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Sammanfattning 
Belastning av metaller på vattenmiljön beror på bruttobelastning från primära och 
sekundära källor, men även på transport och fastläggning av metallerna inom vat-
tenmiljön. Målet i denna studie var att undersöka möjligheten att använda retent-
ionsmodeller/metoder för att beräkna nettobelastning av metaller på nationell skala 
med relativt hög upplösning. Detta för att uppfylla krav på internationell rapporte-
ring från Sverige. I denna studie har fokus lagts på litteraturstudier av retentions-
processerna av metaller, test av två retentionsmodeller och en massbalansmetod. 
Dessutom har speciellt fokus lagts på att tillföra kunskap om partiklar, kolloider 
och lösta former av metaller i svenska vattendrag och sjöar. 
 
Studier av metallretention som finns redovisade i litteraturen visar att det är stor 
variation i resultaten, från ett par procent upp till nära 100 %. Retentionen är i de 
flesta studier fördelad enligt: Pb>Cd, Zn, Cu> Ni, Cr. Retentionen i Mälaren har i 
en studie beräknats till max 60 % för Cd , 50 % för Zn  och 30 % för Cu. I en an-
nan studie har retentionen i Vättern beräknats för Cd till 60 % och för Hg till 97 %. 
Avrinningsområdena till de stora sjöarna är inte fullständigt övervakade med avse-
ende på tillförseln av  metaller, vilket innebär att tester av retentionsmodellerna 
inte kunde genomföras i denna studie. Fastläggning av metaller sker genom lagring 
i sedimenten. Flera artiklar omfattar framgångsrik användning av uppehållstid för 
vattnet för att beskriva retentionen med modeller och pekar på vikten av kornstor-
lek i sediment samt mängden partikulärt bundna metaller. Fortsatt arbete bör foku-
sera på de parametrarna. 
 
Den partikulära fraktionen av metallerna Al, Fe, Ni, Cu, Zn och Pb i svenska sjöar 
och vattendrag har undersökts i denna studie baserat på två metoder; empirisk 
regression med linjär regression och PLS analys, respektive kemisk speciering med 
hjälp av programmet VisualMinteq. Linjär regression visades vara den mest an-
vändbara metoden för att beräkna partikulärt bunden fraktion av metallerna och bör 
användas tills att en förbättrad kemisk karakterisering av metallerna blir tillgänglig. 
Regressionsmetoden fungerar bra för att bestämma partikulär koncentration av Al, 
Fe och Pb, acceptabelt för Zn och Ni, men dåligt för Cu. Utöver detta har en be-
gränsad studie genomförts av förändringen av Pb kolloidala specier, järnhydroxider 
och organiskt kol, mellan uppströms och nedströms platser baserat på det nationella 
miljöövervakningsprogrammet ”Omdrevssjörna” (tidigare Riksinventeringen). 
Resultaten tyder på att förluster av organiskt material från markanvändning kan ha 
betydande påverkan på belastning av Pb. Fastläggning av organiskt bundet Pb i 
vattendragen var större än minerogent bundet Pb. Fortsatta studier av dessa obser-
vationer vid andra platser och med andra metaller rekommenderas starkt. 
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Två dynamiska processbaserade metallretentionsmodeller, Lindström och Håkan-
son-modellen samt QWASI-modellen, har i denna studie framgångsrikt testats 
avseende metallerna Pb, Cd, Zn och Cu i tre sjöar. En massbalansmodell 
(FlowNorm) har också framgångsrikt testats i sex vattendrag. Det fanns bara ett 
fåtal nationellt tillgängliga sjödata enligt urvalet, med flera års övervakning av 
metallkoncentrationen i inflöde samt utflöde. Antalet sjöar med data kan utökas 
genom utökade urvalskriterier som föreslås i denna studie för fortsatt arbete med 
kalibrering och validering av modeller. Båda retentionsmodellerna Lindström och 
Håkanson samt QWASI gav jämförbara resultat, speciellt av koncentrationen i 
utflödet. Koncentrationen från sjöarna Innaren och Vidöstern beskrivs bra för alla 
metaller av båda modellerna. Båda modellerna har däremot beräknat koncentrat-
ionen i utflödet från sjön Södra Bergundasjön mycket högre än uppmätt median-
halt. Skillnaden beror troligtvis på överskattad bruttobelastning till Södra 
Bergundasjön. Testet visar nyttan av retentionsberäkningarna för att validera och 
korrigera bruttobelastning av metallerna. Lindström och Håkanson-modellen testa-
des vidare i denna studie genom en känslighets- och en osäkerhetsanalys. Modellen 
var mest känslig för variationen i bruttobelastning.  Nyttan av de dynamiska mo-
dellerna har vidare testats, som verktyg för att förutsäga effekten av eventuella 
förändringar av belastningen, vilket illustreras genom scenarioberäkningar i denna 
studie av Innaren och Vidöstern. Lindström och Håkanson-modellen kräver färre 
indata än QWASI och rekommenderas för fortsatt arbete. 
 
Enbart ett fåtal provplatser var lämpliga för retentionsmodellering med FlowNorm-
programmet för vattendrag, och ännu färre data fanns tillgängligt för att beräkna 
den potentiella retentionen av metaller längs med vattendragen. För att kunna be-
räkna metallretentionen längs vattendragen på nationell nivå behövs ett annat ur-
valskriterie än de krav som ställts i denna studie. De platser som fanns tillgängliga 
för denna studie, visade dock att retention av metaller sker i vattendragen till olika 
grad. Fortsatt arbete bör därför beakta retention av metaller i både sjöar och vatten-
drag.  
 
Rekommendationer för fortsatt arbete: 

- Linjär regressionsmodell fungerar bäst för beräkning av den partikulära 
fraktionen av metaller och bör användas tillsvidare.  

- Ytterligare undersökningar av kolloidala och partikulära fraktioner, lik-
nande den som genomförts för Pb i denna studie, rekommenderas för andra 
platser och metaller, vilket även innebär följande rekommendationer för att 
utöka underlagen: 
- Provtagning av sediment i de områden där den synoptiska prov-

tagningen ägde rum. 
- Provtagning av filtrerade och ofiltrerade prover  i de områden där 

den synoptiska provtagningen ägde rum.  
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- Fortsatt arbete med retention av metaller rekommenderas starkt för att för-
bättra beräkningarna av bruttobelastningen av metallerna.  

- Öka antalet platser för kalibrering och validering genom föreslagna ur-
valskriterier.  

- Tillämpa Lindström och Håkanson-modellen på nationell nivå. 
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Summary 
The load of metals on the water environment is dependent on the gross load from 
primary and secondary sources, but also on the transport and fate of the metals 
within the water environment. The target in this study was to investigate the possi-
bility to use retention models/methods of metal loads on national scale with the 
relatively high resolution needed to fulfil international reporting obligations of 
Sweden. This study has been focusing on  literature studies on the processes of 
retention of metals, testing of two retention models and a mass balance approach. 
Specific attention has been given to add knowledge of particulate, colloid and dis-
solved forms of metals in Swedish rivers and lakes. 
 
The metal retention studies found in literature indicate a large variation of retention 
of metals, from a few per cent up to nearly 100%, but the retention is relatively 
constant in the order of magnitude between the different metals. The retention 
order is in most studies Pb>Cd, Zn, Cu>Ni, Cr. The retention in the Swedish large 
lake Mälaren has been calculated to max Cd 60%, Zn 50 % and Cu 30%. In Lake 
Vättern the retention has been calculated in one study to Cd 60% and Hg 97%. The 
tributaries to the large lakes are not completely monitored and the retention tests 
could therefore not be performed on the large lakes within this study.  Metals are 
retained by the burial in the sediments. Several authors in literature successfully 
use water residence time to describe the retention by models and point out the im-
portance of grain size and particulate forms of metal. The focus of continued work 
should mainly be on those parameters. 
 
The particulate fraction of metals Al, Fe, Ni, Cu, Zn and Pb in Swedish lakes and 
rivers was further investigated within this study using two different approaches; 
empirical regression approach by linear regression and partial least square analysis 
and chemical speciation approach by the program VisualMinteq. The results 
showed that linear regression models are most useful for estimating the particulate 
fraction of metals and should be used for all metals until a better chemical charac-
terization of the particulate fraction becomes available. The efficiency with which 
the concentration of the particulate concentration of the various metals can be pre-
dicted using linear equations is good for the metals Al, Fe and Pb, acceptable for 
Zn and Ni, but poor for Cu. Further, a limited study has been performed of the 
changes of the Pb carrier colloids such as ferrihydroxide particles and organic car-
bon using so called snapshot samplings upstream and downstream lakes. This data 
suggests that losses of organic matter from soils within the landscape may signifi-
cantly affect the load  of Pb. In this study the organic bound Pb was retained in 
watercourses to a larger degree than minerogenic bound Pb. Further investigations 
of these types of observations at other sites and for other metals are strongly sug-
gested. 
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Two dynamic process-based metal retention models, the Lindström and Håkanson 
model and the QWASI model, were successfully tested on Pb, Cd, Zn and Cu in 
three lakes within this study, and one mass balance program (FlowNorm), was 
successfully tested on six rivers stretches. Only a few lakes were nationally availa-
ble with the critera of several years inlet and outlet monitoring of metals. An ex-
panded selective criteria described in this study will increase the number of availa-
ble sites for calibration and validation in the future. The tested lake retention mod-
els Lindström & Håkanson and the QWASI model give comparable results specifi-
cally in the outlet concentration and predict the concentrations from two lakes, 
Innaren and Vidöstern well for all metals. Both models largely over-predict the 
outlet concentrations of Lake Södra Bergundasjön, which has been evaluated to be 
due to errors in the calculated gross load to that lake. The tests thus show the im-
portance of calculation of retention as a tool to validate and correct gross load es-
timations. The Lindström and Håkanson model was further tested in this study by 
sensitivity and uncertainty analysis, and the results showed that the model was 
most sensitive to variations of the gross load. The retention models are furthermore 
dynamic and are a useful tool to predict responses in changes of the load, illustrat-
ed in a scenario example of lake Innaren and lake Vidöstern. The Lindström and 
Håkanson model requires less indata and is therefore recommended for future 
work. 
 
For the river retention program FlowNorm there were only a few paired stream 
stations present and even fewer data available for use in calculating potential reten-
tion of metals in stream reaches. A different type of selection of sites along differ-
ent stream reaches is necessary to quantify metal retention. The sites available for 
this study did show, however, that retention can occur for metals in streams, to 
varying degrees. Future work should thus regard metal retention in both lakes and 
rivers. 
 
Recommendations for future work: 

- The linear regression models are most useful for estimating the particulate 
fraction of metals. 

- Further investigation of the colloid carrier and particulate fractions, as per-
formed for Pb in this study, at other sites and for other metals, which fur-
ther includes recommendations to increase the data by: 
- Sampling of sediments in the areas where synoptic sampling was 

done.  
- Sampling of filtrated and unfiltrated samples in the areas where the 

synoptic sampling was done.  
- It is strongly recommended to continue the work on retention of metals to 

improve the gross load calculations. 
- Increase the number of sites for modeling using suggested criteria. 
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- Apply the Lindström and Håkanson model on national scale. 



 11

Introduction and literature review 
The load of metals on the water environment is dependent on the gross load from 
primary and secondary sources (e.g, Ejhed et al 2010), but also on the transport and 
fate of the metals within the water environment. The metals can be retained within 
a water body depending on processes that control the transport of metals. The ma-
jor focus in this study was to investigate the possibility to use retention mod-
els/methods of metals loads on national scale with the relatively high resolution 
needed to fulfil international reporting obligations of Sweden. This study has been 
focusing on literature studies on the processes of retention of metals, testing of two 
retention models and a mass balance approach. Specific attention has been given to 
add knowledge of particulate, colloid and dissolved forms of metals in Swedish 
rivers and lakes. 
 
The fluxes and water chemistry of metals have earlier been studied in Nordic small 
lakes in urban areas as well as in small forested areas, in several cases focused on 
the budget for the whole ecosystem and source of the load (e.g. Bergbäck et al 
2001, Skjelkvåle et al 2001, Ukonmaanaho et al 2001, Landre et al 2010) and with 
less attention to the retention processes in the water environment. Skjelkvåle et al 
2001 concluded that the heavy metal pollution (not including Hg in their study) in 
lakes was a minor ecological problem on national level in the Nordic countries, but 
that certain areas do have problems and are above the limits set by the national 
authorities. These conclusions are in line with the water district “Management 
plans” recently adopted by the Swedish Water Basin District Authorities (e.g. 
Northern Baltic District Management plan 2010). Management and possible 
measures on reducing sources need to take transport and fate of metals into account 
and is yet another reason for further developing of methods comparable on a na-
tional scale.  
 
Since metals in the water environment are retained by burial in the sediments, the 
accumulation rate to the sediments is an important process. In Bergbäck et al 
(2001) the accumulation rate in Lake Mälaren, highly influenced by the urban load 
from Stockholm region, was summarised from several studies using sediment da-
ting techniques. The summary showed that Cr and Ni were very close to the prein-
dustrial levels in the sediments and thus are not released and retained in the sedi-
ments to any large degree in Lake Mälaren. This is in agreement with findings of 
Blais and Kalff (1993), a Canadian study of sediment in eleven lakes in Quebec 
and Ontario lakes. However it is not a general finding. E.g. Landre et al (2010) 
showed in a mass balance study of Plastic Lake in Ontario a retention coefficient 
(input-output/input) of 53% of Ni and 72 % of Cr in, which indicates that retention 
of Cr and Ni can show large variations. Cd, Hg and Pb in Lake Mälaren (Bergbäck 
et al 2001) showed strong enrichment in the sediments, while Cu and Zn showed 
intermediate enrichment. Pb is generally the heavy metal with highest retention 
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when comparing Pb, Cd, Zn, Cu, Cr, and Ni, which is supported by all studies 
referenced in this report. The accumulation rate was shown to decline during the 
latter 20 years in Lake Mälaren (Sternbeck and Östlund 2001), especially for Cd, 
but also for Hg, Pb and Zn. Recalculating the accumulation rate to retention per-
centile from data in Bergbäck et al (2001), the retention for Cd was calulated to be 
between 10 to 60 %, Zn between 10 to 50 % and Cu between 10 to 30 %.  The 
calculated intervals in the retention numbers were due to uncertainties in the load 
of the metals and the accumulation rates. The Pb accumulation rate was much 
higher than the calculated input of source load which indicated that there were 
missing sources in the compilation. Some methods to determine the whole lake 
accumulation rate in relation to heavy metal accumulation rate have been exten-
sively investigated by e.g. Rippey et al (2008). Sediment accumulation rate is ob-
viously a good way to determine the retention of metals, but there are only data 
available in lakes where such  research projects have been performed and are thus 
not a generally applicable method. 
 
Trace metals in surface waters are present in various chemical forms. Metals may 
be co-transported with particles or colloids to a very significant extent (Buffle, 
1988; Stumm, 1992 and Luoma and Rainbow, 2008). Several authors e.g. (Pokrov-
sky et al., 2006) however demonstrate that no clear distinction between dissolved 
and particulate metal transport and burial is possible given the range of colloidal 
sizes of both natural and minerogenic matter. The retention of metals may be relat-
ed to the amount of metals in the particulate (Mpart) form as larger particles tend to 
settle over longer time periods. In fact, Lindström and Håkanson (2001) used the 
particulate metal fraction as a driver variable for quantifying the retention of metals 
in through-flow lakes. At present the amount of data on particulate metal in Swe-
dish surface waters is very limited.  
 
A couple of models and mass balance approaches on the retention processes of 
metals have been tested in Sweden, Europe, USA and in Canada. Some of the 
models are described in Appendix 1 and two of the models are tested in three lakes 
in this study. Here follows a short description of a few applications to present the 
variations of the retention of metals in earlier studies. Rippey et al (2004) used two 
simple mass balance relationships with the aim to determine the concentration of 
metals in a lake in Northern Ireland. Rippey et al determined the retention coeffi-
cient using a relationship to water residence time or monitoring of inflow and out-
flow. The retention varied between 68-86 % for Pb and 31-53 % for Cu. Vink and 
Behrend (2002) calculated the river retention in Rhine and Elbe using a relation-
ship with hydraulic load (quotient of discharge and surface water area, related to 
the water residence time if divided by the river depth) and showed retention of 
metals from Zn 15 % and Pb 46 % in Rhine to Zn 33 % and Pb 61 % in Elbe. 
Lindström and Håkanson (2001) developed a model which has been tested in this 
study and is described in detail in the Method section. Their results of retention in 
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ten urban lakes in Stockholm, Sweden, were 10-90 % accumulated in the sedi-
ments, most for Hg and Pb and least for Ni and Cr. The Lindström and Håkanson 
model was also used in a study of metal budgets of lake Vättern (Karlsson 2001). 
The retention by burial in the sediments was determined to be constant between 
two time-periods despite large decrease of the gross load. The retention in lake 
Vättern was considered to be high due to the long water residence time, with reten-
tion rates between 60 % of Cd and 97 % of Hg. Cui et al (2010) developed a cou-
pled source-transport-storage model for Cu in five urban lakes in Stockholm, Swe-
den. The results for Cu burial were about 40 % to nearly 100 % of the inflow to the 
lakes. The lake description in this model was similar to that of Lindström and 
Håkanson (2001), but the model had the strength to couple the predictions of the 
lakes to the sources of the load. However, the model was developed for a small 
area and requires too many data to be applicable on a national scale.  
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Methods 
One fundamental issue for metal retention is the partitioning between dissolved and 
particulate metal forms. Specific attention has thus been given this issue within this 
study. At present the amount of data on particulate metal in Swedish surface waters 
is very limited. In this study new monitoring data has been used to further develop 
empirical equations to determine the particulate fraction of metals.  
 
Further, a limited study has been performed on the changes of the lead carrier col-
loids such as ferrihydroxide particles and organic carbon using so called snapshot 
samplings upstream and downstream lakes. The snapshot samplings, where a large 
number of sites are sampled quasi simultaneously, thus representing one single 
hydrologic situation, may give a hint on instantaneous changes in concentration 
and thus retention. The fate of these carrier colloids may also determine the fate of 
the metals bound to those colloids as in the case of lead. The method and results 
are described in detail in Appendix 2. 
 
Lake process based box models have been reviewed and tested for calculation of 
metal retention. The retention models have been tested on lake sites where both 
inlet and outlet monitoring stations were available for several years and the tribu-
tary area was completely monitored as described below. River retention has been 
tested at river sites applying a mass balance upstream downstream approach on 
river stretches as described below. 
 

Particulate fraction of metals 
Empirical regression approach 

The monitoring data on particulate fractions of metals is very limited in Sweden. 
The use of advanced techniques in environmental quality surveys is limited to spe-
cific questions only (Törneman et al., 2008) and even the number of samples where 
membrane filtered metals are available is comparably small (Köhler, 2010). In the 
Swedish environmental monitoring program metal concentrations are available 
only for unfiltered water samples (Herbert, 2009; Köhler, 2010) i.e. the total metal 
concentration (Metot). 
 
In order to supply the necessary indata for retention models tests in this study we 
analyzed the existing data on filtered (Mefilt ) and total metals statistically using 
linear regression and partial least square analysis. These techniques allow develop-
ing linear metal specific equations that may be used to estimate the fraction of 
metal in the particulate form based on a number of chemical parameters that are 
widely available at all sampling sites. 
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For all regression analysis we used the data presented by (Köhler, 2010) as calibra-
tion data (n = 250) and complemented for newer data (m = 150) at the same sites as 
validation data. 
 
The equation for estimating the amount of metal in particulate form (Mepart

#) takes 
the general form: 
 

∑
=

+=
n

i
iipart BAAMe

1
0

# *   

with Ai and Bi being linear scaling factors and chemical parameters respectively. 
The exact resulting values for respective metal equation may be found in Table 7. 
Data that lie outside the 10 % resp. 90 % percentile of observed metals in particu-
late form were excluded to diminish the risk for bias. In order to minimize the 
amount of predictor variables, only those that were significant at the 0.001 level 
were included. 
 
Chemical speciation approach 

In a second approach the  chemical speciation program VisualMinteq (Gustafsson, 
2001) with the recent changes in aluminium and iron speciation given in Sjöstedt et 
al., (2010) was used to quantify the amount of metals bound to ferric hydroxide 
particles present in natural waters given at sample temperature of 10°C. Total iron 
was entered in the speciation code and ferrihydrate was allowed to form when the 
solubility product of ferric hydroxide (Ksp = 2.69 at 25°C) was reached. While the 
metal bound to organic matter is assumed to be in dissolved form, the ferric hy-
droxide particles are used as a surrogate for particulate matter occurring naturally. 
In this approach three different fractions of metal may be distinguished: 
 
Meorg  = metal bound to natural organic matter quantified as total organic carbon 
(TOC)  
Mepart*= metal bound to ferric hydroxide as calculated precipitated Fe(OH)3  
Mefree  = Mtot – Meorg - Mepart*     
 

Sites selection for retention tests 
Data Collection and Selection Criteria 

Stations were selected based on national available metals data extracted from the 
water and the environment's database. There were 618 different stations for lakes 
and streams available in the database. A GIS layer was used to select water bodies 
that had at least two monitoring stations within close proximity. These stations 
were then further refined based on the following criteria: 
• Verification that the stations were in the same water body or stream reach and not 
in smaller tributaries. 
• Type of land use between stations. 
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• The amount of flow at the sites in comparison to the watershed. 
Based on these criteria, many monitoring stations were excluded. Often a monitor-
ing site represents too small a fraction of the total tributary flow for lakes while 
several major tributaries are often found between monitoring stations for streams 
(Figure 1A). Some stations were discarded because they proved to belong to other 
bodies of water than their matched station. Streams that were likely to be affected 
by anthropogenic inputs of metals between stations (e.g. urban or industrial areas) 
were removed (Figure 1B). 

 

  

Figure 1 Examples of watersheds with major tributaries between stations (A) 
and land use types (urban) with source areas for metals (B). 

 

A 

B 
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Lakes selection 

The tributaries to the large lakes in Sweden, are not completely monitored and the 
retention tests could therefore not be performed on the large lakes within this study.  
Five smaller lakes were selected through the filtering of data, but only for three 
lakes, Vidöstern, Innaren and Södra Bergundasjön, were several years of data 
available at both inlet and outlet of the lake (Figure 2, Figure 3 and Figure 4). All 
three lakes are located in southern Sweden. In the tributary to lake Södra Bergun-
dasjön (also called Södresjö) the city of Växjö covers a large part of the land 
(Figure 2 and Fel! Hittar inte referenskälla.). In the tributary to lake Vidöstern 
and lake Innaren, forest is the predominant land cover (Table 1 Lake specific land-
cover within the lake tributary, km2 (Ejhed et al 2010). Water surface area was 
further a large part of all tributaries and deposition on the water surface was there-
fore an important source of metal load. The lakes have been chosen as test sites 
because they differ in water retention time and in accumulation bottom area (Table 
2) which have been assumed to be important variables for retention of metals. The 
modelling was performed on yearly median concentrations and flow based on quar-
terly sampling. The load on the lakes was input from monitoring data on inlet to the 
lake tributary and model results of total gross load within the tributary to the lake 
from Ejhed et al (2010) (Table 3).  
 
Table 1 Lake specific landcover within the lake tributary, km 2 (Ejhed et al 
2010) 

Lakes Innaren Vidöstern Södra Bergunda-
sjön 

Landcover 

Arable land 5.7 17 2.7 

Wetland 0.5 6.6 0.1 

Forest 28 81 14 

Open lake water 15 43 8.3 

Open land 3.0 14 5.1 

Clear cuts 1.2 4.1 0.4 

Urban 0.2 3.1 18 
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Figure 2 Södra Bergundasjön, dark brown line is the 
tributary border. 

Figure 3 Lake Innaren, dark brown line is the tributary 
border. 

Figure 4 Lake Vidöstern, dark brown line is the tribu-
tary border. 
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Table 2 Lake specific variables 

 Vidöstern Innaren Södra 
Bergundasjön 

Source 

Average depth, 
Dm (m) 

4.4 6.3 2.5 SMHI (1996) 

Maximum depth, 
Dmax (m) 

35 19 5.4 SMHI (1996) 

Area, A (km2) 44 15.4 4.3 SMHI (1996) 
Volume, V 
(Mm3) 

211 104 10.5 SMHI (1996) 

Average water 
outflow, Q (m3/s) 

16.7 0.9 0.4 Calculated from 
data in SMHI 
(1993) and SMHI 
(1994) 

Theoretical water 
retention time, Tw 
(yr) 

0.4 3.7 0.8 Calculated from V 
and Q 

Area of accumu-
lation areas, BA 
(%) 

5 45 17 Calculated from 
algorithms given  in 
Håkanson & Jans-
son (1983) 

 
Table 3 Total metal load (kg/yr) to selected lakes from Ejhed et al. (2010). 

Metal Vidöstern Innaren Södra Bergundasjön 
Pb (kg/yr) 270 29 58 
Zn (kg/yr) 3 900 210 950 
Cd (kg/yr) 15 1.5 3.1 
Cu (kg/yr) 590 41 1 000 
 
 
Selection of streams  
Nine sites were originally selected based on site location and monitoring data being 
available upstream and downstream. Of the nine sites, six sites contained at least 
12 months of matching concentration data for metals: Motala Ström, Baggstabäck-
en, Örvallbäcken, Badebodaån, Haraldsjöån, and Orkarens avflöde/Venaåns 
mynning. Unfortunately, the Orkarens avföde/Venaåns mynning site was affected 
by point source pollution mainly from the heavy mining industry in the area. Met-
als included in this study were iron (Fe), manganese (Mn), copper (Cu), zinc (Zn), 
aluminium (Al), cadmium (Cd), lead (Pb), cobalt (Co), arsenic (As), and molyb-
denum (Mo). 
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 Flow data were collected from S-HYPE modeled flows (daily) that were down-
loaded from SMHI for the selected streams and used to calculated mass in the pro-
gram FlowNorm (see below). 
 
ADDITIONAL HANDLING AND ANALYSIS OF DATA 

Some of the monitoring stations fell within, instead of at the boundary (e.g. inlet 
and outlet) of the S-HYPE modeled watersheds. To determine the amount of direct 
flow attributable to the subwatershed (division of the S-HYPE watershed), the inlet 
flow was subtracted from the outlet flow and proportioned based on the percent of 
the total S-HYPE watershed tributary to the monitoring location. This flow was 
then added to the inlet flow to estimate the total flow at the monitoring point. 
 
 

Retention models tested and reviewed 
The models that were reviewed in this study were a selection of models that were 
available, free of charge and possible to apply. Two lake models, The Lindström 
and Håkanson model (Lindström and Håkanson 2001) and the QWASI model 
(Mackay et al., 1983) were tested in this study for the metals Pb, Cd, Zn and Cu. 
One river retention model was tested. Models that have only been reviewed, but 
not tested, are described in Appendix 1. 
 
Lake retention model tests 

THE LINDSTRÖM & HÅKANSON MODEL 

The applied model is a process based dynamical mass balance model described in 
Lindström & Håkanson (2001). The structure of the model is presented in Figure 5. 
The lake is simplified to three boxes: Lake water, active accumulation area sedi-
ments (A-areas) and erosion and transportation areas (ET-areas). The fluxes of 
interest concern the annual lake load of the given metals. This means that this 
model is not intended for seasonal processes, such as thermal stratification, and the 
lake water can be simplified to one compartment. It has been shown, that resuspen-
sion (from ET areas) can be an important source of suspended particulate matter 
(Lindström and Håkanson 2001 and references therein). To model resuspension, 
the lake is differentiated into relatively shallow areas of erosion and transportation, 
(ET-areas) and deeper areas of accumulation (A-areas). ET- and A-areas have been 
determined by standard empirical methods, i.e. sediment cores from varying water 
depths have been studied. Resuspension takes place from the areas where the wave 
base reaches the sediment surface, which is a relationship between the lake area 
and depth. The parameter Vd describes the form of the lake and its Accumulation 
and ET areas in the model and is related to the depth by Vd= 3(Dm/Dmax), where 
Dm is the mean depth of the lake and Dmax is the maximum depth of the lake. The 
settling velocity v, has been determined by calibration in Lindström and Håkanson 
(2001) and should be recalibrated if applied on more lakes. In this study the settling 
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velocity was taken from Lindström and Håkanson (2001). Diffusion from the sed-
iments is a process that is dependent on the concentration gradient in the sediment. 
For metals the mobility is highly dependent on the redox conditions. In the model 
the diffusion for simplicity is set inversely proportional to a measure of the organic 
load on the sediments (loss on ignition, IG). The organic load has been estimated 
from literature. 
 

 

Figure 5 Illustration of the mass-balance model and a list of the rate equations. 
From Lindström and Håkanson (2001). T=water residence time, PF=Particulate 
fraction of the metal, v=settling velocity of particulate material, Dm=lake mean 
depth, Vd=lake form factor, Cdiff=diffusion coefficient, IG=loss on ignition. 



 22

Model setup 

Table 4 summarises the values of model variables that have been applied in this 
work, and lake specific variables for the selected lakes are given in Table 2. Metal 
load data for the studied lakes are presented in Table 3. Note that one lake variable 
was the particulate fraction (PF) of the metals that was further investigated within 
this study. Since the model variables are empirical and associated with large uncer-
tainties, uncertainty and sensitivity tests have been performed on the model lake 
setup. Sensitivity analysis was performed by adjusting one variable, while all other 
others were kept constant to test how that one parameter affected the model’s pre-
diction of metal retention. The model variables were given the same Coefficient 
Variation (CV) of 0.5 which was used to create a normal distribution of the varia-
ble. The model was run 100 times with the distributed values, which created a dis-
tribution in the prediction of metal burial. The model has also been tested with 
uncertainty analysis (Monte Carlo simulations, see Håkanson & Peters, 1995) 
where selected variables have been given a realistic uncertainty (standard devia-
tion, SD using procedures discussed by Håkanson (1999)). The same procedure has 
been tested in this project with realistic uncertainties representations, CVx (Figure 
11).   
Furthermore the model was tested by performing a scenario calculation in which 
the total load was reduced by 50 % at year 10. The time to reach steady state with 
the new condition was calculated. 
 
Table 4 Values of model parameters 

Metal Pb Zn Cd Cu 
Particulate fraction, PF (dimensionless) 0.41 0.181 0.152 0.091 
Settling velocity, v (m/yr) 502 1002 1002 502 
Mean age of the material on ET-areas (yr) 22 22 22 22 

Diffusion constant, Cdif (% yr-1) 0.352 3.52 3.52 0.352 
1 Köhler (2010 and this study), 2 Lindström & Håkanson (2001) 

 
MACKAY ENVIRONMENTAL FATE MODELS 

Numerous environmental fate models have been developed according to the princi-
ples described by Mackay (2001). Originally, these models were developed for 
assessment of organic chemicals, and used the key parameter fugacity (Pa) to drive 
the transport process of chemicals between different environmental media.  
The capacity of an environmental medium (e.g. soil, water or sediment) to “hold” 
or capture a chemical is characterized by the fugacity capacity, Zi, which is deter-
mined by the properties of the chemical together with the properties of the medium. 
If Z = 0, the chemical shows no or negligible tendency to partition into that particu-
lar phase. The distribution of a chemical between two phases i and j is described by 
the partition coefficient Kij, which is a ratio of the Z-values for these two compart-
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ments. Z-values for organic chemicals in key environmental compartments are 
described in Mackay (2001).  
 
As chemicals strive to reach equilibrium within and between phases, an equilibri-
um criterion, Q is used to describe the partitioning. For organic chemicals Q is 
fugacity, f (Pa) and for metals it is aquivalence, a (mol/m3). Q is related to concen-
tration C (mol/m3) by the equation 
 
C = QZ  
 
Thus, the Z-values and partition coefficients give the general partitioning tenden-
cies but do not give any information about the transport rates between media. The-
se are expressed by D-values, which combine information on Z-values and 
transport rates (including degradation) in the form of rate constants. The D-values 
are combined with the equilibrium criteria and used to set up mass balance equa-
tions which are solved to generate amounts present in each compartment, at steady 
state, or in the case of a dynamic model at time, t.  
 
The use of aquivalence for metals arises from the difficulty in defining a Z-value 
for air, which is in essence 0. In the case of organic substances, Zair is used as a 
starting point for derivation of all other Z-values together with the partition coeffi-
cient between air and water and therefore used to derive fugacities (i. e. concentra-
tions in each compartment).  For metals, Zair = 0, Zwater is defined as 1 and all other 
Z-values are calculated from this, using empirically derived partition coefficients, 
K iw. Many of the Mackay models allow for using aquivalence as a driving parame-
ter and they can be downloaded freely from www.trentu.ca/cemc. In the following, 
a principal model is described and calculation exercises performed to demonstrate 
its use and applicability for retention calculation. 
 
QUANTITATIVE WATER AIR SEDIMENT INTERACTION (QWASI) MODEL  

The QWASI model (Mackay et al., 1983) incorporates water, sediment and air, and 
calculates steady state amounts present in the system and in each compartment, 
intermedia transport rates as well as overall residence time, providing constant 
annual inflow and emissions to the water system. Data requirements are physico-
chemical properties of the metal as well as environmental characteristics of the 
studied water system. The main difficulty with this approach is to derive partition-
ing coefficients which have to be empirically determined for each metal in a speci-
fied system. The specific properties for the lakes used for parameterization of the 
QWASI model are given in Table 5. 
 
Table 5 Environmental data used for parameterization of the QWASI model. 

Environment S Innaren Vidöstern Unit Ref 
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specific data Bergun-

dasjön 
Water surface area 4.3×106 1.5×107 4.8×107 m2 SMHI lake register 
Water volume 1.1×107 1.0×108 1.9×108 m3 SMHI lake register 
Sediment active 
layer depth 

0.05 0.05 0.05 M Mackay (2001) 

Solids concentration 
In water column 17.1 11.3 3.9 mg/L Estimated1  
In inflowing water 7.6 5.0 2.0 mg/L Estimated1 

Of aerosols in air 19.7 19.7 12 µg/m3 IVL database 
In sediment 0.15 0.15 0.15 m3/m3 Håkansson & Jans-

son (1983) 
Organic carbon content in solids 
In water column 0.06 0.23 0.28  Estimated1 
In sediment 0.03 0.05 0.02  Håkansson & Jans-

son (1983) 
In inflow water 0.13 0.32 1  Estimated1 
In resusp sediment 0.03 0.05 0.02  Håkansson & Jans-

son (1983) 
Density of solids 
In water 2400 2400 2400 kg/m3 Mackay (2001) 
In aerosols 1700 1700 1700 kg/m3 Mackay (2001) 
In sediment 2400 2400 2400 kg/m3 Mackay (2001) 
Flows 
River water inflow 781 1486 54500 m3/h SHype model 

calculations 
Water outflow 1520 3187 69100 m3/h SHype model 

calculations 
Sediment deposit-
ion rate 

1.06 1.06 1.06 g/m2 day Håkansson & Jans-
son (1983) 

Burial rate of 
solids 

0.21 0.48 0.05 g/m2 day Håkansson & Jans-
son (1983) 

Resuspension rate 
of solids 

0.85 0.58 1.01 g/m2 day Håkansson & Jans-
son (1983) 

Aerosol deposition 
velocity 

0.7 0.7 0.7 m/h Mackay (2001) 

Scavenging ratio 200000 200000 200000  Mackay (2001) 
Rain rate 0.62 0.62 0.62 m/year SMHI weather 

station Växjö 
Volatilization 
MTC 

1 1 1 m/h Mackay (2001) 

Volatilization 
MTC 

0.01 0.01 0.01 m/h Mackay (2001) 

Sediment water 
diffusion MTC 

0.0004 0.0004 0.0004 m/h Mackay (2001) 

1Solids concentrations and organic carbon content in solids were estimated accord-
ing to the texts below. 
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Estimating concentrations of suspended material 

The QWASI model requires concentration of solids in different media as an input 
parameter. Suspended material is rarely measured in the national monitoring pro-
gramme – thus such levels are only scarcely reported. Another parameter which is 
related to the content of suspended material is the turbidity. A direct relationship 
between the two is not expected, as turbidity is also dependent on other factors, 
such as colour. However, it was considered more reliable to derive such a relation-
ship rather than applying a generic, default value of suspended solids. Figure 6 
shows the empirical correlation between turbidity and suspended solids. The aver-
age ratio between suspended solids concentration and turbidity was determined to 
1.53. This ratio was then used to estimate the concentration of suspended solids for 
the different study sites. The boundary condition was set to 2 mg/L, based on data 
by Jansson (1982), i.e. if the estimated concentration was lower than 2 mg/L – this 
value was used instead.   
 

 
Figure 6 Empirical relationship between turbidity (fnu) and concentration of 
suspended solids (mg/L) 

Estimating fraction of organic carbon in solids 

In addition to concentrations of suspended solids the QWASI model also requires 
fractions of organic carbon in solids as input. This information is not usually avail-
able, but measurements of TOC are commonly performed. In order to achieve an 
estimate of the OC (Organic Carbon) fraction in particles, POC (particulate organic 
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carbon) was estimated as 0.1×TOC, which is believed to be representative for the 
Swedish lakes (see discussion in Palm Cousins et al., 2009). This concentration 
was then divided by the estimated concentration of suspended solids, generating a 
fraction of organic carbon in solids according to Table 5.  
 
The model was run for the metals Pb, Cd, Zn and Cu using property data according 
to Table 6. All half-lives were set to 1 ×1016 h, which represents negligible degra-
dation. Initially, an illustrative exercise was performed using equal input to all 
three lakes, i.e. a yearly load of 100 kg. The purpose with this exercise was to illus-
trate the potential for retention of different metals in the three lakes.  Then the 
model was applied on gross loads as calculated by SMED (Ejhed et al. 2010, Table 
3) and background inflow using measured concentrations in the monitoring sta-
tions.  
 
Table 6 Chemical properties of metals used as input to the QWASI model. 

Name MW 

(g/mol) 

T 

(C) 

Ka

w 

Kqw Ksedw Ksuspw Kre-

suspw 

t1/2 (h) 

Lead 207.2 25 0 100 125893 398107 398107 1 ×1016 

Cad-

mium 

112.4 25 0 100 3981 50119 50119 1 ×1016 

Zinc 65 25 0 100 5012 125893 125893 1 ×1016 

Copper 63.5 25 0 100 15849 50119 50119 1 ×1016 

Ref    Mackay

, 2001 

Allison & 

Allison, 

2005 

Allison & 

Allison, 

2005 

Allison & 

Allison, 

2005 

Assumed 

negligible 

 

River retention model 

DETERMINING MASS WITH FLOWNORM 

Metals mass was determined using the program FlowNorm along with the S-HYPE 
flow (daily) and metals concentration data (monthly). Results were calculated on 
both a monthly and annual (calendar year) basis.  To avoid misleading extrapola-
tions and interpolations of observed data, the following general rules are applied in 
FlowNorm: 
the calculation of substance loads starts the first month for which both flow and 
concentration data are available and ends the last month for which such data exist; 
gaps in flow data are filled by interpolated values provided that the gap does not 
contain a full month without any observations; 
gaps in concentration data are filled by interpolated values provided that the gap 
contains a maximum of two full months without any observations; 
annual loads are only given for years with a complete set of monthly loads. 
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Less-than-values are replaced by a fixed percentage (50%) of the detection limit. In 
general, the water discharge is expressed in m3/s and the metal concentrations in 
µg/l. The resulting riverine loads are then expressed in kg/month or kg/year. The 
monthly and annual totals for the water discharge are expressed in 109 m3 per 
month and year. 
 

Normalization of Data 

To normalize the data so that actual losses could be estimated, two different meth-
ods were used. The first and preferred method used the change in chloride between 
the upstream and downstream stations. Any change in chloride was assumed to be 
attributable to weathering and downstream loads were adjusted by the ratio of up-
stream to downstream chloride mass. In this manner, the additional load contribu-
tion from the watershed tributary to the downstream station can be factored out, 
leaving only the original (or baseflow) from the upstream monitoring station. The 
possible error in this method includes unexpected loss or gain of chloride in the 
system due, for example, to differences in dry deposition or evaporation. 
M2 X (Cl1/Cl2) = M1t, and 

M1t - M1 = Retention (-) or Release (+), where 

M = Load, Mt = Chloride Adjusted Load, and Cl = Chloride Load 

The second method used to estimate metal loss used the difference in tributary 
watershed size. A ratio of the downstream (larger) to the upstream (smaller) water-
shed was used to estimate what the loading would be at the downstream location 
assuming upstream conditions are similar. The difference between the estimated 
and monitored downstream loads represents retention or release in the stream 
reach. The main error involved in this case is the assumption that flow pathways 
and delivery are similar in each watershed. 
M1  X (W2/W1) = M2t, and 

M2 – M2t = Retention (-) or Release (+), where 

M = Load, Mt = Area Adjusted Load, and W = Watershed Size 
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Results  
Particulate fraction of metals 
The regression approach 

In Table 7 the resulting parameters for the describing empirical equations of par-
ticulate fraction of metals are presented. 
 
Table 7. Linear regression parameters for the empirical equations to describe 
the particulate fraction of metals (results in ppb), results are illustrated in 
Figure 7 and Figure 8. 
Metal Offset 

[ppb] 
Metot 
[ppb] 

Abs_
DIFF 
[cm-1 

/5] 

Abs_
OF 

[cm-1 
/5] 

pH Altot 
[ppb] 

Fetot 
[ppb] 

Al -337 0.338 379 - 46.3 - - 
Fe -345 0.410 1228 -731 54.8 0.314 - 
Ni -0.100 0.177 0.620 - - - - 
Cu -0.144 0.234 - - - - - 
Zn -5.82 0.237 7.13 - 0.775 - - 
Pb -0.677 0.484 - - 0.100 - 0.000371 

 
Estimates of this approach may then be compared and is presented in Figure 
7 and Figure 8. If the equations would give perfect predictions of particulate 
fractions for all sites it would follow the line in the graphs. 
 

 
 Figure 7 Comparison between predicted (circles) and measured (line) 
particulate metal for both calibration and validation data set. Left panel 
(iron) and right panel (lead). 
 
 



 29

 
 

  
Figure 8 Comparison between predicted (circles) and measured (line) 
particulate metal for both calibration and validation data set. Left panel 
(nickel) and right panel (copper). 
 
In the following Table 8 the mean errors are given for the metals aluminum 
(Al), iron (Fe) , nickel (Ni), copper (Cu), zinc (Zn) and lead (Pb); (no data 
were available for mercury) using the validation data set. 
 
Table 8 Median values for the measured concentration of total metals 
(Metotal), measured concentration of filtered metals (Mefiltered) and 
measured concentration of metals in particulate form (Mepart) in microg 
L -1 and model outcome for the empirical regression approach using the 
data of Köhler, 2010. 
 
Metal Metotal 

(median) 
Mefiltered  
(0.1 
Perc. ) 

Mefiltered 
(0.9 
Perc.) 

Mepart 
(median) 

Mepart
* 

(median) 
R2 RMSE 

Al 110 27 390 27 29.9 0.68 40 
Fe 480 62.8 1500 140 155 0.72 0.086 
Ni 0.595 0.21 1.92 0.05 0.032 0.18 0.22 
Cu 0.69 0.102 2.6 0.06 0.017 0.10 0.34 
Zn 2.8 0.654 10 0.5 0.373 1.50 0.34 
Pb 0.3 0.05 0.938 0.12 0.119 0.61 0.084 
Hg n.a. n.a.  n.a. n.a. n.a. n.a. 

 
The efficiency with which the concentration of the particulate concentration 
of the various metals can be predicted using linear equations is good for the 
metals Al, Fe and Pb, acceptable for the metals Zn and Ni but poor for Cu. 
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The chemical speciation method 
The results of the application of the chemical speciation method Vis-
ualMinteq to determine the particulate fraction of metals are illustrated in 
Figure 9 and Figure 10 together with the results of the empirical regression 
method. The plots of comparison between the measured and modeled par-
ticulate fraction is good for Al, Fe and Pb and very poor for the metals Zn, 
Ni and Cu.  
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 Figure 9 Comparison between the two estimates of particulate metal 
(black circles chemical speciation, white circles regression) and the 
measured (line) particulate metal set. Left panel (iron) and right panel 
(lead). 
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 Figure 10 Comparison between the two estimates of particulate metal 
(black circles chemical speciation, white circles regression) and the 
measured (line) particulate metal set. Left panel (nickel) and right 
panel (copper). 
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Lake retention models 
The Lindström and Håkanson model 

The Lindström and Håkanson model calculated retention (%) and predicted water 
concentrations (ng/L) for selected metals in Lake Vidöstern, Lake Innaren and 
Lake Södra Bergundasjön, respectively presented in Table 9. The retention was 
predicted highest in lake Innaren followed by Södra Bergundasjön. The retention in 
Vidöstern was predicted to be very small. The retention was predicted to be metal 
specific with Cu being the most mobile. The model results of the metal concentra-
tion were in the same order of magnitude as the median concentration in the outlet 
monitoring station for lake Vidöstern and lake Innaren (Figure 17).  
  
Table 9. Modelled metal water concentrations (ng/L) and retentions (percent-
age of total load).  

Lake Vidöstern Innaren Södra Bergundasjön 

 Pb Zn Cd Cu Pb Zn Cd Cu Pb Zn Cd Cu 

conc. 

(ng/L) 

460 6900 25 790 200 2600 13 550 190 34000 110 47 000 

retention 

(%) 

6.1 5.5 4.6 1.4 78 76 73 44 44 41 37 15 

 
 
MODEL SENSITIVITY AND UNCERTAINTY TEST 

A plot where the Pb retention in Lake Innaren was used as an example is given in 
Fel! Hittar inte referenskälla.. The model was predicted to be most sensitive to 
load concentrations. 

Sensitivity analysis Pb Lake Innaren
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Figure 11 Sensitivity analysis where a CV of 0.5 was applied on the tested 
variables to create a normal distribution of 100 values. The box-plot shows 
how this CV affects the CV of the model prediction of metal burial (kg/yr).The 
model is most sensitive to the variations in load concentration. 

A plot using Pb in Lake Innaren as example is given in Figure 12. The Monte Carlo 
simulations provide a distribution of the total model uncertainty for the predicted 
retention (leftmost box-plot in Figure 12). For each of the other box-plots, one 
model variable is held fixed and the corresponding change in the predicted reten-
tion is given. This analysis makes it possible to estimate the contribution of the 
uncertainty of each variable to the total uncertainty. A large contribution results in 
large decrease in variability (CVy). The largest uncertainty in the model due to 
variations in variables is from the settling velocity (v), shown by the significant 
decrease in retention variation when the uncertainty in v (0.5) was removed (Figure 
12). 

Uncertainty analysis Pb Lake Innaren
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Figure 12 Box-plot showing the results of the uncertainty analyses (Monte 
Carlo simulations 100 runs). The box-plot shows how the model prediction of 
Pb retention in Lake Innaren varies with the uncertainty of variables. Largest 
uncertainty in the model is represented by the uncertainty of the settling ve-
locity, v. 

SCENARIO SIMULATIONS 

Total load was reduced by 50 % at year 10. The resulting time-lag before reaching 
steady-state is illustrated with Zn in Lake Innaren (Figure 13) and Pb in Lake 
Vidöstern (Figure 14). In both cases it took about 15 years to reach a new equilib-
rium level. 
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Figure 13 Scenario simulation where Zn-load to Lake Innaren was reduced by 
50 % at year 10. 

 

Figure 14 Scenario simulation where Pb-load to Lake Vidöstern was reduced 
by 50 % at year 10. 

The QWASI model 

 
Figure 15 presents an example of the output results from QWASI.  
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Figure 15 Typical interface of output diagram from QWASI model simula-
tions. 

The results of using equal input of metal load to all three lakes, are shown in Figure 
16. The retention capacity of Lake Innaren is highest, followed by Lake Södra 
Bergundasjön and Lake Vidöstern.  
 

Figure 16 Burial fraction, or retention (%) of four  metals in the three mod-
elled lakes. 
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In order to determine the accuracy of the model predictions, modelled concentra-
tions of the different metals, using gross loads as calculated by SMED (Ejhed et al. 
2010, Fel! Hittar inte referenskälla.) and background inflow using measured con-
centrations, were plotted together with measured metal concentrations in the lake 
outlet, where available. The results are shown in Figure 17. The modelled concen-
trations from the Lindström & Håkanson model are also included for comparison. 
 

  

 
 

Figure 17 Comparison between modelled and median measured concentra-
tions, where available. 

The predicted concentrations from Lake Vidöstern and Innaren are in the same 
order of magnitude as the measured concentrations (generally within a factor of 2). 
For Lake Södra Bergundasjön, the outlet concentrations are overpredicted by a 
factor of 4 to 90 compared to the median of the measured concentrations. The 
overprediction occurs for all metals, but is highest for Cu and Zn. This is likely due 
to an overestimation in the gross loads of metals within the tributary to Lake Södra 
Bergundasjön. The QWASI predicted flows of the four metals in the three lakes 
studied are shown in Figure 18.  
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Figure 18 Metal fate in three lakes as predicted by the QWASI model 

The results from the model simulations show a fairly equal flow pattern between 
the three lakes, with the exception of Cu, for which the flow is predicted to be sub-
stantially higher for Södra Bergundasjön compared to the other lakes. But as shown 
in Figure 17, the concentrations in Lake Södra Bergundasjön are overestimated by 
a factor of 100. In analogy, reducing the emission input in a similar manner would 
reduce the total inflow, outflow and burial accordingly.  
 

River retention results 
Of the five sites with at least 12 months of available data, flux of metals between 
monitoring stations were conducted for three of the sites (Table 10) and the results 
are presented below. 
 
Table 10 Information for the three sites analyzed in this portion of the study. 

Site Matched 
Monthly Data 

(N) 

Reach 
Length* (km) 

Median Flow 
Upstream 

(m
3
/s) 

Median Flow 
Downstream 

(m
3
/s) 

Örvallbäcken 44 2.34 0.215 0.364 

Haraldsjöån 22 0.48 0.279 0.288 

Baggstabäcken 57-60 1.41 0.129 0.144 

*Reach length is approximate. 
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ÖRVALLBÄCKEN 

Örvallbäcken was the best site for a this type of study because the monitoring sta-
tions were at the inlet and outlet of a single S-HYPE station and chloride data were 
available for all paired metal concentration data points. Figure 19 (A and B) shows 
average annual (2008 and 2009) loads for upstream (US) and downstream (DS) 
monitored data, along with downstream calculated data. As Figure 19 shows, all 
metal loads were higher when comparing monitoring data from the upstream to the 
downstream sites at Örvallbäcken. However, when the downstream loads were 
adjusted using the difference between chloride at the upstream and downstream 
locations, retention of metals was revealed at this site (Table 11). All metals 
showed a reduction from the upstream to downstream location, ranging from 3.5 
(Cu) to 28.9 (Fe) %. However, Cu appeared to be released or exported from the 
reach during 2009 (0.046 kg/y) while in 2008 it was retained (0.087 kg/y) for an 
overall net retention. All other metals showed retention during both 2008 and 2009. 
 

 

Figure 19 Average annual (2008 and 2009) metal loads (kg/y) for upstream 
(US) and downstream (DS) monitoring locations along with chloride adjusted 
downstream loads (Adjusted DS). 



 38

Table 11 Calculated retention (-) or export (+) of metals (%/y) along the 
stream reaches analyzed. 

Site Fe Mn Cu Zn Al Cd Pb Co As Mo 

Örvall-
bäcken 

-28.9 -29.7 -3.5 -18.9 -11.1 -13.4 -28.3    

Harald-
sjöån 

-28.7 -41.6 -0.9 -14.8 -10.4 -2.7 -11.1    

Baggsta-
bäcken 

-22.5 15.8 146.5 -8.3 -29.0   -25.1 -29.0 213.0 

 

HARALDSJÖÅN 

Data for Haraldsjöån were somewhat limited in that only one full year of monthly 
data was available. Because chloride data was not available, watershed size was 
used to estimate the loss at this location. This was possible because both upstream 
and downstream watersheds were small with similar pathways and tributary areas 
were contained within one S-HYPE watershed. 
 
Losses were estimated based on the difference between the estimated downstream 
loads and the monitored downstream loads. Estimated downstream loads were 
calculated using a watershed size factor (described in the methods) which assumes 
no in stream loss and similar loading (compared to the upstream station) from the 
watershed with direct tributary to the downstream monitoring point. Thus, the dif-
ference between the estimated downstream load and the actual, monitored down-
stream load represents the retention or release in the reach (Figure 20). 
All metals showed some degree of retention, on average during the one year (1997) 
with monthly paired data values available (Table 11). Retention ranged from 0.9 
(Cu) to 41.6 (Mn) %. Because these values represent only one year, care should be 
taken in the interpretation of the results. 
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Figure 20 Average annual (1997) metal loads (kg/y) for monitored and esti-
mated downstream (DS) loads in Haraldsjöån. 

BAGGSTABÄCKEN 

Losses were again estimated based on the difference between the estimated down-
stream loads and the monitored downstream loads. This was done due to the lack 
of chloride data and because both upstream and downstream watersheds were small 
with similar hydrologic pathways and tributary areas were contained within one S-
HYPE watershed. 
 
The results for this stream reach were not only more variable, but both losses and 
increases were shown for different metals (Figure 21). Fe, Al, Co, and As de-
creased while Mn, Cu and Mo increased between the upstream and downstream 
sites (Table 2).  
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Figure 21 Average annual (2003-2006) metal loads (kg/y) for monitored and 
estimated downstream (DS) loads in Baggstabäcken. 

This is likely due to the fact that Baggstabäcken is affected by an urban area in 
between paired monitoring points (Figure 22). It was included in this analysis as an 
example of this type of situation and because four years (2003 through 2006) of 
paired results were available for analysis. This site appears to be affected by an-
thropogenic inputs from urban and/or industrial areas in the nearby city. However, 
losses for some metals were still detected in the analysis. 
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Figure 22 Baggstabäcken monitoring locations and watershed areas. 

MOTALA STRÖM AND BADEBODAÅN 

Chloride data were not available for these two stations and the total tributary wa-
tersheds for the upstream sites were large, especially in comparison to the water-
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shed with direct tributary to only the downstream sites. Thus, these two sites were 
excluded from the analysis due not only to the large, upstream watershed size but 
also due to obvious differences in hydrology and flow paths that would have en-
tered a large amount of uncertainty into estimates for metal retention (or release) at 
these locations. 
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Discussion and conclusions  
Particulate fraction of metals 
The chemistry of the various metals studied here is very different. Both binding 
strength, binding to inorganic dissolved and organic particulate components vary 
and natural waters are seldom in equilibrium. The nature of particulates in the wa-
ter is very variable and comprises both mineral particles, inorganic precipitates 
such as gibbsite or ferrihydrate and both dead and living organic matter. The prin-
cipal drivers for the occurrence of particles are high flow events, high pH and 
the presence of particulate iron and aluminum hydroxide. As discussed in Köh-
ler (2010) the amount of metal in the particulate fraction varies for each metal. The 
fraction of metal in particulate form decreases in the order Pb, Fe, Mn, V, Zn, Co, 
Cd, Cu, Ni, As and Mo. Only Pb, Fe and Mn have a significant amount of samples 
(25%) where 50% or more of the metal may occur in the particulate form. The 
particulate fraction as a function of pH is displayed for both extremes from the list 
of metals concerned here (Pb and Ni). 
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Figure 23 Fraction of metals in particulate form (Medissolved/Metot) as a 
function of pH (x-axis) for lead (left panel) and nickel (right panel).  
 
The other metals lie in between these two extremes and given the decreasing con-
centration of particulate metal, the difficulty in predicting the amount of metal in 
the particulate form should be expected to increase in the order Pb, Zn, Cu and Ni.  
 
Comparison between methods of determination of particulate fraction, 
general remarks and recommendations 
There are a several reasons of the differences between the measured and calculated 
concentrations for the observed metals in this study. The metals that are concerned 
here are all bound to colloidal or particulate matter if pH is above 5. This is the 
case for the large majority of samples in Swedish surface waters. Some of the met-
als, those with lower particulate fractions, prefer to be bound to colloids that pass 
through a 0.45 µm filter while others are bound to colloids that are removed during 
the filtration. This should be the case for lead and iron as both metals are almost 
equally well modelled with either approach. Lead is known to strongly bind to 
ferrihydrate at near neutral pH. One of the reasons for the discrepancy between 



 44

measured and the chemically modelled data could be the lack of information on 
how large the fraction of particulate organic carbon is. Organic matter may also be 
present in the particulate fraction if it is adsorbed to particulate iron or aluminum. 
Another reason for systematic deviation is the presence of divalent iron which 
tends to decrease the amount of predicted precipitated ferrihydroxide. 
 
The linear regression parameters indicate that the difference in absorbance of the 
filtered and the unfiltered sample (abs_DIFF) is an important predictor for the par-
ticulate metal concentrations of Al, Fe, Ni and Zn. This parameter is also closely 
related to the loss of iron during the filtration (Köhler, 2010). We can therefore 
assume that these metals are either bound to iron particles or to other minerogenic 
particles that interfere with the absorbance measurement of the unfiltered sample. 
The average fraction of particulate metal is reflected in the Me_tot parameter by 
the linear relationship described in table 7. This parameter decreases in the order 
Pb (0.48), Fe (0.41), Al (0.34), Zn (0.24), Cu (0.23) and Ni (0.18).   
 
The linear regression models are most useful for estimating the particulate 
fraction of metals and should be used for all metals until a better chemical 
characterization of the particulate fraction becomes available. 
 
The limited attempt in this study to characterize the particulate fraction of lead 
supports the discussion above. Metals are transported by carrier colloids such as 
ferrihydroxide particles and organic carbon. The fate of these carrier colloids may 
also determine the fate of the metals bound to them as in the case of lead. This data 
suggests that losses of organic matter within the landscape may significantly de-
crease the amount of lead. The fate of the point source load of metals may also be 
affected by the type of carrier colloid present. This type of analysis may potentially 
be very valuable for quantifying metal retention across the Swedish landscape. 
Unluckily this type of analytical data is very limited at the moment. We strongly 
suggest further investigations of characterization of the particulate fraction of met-
als at other sites and for other metals. 

 
Lake retention models 
The retention of metals can vary from a few percent up to nearly 100 % as shown 
by the different literature examples and applications in this study. Much of the 
results can probably be explained by the water residence time and the characteriza-
tion of the particulate fractions of the metals. The tested lake retention models 
Lindström & Håkanson and the QWASI model give comparable results (Figure 17 
and Figure 24), specifically in the outlet concentration. There is however a differ-
ence in the prediction of the metals retention, with a higher retention of the Zn and 
Cd of the Lindström and Håkanson model. The retention capacity of Lake Innaren 
is highest, followed by Lake Södra Bergundasjön and Lake Vidöstern. This is ex-
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pected as lake Vidöstern is a small, shallow lake with short turnover time, whereas 
Innaren, in contrast, is a larger deep lake, which allows for a longer residence and 
settling time. Furthermore, the retention of Pb is predicted to be highest, followed 
by Cu, and then Zn and Cd, which are predicted to have similar retention capaci-
ties. This is explained by the much higher K-values of lead compared to the other 
metals (Table 6).  
 
Both models show overestimation of the metal concentrations in lake Bergun-
dasjön, which is likely due to an overestimation in the gross loads to this lake, as 
the load concentration on the lake is the most important parameter according to the 
sensitivity analysis performed in the Lindström and Håkanson model (Figure 11). 
 

  
Figure 24 Comparison between model predictions from the two models tested. 
The models give comparable results except for Zn and Cd retention.  

Zn,Cd 



 46

Conclusively, either model can be used as a tool for prediction of metal reten-
tion, providing that adequate data for model parameterization can be ob-
tained. Several of the input data to the model are hard to determine and are not 
available, but can be estimated from empirical data as have been done in this study. 
The load of organic matter to the sediments which indicates the redox conditions, 
settling velocity of the particles, particulate fraction of the metals etc are all uncer-
tain data (the settling velocity can be calibrated when applying the model to more 
lakes). However, as the most crucial input to the models appears to be the gross 
load, according to the sensitivity test on the Lindström and Håkanson model, rough 

estimates of the retention should be possible to be predicted by the models as long 
as the gross load is reasonably in the right order of magnitude. This further shows 
the importance of performing retention calculations as a tool of validation of the 
gross load calculation. At present, the number of monitoring sites for validation are 
too few presently to provide validation of all variations in the gross load, but the 
ones available give an important insight to large errors in the gross load. In the case 
of Södra Bergundasjön, the calculations of the gross load from urban areas of 
Växjö are probably too high since Växjö city has been successfully reducing the 
load from stormwater. The gross load calculations can be improved by including 
the validation information subsequently. The retention models are furthermore 
dynamic and are a useful tool to predict responses in changes of the load as illus-
trated in the scenario example of lake Innaren and lake Vidöstern. 
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The parameter describing metal retention is included in all models, and approaches 
the water residence time, and is one of the key driving forces in the Lindström and 
Håkanson as well as in the QWASI model. To show this relationship in an even 
simpler way, Vollenweider (1968) found that the theoretical water retention was an 
important factor to explain the retention of total phosphorus in lakes. Inspired by 
this, the correlation between metal retention and water retention was investigated in 
the studied lakes Innaren, Vidöstern and Södra Bergundsjön (Fel! Hittar inte refe-
renskälla.).  The correlation was significant (p<0.05, r2=0.94). The differences in 
the lake retention results can thus be explained by the differences in the lake water 
retention. This is not surprising since the burial in the sediments is the retaining 
process of metals and the longer the settling time, the more particles may settle.  
 

 
In Table 12, some key features have been listed influencing the model usability 
comparing Lindström and Håkanson with QWASI. In the current assessment, it 
became evident that any model can be used. Any short-comings in the predictive 
capability of the models were overshadowed by the uncertainties in the gross load. 
The Lindström and Håkanson model demands less indata than QWASI and is de-
veloped for metals retention and is therefore preferred to use for future work. 
 
Table 12 Comparison of different parameters of usability for the two models 
tested. 

Model feature Lindström & 
Håkanson 

QWASI 

User friendly + + 
Publicly available 
interface 

- + 

Instant calculation 
results 

+ + 

In-built sensitivity 
analysis 

+ - 

Thoroughly tested + + (mainly organics) 
Low data require-
ments 

+ +/- 

Site specific data 
generated by model 

+ - 

 
Generally the lack of monitoring data of the complete tributary (or nearly com-
plete) inlet and outlet of lakes is a large problem for the application of lake reten-
tion models. The project aimed at developing a multivariate analysis on the con-
trolling factors of the process of retention of the different metals. However there 
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were too few available data to perform that application. Instead the project focused 
on testing the retention lake models and river retention. The dataset can be in-
creased by including sites where point sources are located within the tributary (ex-
cluded from the dataset in this study), and including lakes, for which the tributary 
is not completely monitored. Even more sites would be possible to include if only 
outlet data is required. Totally this would provide a relatively large number of cali-
bration and validation sites. The Lindström and Håkanson model seems to perform 
well under the conditions it has been tested in this study; lakes in areas dominated 
by forests and lakes in urban areas (Lindström and Håkanson 2001). Multivariate 
analysis would provide valuable information on unknown driving forces of the 
retention, but since there is lack of data, where both inlet and outlet metal concen-
tration is available, that is not a possible way forward. For the future work it is 
recommended that the focus should be to calibrate and use the Lindström and 
Håkanson model.  

 
River retention model 
As we have shown, there are few paired stream stations available and even fewer 
data available for use in calculating potential retention of metals in stream reaches. 
This indicates that a different type of sampling technique with regards to the selec-
tion of sites along different stream reaches is necessary to quantify metal retention.  
 
The sites available for this study did show, however, that retention can occur for 
metals in streams, to varying degrees. Even though there did not appear to be any 
correlation between stream length and metals removal in this study, not enough 
data were available to determine effects of stream reach, watershed type, flow, etc. 
on metal retention in streams across Sweden. Large variations in river heavy metal 
storage have been observed by others. e.g. Walling et al (2003) noted a difference 
of Pb storage from 5 to 64 % between two rivers in the UK and concluded that the 
fine-grained fraction (<0.063 mm) of the sediments made the difference. Vink and 
Behrend (2002) calculated the river retention in Rhine and Elbe using a relation-
ship with hydraulic load (quotient of discharge and surface water area, related to 
the water residence time if divided by the river depth). They showed retention of 
metals from  15 % (Zn) in Rhine to 33 % in Elbe and 46 % (Pb) in Rhine to 61 % 
in Elbe. For an application on national scale the hydraulic load relationship could 
be possible to use. 
 
It should be noted that metal retention may in some case be related to loss of organ-
ic carbon, as suggested from the studies of particulate fraction of metals, and/or 
change in pH between up- and downstream sites. An example of this is the differ-
ence in pH in Örvallsbäcken (Figure 26). 
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Figure 26 pH in the upstream and downstream sites at Örvallsbäcken. 

Recommended continued work 
In this study methods for calculating particulate fractions of metals has been com-
pared and the following continued work is recommended: 
 

- The linear regression models are most useful for estimating the particulate 
fraction of metals and should be used for all metals until a better chemical 
characterization of the particulate fraction becomes available. 

- Further investigation of the colloid carrier and particulate fractions, as per-
formed for Pb in this study, at other sites and for other metals. This would 
improve the determination of the characterization of the particles and the 
retention calculations. This further includes recommendations to increase 
the data by: 
- Sampling of sediments in the areas where synoptic sampling was 

done.  
- Sampling of filtrated and unfiltrated samples in the areas where the 

synoptic sampling was done.  
 

 
Furthermore, the available literature was reviewed in this study and some retention 
models for lakes and rivers were tested.  Based on this the following continued 
work is recommended: 

- Modeling of the retention provides a valuable tool to validate the gross 
load of metals and it is strongly recommended to continue the work on re-
tention of metals to improve the gross load calculations. 

- Particulate fraction of metals and water residence time seems to be two of 
the most important driving forces of retention of metals. The metals are re-
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tained by the burial in the sediments. Efforts should focus further on those 
parameters. 

- The Lindström and Håkanson model and the QWASI model perform 
equally well on calculating retention of metals in lakes and can be recom-
mended to use provided that data are available or can be estimated. The 
Lindström and Håkanson model requires less data and is therefore recom-
mended to be used in future work. 

- To increase the number of sites where monitoring data are available it is 
suggested to use sites where point sources are located, sites with partly 
monitoring cover of the tributary area and sites where only the outlet is 
monitored. 

- The Lindström and Håkanson model is recommended to be calibrated and 
validated for an application on the national scale. 
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Appendix 1 
Review of other available models 
 
The Equilibrium Criterion Model (EQC) 

The EQC model (Mackay et al., 1996) is built on the same principles as the 
QWASI model, with the main difference being that it comprises a “unit world” 
consisting of air, water, soil, sediment, and biota. This implies that the EQC model 
may not be used to study specific retention in a specified system, but rather to 
study the relative importance of the sedimentation process (and other fate process-
es) for different metals. For the purpose of the current study, to quantify the net 
load of metals to the Swedish coastal waters, the EQC model is thus considered not 
applicable.   
 
The TRANSPEC model  

Bhavsar et al (2004) addressed the weakness of QWASI associated with the need 
for empirical derivation of partition coefficients by combining a speciation-
complexation model with a multispecies fate and transport model into the 
TRANSport-SPECiation model (TRANSPEC). This model would be of potential 
interest for the purpose of the study, but because of time constraints, it was not 
possible to apply the model in the current project.  
 
Biotic ligand models (BLM) 

Biotic ligand models have been developed within the framework of European and 
North American Risk Assessment of metals. They are used to predict metal toxicity 
using a combination of existing biological and chemical models; the biological part 
is based on the gill site interaction model (Pagenkopf, 1983) and the chemical part 
involves chemical speciation calculations performed using the principles in the 
WHAM model (Tipping, 1994). The model was included in this summary since it 
includes a chemical speciation part. A schematic presentation of the BLM mecha-
nisms is shown in Figure 27.  
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Figure 27 Mechanisms generally considered in the BLM when predicting the bioavailable frac-
tion (reconstructed from ICMM, 2007). 

The application of the BLM performs two functions. First, it provides a geochemi-
cal normalization which removes the influence of abiotic factors in the comparison 
of individual toxicity tests, which may have been performed using different water 
chemistries. This is accomplished by the chemical speciation software within the 
BLM, and ensures that all data within a given Species Sensitivity Distribution 
(SSD) are evaluated on an equivalent basis. Second, the BLM takes into account 
the competitive effects of positively-charged constituents of freshwater, such as 
Ca2+, Mg2+, and H+, on the uptake of metal ions at the site of action on the organ-
isms. The use of site-specific water chemistry input data in the BLM, results in 
model calculations of the metal bioavailable fraction, which can be applied to the 
reference toxicity database to generate site-specific NOEC values. The NOEC 
values are used in a Species Sensitivity Distribution (SSD) to calculate HC5-values 
(Hazardous Concentration, protecting 95 % of the population) and PNECs. By 
dividing measured dissolved environmental concentrations (MECs) for the same 
sites with the PNECs obtained, risk ratios are generated (MEC/PNEC). A ratio >1 
implies that effects cannot be ruled out and risk-reducing measures should be tak-
en. Although the models consider speciation and local water chemistry, the utmost 
aim is to assess toxicity, not to predict sedimentation and retention. Therefore, 
BLM models are not the right tools to apply in the context of metal retention as-
sessment. 
 
The GEMCO model 

The Generic Estuary Model for Contaminants (GEMCO) was developed “To im-
prove understanding and forecasting techniques of the fate, distribution and impact 
of contaminants in estuaries in order to develop and implement a generic model 
framework to be applicable for any ‘virtual’ European estuary”.  It was designed 
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as an easy-to-use tool to determine the sediment and water concentrations as well 
as the concentrations and fluxes of contaminants through the different trophic lev-
els in a schematic food web. The model is designed to function for an estuary espe-
cially to address the effect of saltwater intrusion and may be applicable also to 
study metal retention. But as retention processes are probably most relevant in 
lakes and not in rivers, the GEMCO model is considered less suitable for this pur-
pose. 
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Appendix 2 
Analysis of changes of lead concentration 
from a synoptic sampling in middle and 
southern Sweden during 2007. 
Stephan J. Köhler, SLU 

Introduction 
A thorough analysis of the database available at the Department of Aquatic 
Sciences and Assessment has been able to identify only a few sampling sites 
where mass balances of in- and outlets of lakes or streams with only small 
changes in water fluxes and longer data series of metal concentrations are 
available. These data are reported elsewhere in another section of the report 
and maps of the sites are found in the Appendix. So called snapshot sam-
plings where a large number of sites are sampled quasi simultaneously, thus 
representing one single hydrologic situation, may give a hint on instantane-
ous changes in concentration and thus retention.  

Method and results 
This kind of snapshot data was available from another project and was used 
in this analysis to quantify changes in concentration of lead as one repre-
sentative of all metals studied in this report.  
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Figure 28 Map of the four catchments and the four sampling sites. 
 

Of all 243 sampling places, 4 catchments could be identified with an “out-
let” sampling site downstream of the catchment and 71 “inlet” sampling 
sites upstream of the catchment (Figure 28). The large tributary area covered 
by the number of upstream sampling sites implies that many factors can 
influence the total metal concentration such as sudden changes in geology or 
sudden changes in important chemical parameters such as pH, iron or organ-
ic carbon.  
For all these sites the loss of lead was calculated by difference as: 
 
Pb loss = Pb inlet – Pb outlet       

  
Positive values indicate higher values at the inlet and thus a loss of lead at 
the outlet when the water parcel travels along the stream channel or through 
a lake. The same approach was used for modeling metal speciation as de-
scribed in earlier chapter. From this modeling exercise three quantities of 
lead were calculated; lead bound to organic matter (FA bound), lead bound 
to particulate iron (Fe(OH)3 bound) or lead in any other form. Differences in 
lead bound to FA or Fe(OH)3 could then be compared to the total change in 
concentration between in- and outlet site (Pb loss) (Figure 29). 
 
deltaFA = Pb bound to FA outlet - Pb bound to FA inlet      
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Negative values indicate higher quantities of lead bound to FA in the inlet 
than in the outlet and indicate thus a change in speciation or a removal of 
this fraction. This analysis was very preliminary and had a lot of potential 
pitfalls. Nevertheless a single pattern emerged for changes in lead concen-
tration at all four sites.  
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Figure 29 Plots of changes in FA bound lead as function of loss of lead for 
the sites Kindla, Gardsjön, Asa och Buskbäcken from top left to down right.  
 
This analysis suggests that changes in lead concentration are most probably 
related to decrease in lead bound to FA (Figure 30). Not all sites showed a 
consistent pattern but a further analysis of changes in organic matter and 
changes in lead revealed that at all sites except one (Gårdsjön) lead loss was 
strongly related to loss in organic matter.  
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Figure 30 Comparison of loss in total organic carbon and loss of lead at the 
sampling sites Kindla, Asa  och Buskbäcken. 
 

Discussion and conclusions 
Metals are transported by carrier colloids such as ferrihydroxide particles 
and organic carbon. The fate of these carrier colloids may also determine the 
fate of the metals bound to them as in the case of lead. This data suggests 
that losses of organic matter within the landscape may significantly affect 
the loss of lead. This type of analysis may potentially be very valuable for 
quantifying metal retention across the Swedish landscape. Unluckily this 
type of analytical data is very limited at the moment. We strongly suggest 
further investigating these types of observations at other sites and for other 
metals. 
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Appendix 

Temnerud et al. (2007) give a detailed description of the sampling sites and 
sampling procedures. The size of the sampled catchment varied between 
0.03 and 122 km2 and included both lakes and streams. In total 243 samples 
were available in the database. 4 catchments were identified with both inlet 
sampling sites and outlet sampling sites. 71 inlet and 4 outlet sampling sites 
of the catchment were available. Google maps of the four catchment with 
the marked sampling sites(illustrated also in Figure 28) and sketches of the 
stream network are displayed below.  

Getryggsån (Buskbäcken) 
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Anråse (Gårdsjön) 
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Danshytteån (Kindla) 
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Lungnån (Aneboda) 
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Appendix 3 
Load of copper from antifouling of boats (In 
Swedish). Belastning av koppar från 
båtbottenfärg 
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Inledning 
Beräkningarna i den här rapporten är begränsade till antifoulingmedel med koppar 
som klassats som bekämpningsmedel. För dessa medel finns statistik över försålda 
mängder per år rapporterat till KemI. I rapporten SMED Rapport 41 (SMEDs hem-
sida) Bruttobelastning från diffusa källor och punktkällor av metaller (Ejhed m.fl., 
2010) beräknades den totala bruttobelastningen av Cu från dessa antifoulingmedel 
men källan kunde inte fördelas geografiskt inom ramen för projektet. Syftet med 
denna studie är att göra en geografisk fördelning av den beräknade mängden Cu så 
att den kan inkluderas i beskrivningen per vattendistrikt till EEA WISE-
rapporteringen. Metoden för beräkning av den totala belastningen och möjliga 
osäkerheter i denna redovisas och diskuteras här tillsammans med metoden för den 
geografiska fördelningen. Syftet med detta arbete har enbart varit att göra den geo-
grafiska beräkningen, inte att vidareutveckla metoden för beräkning av bruttobe-
lastningen. 
 
Användning av antifoulingfärger på båtar förhindrar å ena sida påväxt av djur och 
växter på skrovet, som ökar motståndet i vattnet vilket leder till ökade bränslekost-
nader samt utsläpp av luftföroreningar. Å andra sidan medför många antifouling-
färger utsläpp av miljöstörande ämnen i vattenmiljön. Från år 1989 har Kemikalie-
inspektionen (KemI) successivt infört restriktioner på användning av antifouling-
medel i framför allt Östersjön på grund av dess känsliga miljö (KemI, 2006). An-
vändning av färger som innehåller koppar som antifoulingbiocid är idag förbjuden 
för fritidsbåtar och fartyg under 12 m som huvudsakligen används på ostkusten 
(Trelleborg till Haparanda). Även yrkesmässig användning är förbjuden i Bottenvi-
ken. Trots förbudet har förhöjda halter av koppar uppmätts i såväl vatten, sediment 
och biota på ostkusten. Högst halter påträffades närmast kusten och lägst längre ut 
från kusten (KemI, 2006; KemI, 2007).  
 
Antifoulingmedel förhindrar på kemisk eller fysikalisk väg påväxt på båtar och 
anläggningar under vatten. Båtbottenfärger utgör det största användningsområdet. 
Kemiskt verksamma båtbottenfärger innehåller biocider för att förhindra påväxt. 
Idag är koppar den mest använda biociden. Fysikaliskt verksamma båtbottenfärger 
behöver till skillnad från kemiskt verksamma inte godkännas av KemI och innehål-
ler ofta zink som successivt lossnar och därigenom förhindrar påväxt. Zink ingår 
även i många kemiskt verksamma medel (KemI, 2006).  
 
 

Metod och resultat 
Först beräknades den totala belastningen av Cu från antifoulingprodukter och där-
efter fördelades den geografiskt per EEA (European Environment Agency) vatten-
distrikt.  
 
Den totala belastningen på vattenmiljön av Cu i antifoulingprodukter beräknades 
med hjälp av statistik över försålda mängder från KemI för år 2008 (KemI, 2009). 
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Beräkningarna bygger på ett antal antaganden; (1) enbart antifoulingprodukter 
sålda i Sverige inkluderas, (2) hela den försålda mängden har använts under året, 
(3) fördelningen mellan hushållskonsumtion och industriell konsumtion redovisas i 
statistiken enbart för antifoulingprodukter totalt sett och antas vara likadan för de 
enskilda verksamma ämnena (även om Kopparpyrition enbart används industriellt), 
(4) alla försålda antifoulingprodukter är båtbottenfärger, (5) 90 % av det verk-
samma ämnet i antifoulingprodukterna frigörs och enbart 10 % blir kvar i färgen 
enligt en harmonisering av biocidprodukter (ECB, 2006).  
 
Mängd försålt verksamt ämne år 2008 var: Cu(I)oxid = 122 ton, Koppar = 1,1 ton, 
Koppartiocyanat = 10,6 ton och Kopparpyrition = 1,9 ton. Det ger en total mängd 
ren Cu på 115 ton. Fördelningen mellan hushålls- och industrianvändning antas 
vara samma som för de totala mängderna försålda verksamma ämnen i antifouling-
produkter 2008: industriell användning 109,3 ton (80 %) respektive hushållsan-
vändning 28 ton (20 %). Det innebär (med antagandet att 90 % av det verksamma 
ämnet frigörs) att för år 2008 var belastningen från båtbottenfärg 104 ton Cu upp-
delat på 83 ton från industriell användning och 21 ton från hushållskonsumtion. 
 
Den geografiska fördelningen av belastningen från båtbottenfärger beräknades per 
EEA-vattendistrikt och baserades på de fördelningsraster för fritidsbåtar samt nat-
ionell sjöfart som tagits fram inom SMED Luft och där bedömts ha relativt hög 
noggrannhet (Segersson m.fl., 2008). För fritidsbåtar bygger fördelningen bland 
annat på statistik över fritidsbåtsanvändningen samt brygginventeringsdata. För 
nationell sjöfart görs fördelningen med hjälp av Automatic Identification System 
(AIS) data som utgörs av positionsangivelser m.m. som skickas via en transponder 
på fartyget. Dessa data gör det möjligt att följa enskilda fartygsrörelser. Enbart 
svenskregistrerade fartyg inom Sveriges närområde användes för att beräkna det 
nationella fördelningsrastret. Den internationella trafiken utgjorde 85 060 av totalt 
95 610 fartygsanlöp i svenska hamnar år 2009, dvs. 89 % (Trafikanalys, 2010). 
Internationell sjöfart utgör således en stor del av sjöfarten och fördelningsraster för 
denna källa fanns också tillgängliga, men eftersom data för belastningsberäkningar 
från internationell sjöfart inte var tillgängliga inkluderades denna källa inte i be-
räkningarna.  
 
Den geografiskt fördelade belastningen av Cu från fritidsbåtar beräknades utifrån 
belastningen från hushållskonsumtion (21 ton) som fördelades i vattendistrikten på 
västkusten (Trelleborg till Idefjorden) eftersom kemiskt verksamma färger är för-
bjudna för fritidsbåtar på den resterande delen av kusten. För nationell sjöfart gjor-
des beräkningen för belastningen från den industriellt använda mängden Cu (83 
ton) som fördelades över västkusten, ostkusten och norrlandskusten upp till Bot-
tenviken där antifoulingprodukter med koppar inte får användas yrkesmässigt. Inga 
antifoulingprodukter får användas för båtar med huvudsaklig fart i sötvatten. 
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Belastningen summerades per havsbassäng eftersom vattendistriktsgränserna inte 
sträcker sig tillräckligt långt ut i havet och inte låter sig förlängas på ett naturligt 
sätt. Belastningen per EEA-vattendistriktsområde beräknades sedan genom en  
 
Figur 1 Havsbassänger enligt PLC5 (förkortningar förklarade i Tabell 1) och vatten-

distrikt enligt EEA för vilka beräkningarna gjordes . 
viktning med längden av den yttre vattendistriktsgränsen per havsbassäng (se Figur 
1, Tabell 1 och Tabell 2). 
 
Tabell 1 Längd vattendistriktsgräns per havsbassäng och resulterande vikter per 
bassäng. 
Vatten-

distrikt 

EEA 

Längd vattendistriktsgräns per havsbassäng (km), (vikt per bassäng [%]) 

SEBV 

(Bottenvi-

ken) 

SEBH 

(Bottenha-

vet) 

SEOS 

(Öster-

sjön) 

SEOR 

(Öresun

d) 

SEKA 

(Katte-

gatt) 

SESK 

(Skager-

rak) 

Bottenviken - 56572 (10) - - - - 

Bottenhavet - 361308 

(64) 

- - - - 

Egentliga 

Östersjön 

norra 

- 143513 

(26) 

205060 

(25) 

- - - 

Egentliga 

Östersjön 

- - 609159 

(75) 

122804 

(100) 

- - 



 72

södra inkl. 

Öresund 

Västerhavet - - - - 200486 

(100) 

176925 

(100) 
 
Tabell 2 Belastning per havsbassäng och vattendistrikt. 
Vattendistrikt 

EEA 

Viktad belastning per vattendistrikt och havsbassäng (ton) Total 

belastning 

(ton) 

SEBV  SEBH  SEOS  SEOR  SEKA  SESK  

Bottenviken - 1,0 - - - - 1,0 

Bottenhavet - 6,2 - - - - 6,2 

Egentliga 

Östersjön 

norra 

- 2,5 10,8 - - - 13,3 

Egentliga 

Östersjön 

södra inkl. 

Öresund 

- - 32,0 9,0 - - 41,0 

Västerhavet - - - - 25,0 17,2 42,2 

Total belast-

ning (ton) 

0 9,7 42,8 9,0 25,0 17,2 104 

 
 

Diskussion – osäkerheter i beräkningarna 
Utveckling av metoden för beräkning av bruttobelastningen ingick inte i detta pro-
jekt men de antaganden som gjordes diskuteras här. De största osäkerheterna i 
beräkningarna är troligtvis att belastningen från internationell sjöfart exkluderades i 
brist på data för belastningsberäkningar samt att en konstant läckagefaktor på 90 % 
antogs. Det förenklade antagandet att enbart 10 % av den applicerade mängden Cu 
blev kvar i färgen baserades på en europeisk harmonisering av biocidprodukter 
(ECB, 2006), men troligtvis varierar denna siffra med vattnets kemiska och fysika-
liska egenskaper, vilka varierar under året. Läckage av koppar från antifoulingpro-
dukter för båtar kan på ett mer avancerat vis beräknas med experimentella metoder 
såväl som massbalansmodeller såsom CEPE-metoden. Denna modell grundar sig 
på att mängden biocid som frigörs inte kan överstiga den initiala mängden i den 
applicerade färgen (Finnie, 2006). Metoderna ger olika resultat och in situ försök i 
hamn på stillastående fartyg har uppvisat lägre halter än övriga metoder. En trolig 
förklaring till de lägre halterna kan vara att det i naturligt vatten bildas en biofilm 
på fartyg medan laborationstesterna har utförts i syntetiskt vatten med lägre halt 
totalt organiskt kol (TOC, Finnie, 2006; Ytreberg m.fl., 2010). Läckagehastigheten 
varierar också med salthalten och lägre hastigheter har uppmätts i försök med 
bräckt vatten (7 ‰ salthalt) jämfört med saltvatten (35 ‰, Ytreberg et al, 2010), 
vilket kan påverka resultaten för Östersjöområdet. Det är alltså troligt att antagan-
det om en läckagefaktor på 90 % innebär en överskattning av mängden Cu som 
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belastar vattenmiljön, speciellt i Östersjön. Å andra sidan har inte internationell 
sjöfart, som utgör den största delen av trafiken, tagits med i beräkningarna vilket 
innebär att en potentiellt stor källa exkluderats. En annan faktor som påverkar i 
sammanhanget är att för många större båtar, som t.ex. passagerarfärjor används 
inga kemiskt verksamma antifoulingmedel, men andelen fartyg som använder ke-
miskt verksamma antifoulingmedel har tidigare antagits vara större för internation-
ell sjöfart (Ambrosson, 2008). Det är alltså svårt att bedöma om den totala belast-
ningen överskattats eller underskattats i denna beräkning. En utveckling av meto-
den för belastningsberäkning som innebär att även internationell sjöfart inkluderas 
kan belysa detta. 
 
Beräkningen av den geografiska fördelningen av belastningen berörs också av 
osäkerheter, men i mindre omfattning. Till exempel gäller de geografiska förbuden 
för användning av båtbottenfärger där båten är i rörelse, eftersom båtar är mobila 
och kan röra sig mellan havsbassängerna samt till sötvatten såsom sjöar och floder. 
Det har även antagits att ingen spridning sker mellan olika havsbassänger i vatten-
miljön samt att alla båtar använder antifoulingmedel. De fördelningsraster för AIS-
data som användes för den geografiska fördelningen (från SMED Luft) baserades 
på data från två månader 2008 och båtar i hamn exkluderades. Förutom koppar kan 
Zn-läckage från antifoulingmedel vara ett problem. Ytreberg m.fl. (2010) fann att 
betydande mängder Zn läcker från antifoulingmedel (speciellt medel för fritids-
bruk) och att även Zn kan vara toxiskt för vattenlevande organismer.  
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