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ABSTRACT 

 
Polychlorinated dibenzo-p-dioxins (PCDD) and polychlorinated dibenzo-
furans (PCDFs) belong to the most toxic compounds known to science and 
they are defined as Persistent Organic Pollutants (POPs) under the Stock-
holm Convention. The general human exposure to PCDD/Fs is primarily 
through dietary intake. The importance of contaminated sites as secondary 
PCDD/F sources (i.e. sources that once received its contamination from a 
primary source) are getting increased attention. To be able to assess the 
risks for human exposure at PCDD/F contaminated sites, the environmen-
tal distribution of PCDD/Fs and the potential mobilization between dif-
ferent environmental media (e.g. food chain transfer) must be known. The 
primary aim of the work presented in this thesis was to investigate human 
exposure pathways associated with PCDD/F contaminated sites by 
combining field measurements and modeling. Site specific field 
measurements were made at a PCDD/F contaminated site in Sweden and 
multimedia modeling scenarios were evaluated against site specific data 
and national reference data. 
 
The results show that the congener distributions in exposure media 
affected by contaminated soil may differ significantly from the distribu-
tions found in media from reference locations. Higher chlorinated 
PCDD/Fs may be transferred into food chains where they contribute to a 
large fraction of the toxic equivalent concentration (TEQ). Ingestion of 
locally produced animal food may be an important exposure pathway al-
ready at low or moderate PCDD/F soil concentrations. However, the con-
gener composition of the source is critical for the exposure. The signifi-
cance of the individual exposure routes varies depending on e.g. the 
spatial distribution and magnitude of the soil contamination, the pro-
perties of the exposure media and the human behavior. Multimedia mo-
deling can be used in risk assessments as long as model algorithms and 
model parameters are representative for the superhydrophobic properties 
of PCDD/Fs. However, selection of physical-chemical PCDD/F properties 
is a challenge due to large variation in reported values. For some proper-
ties, data is scattered or completely lacking.  
 

Key words: contaminated sites, dioxins, PCDD/F, exposure, food chain, 
modeling, risk assessment, physical-chemical properties 



SAMMANFATTNING (SUMMARY IN SWEDISH) 
 
Polyklorerade dibenso-p-dioxiner (PCDD) och polyklorerade dibenso-
furaner (PCDF) utgör de mest toxiska substanser som vetenskapen känner 
till och definieras som Persistent Organic Pollutants (POPs) enligt Stock-
holmskonventionen. Människor exponeras för dessa ämnen främst genom 
sitt födointag. Betydelsen av förorenade områden som sekundära källor 
(d.v.s källor som uppstått som en följd av emission från en primär källa) 
av PCDD/F till omgivningen har fått ökad uppmärksamhet. För att kunna 
bedöma riskerna för humanexponering vid sådana områden måste hänsyn 
tas både till ämnenas fördelning i miljön samt ämnenas mobilitet mellan 
olika media (t.ex. överföring via födokedjor). Syftet med detta arbete var 
att undersöka exponeringsrisker vid dioxinförorenade områden genom att 
kombinera fältmätningar och modellingar. Platsspecifika fältmätningar ut-
fördes på ett dioxinförorenat område i Sverige och flera olika scenarier ut-
värderades mot platsspecifika data samt mot nationella referensdata.  
 
Resultaten visar att kongenfördelningen i matriser som kontaminerats av 
förorenad jord kan skilja sig markant från kongenfördelningar i ej på-
verkade matriser. Högklorerade PCDD/F tas upp i födokedjor där de kan 
bidra till en stor andel av den totala toxiska ekvivalens-koncentrationen 
(TEQ). Redan vid låga till måttliga markkoncentrationer av PCDD/Fs 
utgör intag av lokalt producerade animaliska livsmedel en betydande 
exponeringsrisk. Exponeringsriskerna är dock mycket beroende av källans 
kongensammansättning. Vilka exponeringsvägar som är mest betydelse-
fulla varierar beroende på bl.a. omfattning och rumslig fördelning av 
markföroreningen, exponeringsmatrisens egenskaper samt människors 
beteenden. Multimediamodeller kan användas i riskbedömningen om mo-
dellens algoritmer och parametrar är representativa för dioxinernas super-
hydrofoba egenskaper. Att välja representativa värden för fysikalisk-
kemiska egenskaper för PCDD/F som indata till modelleringen är dock 
svårt eftersom rapporterade data varierar och för vissa egenskaper finns 
endast få och ibland inga data att tillgå.  

Key words: förorenade områden, dioxiner, PCDD/F, exponering, födo-
kedja, modellering, riskbedömning, fysikaliska-kemiska egenskaper 
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LIST OF ABBREVIATIONS AND DEFINITIONS 

BAF Bioaccumulation factor, describes the ratio of 
concentrations of a chemical in an organism and the total 
concentration in environmental media, includes all uptake 
pathways. 

BCF Bioconcentration factor, describes the partitioning of a 
chemical between an organism and the dissolved phase in 
an environmental media, includes only uptake by dif-
fusion. 

BTF Biotransfer factor, the ratio of the concentrations in two 
different media, of which at least one is a biotic media.  

CP Chlorophenol 
ΔU Internal energy of phase change  
FAV Finally adjusted value 
KAW Air-water partition coefficient 
KOW Octanol-water partition coefficient 
KOA Octanol-air partition coefficient 
OCs Organochlorine compounds 
PCB Polychlorinated biphenyl 
PCDD Polychlorinated dibenzo-p-dioxin 
PCDF Polychlorinated dibenzofuran 
POP Persisten Organic Pollutant 
PEC Predicted environmental concentration 
TDI Tolerable Daily Intake 
TWI Tolerable Weekly Intake 
WHO-TEF Toxicologial equivalence factors adopted by WHO. The 

WHO-TEFs relate the toxicity of  2,3,7,8-PCDD/Fs to the 
toxicity of 2,3,7,8-TCDD. 

WHO-TEQ 2,3,7,8-TCDD Toxic Equivalence according to WHO-
TEFs. The TEQ concentration is the sum of the products 
of the analytical concentration and the TEF for each 
compound.  
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1. INTRODUCTION 

In the past, the Swedish wood industry used chlorophenol (CP) agents as 
wood preservatives, but the use of these substances in Sweden was banned 
in the 1970s. Since polychlorinated-p-dibenzodioxins (PCDDs) and poly-
chlorinated dibenzofurans (PCDFs, commonly referred to as dioxins or 
PCDD/Fs) are formed unintentionally during the production of CP agents, 
spills, accidents and leakage during the CP era have resulted in highly ele-
vated levels of PCDD/Fs in soils at former wood impregnation sites. A 
national inventory estimated that there are at least 500 such sites in 
Sweden (SEPA, 2005). 
 
PCDD/Fs are among the most toxic compounds known to humanity and 
they are defined as Persistent Organic Pollutants (POPs) under the 
Stockholm Convention. Atmospheric deposition of globally distributed 
emissions is a major source to PCDD/Fs in the Swedish environment in 
general, but secondary sources, such as contaminated soils caused by the 
former use of CP agents, may be of importance at a local scale.   
 
The general human exposure to PCDD/Fs is primarily through ingestion of 
contaminated foods. However, there are several exposure routes that may 
increase in importance for individuals residing PCDD/F at or close to 
contaminated sites. To be able to assess the risks for human exposure at 
these sites, the environmental distribution of PCDD/Fs and the potential 
mobilization between different environmental media (e.g. food chain 
transfer) must be known. 
  
The primary aim of the work presented in this thesis was to investigate 
potential exposure routes associated with PCDD/F contaminated sites by 
combining field measurements and modeling. In Paper I, a detailed site 
specific investigation of exposure media at a PCDD/F contaminated site in 
Sweden was conducted, and the results were used to evaluate the 
importance of various exposure pathways. To be able to predict environ-
mental PCDD/F concentrations, an inventory of fate and exposure models 
for assessing potential exposure routes at PCDD/F contaminated sites was 
made. The fate and exposure model CalTOX was selected and together 
with Swedish reference data, this model was used to assess the fate and 
human exposure of PCDD/Fs in a background scenario (Paper II). The 
field measurements from the contaminated site were also used to support a 
site specific contaminated site modeling scenario (Appendices A and B). 
In paper III, a comprehensive review of physical-chemical properties of 
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PCDD/Fs was conducted since any fate and exposure modeling rely on 
physical-chemical property data for the substances as input data. Finally, 
results from field measurements and modeling are used to discuss human 
exposure at PCDD/F contaminated sites.  
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2. STRUCTURES AND TOXICITY OF 
PCDD/Fs 

2.1. Chemical structures and toxicity 

The general chemical structures of PCDDs and PCDFs are shown in 
Figure 1. The dibenzo-p-dioxin and the dibenzofuran structures have eight 
positions available for substitution and these are numbered from 1 to 4 and 
6 to 9. Depending on the number of chlorine atoms (n=1-8) and the chlo-
rine substitution pattern, there are 210 structural combinations, or con-
geners of PCDD/Fs. Congeners with the same number of chlorine atoms 
on the same basic structure constitute a homologue group.  
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Figure 1. General chemical structures of PCDDs (left) and PCDFs (right).  

 
Among the 210 possible congeners of PCDD/Fs, seventeen are 2,3,7,8-
substituted. Congneners with this substitution pattern have been shown to 
exhibit strongly toxic properties. The toxic mode of action is via binding 
to the aryl hydrocarbon (Ah) receptor (Van den Berg et al., 1998; WHO, 
1997). Health effects due to severe PCDD/F exposure is e.g., chloracne (a 
skin disease), rashes, discoloration of the skin, liver damages, reproductive 
and developmental effects and cancer (ATSDR, 1998). 

2.2. Toxic equivalence factors (TEF)  

Since there is a large variation in the toxicity between 2,3,7,8-substituted 
PCDD/F congeners, the relative toxicities of the congeners are expressed 
by Toxic Equivalence Factors (TEFs). The most toxic congeners (2,3,7,8-
tetra-CDD and 1,2,3,7,8-penta-CDD) are assigned a TEF-value of 1. Re-
maining 2,3,7,8-substituted congeners have lower TEF values than 1, 
describing a lower toxicity relative to 2,3,7,8-TCDD. Several TEF-
concepts exist (e.g. I-TEF, Nordic-TEF, WHO-TEF), but the most 
commonly used today is WHO-TEF, which has been developed by the 
World Health Organization (Van den Berg et al. 2006; Van den Berg et 
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al., 1998, Table 1). The product of the analytical concentration and the 
WHO-TEF for each of the 2,3,7,8-PCDD/Fs correspond to its 2,3,7,8-
TCDD toxic equivalent (WHO-TEQ) concentration. The total toxicity of a 
mixture of PCDD/Fs is then equal to the sum of the WHO-TEQs for all 
toxic congeners.  
 
Table 1. WHO-TEFs from Van den Berg et al. (1998) and the 2005 WHO-
TEF revision (Van den Berg et al., 2006).  

 WHO-TEF1998 WHO-TEF2006 
2378 TeCDD 1 1 
12378 PeCDD 1 1 
123478 HxCDD 0.1 0.1 
123678 HxCDD 0.1 0.1 
123789 HxCDD 0.1 0.1 
1234678 HpCDD 0.01 0.01 
OCDD 0.0001 0.0003 
   
2378 TeCDF 0.1 0.1 
12378 PeCDF 0.05 0.03 
23478 PeCDF 0.5 0.3 
123478 HxCDF 0.1 0.1 
123678 HxCDF 0.1 0.1 
234678-HxCDF 0.1 0.1 
123789-HxCDF 0.1 0.1 
1234678 HpCDF 0.01 0.01 
1234789 HpCDF 0.01 0.01 
OCDF 0.0001 0.0003 
 
Despite that WHO-TEFs were developed to estimate human health risks 
via dietary intake (Van den Berg et al., 2006), the scientific and non-
scientific community regularly applies the TEF concept to abiotic 
environmental media as well (e.g. sediment and soil). Calculated TEQ 
levels in abiotic media have limited toxicological relevance unless 
congener specific aspects like reduced bioavailability are taken into 
account (Van den Berg et al., 2006). Despite this, the congener 
composition of a sample is very decisive for its total toxicity, and since the 
TEF concept is the only existing method for expressing total dioxin 
toxicity, the results presented in this thesis are based on the WHO-TEF2006 
concept (Van den Berg et al., 2006) for all media.  
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3. CONTAMINATED SITES -  
SECONDARY SOURCES OF PCDD/F 

3.1. PCDD/F contaminated sites 

Incineration of waste and other thermal industrial processes were earlier 
recognized as the main primary sources of PCDD/Fs in the environment 
(Quass et al., 2004). Today, secondary PCDD/F sources (i.e. sources that 
once received its contamination from a primary source) are getting more 
attention (Weber et al., 2008). One example of a potentially important se-
condary PCDD/F source is contaminated sites.  
 
The most common source of PCDD/F contaminated soil in Sweden is the 
former use of chlorophenol (CP) wood preservatives (Persson et al., 2007). 
The total number of PCDD/F contaminated sites in Sweden has been esti-
mated to 500, with a total inventory of 5-50 kg WHO-TEQ in the soil 
(SEPA, 2005). In addition, land can become contaminated with PCDD/F 
from a variety of primary sources (Weber et al., 2008), e.g. from produc-
tion of chlorine and organochlorines (Weber et al., 2008; Isosaari et al., 
2000), application of organochlorines (such as pesticides on agricultural 
land (Masunaga et al., 2001; Wu et al., 2002; Wu et al., 1996), waste dum-
ping (Braga et al., 2002; Watanabe et al., 2005), and metal and inorganic 
chemical manufacturing (Huang et al., 1992). Thus, there is an increasing 
need to investigate how PCDD/F contaminated sites affect the surroun-
dings.  
 
In risk assessements of contaminated sites, the degree of the soil contami-
nation is related to e.g human health risks through exposure assessments. 
For PCDD/Fs, the potential risk for site specific exposure must be 
evaluated in parallell to the generic dietary exposure. As a first step, it is 
important to establish whether exposure media at or close to a 
contaminated site are affected by the site specific pollutant. In the next 
paragraphs, this issue is discussed using field measurements from a case 
study at a PCDD/F contaminated saw mill site in the nort of Sweden.  

3.2. Contaminated site concentrations vs. background 
levels – a case study 

The former saw mill site in the case study (Figure 2)  is situated in the 
county of Västernorrland in Sweden (Paper I). This site was selected since 
it is one of the most PCDD/F polluted sites in Sweden both in terms of 
magnitude and spatial extension. The saw mill was active during 1862-
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1970, and used CP preservatives from the mid 1940s until closure. Results 
from previous investigations show that PCDD/F soil and groundwater con-
centrations are orders of magnitude higher than typical background levels 
(Paper I, Table 1).  
 

A

B

C

D

E

F

NS

G

H

I

A

B

C

D

E

F

NS

G

H

I

500 m0

 
Figure 2. Map of Scandinavia and aerial photograph of the former saw mill 
area during its active period (1862-1970) (Photo: National Land Survey of 
Sweden (Lantmäteriet), Gävle, Sweden, with permission). Notations A-I 
refer to the following subareas A=former saw mill and impregnation, 
B=resident house, C=former storage, D=former drying house, E=pastures 
and farm, F= culture area with resident houses and hostel, G=former 
timber yard, H= cutter shaving tip and today camping, I= village.  

 
To assess the mobilization of PCDD/Fs in the soils to the surroundings, 
and to be able to relate the extensive soil contamination to potential site 
specific incremental exposure levels, a field sampling of several exposure 
media (viz. soil, groundwater, air, grass, milk, eggs, raspberries and root 
vegetables) was conducted. The results were evaluated against Swedish 
reference concentrations. 

3.2.1. Exposure media concentrations 

Soil and groundwater concentrations at the study site are presented in 
Table 2. These results illustrate the contamination level in the different 
subareas.  
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Table 2. Concentrations of PCDD/Fs (WHO-TEQ2006) in soil and ground 
water from various subareas of the study site together with national 
reference data. Concentrations are expressed in pg g-1 d.w. for soil and in 
pg L-1 for groundwater. Mean ± standard deviation (if n≥3) is given. 

Sample Area n Concentration 
Soil, pasture E 2 2.0/4.4 
Soil, farm yard E 3 3.1 ± 2.1 
Soil, garden/cultivation spot B 1 580 
Background soil, national reference 
data - 4 0.6-1.4a 

Groundwater, industrial area C/A 2 1/24 
Groundwater, control area - 1 0.04b 

aMatscheko et al. (2002); bKramfors community, unpublished data 
 
Field concentrations of biotic exposure media from the contaminated site 
and Swedish reference data from Paper I are presented in Table 3. The 
availability of reference data from the Swedish environment is very limi-
ted and the comparisons rely on scattered published and unpublished data.  
 
Elevated PCDD/F concentrations in berries due to high soil concentrations 
at the growth area (i.e. the hot spot with up to 110 000 ng WHO-TEQ kg-1 
d.w. in the soil) were not detected in this study. This is in agreement with 
other studies that showed that root uptake of PCDD/Fs does not cont-
ribute significantly to PCDD/F in fruit (Müller et al., 1993). The most like-
ly soil-to-berry pathway at contaminated sites is instead resuspension of 
soil and dust that adsorb to the berries.  
 
No impact from the contaminated soil was seen in the TEQ-concentrations 
of cow’s milk from the nearby farm. The soil contamination levels of the 
pasture area varied (Table 2, see also Table 1 in Paper I), and parts of the 
area were contaminated above background levels. Grass from the pasture 
also showed higher PCDD/F levels as compared to the reference data. Sin-
ce the grass samples were analyzed without rinsing, adsorption of soil par-
ticles onto the plant surfaces was probably the most important soil-to-plant 
transfer pathway. Local PCDD/F sources, such as municipal solid waste 
incinerators, contaminated river systems and contaminated soil have been 
found to affect PCDD/F concentration and congener composition in  
cow’s milk and other animal products (Lake et al., 2005; Lindström et al., 
2005; Pirard et al., 2005; Pirard et al., 2003; Schmid et al., 2003). The 
reason to why TEQ concetration in cow’s milk was not elevated at the 
study site could be due to the congener composition of the soil, which has 
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high abundance of high-chlorinated congeners with a low bioavailability 
(McLachlan et al., 1990).  
 
Table 3. Concentrations of PCDD/Fs (WHO-TEQ2006) of biotic exposure 
media from the study site together with national reference data and 
Maximum Residue Limits (MRL) for foodstuffs  and feed. The 
concentrations are expressed in in pg g-1 w.w. for berries, root vegetables, 
grass, ensilage and hay and in pg g-1 l.w. for cow’s milk and eggs. Mean ± 
standard deviation (if n≥3) is given. 

Exposure media Area n Study site 
conc. MRL 

Raspberries, hot spot A 1 0.013 - 
Raspberries, local reference area - 1 0.011 - 
Strawberries, national reference 
data - 2 0.0085/0.0087a - 

Cow’s milk E 3 0.32±0.09 3e 
Cow’s milk, national reference 
data - 12 0.34±0.20a 3e 

Egg E 3 3.53±0.86 3e 
Egg, national reference data - 12 0.70±0.36a,b 3e 
Potatoes B 2 0.097/0.098 - 
Potatoes, national reference data - 1 0.014a - 
Carrots B 2 0.23/0.27 - 
Carrots, national reference data - 3 0.011±0.003a - 
Grass, resident garden B 3 0.19±0.015d 0.75f 
Grass, pasture E 3 0.45 ± 0.18d 0.75f 
Ensilage and hay, national 
reference data - 5 0.089 ± 0.031c,d 0.75f 

aThe Swedish National Food Administration, SNFA (2007); beggs from organic bred 
chickens sampled in 2005 c The Swedish Board of Agriculture, unpublished data; dad-
justed to 12 % water content; eMRL for foodstuffs, European Commission (2004b) 
fMRL for feed, European Commission (2004a).  
 
The PCDD/F concentrations in eggs from the free-range chicken at the 
farm were higher than national reference values and they also exceeded 
the legislated limit of 3 pg WHO-TEQ g-1 l.w. (European Commission, 
2004b). Chickens and eggs are known as sensitive receptors to elevated 
soil concentrations (Harnly et al., 2000; Pirard et al., 2003; Stephens et al., 
1995). Due to their picking behavior, free-range chickens may ingest large 
amounts of soil and insects.  
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Both potatoes and carrots showed elevated levels of PCDD/Fs as com-
pared to reference data. This was expected since the soil at the cultivation 
area contained high levels of PCDD/Fs (Table 2) and several studies have 
shown that root-crops, and especially carrots, accumulate PCDD/Fs 
(Engwall and Hjelm, 2000b; Hülster and Marschner, 1993; Shroll and 
Schneuert, 1993). Grass from the resident garden next to the cultivation 
contained somewhat higher concentrations than reference data, probably 
also due to contamination from soil and dust particles. This indicates that 
also leafy vegetables could contain elevated levels of PCDD/Fs. 
 
For outdoor air, there were no obvious differences between the PCDD/F 
levels at the study site and the reference values (Table 4).  
Table 4. Air concentrations (fg WHO-TEQ2006  m-3) at the study site 
together with national reference concentrations in air. The concentrations 
are given as mean ± standard deviation (if n≥3).  

Sample Area n 
Concentration 

(fg WHO-
TEQ2006  m-3) 

Fraction 
of 

PCDD/F 
on filter 

Outdoor air at farm (reference 
sample) E 1 13a 72% 

Outdoor air at industrial area A, F, H 3 25 ± 15a 20-27% 
Mixed indoor/outdoor air in 
former timber storage 
building 

C 1 13a 41% 

Outdoor air, national 
reference data - 7 5.7 ± 3.5b - 

Indoor air, former drying 
building D 3 3 300 ± 4 500a 58-96% 
aCalculated on detected levels only; b The Swedish Environmental Research Institute, 
SERI (2006) 
 
Short term air measurements reflect the momentary air pollution situation 
since concen-trations of environmental pollutants fluctuate greatly over 
time primarily depending on air mass origin (Oehme et al., 1996; Tysklind 
et al., 1993). Thus, it is difficult to assess air impact from contaminated 
sites by single occasion air sampling. There were, however, indications of 
soil-to-air volatilization of lower chlorinated PCDD/Fs in grass from the 
resident garden (Figure 1, Area B) near the hotspot. Generally, grass from 
the much less polluted pasture containained higher concentrations of hexa- 
to octachlorinated PCDD/Fs as compared to grass from the resident 
garden, probably due to higher amounts of soil absorbed to the leafs. 
Despite this, grass from the resident garden had a higher abundance of 
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low-chlorinated PCDD/Fs, which may be due to volatilization from the 
soil (Bidleman et al., 2006; Trapp and Matthies, 1997). 
The indoor air contained very high levels of PCDD/Fs, both in the gas 
phase and the particulate phase, even though the latter phase contained the 
highest fraction (Table 4). The large variation in the indoor data is likely 
due to various ventilation conditions since the highest value was obtained 
in a small closet. These values can be compared to PCDD/F levels in in-
door air at a day care centre with pentachlorophenol (PCP) treated home 
interiors where concentrations ranged from 10 to 1 700 fg TEQ m-3 
(Sagunski et al., 1989).  

3.2.2. Relative congener distribution patterns  

The relative congener distribution patterns for congener and TEQ concen-
trations were calculated for media from the study site and for national 
reference samples (Figure 3a and b). The distributions show the average 
congener contribution as a fraction (%) of the total congener and TEQ 
concentrations, respectively. For penta-CDF (PeCDF), hexa-CDF 
(HxCDF), hepta-CDF (HpCDF) and hexa-CDD (HxCDD), the categories 
show the total contribution from two or more 2,3,7,8-substituted 
congeners.  
 
The distribution patterns strongly suggest transfer of soil PCDD/Fs since 
the specific soil pollution marker congeners, 1,2,3,4,6,7,8-HpCDF and 
OCDF, had high abundance in almost all sampled media (Figure 3a). The 
distributions differed significantly from the national reference sample 
distributions, which contained only small fractions of 1,2,3,4,6,7,8-
HPCDF and OCDF (Figure 3b).  
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Figure 3. Relative congenener distribution patterns for 2,3,7,8-substituted 
PCDD/Fs in a) media from the study site and b) Swedish reference 
samples.  

 
When comparing the TEQ distribution patterns (Paper I, Figures 2b and 
d), it was evident that PCDFs contributed most to the TEQ levels in the 
study site media, while PCDDs contributed most to the TEQ levels in the 
national reference samples. Particularly, a higher PCDF TEQ fraction was 
found in groundwater from the study site as compared to the soil. These 
findings are in accordance with Persson et al. (2008) who found that 
PCDFs in groundwater from contaminated sites were more associated to 
DOC and colloid particles than PCDDs, suggesting a relatively high soil-
to-groundwater mobility of lower chlorinated PCDFs.  
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3.2.3. Biotransfer factors 

Biotransfer factors (BTFs) were calculated for soil-to-eggs/milk and soil-
to-root crops transfer (Table 5, see also Paper I, Figure 3).  
 
Table 5. Biotransfer factors (BTFs) for egg (l.w/d.w.), milk (l.w/d.w.), 
carrot (w.w./d.w.) and potato (w.w./d.w.). 

 Egg/soil Milk/soil Carrot/soil Potato/soil 
2378-TCDD 0.8 0.345 * * 
12378-PeCDD 1.6 0.476 5.3E-04 2.0E-04 
123478-HxCDD 2.5 0.556 3.6E-04 1.7E-05 
123678-HxCDD 0.8 0.081 1.9E-04 5.0E-06 
123789-HxCDD 0.2 0.027 1.6E-04 5.9E-06 
1234678-HpCDD 0.2 0.016 1.2E-04 4.2E-07 
OCDD 0.1 0.006 1.2E-04 1.2E-08 
      
2378-TCDF  0.7 0.082 2.1E-04 8.3E-06 
12378-PeCDF  2.5 0.165 4.9E-04 2.8E-05 
23478-PeCDF 3.9 0.505 1.3E-03 8.6E-05 
123478-HxCDF 1.7 0.060 3.5E-04 2.0E-05 
123678-HxCDF 2.3 0.093 6.0E-04 3.6E-05 
234678-HxCDF 2.0 0.064 5.7E-04 2.7E-05 
123789-HxCDF * 2.344 1.6E-04 1.0E-05 
1234678-HpCDF 0.6 0.009 6.7E-04 2.6E-06 
1234789-HpCDF 0.8 0.143 1.7E-03 1.1E-05 
OCDF 0.2 0.003 1.9E-04 2.4E-08 
* BTF was not calculated since the concentration was below the detection limit in all 
the biotic samples  
 
The BTFs differed significantly between the congeners. 1,2,3,4,6,7,8-
HpCDF had generally low BTFs as compared the other congeners, except 
for carrots for which 1,2,3,4,6,7,8-HpCDF was one of the most available. 
The ratio between the highest and lowest BTF were 27 and 800 for eggs 
and milk and 14 and 18 000 for carrots and potatoes, respectively.  
 
Despite low BTFs in sampled media and a TEF-value of 001 (Van den 
Berg et al., 2006) for 1,2,3,4,6,7,8-HpCDF, this congener contributed 
significantly to the TEQ in almost all exposure media from the study site 
(Paper I, Figure 2), except of cow’s milk. The biotransfer factors (BTFs, 
Paper I, Figure 3) found in this study were 2 to 67 times higher for soil-to-
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egg transfer than for soil-to-milk transfer, which clearly demonstrates the 
higher sensitivity of eggs as receptors. The data further indicate that 
PCDFs are in general more available than PCDDs with the same substitu-
tion pattern in these media. 
 
In conclusion, the results in this study show that the composition of the 
source must be taken into account when food chain transfer at PCDD/F 
contaminated sites is considered. The magnitude of the food chain bio-
transfer is a complex interaction between congener specific soil conta-
mination levels, bioavailability for uptake into biota and the environmental 
half-lives. Our study has shown that high concentrations of high chlo-
rinated congeners can contribute significantly to TEQ-levels in biotic ex-
posure media, in spite of relatively low TEFs and biotransfer factors. The 
results also suggest that lower chlorinated congeners may play an 
important role in increasing the TEQ-levels in groundwater at 
contaminated sites.  
 

4. MODELING THE FATE OF PCDD/FS  

4.1. Multimedia models 

Multimedia fugacity box models (Mackay, 2001) have frequently been 
employed to investigate the fate of environmental contaminants (Bintein 
and Devillers, 1996; Di Guardo et al., 2006; Diamond et al., 1995; 
Diamond et al., 2005; Ling et al., 1993; Lun et al., 1998; Mackay and 
Diamond, 1989; Macleod et al., 2005; Margni et al., 2004; Prevedouros et 
al., 2004; Sweetman et al., 2002; Warren et al., 2005).  
 
Multimedia models consists of several environmental compartments, 
which are represented by boxes with diffusion and/or advection processes 
describing the fluxes of pollutants in and out (Mackay, 2001). Essential 
input data are physical-chemical properties of the pollutants, which is 
discussed later in chapter 4.3. The model outputs can be used as PECs 
(Predicted Environmental Concentrations) in risk assessments. The fate 
models can be coupled to exposure models, and allows thereafter 
assessments of human exposure (Lobscheid et al., 2004; Margni et al., 
2004; McKone and Macleod, 2003).  
 
If multimedia models are used in risk assessments of contaminated sites, 
current, future and historical scenarios can be predicted. Another possi-
bility is to evaluate how different pollutant reservoirs (e.g soil and air) and 
fluxes relate to each other. However, if multimedia models (or any other 
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model) are used to predict the fate or risk for exposure by applying them 
as “black-box-models”, the results may suffer from severe errors 
(Bonnard, 2006). Fortunately, some of these errors can be greatly reduced 
by applying rather simple evaluation methods. One example of this is 
given in Paper II, where a Swedish background scenario (BS) was 
modeled by the fate and exposure model CalTOX and the results were 
evaluated against Swedish reference data. At a later stage, the same 
evaluation method was applied for a site specific contaminated site 
scenario (CS; Appendix A), using data from the study site presented in 
Paper I. The following chapters discuss some of the most important results 
from these two model applications and illustrate three aspects of model 
appplication in risk assessment: 

 
a) how field data can be used to increase the credibility of models 
b) how models can be used to better understand the fate of pollu-

tants in the environment and 
c) how results from modeling can be used to support more detailed 

risk assessments of contaminated sites 

4.2. Predicting environmental levels 

4.2.1. Selection of fate models 

The very initial stage in any modeling is to find and select a model that is 
appropriate for the purpose. A discussion on how a selection procedure 
may proceed is given in Paper II. It was based on a set of criteria specific 
for modeling the fate of PCDD/Fs at contaminated sites. For this appli-
cation, one of the requirements was that the model structure should in-
clude soil, air, water and sediment as environmental compartments coup-
led to an exposure module including relevant exposure pathways (e.g 
eggs, milk and meat food chains) for hydrophobic compounds as well as 
exposure routes for contact with abiotic media. It was also important that 
the model could handle both atmospheric emissions as well as elevated 
soil concentrations. The model should also allow changes in the mass ba-
lance over time (e.g. due to chemical degradation). Since all models have 
inherent capabilities and limitations, the specific critera were valuable in 
identifying the most relevant model for the intended application. 

4.2.2. Application of CalTOX 

In Paper II, the multimedia model CalTOX (McKone, 1993a; McKone, 
1993b) was selected and used to predict the fate of PCDD/Fs in a generic 
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background scenario (BS). The model was later applied in a site specific 
contaminated site scenario (CS, Appendix A). CalTOX has earlier been 
applied by e.g. Chang et al. (2004), Chen and Ma (2006), Glorennec et al. 
(2005), Lobscheid et al. (2004), Maddalena et al. (1994), McKone et al. 
(2007) and McKone and Macleod (2003), but application for a PCDD/F 
contaminated site has not been reported before. The model structure of 
CalTOX is illustrated in Figure 4, and the fate and exposure modules in 
CalTOX are summarized in Paper II, Tables 1 and 2. 
 

 
 
Figure 4. Model structure of CalTOX (reproduced with permission from 
T. McKone, Lawrence Berkeley National Laboratory, USA ). 

 
For the two applications in this study, CalTOX was adapted to Swedish 
conditions by using either generic climate data for south of Sweden (the 
BS scenario) or local climate data for north of Sweden from the Swedish 
Meteorological Institute (the CS scenario). Both scenarios contained a 
continuous atmospheric emission of PCDD/F, which generated air con-
centrations corresponding to values representative for Sweden (SERI, 
2006), see also Appendix A for the CS scenario). Background soil con-
centrations (Matscheko et al., 2002) were used as input data in the BS 
scenario and measured soil concentrations from the contaminated study 
site (Paper I) were used in the CS scenario.  
 
PECs for groundwater, surface water, sediments, leaf, root-crops, eggs, 
milk, meat and fish were generated by CalTOX for six selected congeners 
in each study: 2,3,7,8-TCDD; 2,3,4,7,8-PeCDF; 1,2,3,6,7,8-HxCDD; 
1,2,3,4,6,7,8-HpCDD; 1,2,3,4,6,7,8-HpCDF and OCDD in the BS scenario 
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and 2,3,4,7,8-PeCDF; 1,2,3,6,7,8-HxCDD; 1,2,3,4,6,7,8-HpCDD; 1,2,3,4,-
6,7,8-HpCDF; OCDD and OCDF in the CS scenario. The selected con-
geners represent a broad range of physical-chemical behavior (2,3,7,8-
TCDD; 2,3,4,7,8-PeCDF; OCDD and OCDF), a high abundance in food 
(2,3,4,7,8-PeCDF) or at contaminated sites (1,2,3,6,7,8-HxCDD; 1,2,3,-
4,6,7,8-HpCDD; 1,2,3,4,6,7,8-HpCDF and OCDF). 

4.2.3. Results from BS and CS scenarios 

PECs for surface water, leaf and atmospheric deposition from the BS 
scenario (Paper II) were generally in good agreement with Swedish 
reference data for all of the congeners (Figure 4; concentration for 
1,2,3,6,7,8-HxCDD, see also Paper II, Figure 3). However, the initial 
model parameterization had to be improved by refining some of the input 
data for leaf, milk, meat, eggs and fish concentrations and by using alter-
native model algorithms for uptake in fish (see Paper II and discussions 
below). 
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Figure 5. Predicted environmental concentrations (PECs) of 1,2,3,6,7,8-
HxCDD in abiotic media and leafs from the BS scenario together with 
Swedish reference data (from Paper II, reproduced with permission Allen 
Press). 

 
Leaf concentrations 
The first predictions of PCDD/F levels in leaf in the BS scenario were ge-
nerally underestimated. It was found that the parameter describing the half 
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life of leaf cuticles had a somewhat low default value (14 days). This va-
lue was changed to 42 days since it had been shown that at least 6 weeks is 
necessary to reach steady state conditions for the air-to-grass transfer of 
semivolatile compounds (Hung et al., 2001). After this parameter revision 
the predictions were in much better agreement with field data for all the 
congeners (data for 2,3,4,7-TCDD, 1,2,3,6,7,8-HxCDD and 1,2,3,4,6,7,8-
HpCDF are shown in Paper II, Figure 3).  
 
Milk, meat, eggs and fish concentrations 
Predicted milk, meat, eggs and fish concentrations in the BS scenario 
(Figures 6-8) showed that the model output were sensitive to the BTFs in 
the model algorithms.  
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Figure 6. Predicted concentrations of the six selected congeners in milk 
and meat from the BS scenario together with Swedish reference data (from 
Paper II, reproduced with permission from Allen Press).  
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By default, CalTOX estimates BTFs for milk and meat by using the 
octanol-water partition coefficient (Kow) from linear al-gorithms (Travis 
and Arms, 1988). For super-hydrophobic compounds (Kow>6, tetra- to 
octachlorinated PCDD/F, Paper III) such algorithms result in 
overestimated BTFs since these compounds have a restricted 
bioavailiability (McLachlan et al., 1990). When experimental BTFs for 
milk and meat from Birak et al. (2001) were used instead, the predicted 
concentrations and congener distributions were improved for these mat-
rices. In the CS scenario (Appendix A), the milk concentrations were pre-
dicted from measured soil concentrations in the pasture from the study site 
(Paper I), and the predicitions showed very good agreement with field 
concentrations in cow´s milk from the study site (Appendix B). However, 
since the bioavailability of PCDD/F on a soil matrix is strictly limited 
(Budinsky et al., 2008), experimental BTFs describing the transfer of 
PCDD/F to e.g. cow´s milk at environmental background concentrations is 
not necessarily representative for a scenario where the exposure of the gra-
zing cows are dominated by intake of highly polluted soil.  
 
In both the BS and CS scenarios (Figure 7 and Appendix B, respectively), 
it was difficult to obtain good model predictions for levels in eggs. The 
predicted levels were in many cases either over- or underestimated and the 
modeled congener distributions differed remarkably from the distribution 
of the reference data. Since both scenarios relied on the default 
parameterization in CalTOX, these results indicate that the input values 
and model algorithms for this food chain must be scrutinized more 
carefully. A major limitiation was the lack of relevant experimental BTFs. 
Detailed knowledge about the true exposure conditions for the chickens 
for which the Swedish reference and study site data apply to was also 
missing. For example, the variation in soil ingestion rates for chickens is 
large depending on different breeding conditions (e.g. free-range, caged, 
indoor breeding, small scale breeding, large scale breeding, etc). Beside 
this, chickens and eggs can be exposed to environmental pollutants via the 
feed (Guruge et al., 2005). From the results in the two evaluations of the 
BS and CS scenario it can be concluded that predicted concentrations in 
eggs will be highly uncertain unless detailed information is available for 
the parameterization, and that understanding this exposure pathway will 
require more research.  
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Figure 7. Predicted concentrations in eggs of the six selected congeners 
from the BS scenario (Paper I) together with Swedish reference data 
(reproduced with permission from Allen Press).  

 
The default BCFs for prediction of fish concentrations generated con-
siderably lower levels in fish than the reference data (Paper II). The pre-
dictions were improved, but still not satisfying, when experimental bio-
concentration factors (BCFs) from Govers and Krop (1998) were used 
(Figure 8). When field-measured bioaccumulation factors (BAFs) from 
Morrison et al. (1999) were applied instead of BCFs together with the pre-
dicted total concentration in the surface water, the predictions were in 
much better agreement with the reference data (Figure 8). By using this 
alternative algorithm, the bioaccumulation of PCDD/F through the aquatic 
food chain for high-trophic level fish is taken into account. This approach 
is not used in the original version of CalTOX, where uptake in fish is pre-
dicted as the product of the BCF and the dissolved concentrations in the 
water. For hydrophobic compounds, the lipid content of the fish is also im-
portant for the total levels. Since there is no parameter for this factor in 
CalTOX, the agreement of the modeled fish concentrations and selected 
reference data depend on how well the available BAFs apply to the re-
ference data. 
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Figure 8. Predicted concentrations in fish of the six selected congeners 
from the BS scenario (Paper II) together with Swedish reference data 
(reproduced with permission from Allen Press).  

  
Root-crops concentrations 
The predicted root-crops concentrations (Figure 9) in the CS scenario 
(Appendix A) were underestimated from 2 to 39 times as compared to 
measured carrot concentrations from the study site (Paper I). Carrots are 
known to hyper-accumulate PCDD/Fs (Engwall and Hjelm, 2000; Hülster 
and Marschner, 1993; Shroll and Schneuert, 1993), thus, it may be that the 
model algorithm does not apply to these extreme accumulation properties. 
In contrast, for potatoes, the predictions were instead overestimated from 5 
to 250 times (Figure 9).  
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Figure 9. Predicted concentrations of the six selected congeners in root-
crops from the CS scenario (Appendix A) together with field 
concentrations in carrots and potatoes from the study site (Paper I). 
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For both carrots and potatoes, the discrepancies increased with increasing 
degree of chlorination. In conclusion, the default model algorithm for soil-
to-root crop transfer in CalTOX is not representative for superhydrophobic 
compounds, and adjustment of the model may be needed. Since higher 
chlorinated congeners were shown to contribute to a large fraction of the 
TEQ levels in carrots and potatoes (Paper I), this limitation of the model 
may lead to significantly biased exposure assessments. 
 
Groundwater concentrations 
The predictions of the groundwater concentrations in the CS scenario 
(Appendix A) were compared to the mean concentrations of 19 previous 
analyzed groundwater samples from the study site (Kemakta, 2007; 
SWECO VIAK, 2005, Figure 9). The intial soil concentrations in this 
modeling study represented the mean soil concentration from previosly 
measured soil samples from the same area as the groundwater samples 
(SWECO VIAK, 2005).  
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Figure 10. Predicted concentrations of the six selected congeners in 
groundwater from the CS scenario (Appendix A) together with mean 
concentrations (n=19) of previously analyzed groundwater samples from 
the study site (Kemakta, 2007; SWECO VIAK, 2005). 

The PECs for groundwater were in good agreement with the field mean 
concentrations (overestimated 1-3 times) for 1,2,3,4,6,7,8-HpCDD, OCDD 
and OCDF. For the lower chlorinated congeners, the PECs deviated to a 
higher extent (overestimated 5-8 times). Mobilization of PCDD/Fs from 
contaminated soils is mostly mediated by dissolved organic carbon (DOC) 
and colloid particle fractions (Persson et al., 2008). Since CalTOX does 
not include colloidal particles in the groundwater compartment (McKone, 
1993), the model is not optimally designed for predicting the soil-to-
groundwater transfer of superhydrophobic compounds. The mean con-

 21



centrations of the measured field data included both, filtered, unfiltered 
and decantated samples (Kemakta, 2007; SWECO VIAK, 2005), thus the 
mean concentrations are influenced by a particulate fraction. However, the 
coefficients of variation of the measured concentrations were 150 to 
230%, indicating scattered data. This is probably more attributed to the 
large spatial variation of measured groundwater concentrations at the site, 
rather than different pretreatments of the groundwater samples. Several 
factors influence the groundwater concentrations at contaminated sites, 
such as soil contamination level, spatial distribution of the pollutants, 
physical-chemical properties of the compounds and the hydrogeology of 
the site. Thus, there are inherent difficulties in evaluating predicted 
groundwater concentrations generated by the relatively simple aquifer-
model that is incorporated in CalTOX. Despite the inherent difficulties in 
this comparison, however, the results show that estimated groundwater 
concentrations are fairly reliable for scenarios where the partitioning bet-
ween the dissolved and particulate phase is not important. This will be the 
case for e.g. human exposure assessments were the total concentration in 
the groundwater is used to assess the exposure level from ingestion of 
groundwater.  
 
In conclusion, our results showed that the specific behavior of super-
hydrophobic compounds is not necessarily accounted for in fate models. 
To be able to generate reliable results, adjustments of model parameters 
and algorithms may be necessary. It is also advantageous to include tetra- 
through octachlorinated congeners in the applications since the modeled 
distribution over a chlorination range provides essential information for 
interpretation of the results. Still, model predictions are useful as long as 
the discrepancies between predicted and real concentrations are identified 
as acceptable in perspective of the purpose of the modeling.   

4.3. The challenge of selecting physical-chemical 
property data 

4.3.1. Physical-chemical property data 

Physical-chemical property data for chemical substances are basic input 
data in fate models (Mackay, 2001). Since the fate of organochlorine com-
pounds (OCs), such as PCDD/Fs, varies between congeners and, as dis-
cussed earlier, the congener composition of a source is vital for the TEQ-
concentrations of environmental media, it is essential to establish reliable 
physical-chemical property data for congeners with different chlorination 
degrees.  
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The general environmental behavior of OCs can be described by three 
solubility parameters (viz. vapor pressure, P, the solubility in water, Sw 
and the solubility in octanol, SO), and three partition coefficients (viz. the 
octanol-water partition coefficient, KOW, the air-water partition coefficient, 
KAW, and the octanol-air partition coefficient, KOA). The partition coeffi-
cients can be derived from the ratio of two solubilities (Figure 11). 
 

 
 
Figure 11. Thermodynamic relationships between solubilities and partition 
coefficients, SA: solubility in air; SO: solubility in octanol; SW: solubility in 
water; Partition coefficients: KAW  (air-water); KOW (octanol-water) and 
KOA.(octanol-air). 

 
During the last decades, large effort has been made in estimating the 
physical-chemical properties for PCDD/Fs. Reported physical-chemical 
property data (summarized in Paper III, Supplementary material, Tables 
S1-S11) often vary over orders of magnitude and for some congeners and 
properties, data are scattered or even lacking.  
 
Beside physical-chemical properties discussed above, thermodynamic 
properties, such as internal energies of phase change (ΔUA, ΔUW, ΔUO, 
ΔUAW, ΔUOW, ΔUAO) also influence the environmental fate of OCs. 
Normally, physical-chemical property data are determined at room tem-
perature. Data for the internal energies of phase change are needed for 
adjustments of physical-chemical property data to apply to the actual 
ambient temperature by using the relationship: 
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where Zi(T1) is property at T1 K, Zi(T2) is the property at T2 K, and ΔUi  is 
the internal energy of phase transformation for Zi(T1) (Beyer et al., 2002). 

4.3.2. Selection and evaluation of data 

Considering the wide range of reported data, one of the most challenging 
tasks in environmental modeling is to select the most representative 
physical-chemical data. In Paper III, the results from a comprehensive 
compilation and evaluation of published PCDD/F property data are pre-
sented. As a part of this work, recently published methods to achieve 
thermodynamically consistent data from published data were used (see 
Beyer et al. (2002), Cole and Mackay (2000) and Schenker et al. (2005) 
for more detailed discussions of these methods). In Paper III (Tables 3-4), 
finally adjusted values (FAVs) for physical-chemical and thermodyna-
mical PCDD/F property data are presented.  
 
In the modeling applications in Paper II and Appendix A, PCDD/F 
property data recommended by Mackay et al. (2006) were used since the 
evaluation and harmonization of PCDD/F property data were not available 
at the time of those studies. The strength of the evaluation and harmoni-
zation method presented in Paper III compared to expert recommendations 
of single reported values is that multiple sets of data are evaluated for their 
internal consistency (Paper III), and by doing this, it is possible to identify 
biased data (Paper III, Schenker et al. (2005). 
 
One important conclusion from Paper III is that thermodynamic data are 
essentially lacking for PCDD/Fs, and the FAVs of ΔU must therefore be 
considered as uncertain, but yet the current best available. The fate of 
environmental pollutants depends among other things on the ambient tem-
perature (Wania and Mackay, 1993; Müller-Herold et al., 2006). Most 
published physical-chemical data is valid for 25o C, while environmental 
temperatures often differ significantly from that. It is particularly the vapor 
pressures that vary largely depending on temperature and the most pro-
nounced difference will be for the lower chlorinated PCDD/F, which are 
more volatile than the high chlorinated congeners. Thus, despite large un-
certainties underlying the ΔU values in Paper III, they constitute an im-
portant contribution to this research field. 
 
Another important conclusion from Paper III is that there are limited data 
reported for PCDFs. A few studies report data for a range of 2,3,7,8-
substituted PCDFs, and by far, most physical-chemical data is reported 
only for 2,3,7,8-TCDD. Results from Paper I indicate that PCDFs may be 
important contributors to TEQ levels in food chains and groundwater at 

 24



contaminated sites. Weber et al (2008) has pointed out that the question 
whether contaminated sites represent a current future risk can only be ans-
wered by detailed site-specific risk assessments. Modeling the fate of 
PCDD/Fs at such sites may be part of such risk assessments. However, the 
selection of physical-chemical prorty data may significantly influence both 
risk assessments and remediation costs (Linkov et al., 2005) Thus, there is 
an increasing need in reliable data of the physical-chemical properties for 
PCDD/Fs.  
 

5. HUMAN PCDD/F EXPOSURE AT 
CONTAMINATED SITES 

5.1. Background PCDD/F exposure  

The main exposure route for human PCDD/F exposure is through in-
gestion of food, while exposure through contact with abiotic media (e.g. 
soil, air and water) contributes to less than 2-5 % of the total exposure 
(European Commission, 1999).  

 
The tolerable weekly intake (TWI) of PCDD/Fs and dioxin-like PCBs (dl-
PCBs) recommended by the European Comission is 14 pg WHO-TEQ kg-1 
bodyweight (b.w.) week-1, commonly referred to as a tolerable daily intake 
(TDI) of 2 pg WHO-TEQ kg-1 b.w. day-1 (European Comission, 2001). 
TDI refers only to the external exposure (i.e. the exposure dose that enters 
the body) and is not related to the internal dose (i.e. the fraction of the 
external dose that is available for uptake into the body).  
 
The average total TEQ exposure of the adult Swedish population was 
recently estimated to 0.7 pg WHO-TEQ kg-1 b.w. day-1 by using food 
intake rates and typical PCDD/F and dl-PCB concentrations of Swedish 
food (SNFA, 2007). In these estimations, fish ingestion contributed to 49 
% of the exposure, followed by ingestion of dairy products (22 %) and 
ingestion of meat (15 %; see Figure 12). Ingestion of eggs was of minor 
importance contributing to only 1 % of the total exposure.  
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Fat 13%

Eggs 1%

Dairy products 22%

Meat 15%

Fish 49%

 
Figure 12. Estimated contributions from different food types to total TEQ 
exposure (PCDD/F and dl-PCBs) in the Swedish population (SNFA, 
2007). 

 
The average PCDD/F exposure for populations in European countries 
varied from 0.93 to 3.0 pg I-TEQ kg-1 b.w. day-1 in the end of the 90´s, but 
if the TEQ contribution from dl-PCBs would be taken into account, these 
values would approximately be doubled (European Commission, 1999). 
Even if the exposure has decreased over time, a significant fraction of the 
European population probably still have a total TEQ exposure above TDI, 
thus incremental exposure from PCDD/F contaminated sites should be 
avoided. 

5.2. Exposure levels at a contaminated site – a case 
study 

The average PCDD/F exposure level for an adult person (70 kg) was 
calculated for 10 exposure routes using the exposure media concentrations 
sampled at the contaminated study site (Paper I) and adult food ingestion 
rates (SNFA, 2002). Other details regarding assumptions in the calcula-
tions are given in Paper I. These exposure levels are presented as conta-
minated site exposure in Table 6, which also shows their corresponding 
fractions (%) of TDI. Besides, a corresponding intake of Baltic Sea herring 
was calculated, which would result in the same exposure level as the va-
rious contaminated site exposure routes.  
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Table 6. Calculated daily exposure (pg WHO-TEQ2006 kg-1 b.w. day-1) via 
10 different exposure pathways related to the contaminated study site 
assuming a body weight of 70 kg together with the corresponding fraction 
of TDI and a corresponding intake of Baltic Sea herring. 

Exposure pathway Contaminated 
site exposure 

(pg WHO-TEQ 
kg-1 b.w.day-1) 

Frac- 
tion of 
TDIa 

(%) 

Correspon-
ding intake 

of Baltic Sea 
herringb 

(g) 
Inhalation indoor drying 
house (8 h, 10 m3) 0.48 24 13 

Ingestion of garden soil 
(50 mg) 0.41 21 11 

Ingestion of groundwater 
(1.1 l) 0.38 19 10 

Ingestion of potatoes 
(142 g) 0.20 10 5.3 

Ingestion of eggs 
(15 g) 0.19 9.5 5.1 

Ingestion of milk 
(344 g) 0.079 3.9 2.1 

Ingestion of carrots 
(13 g) 0.043 2.1 1.2 

Ingestion of raspberries 
(126 g) 0.023 1.2 0.63 

Inhalation outdoor 
(16 h, 10 m3) 0.0036 0.18 0.099 

Ingestion of farmyard soil 
(50 mg) 0.0022 0.11 0.060 
a 2 pg WHO-TEQ PCDD/F and dl-PCB kg-1 b.w. day-1, European Comission (2001); b 

Mean concentration in Baltic Sea herring 2.6 pg WHO-TEQ g-1, SNFA (2007). 

 
The results from the case study illustrate that several exposure routes may 
be important for the daily intake of PCDD/Fs (Table 6), but living at or 
near a PCDD/F contaminated site does not necessarily mean that the total 
exposure will exceed TDI. The most important exposure pathways in this 
case study was ingestion of garden soil, groundwater, potatoes and eggs 
and inhalation of indoor air, which contributed with 10 to 24% of TDI, 
respectively. In most cases, only a few exposure pathways are important 
for site-specific exposure.  
 
As illustrated in Table 6, only small amounts of Baltic Sea herring can be 
ingested before the contaminated site exposure levels are exceeded. In 
comparison, a portion of fish is approx. 120 g and the average daily intake 
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of fish and shellfish in Sweden is ~34 g (SNFA, 2002). Since approx. 50 
% of the average daily exposure for the Swedish population is due to in-
gestion of fish (i.e. 0.35 pg WHO-TEQ kg-1 b.w. day-1) and 22% is related 
to ingestion of dairy products (i.e. 0.15 pg WHO-TEQ kg-1 b.w. day-1, 
SNFA, 2007), the total external dose for individuals in a contaminated site 
scenario may be dominated by site specific exposure pathways as well as 
ingestion of non-locally produced dietary products.  
 
However, in any exposure calculations it is important to stress that assum-
ptions regarding human behavior and bodyweight are significant factors 
that affects the results. Children generally pose higher risk for exposure 
via e.g. soil and food ingestion due to higher intake rates compared to their 
bodyweight (US EPA, 2002). Thus, unacceptably high daily intakes of 
PCDD/Fs may occur for children even at relatively low soil con-
centrations.  
 
The exposure assessments presented above were conducted with a deter-
ministic approach, and inherent uncertianties due to variation in e.g. soil 
and groundwater concentrations (Table 2) and soil and food ingestions 
rates (US EPA, 1996; US EPA, 1997) are not taken into consideration. 
Uncertainties in the exposure assessment can either be visualized by sen-
sitivity analysis of the input data or by using probabilistic approaches 
(Morgan et al., 1990) .  

5.3. Factors controlling the significance of 
contaminated site exposure levels  

 
Several factors may be considered that control or alter the significance of 
exposure routes at PCDD/F contaminated sites, e.g.: 
 

i) considering the internal dose instead of external dose  
ii) human behavior 

 
In the following paragraphs, the results from the case study in Paper I is 
discussed for each of the factors mentioned above. 

5.3.1. Considering the internal dose instead of external dose  

One important aspect, which is of special interest in assessing risks at 
PCDD/F contaminated sites, is the relationship between the external ex-
posure levels and the internal exposure (i.e. the fraction of the external 
dose that is available for uptakte into body tissue) after ingestion of soil. 
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Several studies have pointed out that the gastrointestinal uptake of 
PCDD/Fs from ingested soil is limited. In an in vitro study conducted by 
Ruby et al. (2002), the uptake efficiency after ingestion of soil (loamy 
sand) ranged between 16 and 63 %.  A more recent publication by 
Budinsky et al. (2008) reported results from two in vivo studies on rat and 
swine, where the relative bioavilability (compared to corn oil) of PCDD/Fs 
in two soils varied between 20 and 25 % for swine and between 37 and 60 
% for rats. A similar result was reported by Wittsiepe et al. (2007), who 
found a reduced bioavailability by about 70 % in a clay rich (32.9%) soil 
from a former arable area, previously treated with sludge.  
 
Assuming that the internal dose for ingestion of garden soil (Table 6) is 
obtained by reducing the external dose by e.g. 50% due to non-efficient 
gastrointestinal tract uptake, the significance of this exposure route will be 
reduced and will correspond to the egg ingestion pathway (assuming 
100% uptake efficiency from the eggs;Table 6). The differences in the 
PCDD/F uptake efficiency between soil and food is therefore a strong 
argument for preventing food chain transfer of PCDD/Fs from 
contaminated sites since the pollutants become more available. High 
external exposure via inhalation are also more critical than receiving the 
same dose from ingestion of soil since the pulmonary availability is almost 
100% (Diliberto et al., 1996). 

5.3.2.  Human behavior 

The results from Paper I indicate that local residents who feel concerned 
about living at or near PCDD/F contaminated sites can to a large extent 
control their exposure levels by some simple actions. By careful hand 
hygiene, they can reduce the ingestion of soil and dust particles. Planting 
of vegetation on open ground reduces the risk for wind erosion and 
reduces also the possibility for direct contact with the soil. 
 
Since adsorption of contaminated soil and dust particles likely are the 
main transport pathway between contaminated soil and above-ground 
plants (Paper I), rinsing of locally produced leafy vegetables, fruits and 
berries will significantly reduce the exposure levels. The exposure levels 
for ingestion of carrots and potatoes shown in Table 4 were calculated 
from concentrations in unpeeled root-crops (Paper I). Since several studies 
have pointed out that hydrophobic compounds are mainly accumulated in 
the peel (Hülster and Marschner, 1993; Zohair et al., 2006), peeling of 
root-crops reduces the potential exposure.  
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A study by Kim et al. (2000) showed that separation of the particle 
fraction of PCDD/F contaminated groundwater reduced the TEQ 
concentrations in the water. Thus, the risk for exposure through ingestion 
of contaminated groundwater is reduced by particle separation (e.g. 
filters).  
 
Inhalation of air may result in elevated PCDD/F exposure if polluted dust 
particles are abundant (Table 6). In Paper I, it was concluded that blood 
serum samples from individuals that participated in the renovation of a 
PCDD/F contaminated building at the study site contained elevated levels 
of  the site specific marker congener (1,2,3,4,6,7,8-HpCDF). This clearly 
suggests that the workers were subjected to site-specific exposure even 
though no effect was seen on their serum TEQ level. Since most of the 
PCDD/Fs in the indoor air were found to be associated to the particle 
fraction (58-96%, Paper I, Table 6), particle filters should be used by 
workers in contaminated buildings to reduce the exposure. However, the 
results in Paper I indicate that a significant fraction (42 %) of PCDD/Fs 
may also be found in the gas phase, which may contribute to incremental 
exposure despite particle reduction measures. 

5.4. Assessment of contaminated site exposure by 
multimedia modeling 

Although ingestion of eggs and milk did not generate the highest exposure 
levels in the case study (Table 6), exposure pathways related to local food 
and feed production must receive special attention in investigations of 
contaminated sites since PCDD/Fs bioaccumulate in the food chain 
(Costera et al., 2006; McLachlan et al., 1990; Pirard and De Pauw, 2005; 
Richter and McLachlan, 2001; Schuler et al., 1997; Stephens et al., 1995). 
 
In the case study, the soil concentrations were only 1-5.5 ng WHO-TEQ 
kg-1d.w. in parts of the food production areas (Paper I). Despite this, the 
ingestion of locally produced milk and eggs together made up almost 14 % 
of TDI (Table 6). These soil levels are in the low range of the con-
centrations found at the contaminated study area and just slightly higher 
than national reference data (0.6-1.4 WHO-TEQ kg-1d.w., Matscheko et al. 
(2002), see also Table 2). In this context, it is also important to keep in 
mind that the gastrointestinal tract availability of PCDD/Fs is higher for 
fatty food as compared to the soil matrix.   
 
CalTOX was used to assess the influence of increasing soil concentrations 
and the congener composition for the milk, meat and egg ingestion ex-
posure routes for five of the selected congeners in the CS scenario 
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(Appendix A). The examples shown in Figure 13 are based on food in-
gestion data for 4-year old children (SNFA, 2006) with an assumed body-
weight of 15 kg. The fraction of locally produced milk and meat ingested 
was assumed to be 80 and 50 %, respectively, of the total intake. The 
initial soil congener concentrations in the modeling were on analytical wet 
weight basis, although the x-axis in Figure 13 show their corresponding 
WHO-TEQ concentrations.  
 
The modeling results in Figure 13 demonstrate the importance of the 
congener composition of the soil for the magnitude of the exposure. If the 
source is dominated by e.g. 2,3,4,7,8-PeCDD, the recommended TDI of 2 
pg WHO-TEQ kg-1 b.w. day-1 may be exceeded already at fairly low soil 
concentrations (approx. 50 ng WHO-TEQ kg-1 w.w. in this example) via 
the milk ingestion pathway. If the source is instead characterized by e.g. 
heptachlorinated PCDD/Fs, the exposure levels are much lower at the 
same TEQ-level in the soil. The model predictions indicated that soil 
adsorbed to vegetation rapidly became important when the soil concen-
tration increased. This finding is supported by the congener distribution 
pattern in the pasture grass sampled at the study site, which showed si-
milar congener distribution as the polluted soil (Paper I and Figure 3).  
 
Despite the previously discussed uncertainties in predicting egg concen-
trations, it is also apparent that the risk from ingestion of home-produced 
egg produced at areas with elevated soil PCDD/F levels is significantly 
higher as compared to the risk from ingestion of milk and meat. Despite 
low soil concentrations in the farm area at the study site (Table 2), con-
sumption of home produced eggs was indicated to be one of the most 
important dietary exposure pathways in the case study (Table 6).  
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Figure 13. Predicted exposure for children (pg WHO-TEQ kg-1 b.w. day-1, 
b.w.=15 kg) from ingestion of  a) milk, b) meat and c) eggs modeled at 
various soil concentrations (ng WHO-TEQ kg-1 w.w.) in CalTOX.  
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In conclusion, PCDD/F contaminated sites may result in incremental hu-
man exposure via several exposure pathways. However, the significance 
of the exposure levels depend on several factors, e.g. the spatial distri-
bution and magnitude of the soil contamination, the congener composition 
of the PCDD/F source, the properties of the exposure media and human 
behavior. Since the milk, meat and eggs exposure routes are particularly 
sensitive to elevated soil concentrations, they must be given special atten-
tion in risk assessments of contaminated sites, particularly if high fractions 
of tetra- to hexachlorinated PCDD/F characterize the contamination 
source. Given the high analytical costs of PCDD/Fs and the complexity in 
multiple source/multiple exposure pathways scenarios, development and 
refining of multimedia fate and exposure models should be encouraged. 
 

6. CONCLUSIONS AND FUTURE 
RESEARCH  

The main objective of the research presented in this thesis was to 
investigate the PCDD/F intermedia transfer and assess risks for human 
exposure at PCDD/F contaminated sites. In addition, the use of multi-
media models as supportive tools in risk assessments of PCDD/F conta-
minated sites was evaluated through two case studies. The main 
conclusions from this work are  
 
- PCDD/F are mobilized from PCDD/F contaminated sites and elevated 

TEQ concentrations in several exposure media at such sites can be 
expected. 

 
- Several exposure media at such contaminated sites are characterized by 

congener distibutions that resemble the soil. 
 
- Despite low biotransfer factors and low mobility from soil, high chlo-

rinated PCDD/Fs may be transferred into food chains at high soil 
concentrations. 

 
- Despite low TEF-values, high chlorinated congeners may also contribute 

to a significant fraction of the TEQ-levels in affected food chain mat-
rices. 
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- The magnitude of the biotransfer varies largely between the congeners. 
Thus, human exposure levels through contaminated food depend on the 
congener composition of the source.  

 
- Model algorithms and model parameters that are used in risk assessment 

of PCDD/F contaminated sites must be adapted to the physical-chemical 
behavior of superhydrophobic compounds such as PCDD/Fs. 

 
- Selection of representative physical-chemical property data for PCDD/Fs 

is critical for the model output, but for many properties, reliable esti-
mations are essentially lacking. 

 
- Site specific exposure routes at contaminated sites may contribute to a 

significant fraction (>10%) of TDI. However, the significance of the 
exposure routes varies and depend on several factors, such as the spatial 
distribution and magnitude of the soil contamination, the properties of 
the exposure matrices and human behavior. 

 
- Ingestion of animal food products (e.g. milk, meat and eggs) that are pro-

duced in areas with low to moderate soil concentrations needs special 
attention in risk assessments of PCDD/F contaminated sites. 

 
 
Future research: 
Given the differences in the biotransfer efficiency of the 2,3,7,8-
substituted PCDD/F congeners, it would be interesting to further inves-
tigate the influence of the congener composition on the food chain transfer 
at various PCDD/F contaminated sites. A related issue is the potential im-
portance of the human soil ingestion route, where previous studies have 
shown a limited gastrointestinal tract availability of PCDD/F from soil 
matrices. It is reasonable to believe that the total TEQ bioavailability on 
ingested soil particles differ depending on the congener composition of the 
soil. Factors related to the soil matrix (e.g. organic carbon content, particle 
size distributions, clay content, aging, etc) is also important for the total 
gastrointestinal tract availability. The limited bioavailability of PCDD/Fs 
from soil is not taken into account in risk assessments of PCDD/F con-
taminated sites in Sweden, and so far this issue have not been investigated 
for Swedish soils. Considering the large number of PCDD/F contaminated 
sites in this country, it is important to investigate this issue further.  
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Appendix A 
 
Initial root-zone soil concentrations for cultivation area (prediction of 
root-crop concentrations) and continous air emissions in the CS 
scenario. 
Substance Root zone soil conc. 

(mg kg-1 w.w.) 
Cont. air emission 

(mol day-1) 
1,2,3,6,7,8-HxCDD 1.6x10-3 1.8x10-10 
1,2,3,4,6,7,8-HpCDD 3.3X10-3 2.1x10-9 
OCDD 2.7x10-3 5.0x10-9 
2,3,4,7,8-PCDF 1.3x10-5 2.1x10-10 
1,2,3,4,6,7,8-HpCDF 2.1x10-2 5.5x10-10 
OCDF 3.4x10-2 3.2x10-10 
 
Initial root-zone soil concentrations for farm area (prediction of milk 
and eggs concentrations) and continous air emissions in the CS 
scenario. 
Substance Root zone soil conc. 

(mg kg-1 w.w.) 
Cont. air emission 

(mol day-1) 
1,2,3,6,7,8-HxCDD 3.9x10-6 1.8x10-10 
1,2,3,4,6,7,8-HpCDD 1.1x10-5 2.1x10-9 
OCDD 2.0x10-5 5.0x10-9 
2,3,4,7,8-PCDF 3.0x10-/ 2.1x10-10 
1,2,3,4,6,7,8-HpCDF 4.8x10-5 5.5x10-10 
OCDF 3.7x10-5 3.2x10-10 
 
Initial root-zone soil concentrations for hot spot area (prediction of 
groundwater concentrations) and continous air emissions in the CS 
scenario. 
Substance Root zone soil conc. 

(mg kg-1 w.w.) 
Cont. air emission 

(mol day-1) 
1,2,3,6,7,8-HxCDD 3.4x10-3 1.8x10-10 
1,2,3,4,6,7,8-HpCDD 1.1x10-2 2.1x10-9 
OCDD 1.1x10-2 5.0x10-9 
2,3,4,7,8-PCDF 3.0x10-4 2.1x10-10 
1,2,3,4,6,7,8-HpCDF 2.1x10-1 5.5x10-10 
OCDF 2.1x10-1 3.2x10-10 
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Appendix B 
 
Predicted milk and eggs concentrations of the six selected congeners in 
the CS scenario (Appendix A) and measured concentrations from the 
study site (Paper I). 
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