure 8.2 Changes of water and sediment copper concentration with time when there exists no source of copper emission in to the lake 
From Figure 8.2, without source, eventually, there will be no copper in the water as well as in the 
sediment. Here, sediment copper concentration would be almost vanished within 30 years if the 
present copper concentration in the sediment is approximately 800 mg/kg dw, but in the water 
column, within half a year it will have disappeared. Therefore, we can conclude that the sediment 
response is slower than the water and sediment copper content can be used to predict the sources. 

Now, if we concentrate on the decreasing pattern of the monitoring sediment concentration (Figure 
8.1), we can see that it tends to reach at steady state with the source. From this behavior, we can 
predict that before or beginning of the year 1991, there was an abrupt or gradual reduction of the 
source emission. For this reason, the first portion of this curve decreases gradually, and the last 
portion shows the tendency to come steady state. 

In connection with the above discussion, we found there had been taken some actions in the 
catchment area as well as the lake (Stockholm Vatten, 2000): in 1995, the lake was classified as 
ecologically sensitive, and in 1997, a lamella oil separators in operation at Råcksta /Grimstagatan 
Street where this plant receives water from the traffic parts of Bergslagsvägen and Bergslagsplan; in 
1992, the lake was cleaned especially reeds, floating leaves, etc. (not sediment). Therefore, the 
lamella oil separator decreased a significant source of emission to the lake. Though it has been 
claimed that this lamella plant only separates oil (Stockholm Vatten, 2000), it can be predicted that it 
separates some metals as well.  
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9. Discussion 

For the diffuse emission analysis, the source model which we used in this work has a more legible 
classification on sources than previous work (Larm, 2000a, b; Stockholm Vatten, 2000; and Lindström 
and Håkanson, 2001). Previous studies (Larm, 2000a, b; and Stockholm Vatten, 2000) as mentioned 
before were based on concentration-approach.  In that approach, landuse is the source of copper 
emission and the loading from the landuse includes all primary sources. For example, the loading 
from the buildings (the business or industrial area) in Stockholm Vatten (2000) includes not only 
emission from copper roofs, but also atmospheric deposition and partly of the traffic emission in the 
building area. However, in the source model of this work (i.e. source based approach), the emission 
from different sources is well defined and loading into the lake as well as emission can easily be 
estimated as due to different sources. Consequently, it is possible to make decision on reducing the 
source directly, e.g., in this case, brake linings from the traffic sector emits the most and it should be 
taken care of for reducing the emission. If only emission from the brake linings could be reduced to 
half, the total emission to the lake Råcksta Träsk would be decreased by 24.6%, and if we also 
eliminate the brake lining emission fully, the total emission to the lake would be reduced by 
approximately 50%. Therefore, the source-based approach can provide the direct information on the 
emission from diffuse sources and this is the most important benefit of using the source-based 
approach. On the contrarily, there are some weaknesses in this approach; particularly, the source-
based approach needs much specific data for input and parameter setting, such as the traffic volume 
in each roads and copper roof in the drainage area.   

The lake model reflects the copper loading in both water and sediment copper content to the 
changing of Fin. Though there remain uncertainties in the fate model parameters as mentioned 
before, we can accept the internal loading and other rates of the Simile model compared with the 
QWASI model. Therefore, we can use the Simile model to evaluate the response. Both the water and 
sediment copper contents respond to a change in the copper load to the lake. According to the 
model result, the response is slower for the sediments. The model result in sediment is quite close to 
the field. Therefore, the sediment copper contents can be used to predict urban metal emissions. 
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10. Conclusions 

This thesis work made an attempt to link the copper emission and the fate of the emitted copper in a 
lake. These models have been applied in the case study of Lake Råcksta Träsk and its urban drainage 
area in Stockholm, Sweden. The source analysis model has been adopted and modified from Cui et al 
(2008), and Sörme and Lagerkvist (2002). In the source analysis, the traffic and road sectors emit the 
most copper, especially through brake linings of the traffic.  Furthermore, road asphalts have a 
significant portion of copper contribution to the lake, but the tires have a negligible emission to the 
lake. The source model was tested against previously published data from Stockholm Vatten (2000), 
showing a good agreement.  

The fate model has been taken and modified from Håkanson (2006), and Lindström and Håkanson 
(2001). According to the model result for lake Råcksta Träsk, copper goes to the downstream system 
(outflow) more than the copper accumulated in passive sediment (bury), since outflow is the 
dominant process.  The field copper concentration in water is lower than the model. On the other 
hand, the model sediment copper content is quite close to that reported for the field. 

Both models were presented in an as transparent as possible way and were connected through the 
urban copper load to the lake. For better understanding and improving the modelling, we have used 
a second type of modelling approach for both the source (i.e. StormTac model) and the fate analysis 
(i.e. QWASI model) in this study and compared the results from different modelling approaches. The 
source analysis model was compared with the StormTac model, which is based on the concentration 
approach. The source-based approach of this study represents the potential sources more specifically 
than the concentration-based approach. The result from the fate model is better fitted for copper 
content in sediment than in water when compared to the field. Model results for the water column 
did not satisfy the field data; here, QWASI model predicts that the field samples were collected when 
the particulate matters deposited on the sediment bed. 

In the source modelling, the most sensitive and dominant process is the brake linings emissions and 
transported to the lake. In the case study of Lake Råcksta Träsk, the uncertainty of the brake lining 
lies in the local traffic density, road length, the fraction of copper that goes to stormwater (α), the 
fraction of stormwater that goes to lake (β), copper content of brake lining and its wear rate. 
Sensitivity analysis of the fate model (Figure 7.1) showed that Fin (inflow to the lake) was the most 
sensitive parameter as well as the dominant process. Furthermore, PF (particulate fraction) was the 
most sensitive parameter after the Fin. Moreover, PF as well as the corresponding settling velocity is 
the most uncertain parameter in the fate model affecting the sedimentation rate. Comparing the two 
fate models, the Simile model can be improved by the increasing the PF and decreasing the settling 
velocity where the sedimentation rate would be the same as used in the Simile model. 

The fate model was evaluated using monitoring data from the 15-year period, 1991-2006. The result 
of the dynamic fate model fits better from field data of the sediment than of the water. Both the 
water and sediment copper contents respond to a change in the copper load to the lake, but the 
response is slower for the sediments. Thus, it is proposed that the sediment copper contents can be 
used to follow urban metal emissions.  
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11. Future Recommendations 

The future recommendation of this study would be to decrease the uncertainty both the source and 
the fate model. In the source analysis, if we measure the road lengths, traffic density in the correct 
way, it is possible to eradicate this uncertainty. On the other hand, the fractions of emitted copper to 
stormwater (α) as well as the runoff coefficient (β) are the most uncertain parameters in the source 
model, which are a bit difficult to resolve. However, the parameters can be improved by applying the 
source model in more cases and comparing the results with field observations.  

In comparison of fate models, the sedimentation rate used in the Simile model is acceptable 
according to the QWASI model, but the particulate fraction and its settling velocity do not satisfy 
with QWASI. Therefore, it is recommended to check the particulate matter as well as the settling 
velocity for the Simile model in other lakes.  
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Table 1. Runoff Coefficients & Concentrations of StormTac Model (version 2008-11) by Larm, T. 
(StormTac 2009) 

Land use 
Standard  Minimum Maximum 

Runoff coeff. Cu (µg/l) Runoff coeff. Cu (µg/l) Runoff coeff. Cu (µg/l)

Urban 
Roads (5 000 ADT) 0.85 31.24 0.7 31.24 

Roads (10 000 ADT) 0.85 51.29 

Roads (15 000 ADT) 0.85 59.00 

Roads (30 000 ADT) 0.85 71.91 

Roads (100 000 ADT) 0.85 94.50 1 94.50 

Parkings 0.85 40 0.7 25 1 50 

Houses 0.25 20 0.2 12 0.4 60 

Row houses 0.32 25 0.3 12 0.5 80 

Apartments 0.45 30 0.35 12 0.6 315 

Leisure houses 0.2 20 0.05 5 0.5 60 

Colony areas 0.2 15 0.1 5 0.5 30 

Commercial 0.7 22 0.4 17 0.7 60 

Industry 0.5 45 0.5 20 0.8 130 

Park 0.18 15 0 5 0.3 50 

Atmospheric deposition - 5 - 2.5 - 60 

Rural 
Forests 0.05 6.5 0.05 4 0.4 20 

Farmland 0.11 14 0.1 5 0.3 20 

Pasture 0.075 15 0 10 0.3 30 

Wetland 0.2 7.5 0.1 5 0.4 15 

Other 
Golf courses 0.18 15 0 5 0.3 50 

Airports 0.85 7 0.7 3 1 19 

Railway area 0.5 48.8 0.1 48.8 0.8 48.8 

Cutting area 0.2 6.5 0.15 4 0.3 20 
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Appendix B 

Fate Model through Simile 

 Figure 2B Fate model in the Lake Råcksta Träsk through Simile (software) 
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Fate Model through QWASI 

QWASI MODEL-Version 3.10 (QWASI 2007) has been used to estimate the steady state mass balance 
of copper in the Lake Råcksta Träsk. The report from the QWASI MODEL (software) are: 
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 Figure 2B Mass balance of copper in the Lake Råcksta Träsk from the QWASI model (software) 

 Figure 3B Mass balance of copper in the Lake Råcksta Träsk from the QWASI model after calibration 
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