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Abstract
Background, aim, and scope The main pathway for human
exposure to the highly toxic polychlorinated-p-dioxins and
polychlorinated furans [polychlorinated dibenzo-p-dioxins
and dibenzofurans (PCDD/Fs)] is via dietary intake. Other
exposure pathways may, however, be important in close
proximity to point sources, such as wood preservation sites,
where PCDD/F contaminated chlorophenols (CP) were
previously used. In this study, a heavily PCDD/F contam-

inated CP saw mill site in Sweden was investigated. Human
exposure through a broad spectrum of exposure pathways was
assessed. Such studies are in demand since the question
whether contaminated sites represent a current or future risk
can only be answered by detailed site-specific risk assessments.
Materials and methods Sampling of exposure media (soil,
air, groundwater, raspberries, carrots, potatoes, grass, milk,
eggs, and chicken fodder) was made. Exposure media
concentrations and congener distribution patterns were used
to investigate the mobilization of PCDD/Fs from soil to the
environment and to calculate exposure levels for adults.
Blood serum levels from site-exposed and control individ-
uals were also analyzed.
Results Congener distribution patterns at the site were
generally dominated by a specific marker congener
(1234678-HpCDF), which is highly abundant in the
polluted soil. The dioxin toxic equivalents (TEQ) concen-
trations were notably elevated as compared to national
reference samples for most exposure media, and the marker
congener was a major contributor to increased TEQ levels.
There were also indications of soil-to-air volatilization of
tetra- and penta-CDD/Fs. People who participated in the
restoration of a contaminated building showed higher levels
of 1234678-HpCDF compared to controls, and calculated
exposure levels suggest that several site-specific exposure
routes may be of importance for the daily intake of PCDD/F.
Conclusions, recommendations, and perspectives Despite
low mobility of higher chlorinated PCDD/Fs, these con-
taminants were transferred from the polluted soil to the
surroundings and into human tissue. The extent of
increased exposure from contaminated sites depends on
the PCDD/F source strength of the soil, composition of the
pollution, human activities, and dietary patterns of the
residents. Impact from the contaminated soil on other
exposure media was seen also for areas with low to

Electronic supplementary material The online version of this article
(doi:10.1007/s11356-009-0223-4) contains supplementary material,
which is available to authorised users.

Responsible editor: Peter Luthardt

A. Åberg :M. Tysklind :R. Andersson : S. Bergek :
R. Lindberg :K. Wiberg (*)
Department of Chemistry, Umeå University,
SE-901 87 Umeå, Sweden
e-mail: karin.wiberg@chem.umu.se

A. Åberg
Geo Innova and Umeå University,
Teknikringen 1,
SE-583 30 Linköping, Sweden

T. Nilsson
Department of Public Health and Clinical Medicine,
Occupational and Environmental Medicine, Umeå University,
SE-901 87 Umeå, Sweden

M. MacLeod
Institute for Chemical and Bioengineering,
Safety and Environmental Technology Group,
Swiss Federal Institute of Technology,
ETH Zurich,
CH-8093 Zürich, Switzerland

A. Hanberg
Institute of Environmental Medicine, Karolinska Institutet,
PO Box 210, SE-171 77 Stockholm, Sweden

Environ Sci Pollut Res (2010) 17:26–39
DOI 10.1007/s11356-009-0223-4

http://dx.doi.org/10.1007/s11356-009-0223-4


moderate soil contamination. In the future, not only the
levels of PCDD/F soil pollution but also the composition
must be considered in risk assessments of contaminated
sites.
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1 Background, aim, and scope

The main exposure pathway for polychlorinated dibenzo-p-
dioxins and dibenzofurans (PCDD/Fs) is generally through
dietary intake (European Commission 1999), and consump-
tion of fatty foods (e.g., fish, meat, and dairy products) is of
particular relevance. Other exposure pathways such as
ingestion of soil or inhalation may, however, become
important in close proximity to point sources, such as
contaminated sites. In this context, it is important to
recognize that historic emissions are highly relevant for
contemporary exposure and that some of the recent food
scandals were caused by dioxin/dioxin-like contamination
in connection to contaminated sites (Weber et al. 2008a,b).
Land can become contaminated with PCDD/Fs from a
variety of primary sources (Weber et al. 2008a). Depending
on the original source, the PCDD/F composition in soil
varies and can often be characterized by marker congeners
that define a “fingerprint” of the source. The former use of
chlorophenol (CP) wood preservatives has resulted in
PCDD/F contamination of a large number of sites in
Sweden (Persson et al. 2007). Although the use of CP
was severely restricted in the 1970s, PCDD/Fs are still
present at former wood treatment plants at typical levels of
100–1,000 ng kg−1 dw (Tysklind et al. 2006).

The toxic level of a mixture of 2378-substituted PCDD/F
congeners and dioxin-like polychlorinated biphenyls (dl-
PCBs) is commonly expressed as toxic equivalents (TEQ;
van den Berg et al. 1998, 2006). The European Commission
(EC) has recommended a tolerable weekly intake (TWI) of
14 pg TEQ kg−1 body weight (bw) week–1 (European
Commission 2001a), which often is expressed as a tolerable
daily intake (TDI) of 2 pg TEQ kg−1 bw day−1. The average
intake of dioxins and dl-PCBs exceeds the TWI for a
large proportion of the European population (European
Commission 1999). The EC has also introduced maximum
residue limit values (MRLs) for food and feed (European
Commission 2003, 2006), with the intention to lower the
general exposure of the EU population (European Commis-
sion 2001b).

PCDD/F contaminated soil has been shown to affect
congener composition and increase levels above back-

ground levels for food and feed at both local and regional
scales (Pirard et al. 2005; Turrio-Baldassarri et al. 2007;
Costera et al. 2006; Alcock et al. 2002; Harnly et al. 2000;
Lindström et al. 2005; Riss et al. 1990). In several of these
cases, MRLs for food and feed set by the EC were
exceeded (e.g., Pirard et al. 2005; Turrio-Baldassarri et al.
2007), and unacceptably high daily intakes of PCDD/Fs for
local residents are anticipated. Other studies have shown
evidence of site-specific human exposure in the form of
incrementally higher TEQ levels and altered PCDD/F
congener distributions for residents and workers connected
to contaminated sites (Dahlgren et al. 2003; Karouna-
Renier et al. 2007; Riss et al. 1990; Pirard et al. 2005).
However, most case studies related to contaminated sites
have so far focused on a limited number of exposure media
or exposure routes, while more comprehensive approaches
including multiple exposure pathways are rare. Such studies
are in demand, since the question whether contaminated
sites represent a current or future risk can only be answered
by detailed site-specific risk assessments (Weber et al.
2008a,b). This can be done either by site-specific modeling
complemented by a few measurement data (Schuhmacher
et al. 2004; Wiberg et al. 2007a) or by extensive field
measurements.

The aim of the present study was to assess a broad
spectrum of exposure routes at a selected CP-contaminated
site in Sweden on the basis of extensive field measurement
data. A variety of exposure media from the site, including
locally produced vegetable and animal food products were
analyzed for PCDD/F levels and congener distribution
patterns. Exposure levels for ten pathways were calculated
and compared to TDI and to exposure from consumption of
fatty fish from the Baltic Sea. In parallel, a blood serum
study of individuals potentially exposed to PCDD/Fs at the
contaminated site and matched control individuals was
conducted. The congener composition of the soil at the site
suggests that it has been contaminated by a tetrachlorophenol
(TeCP) agent, such as Ky-5, and to our best knowledge, no
such site has been assessed as an exposure case study before.
This paper is one in a series of articles addressing challenges
and future relevance of dioxin and POP-contaminated sites
(Weber et al. 2008a,b).

2 Materials and methods

2.1 Site description

The former saw mill site studied in this work is situated in
northern Sweden (Fig. 1). The saw mill was active during
1862–1970 and used CP preservatives from the mid-1940s
until closure. The site is recognized as one of the most
PCDD/F polluted sites in Sweden, both in terms of
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magnitude and spatial extent of the contamination. The saw
mill area covered a 1,500-m long and 100–200-m broad
stretch on the shore of a deep bay (see Fig. 1). Sawing and
impregnation were carried out in area A, while other areas
were used for storage (C and G). The former drying house
(D) was restored and transformed into an art gallery in the
early 2000s but was closed in 2004 due to findings of
severe indoor PCDD/F contamination. In area B, there is a
permanent resident house with a small garden. Across the
small county road, there are pastures for dairy cows (E) and
a farm (approximately 700 m east of the road, not shown in
Fig. 1). On a small hill south of the pastures, some of the
former workmen’s dwellings remain (F), and one of these is
today used as a hostel. At the end of the former timber yard,
there is a camping area (H). Some campers live in trailers

the whole summer, and several of them have returned to the
camping area for decades.

Previously measured and interpolated PCDD/F concen-
trations in surface soil and groundwater from the area are
presented in Table 1. Area A, hereafter designated as the
hot spot, is the most polluted area, but significantly elevated
concentrations in soil are also found around the resident
house, at the camping area, the former timber storage, and
at the former timber yard. In comparison, soil from a rural
Swedish site was found to contain 1 ng WHO-TEQ/kg dw
(Matscheko et al. 2002), and a reference groundwater
sample taken outside the industrial area contained less than
0.00004 ng WHO-TEQ L−1 (Kramfors community, unpub-
lished data). The national soil guide line values for
residential areas is 20 ng WHO-TEQ/kg dw (including the
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Fig. 1 Map of Scandinavia showing the location of the saw mill site
together with an aerial photograph of the industrial area during its
active period (1862–1970) (photo: National Land Survey of Sweden,
Gävle, Sweden; with permission). A–I refer to the following subareas:

A former saw mill and impregnation (the hot spot), B resident house,
C former wood 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 present-day camping, I village

Table 1 Previously measured concentrations in surface soil (0–0.25 m) and groundwater from different subareas within the former sawmill site

Area Site description Surface soil range (median)
(ng WHO-TEQ kg−1 dw)

Groundwater range (median)
(ng WHO-TEQ L−1)

A Hot spot 0.5–110,000 (130)c <LOD-0.8 (0.1)d

B Resident house 10–1,000a –

C Former timber storage 10–4,000a 0.003–0.7 (0.4)d

E Pasture 25b –

F Culture area 17b –

G Former timber yard <LOD-4,900 (78)c –

H Camping/cutter shaving tip 2.2–810 (68)c 0.3/1.1d

LOD limit of detection
a Interpolated concentration range in surface layers, Kemakta Konsult AB (2007)
b Pooled surface soil sample, SWECO VIAK AB (2008)
c Kemakta Konsult AB (2007)
d SWECO VIAK AB (2005)
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dl-PCBs), while the corresponding value for Germany and
Japan is 1,000 ng TEQ/kg dw. Considering this, most areas
at the study site can be considered as affected by the point
source, generally at a moderate level, and risk for elevated
PCDD/F levels in the human food chain at a local scale
cannot be excluded.

2.2 Sampling and chemical analysis

Exposure media from different parts of the polluted area
were sampled according to Table 2. The sampling of air,
groundwater, raspberries, eggs, milk, soil, and carrots were
carried out during August–October 2006, while potatoes
and grass were sampled in the summer of 2007. The air
sampling was conducted during 5 days in October 2006
when the temperature ranged from +2 to +15°C. Details of
the sampling, sample pretreatment, clean up and chemical
analyses are given in Supporting information (SI).

In addition, blood serum from 16 individuals was sampled
in 2006. Among them, eight individuals were potentially
exposed at the study site via three exposure scenarios: (1)
people that had been working at least 6 months with indoor
renovation of the drying house (area D), (2) regularly
returning camping residents (at least a total of 60 months of
camping; area H) and (3) permanent residents from the
village (40–60 years of residence, intake of locally produced
food every day; area I). The first exposure scenario was
particularly interesting, since it lasted for 6 months and all of
the workers performed activities known to enhance particle
exposure (i.e., drilling and sweeping) in highly contaminated
areas. For each of the eight case individuals, control
individuals were selected so that gender and age were
matched. However, one of the control individuals had later
to be excluded from the study due to medicolegal reasons.

Carrots and potatoes were washed prior to analysis, and
soil samples were dried in a fume hood and then
homogenized. The collected water was passed through
glass fiber filter and polyurethane foam (PUF) plugs. Prior
to extraction, all samples were fortified with 13C-labeled
internal standards. The analytical procedures for milk,
egg, grass, carrots, and potatoes were described by
Danielsson et al. (2005) and Wiberg et al. (2006).
Extraction of filters, PUF plugs, and soil was carried out
by toluene Soxhlet–Dean–Stark extraction, and then the
extracts were purified and fractionated using multilayer
silica columns and activated carbon. The serum samples
were analyzed at a contracted lab (ALS Czech Republic
s.r.o., HRMS Laboratory, Pardubice, Czech Republic). In
short, serum was mixed with ammonium sulfate, deminer-
alized water, and methanol. The mixture was extracted by
using hexane/diethylether mixture, and the extract was then
dried by using anhydrous sodium sulfate. The raw extract
was purified by liquid–liquid extraction using concentrated
sulfuric acid, and then clean-up and fractionation was
carried out using multilayer silica and Florisil columns. All
instrumental analyses were performed by using gas chro-
matography–high-resolution mass spectrometry, and ana-
lytical conditions for all samples except serum are given in
Wiberg et al. (2007b).

2.3 Quantification, quality assurance, and quality control

The details for quantification, quality assurance, and quality
control are given in SI. In short, the quantification was
made according to the isotope dilution method and by using
calibration standards of all of the 17 2378-PCDD/Fs. TEQ
levels were calculated using the WHO-TEFs from van den
Berg et al. (2006) (WHO-TEF2005). The TEQ values

Table 2 Type of exposure media, number of samples per area and amount or volume analyzed per sample

Exposure media Area Number of samples Amount/Volume analyzed

Groundwater A, C 1 13–17 m3

Raspberries A, Reference area 1 110 g

Milk E 3 160–170 g

Egg yolk E 3 22–23 g

Potatoes B 2 160 g

Carrots B 2 100 g

Grass B, E 3 47–123 g

Soil B, E 1–3 15–25 g

Ambient air A, C, E, F, H 1 660–880 m3

Indoor/ambient aira C 1 940 m3

Indoor air D 3 22–222 m3

a Sampled inside a storage building that allows extensive air exchange from the outside
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reported in this study include half of the limit of detection
(LOD) for congeners that were below LOD (medium-
bound value), unless other is given. Average recoveries
ranged from 75% to 96%.

3 Results and discussion

3.1 Concentrations of exposure media

The dioxin TEQ concentrations were elevated as compared
to national reference samples for all exposure media except
raspberries and cow’s milk (Tables 3 and 4). Despite the
fact that the raspberries were collected directly at the hot
spot at the contaminated area, the TEQ level (0.013 pg g−1

ww) was similar to the value of the reference sample and to
the Swedish reference data for strawberries. In contrast,
although the concentration in the pasture soil did not
indicate extensive soil pollution (1–25 pg g–1 dw; area E in
Tables 1 and 5), grass sampled in that area showed higher
concentrations (0.26–0.61 pg WHO-TEQ g−1 ww) than
Swedish reference data (0.04–0.13 pg WHO-TEQ g−1 ww;
hay and silage fodder from different places in Sweden;
Swedish Board of Agriculture, unpublished data). Grass

sampled at area B, with significantly higher soil concen-
trations (see Table 4) but with no cows grazing, contained
0.18–0.21 pg WHO-TEQ g−1 ww, which is somewhat
lower than the pasture levels (area E) but higher as
compared to the reference data. Although clearly elevated,
none of the grass samples exceeded the legislated MRL
value of 0.75 pg WHO-TEQ g−1 ww. Generally, atmo-
spheric particle deposition and uptake of gaseous PCDD/F
are believed to be the most important sources to PCDD/F
contamination for aboveground plants (Welsch-Pausch et
al. 1995; Welsch-Pausch and McLachlan 1998; Thomas et
al. 2002). In this case, however, adsorption of contaminated
soil particles, e.g., via rain splash, and deposition of dust
particles from the area likely constitute additional major
sources. Our results clearly indicate that the grass, which in
contrast to the raspberries grows next to the ground, is
affected by the soil contamination. There were also signs of
PCDD/F soil-to-air volatilization and gaseous uptake of
lower chlorinated congeners (2378-TCDD, 2378-TCDF,
and 23478-PeCDF). The grass that grew on highly
contaminated soil (area B) showed distinctly higher relative
abundance of low-chlorinated PCDD/Fs than the grass from
the pasture (area E). The “area B/area E ratio” of
concentrations in grass were 1.2–1.6 for the low chlorinated

Table 3 Concentrations (medium-bound WHO-TEQ2005; mean ± standard deviation if n≥3) of biotic exposure media from the study site together
with national food and feed control data and maximum residue limits (MRL) for foodstuffs and feed (upper-bound WHO-TEQ1998)

Exposure media Area Number of
samples

Concentration
(pg WHO-TEQ g−1)

Maximum residue limit
(pg WHO-TEQ1998 g

−1)

Raspberries, hot spot A 1 0.013 –

Raspberries, local reference area – 1 0.011 –

Strawberries, national food control data – 2 0.0085/0.0087a –

Cow’s milk E 3 0.32±0.09 (0.38±0.06) 3e

Cow’s milk, national food control data – 12 0.34±0.20a

Egg E 3 3.53±0.86 (3.91±0.95) 3e

Egg, national food control data – 12 0.70±0.36b

Potatoes B 2 0.097/0.098 –

Potatoes, national food control data – 1 0.014a –

Carrots B 2 0.23/0.27 –

Carrots, national food control data – 3 0.011±0.003a –

Grass, resident garden B 3 0.19±0.02d (0.21±0.06)d

Grass, pasture E 3 0.45±0.18d (0.46±0.18)d 0.75f

Ensilage and hay, national food control data – 5 0.089±0.031c,d

Concentrations are given as medium-bound levels and expressed as pg g−1 wet weight (ww) for berries, root vegetables, grass, ensilage and hay
and in pg g−1 lipid weight (lw) for cow’s milk and eggs. Values in parenthesis represent upper-bound WHO-TEQ1998 levels
a Swedish National Food Administration (2007)
b Eggs from organic bred chickens sampled in 2005
c The Swedish Board of Agriculture (unpublished data)
d Adjusted to 12% water content
eMRL for foodstuffs (European Commission 2006)
fMRL for feed (European Commission 2003)
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congeners (2378-TCDD, 2378-TCDF, and 23478-PeCDF),
and 0.3–0.7 for higher chlorinated congeners. Modeling has
suggested that 2378-TCDD may readily volatilize from soil
(Trapp and Matthies 1997), and it can be assumed that other
PCDD/F congeners with similar physical–chemical proper-
ties, such as 2378-TCDF and 23478-PeCDF (Åberg et al.
2008), exhibit the same behavior. The observed difference
is therefore likely due to gaseous uptake from the highly
contaminated soil in the resident garden.

Local PCDD/F sources, such as municipal solid waste
incinerators, contaminated river systems, and contaminated
soils have been shown to affect PCDD/F concentration and
composition of cow’s milk and other animal products (Lake
et al. 2005; Lindström et al. 2005; Pirard et al. 2003, 2005;
Schmid et al. 2003; Riss et al. 1990). If the PCDD/F
concentrations in grass are elevated, the milk from cows
that graze this grass may also exhibit elevated concen-
trations, particularly if the contamination is dominated by
readily bioavailable congeners. A compilation of feed-to-

milk bioconcentration factors (BCFs) show that there is an
inverse relation between bioconcentration and chlorination
number with higher BCFs for low chlorinated congeners
(Huwe and Smith 2005). The concentrations in cow’s milk
found in this study (0.26–0.42 pg WHO-TEQ g−1 lw) are
not elevated in comparison to national food control data
(0.34 pg WHO-TEQ g−1 lw, see Table 3) and are
significantly lower than the MRL. Thus, although the
pasture where the cows graze showed elevated PCDD/F
concentrations of both soil and grass, these circumstances
did not affect the cow’s milk quality under current
conditions, which likely is related to low bioavailability of
the highly abundant congeners and also to the fact that the
pasture grass is not the only feed for these cows (see SI).

In contrast, the TEQ concentrations of the eggs (3.91±
0.95 pg WHO-TEQ g−1 lw) were significantly higher than
the reference data (0.70±0.36 pg WHO-TEQ g−1 lw, see
Table 3), although the farm soil contained low levels of
PCDD/Fs (area E, farm yard in Table 4). The egg levels

Table 4 Concentrations (WHO-TEQ2005; mean ± standard deviation if n≥3) and loss on ignition (LOI) of soil and groundwater from various
areas of the study site together with Swedish reference concentrations

Sample Area Number of samples Concentration LOI (%)

Soil, pasture E 2 2.0/4.4 15.3/3.7

Soil, farm yard E 3 3.1±2.1 4.6

Soil, garden/cultivation spot B 1 580 4.5

Background soil, national reference data – 4 0.6–1.4a –

Groundwater, industrial area A/C 2 24/1.0 NA

Groundwater, control area – 1 0.04b NA

The concentrations are expressed as pg g−1 dw for soil and as pg L−1 for groundwater

NA Not applicable
aMatscheko et al. (2002)
b Kramfors community (unpublished data)

Table 5 Concentrations of PCDD/Fs in air (lower bound; fg WHO-TEQ2005 m
−3; mean ± standard deviation if n≥3) at the study site together

with air concentrations from other rural environments in Sweden

Sample Area Number of
samples

Concentration (fg
WHO-TEQ2005 m

−3)
Fraction of
PCDD/Fs on filtere

Ambient air at farm E 1 13a 72%

Ambient air at industrial area A, F, H 1 25±15a 20–27%

Mixed indoor/ambient air in former timber storage building C 1 13a 41%

Ambient air, Råö (EMEP station, Swedish west coast) – 7 5.7±3.5b –

Ambient air, Aspvreten (south of Stockholm, central-southern
Baltic Sea)

– 40 0.6–29c 91%d

Indoor air, former drying building D 3 3,300±4,500a 58–96%

a Lower bound values
b The Swedish Environmental Research Institute (2006)
c Sellström et al. 2009
d Calculated from data presented in Sellström et al. 2009
e Calculated on detected levels (not TEQ levels)
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also exceeded or were close to the legislated EU limit value
of 3 pg WHO-TEQ g−1 lw. It should, however, be noted
that the reference values were obtained from large-scale
organic breed production, and these are not necessarily
comparable to levels in eggs from small-scale free-range
breeding. Chicken fodder containing fish residues have
earlier been identified as a major contributor to PCDD/Fs in
eggs from free-range organic chickens. The fodder used at
the study site contained low levels of PCDD/Fs (mean,
0.12 pg WHO-TEQ g−1 ww, adjusted to 12% water
content), and most of the congeners were below the LOD.
Several investigations have pointed out that chickens and
eggs are sensitive receptors to PCDD/F (Schuler et al.
1997; Stephens et al. 1995; Harnly et al. 2000), and this is
primarily related to ingestion of soil and insects (Harnly et
al. 2000; Schuler et al. 1997) and the bioaccumulative
properties of PCDD/Fs. It is particularly the tetra- and
penta-substituted congeners that show high soil-to-egg
transfer efficiency (Schuler et al. 1997). This means that
free range chickens are subjected to relatively high
exposure even at background concentrations. It has been
shown that PCDD/Fs levels in eggs from free range
chickens are generally higher than eggs from chickens that
were bred indoors (Schuler et al. 1997). However, the
extension of the biotransfer from soil to eggs varies
considerably. Pirard et al. (2003) found that the PCDD/F
content in eggs from free range chickens held on soil
containing 11–13 pg TEQ g−1 dw contained 24–121 pg
TEQ g−1 lw, while Air et al. (2003) reported somewhat
lower egg concentrations (16–21 pg I-TEQ g−1 lw),
although the soil levels were significantly higher (41–
148 pg I-TEQ g−1 dw).

The PCDD/F concentrations in root crops from the
resident garden were up to 20 times higher than Swedish
reference concentrations for carrots (see Table 3). It is well
known that carrots hyperaccumulate PCDD/Fs (Schroll and
Schneuert 1993; Müller et al. 1994; Engwall and Hjelm
2000). On the other hand, several studies have pointed out
that hydrophobic compounds are mainly accumulated in the
peel of root crops (Hülster and Marschner 1993; Müller et
al. 1994; Zohair et al. 2006). The root crops in the current
study were not peeled before analysis, and it is likely that
peeled carrots and potatoes contain lower levels of
PCDD/Fs than those reported in Table 3.

The groundwater concentrations found in this study were
within the range of those reported earlier from the study
area (see Tables 1 and 4) but significantly higher (three
orders of magnitude) than the reference sample taken
outside the study area (<0.04 pg WHO-TEQ L−1, Kramfors
community, unpublished data). Considering this, the
groundwater at the study site must be considered as
seriously polluted, probably as a result of co-transported
contaminated colloids (Persson et al. 2008b).

Results from the air sampling at the study site are
presented in Table 5. Since a majority of the PCDD/F
congeners were present at levels below LOD in the ambient
air samples, lower bound TEQ levels were calculated using
detected levels only. One of the ambient air samples from
area C was severely affected by diesel smoke and showed
clearly deviating concentration values and congener pattern
as compared to other ambient air samples. This sample was
therefore excluded from the evaluation. The ambient air
concentrations measured at the highly contaminated indus-
trial area were not significantly different from the air
concentration at the farm at the time of the sampling. Air
concentrations of environmental pollutants fluctuate greatly
over time primarily depending on air mass origin (Tysklind
et al. 1993; Oehme et al. 1996; Sellström et al. 2009).
Recently reported rural air data from Sweden include
measurements from Råö at the Swedish west coast (fall–
winter 2004 and summer 2005–2006; Swedish Environ-
mental Research Institute 2006) and from Aspvreten
located south of Stockholm (winter 2006/2007; Sellström
et al. 2009), and the concentration range spanned from 0.6
to 29 fg TEQ m−3. The air levels in the current study
overlapped these data but were in the high end and in some
cases even exceeding.

Despite the fact that the drying house was not in use for
several decades, indoor air contained highly elevated
concentrations of PCDD/Fs (510–8,600 fg WHO-TEQ
m−3, see Table 5). 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 indoor air at a daycare
center with pentachlorophenol (PCP) treated home interiors
where concentrations ranged from 10 to 1,700 fg TEQ m−3

(Sagunski et al. 1989). For the indoor air samples, most of
the PCDD/Fs were associated with the particle fraction
(58–96% on the filter, see Table 5). In contrast, for the
ambient air sampled at the industrial area, a majority of the
PCDD/Fs were associated to the gaseous fraction, with only
20–27% on the filters (see Table 5). The farm reference
sample and other rural Swedish air showed significantly
higher values (see Table 5). The mixed indoor/ambient air
sample exhibited an intermediate value of 41% of the
PCDD/Fs in the particulate fraction. These findings may
reflect variations in air particle abundance, with higher
indoor values and possibly also higher at the farm, where
human activity is higher than at the industrial area. The
finding of high gaseous fractions of the industrial air in
contrast to other Swedish rural air may further support a net
volatilization in the air–soil gas exchange. Such net soil-to-
air net volatilization has been shown for other organo-
chlorines with similar physical–chemical properties as the
PCDD/Fs in cases with high source soil source strengths
(Bidleman et al. 2006).
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3.2 Congener distribution patterns

In pollutant fate and source-to-receptor studies, it is often
advantageous to study the composition of mixtures of
contaminants together with concentration data. While
environmental levels generally show large variation, the
composition is normally less variable within a limited
space. Similarities in congener patterns or homologue
profiles indicate a close relationship between environmental
matrices. Distribution patterns for 2378-substituted tetra-
through octa-CDD/F congener concentrations and for TEQ
concentrations of the samples from the polluted site and
from reference samples are illustrated in Fig. 2.

All matrices from the study site, except the ambient air,
were characterized by a large fraction of hepta-CDFs
(HpCDFs) and octachlorodibenzofuran (OCDF) (see
Fig. 2a), which together contributed 36–94% of the total
PCDD/F abundance in the various media. The sum
concentration of HpCDF congeners consisted mainly of
1234678-HpCDF, while 1234789-HpCDF was of less
importance. A contamination pattern with a large fraction
of 1234678-HpCDF and OCDF is typical for the PCDD/F
pattern in TeCP agents, such as Ky-5 (Persson et al. 2007;

congener pattern available in Table 1 in SI). Although not
always apparent in the TEQ levels reported in Tables 3, 4,
and 5, there is no doubt that the soil contamination at the
study site has affected all exposure matrices with the
possible exception of ambient air. There was a striking
difference in the distribution patterns between the samples
from the study site as compared to Swedish reference data
(see Fig. 2c), which generally showed large fractions of
OCDD and a much lower fraction of HpCDFs and OCDF
(on average 12–33%). The reference samples were collected
in rural areas, and the dominance of OCDD is therefore likely
related to diffuse pollution via atmospheric deposition, rather
than to other typical OCDD contamination such as PCP
contaminated soil.

The congener distribution of indoor and ambient air
from the study site was dominated by furans (PCDFs). High
fractions of HpCDF and OCDF in the indoor air demon-
strated major impact from the contaminated building. In
ambient air, there was a higher fraction of tetra- and penta-
CDFs, as compared to the reference air. This suggests that
the ambient air is affected by volatilization of tetra- and
penta-CDFs from the contaminated soil, again supporting
the hypothesis of net volatilization of PCDD/F from soil-to-
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Fig. 2 Relative distribution patterns for 2378-substituted CDD/Fs in various media from the study site (a, b) and in Swedish reference samples (c,
d). For references, see Tables 3, 4, and 5
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grass. It is further an indication on that, although tetra- and
penta-CDFs constitute a minor fraction of the PCDD/F
contamination in the soil (and in Ky-5; Table 1 in SI)
and the concentration elevation of these congeners therefore
is modest, their relatively high solubility in air can result in
a change of the atmospheric PCDD/F composition of the air
at a local scale. The reason for the difference between the
ambient air from the study site and the reference air is,
however, uncertain since air mass PCDD/F composition
fluctuates greatly over time. Figure 2a and c also
demonstrates that the contribution from tetra- through
hexa-CDD/Fs was higher in milk and egg samples as
compared to abiotic and plant matrices. This illustrates the
higher biotransfer of these congeners compared to the
higher chlorinated congeners.

Before evaluation of the TEQ patterns (see Fig. 2c, d), it
should be noted that half of the LODs are included for
congeners that were found to be below LOD. We used
state-of the-art analytical methods and thus our LODs are
low; nevertheless, this approach means that, in some cases,
congeners that were not detected contribute significantly to
the calculated TEQ value. In the EU legislation, the MRLs
are given as upper-bound values, and the whole LOD is
included in the calculation of TEQ values. Thus, the
approach we have chosen (medium-bound values) is a
compromise between only showing detected levels
(lower-bound) and levels used in an EU risk assessment
(upper-bound).

In the reference data, the tetra- through hexa-CDDs were
generally large contributors to the TEQ levels in biota,
together summing up to 49–74% to the total TEQ value.
The corresponding fractions for the biotic matrices at the
study site were lower (15–60%). Instead, the hexa- to
HpCDFs were the major contributors, adding up to 20–81%
of the total TEQ with the lowest fractions for milk and egg
(20% and 56%, respectively). These observations reflect the
impact of the soil contamination and also the limited

biotransfer of higher chlorinated congeners. Despite that the
distribution patterns in soil and groundwater were quite
similar, the furans (PCDFs) contributed to as much as 89%
of the TEQ in groundwater compared to approximately
56% in soil. This was mostly attributed to higher fractions
of penta- and hexa-CDFs in the groundwater. Persson et al.
(2008a) found that PCDFs are more highly associated to
colloids than PCDDs and are therefore more mobile than
the PCDDs. Our findings further support these observations
and similarly suggest a relatively high soil-to-groundwater
mobility of lower chlorinated PCDFs.

3.3 Concentrations in serum

Concentrations of PCDD/Fs in serum found in this study
varied largely (Table 6). However, no clear trend of the
eight case individuals vs. the seven controls was seen. For
several of the case individuals, their respective control
individuals showed significantly higher TEQ serum levels.
Considering the low number of samples and the limited
information on dietary habits, care should be taken in
interpreting these data. However, the average congener
distribution patterns of each category provided evidence of
a site-specific exposure (Fig. 3). The serum concentrations of
HpCDF were clearly elevated for workers who participated
in the renovation of the drying house. Despite a low TEF for
HpCDF (WHO-TEF2005=0.01), this marker congener con-
tributed 18% to the total serum TEQ for the worker category,
compared to only 1.1% in the control individuals (see
Fig. 2b). However, a higher TEQ value as compared to the
control individual was only seen for two of the four workers
(see Table 6). Neither village residents nor campers showed
higher fractions of HpCDF as compared to the controls (see
Fig. 3a), indicating that a long residence time at the study
site area did not result in elevated exposure.

Since the indoor air was shown to be heavily contam-
inated by PCDD/Fs (see Table 5), the most likely exposure

Table 6 Serum concentrations (pg WHO-TEQ2005 g
−1 lw) for case and control individuals

Case individuals Control individuals

Exposure category Age pg WHO-TEQ g−1 lw Age pg WHO-TEQ g−1 lw

Worker (M) 30 2.4 30 0.6

Worker (M) 36 5.1 – –

Worker (M) 48 16 51 26

Worker (M) 62 39 61 16

Camping resident (M) 69 23 68 22

Camping resident (M) 74 29 73 85

Village resident (F) 72 25 71 79

Village resident (F) 85 23 79 46

M males, F females
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pathway for the indoor workers was inhalation of gas and
particles and possibly also ingestion of air particles.
Incremental PCDD/F exposure as a result of indoor work
has been shown before. Shih et al. (2006) investigated the
exposure to PCDD/F for temporary workers who were
hired for maintenance of a municipal waste incinerator. The
serum levels were analyzed before and after maintenance,
and already after 1 month of work, they found a significant
increase in TEQ serum PCDD/F levels (p<0.05). Elevated
PCDD/F serum levels as a result of residence near PCP-
contaminated sites have also been reported. The mean
serum level for people living close to a former PCP
production plant in Pensacola (Florida, USA) was 45 pg
WHO-TEQ g−1 lw (range, 8.4–710 WHO-TEQ g−1 lw), and
the levels of these residents were shown to be higher than
selected reference values (15–21 pg TEQ g−1 lw; Karouna-
Renier et al. 2007).

A large variety of factors, such as diet (Tsukino et al.
2006; University of Michigan 2006; Chen et al. 2003), age
(Tsukino et al. 2006; University of Michigan 2006), and
body mass index (Collins et al. 2007), determine the blood
serum PCDD/F levels of humans. The serum levels of
Swedish men of various ages and feed habits were shown
to vary from 3 to 66 pg WHO-TEQ g−1 lw (n=26; 34–
71 years of age; Rylander et al. 2009). The factors
considered when choosing control individuals in the current
study were age, gender, and to some extent dietary habits.

Although limited information can be extracted from this
survey because of the small number of individuals studies,
the results clearly indicate that activities at or near a CP-
contaminated site may affect the serum PCDD/F congener
composition, but it does not necessarily result in increased
serum TEQ levels.

4 Significance of exposure pathways related
to PCDD/F-contaminated sites

Daily exposure doses were calculated for ten different
exposure pathways related to the study site by using
exposure media concentrations from Tables 3, 4, and 5
and by assuming a body weight of 70 kg. When applicable,
average values were used. If only two values were
available, the highest value was chosen. The average daily
food intake rates for adults were taken from a Swedish food
intake survey (Swedish National Food Administration
2002), and it was assumed that all of the ingested food
types were of local origin, e.g., the average intake of fruit
and berries of 126 g day−1 was here represented by 126 g of
raspberries from the study area. The soil ingestion value
(50 mg day−1) is recommended by US EPA for adult soil
ingestion exposure (US Environmental Protection Agency
1996). The calculated doses were compared to the TDI of
PCDD/F and dl-PCBs (European Commission 2001a) and
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controls and relative TEQ distribution for c cases and d controls. Non-detected congeners are represented by half of the LOD
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to consumption of fatty fish (herring) from the Baltic Sea
(Table 7).

Although interpretation of results from this kind of dose
calculation is inevitably complicated by large variability,
particularly in soil ingestion rates (US Environmental
protection Agency 1996) and soil and groundwater con-
centrations (see Tables 1 and 5), it can be used to indicate
whether exposure routes for an average adult person at a
PCDD/F-contaminated site appears to pose a risk. The
results show that several of the studied exposure pathways
may contribute significantly to TDI. Ingestion of contam-
inated soil, groundwater, and potatoes contributed each
10% or more to the TDI and so did also inhalation of
contaminated indoor air. It should also be noted that the
TEQ contributions from the site-specific exposure routes to
the total TDI are somewhat higher in reality, since the
contribution from dl-PCBs were note measured and
therefore not included in the comparison.

Despite that both egg and milk were produced on soil with
relatively low levels of PCDD/Fs, these exposure pathways
each made up approximately 4% of the TDI. Thus, as soon as
the soil concentrations are elevated, these exposure pathways
may rapidly become more important. Despite high cultivation
soil concentrations (580 pg WHO-TEQ kg−1 dw), the carrot
ingestion exposure pathway was of less importance in this
scenario. The risk from ingestion of contaminated root crops
in this scenario is probably even lower since peeled carrots
and potatoes usually are consumed. The data also indicate
that ingestion of berries grown on bushes pose very low risk
even at high soil concentrations.

Since TDI refers to an external dose, no consideration is
taken to the availability of the contaminants after ingestion/
inhalation (i.e., the internal dose). It is conceivable that the

intestinal tract availability of PCDD/Fs from a particulate
matrix (e.g., soil and groundwater particles) is lower than
for, e.g., fatty food (Budinsky et al. 2008; Ruby et al.
2002), and the real risk associated to soil and groundwater
ingestion is possibly lower than indicated in Table 7. The
pulmonary availability of 2378-TCDD was found to be
high (95%; Diliberto et al. 1996), and thus, the inhalation
exposure pathway may be critical for the total internal dose.

To be able to relate the contaminated site exposure to the
ingestion of fish, the amount of Baltic herring (in gram) that
would yield the same exposure dose as the actual exposure
route was calculated. A portion of fish is approximately
120 g, and the average daily intake of fish and sea shells in
Sweden is ~34 g (Swedish National Food Administration
2002). As illustrated in Table 7, only small amounts of
Baltic Sea herring can be ingested before the site-specific
exposure doses are exceeded, and each of the site-related
exposure pathways constitutes <10% of a normal portion of
Baltic herring.

The sum of the individual exposure routes in Table 7
makes up to 1.7 pg PCDD/F-WHO-TEQ kg−1 day−1

(corresponding to ~85% of TDI), where intake of food
and drinking water constitutes approximately half of the
dose, and the rest is mainly from indoor inhalation and
unintentional soil ingestion. On top of this value, the PCB-
TEQs should be added (not measured). In comparison, the
average daily PCDD/F and dl-PCB exposure of an adult
Swedish individual has been estimated to 1.3 pg WHO-
TEQ kg−1 day−1 in a study based on concentration data
from 1999 to 2004 and food intake data from 1997 to 1998
(Swedish National Food Administration 2002). It can thus be
concluded that there are circumstances where living and
working at or near a CP-contaminated site may pose a health

Table 7 Calculated daily exposure doses (pg WHO-TEQ2005 kg bw−1 day−1) via ten different exposure pathways related to the study site
assuming a body weight of 70 kg together with the corresponding fractions of TDI and corresponding intake of Baltic Sea herring

Exposure pathway Calculated dose
(PCDD/F-TEQ)

Fraction of
TDIa (%)

Corresponding 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) 0.076 3.8 2.1

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 ambient air (16 h, 10 m3) 0.0036 0.18 0.099

Ingestion of farmyard soil (50 mg) 0.0022 0.11 0.060

a Two picogram WHO-TEQ PCDD/F and dl-PCB kg–1 bw–1 day–1 (European Commission 2001a)
b Calculated from a median concentration in Baltic herring of 2.6 pg PCDD/F WHO-TEQ g−1 (Swedish National Food Administration 2007).
Note that one adult portion corresponds to approximately 120 g and that dl-PCB WHO-TEQ (2.5 pg g−1 ) is not included
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risk due to elevated PCDD/F exposure. However, also
considering that the exposure scenario depicted above
approaches a worst case scenario and that drinking water in
this area origins from elsewhere (provided by the munici-
pality), a broad majority of the individuals at the site will
likely not be at elevated risk, as also was indicated by the
serum study (although the serum study does not reflect the
external dose but the internal dose). This means that a
conscious selection of food and a conscious human behavior
(peeling of locally produced root crops, avoiding ingestion
and indoor inhalation of particles) most likely eliminates risk
for incremental PCDD/F exposure at this site. In this context,
it is, however, important to stress that children ingest higher
amounts of soil compared to adults and that children with
pica behavior (deliberate soil ingestion) may ingest as much
as several grams of soil per (US Environmental Protection
Agency 1996). Considering this and the much lower body
weight of children, it is evident that PCDD/F ingestion via
soil may result in seriously high exposure for small children
at PCDD/F-contaminated sites.

5 Conclusions, Recommendations and Perspectives

High abundance of a marker congener (1234678-HpCDF)
in almost all of the exposure media demonstrates that
PCDD/F-contaminated soils may constitute point sources
affecting local food-chain contamination. Most exposure
media also showed higher TEQ concentrations as compared
to Swedish reference samples, and 1234678-HpCDF
contributed to a large fraction of the TEQ. Since biota-soil
accumulation factors vary considerably between PCDD/F
congeners, the composition of the source must be consid-
ered when assessing the risks. In this case, the soil was
dominated by 1234678-HpCDF and OCDF, which have
relatively low bioaccumulation factors and are less avail-
able compared to lower chlorinated congeners. Despite this,
the high source strength of 1234678-HpCDF in the soil
(relative to the other congeners) made 1234678-HpCDF
one of the most abundant congener in all the exposure
media except in ambient air. A similar pollution pattern is
found in the sediments of River Kymijoki, Southeastern
Finland and in the coastal region of the Gulf of Finland,
together constituting a mega-site that has been severely
polluted by previous manufacturing of Ky-5 (Salo et al.
2008). In this case, the aquatic food chain was shown to be
affected by the contamination as shown by slightly elevated
PCDD/F levels in fish muscle and orders of magnitude
higher in the liver compared with reference freshwater sites
and the Baltic Sea. The concentrations in human fat did,
however, not reveal generally high human exposure for the
residents of the area, and levels were lower than in sea
fishermen (Verta et al. 2009).

In the current study area, there were also indications of
soil-to-air vaporization of tetra-to-penta CDD/Fs. Thus,
contaminated soil with a higher abundance of lower
chlorinated congeners (e.g., from a chloralkali source) will
probably be of even higher importance as a point source.
From a toxicological point of view, contamination of tetra–
penta CDD/Fs poses the highest risk, since these congeners
have both relatively high bioavailability and high toxic
potency (high TEFs).

Site-related PCDD/F exposure was evident in the blood
serum levels only for a few case individuals. Workers in the
severely contaminated building appear to have been
exposed since their fraction of HpCDFs to total PCDD/F
levels in serum were notably higher as compared to the
control individuals, although total TEQs for workers and
controls were in the same range.

Exposure dose calculations showed that several of the
studied exposure pathways may contribute significantly to
TDI, especially ingestion of contaminated soil, groundwa-
ter, potatoes, and egg and inhalation of contaminated indoor
air. Although none of the exposure routes resulted in daily
exposure levels that exceed the TDI, the calculations
showed that production of animal food products at or close
PCDD/F-contaminated sites is potentially important for the
soil-to-human exposure, and ingestion of eggs and milk
may result in high exposure levels already at slightly
elevated soil concentrations. For most residents living at or
near PCDD/F contaminated sites, however, it is likely that
their dietary habits and food preparation routines (peeling
root crops, rinsing of vegetables, etc.) are more important
for the internal body burden of PCDD/F rather than the
magnitude of the measured soil concentrations at the site. It
should, however, be noted that for small children and
particularly those showing the pica behavior (i.e., deliberate
soil ingestion), the intake of soil at a CP-contaminated site will
probably be the major exposure pathway, and unacceptably
high daily intake may occur for children. It is also worth to
highlight that, in addition to CPs, also other types of wood
protection agents were normally used at sawmills, e.g., heavy
metal and polycyclic aromatic hydrocarbons containing
formulations. Therefore, in comprehensive site-specific risk
assessments of former saw mill sites, the risk for elevated
exposure of other wood preservation contaminants than
PCDD/Fs must also be considered.
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