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Abstract

High levels of polychlorinated dibenzo-p-dioxins and polychlorinated dibenzo-
furans (PCDD/Fs) in edible fish in the Baltic Sea have raised health concerns
in the Baltic region and the rest of Europe. Thus, there are urgent needs to
characterize sources in order to formulate effective mitigation strategies. The
aim of this thesis is to contribute to a better understanding of past and present
sources of PCDD/Fs in the Baltic Sea environment by exploring chemical
fingerprints in sediments, air, and biota. The spatial and temporal patterns of
PCDD/F distributions in the Baltic Sea during the 20th century were studied in
Swedish coastal and offshore sediment cores. The results showed that PCDD/F
levels peaked in 1975 (± 7 years) in coastal and 1991 (± 5 years) in offshore
areas. The time trends of PCDD/Fs in the sediment cores also showed that
environmental half-lives of these pollutants have been shorter in coastal than
in offshore areas (15 ± 5 and 29 ± 14 years, respectively). Consequently, there
have been remarkable recoveries in coastal areas, but slower recovery in offshore
areas with 81 ± 12% and 38 ± 11% reductions from peak levels, respectively.

Source-to-receptor multivariate modeling by Positive Matrix Factorization
(PMF) showed that six types of PCDD/F sources are and have been important
for the Baltic Sea environment: PCDD/Fs related to i) atmospheric back-
ground, ii) thermal processes, iii) manufacture and use of tetra-chlorophenol
(TCP) and iv) penta-chlorophenol (PCP), v) industrial use of elementary chlo-
rine and the chloralkali-process (Chl), and vi) hexa-CDD sources. The results
showed that diffuse sources (i and ii) have consistently contributed >80% of the
total amounts in the Southern Baltic Sea. In the Northern Baltic Sea, where
the biota is most heavily contaminated, impacts of local sources (TCP, PCP
and Chl) have been higher, contributing ca. 50% of total amounts. Among the
six sources, only Thermal and chlorophenols (ii-iv) have had major impacts
on biota. The impact of thermal sources has, however, been declining as
shown from source apportioned time-trend data of PCDD/Fs in Baltic herring.
In contrast, impacts of chlorophenol-associated sources generally increased,
remained at steady-state or slowly decreased during 1990-2010, suggesting that
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these sources have substantially contributed to the persistently high levels of
PCDD/Fs in Baltic biota.

Atmospheric sources of PCDD/Fs for the Baltic region (Northern Europe)
were also investigated, and specifically whether the inclusion of parallel mea-
surements of metals in the analysis of air would help back-tracking sources.
PCDD/Fs and metals in high-volume air samples from a rural field station
near the shore of the central Baltic Sea were measured. The study focused on
the winter season and air from the S and E sectors, as these samples showed
elevated levels of PCDD/Fs, particularly PCDFs. Several metals were found to
correlate significantly with the PCDFs. The wide range of candidate metals as
source markers for PCDD/F emissions, and the lack of an up-to-date extensive
compilation of source characteristics for metal emission from various sources,
limited the use of the metals as source markers. The study was not able
to pin-point primary PCDD/F sources for Baltic air, but it demonstrated a
new promising approach for source tracing of air emissions. The best leads
for back-tracking primary sources of atmospheric PCDD/Fs in Baltic air were
seasonal trends and PCDD/F congener patterns, pointing at non-industrial
related thermal sources related to heating. The non-localized natures of the
sources raise challenges for managing the emissions and thus societal efforts are
required to better control atmospheric emissions of PCDD/Fs.

Keywords: polychlorinated dibenzo-p-dioxin, polychlorinated dibenzofuran,
positive matrix factorization, PMF, principal component analysis, PCA, Baltic
Sea, sediment core, PCDD/F, sources, marine, fish, environmental half-live,
peak year, peak level, temporal trend, spatial variation, coastal, offshore, chem-
ical fingerprint

vi



Contents

Page

Abstract v

List of Abbreviations 1

Publications 3

1 INTRODUCTION 5
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 MATERIALS AND METHODS 9
2.1 Sampling and analysis of sediment cores . . . . . . . . . . . . . 9
2.2 Air sampling and analysis . . . . . . . . . . . . . . . . . . . . . 11
2.3 Baltic herring . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3 Data Analysis 13
3.1 Positive matrix factorization (PMF) . . . . . . . . . . . . . . . 13
3.2 Principal component analysis (PCA) . . . . . . . . . . . . . . . 14
3.3 Spline smoothing . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4 PCDD/F dynamics in the Baltic Sea 17
4.1 Spatial and temporal trends of PCDD/Fs in the Baltic Sea by

the Swedish coast . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.2 Spatial and temporal trends of PCDD/Fs in offshore Baltic Sea

areas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
4.3 Environmental half-lives . . . . . . . . . . . . . . . . . . . . . . 19

5 Sources of PCDD/Fs in the Baltic Sea 23
5.1 Historical sources in sediments . . . . . . . . . . . . . . . . . . 23

5.1.1 Source identification . . . . . . . . . . . . . . . . . . . . 23

vii



5.1.2 Source apportionment . . . . . . . . . . . . . . . . . . . 24
5.2 Historical sources of PCCD/Fs in biota . . . . . . . . . . . . . 27

5.2.1 Transformation indices (TI) . . . . . . . . . . . . . . . . 27
5.2.2 Sources and temporal changes in their impacts . . . . . 28

5.3 Atmospheric sources . . . . . . . . . . . . . . . . . . . . . . . . 31
5.3.1 PCDD/F source regions, congener patterns and seasonality 31
5.3.2 The potential to use metals as source markers . . . . . . 33

6 Conclusions and future work 39

Acknowledgments 43

Bibliography 43

viii



List of Abbreviations

AB Atmospheric background
BB Bothnian Bay
BC Black carbon
BP Baltic Proper
BS Bothnian Sea
Chl Chlorine
dw Dry weight
E East
fg Femtogram
GC Gas chromatography
HCB Hexachlorobenzene
HELCOM Baltic Marine Environment Protection Commission (Helsinki

Commission)
HL Half-life
HpCDF Heptachlorinated dibenzofuran
HpD 1,2,3,4,6,7,8-Heptachlorodibenzo-p-dioxin
HpF1 1,2,3,4,6,7,8-Heptachlorodibenzofuran
HpF2 1,2,3,4,7,8,9-Heptachlorodibenzofuran
HRMS High-resolution mass spectrometry
HxCDD Hexachlorinated dibenzo-p-dioxin
HxD1 1,2,3,4,7,8-Hexachlorodibenzo-p-dioxin
HxD2 1,2,3,6,7,8-Hexachlorodibenzo-p-dioxin
HxD3 1,2,3,7,8,9-Hexachlorodibenzo-p-dioxin
HxF1 1,2,3,4,7,8-Hexachlorodibenzofuran
HxF2 1,2,3,6,7,8-Hexachlorodibenzofuran
HxF3 1,2,3,7,8,9-Hexachlorodibenzofuran
HxF4 2,3,4,6,7,8-Hexachlorodibenzofuran

1



ICP-AES Inductively coupled plasma atomic emission spectroscopy
ICP-SFMS Inductively coupled plasma-sector field mass spectrometry
LOD Limit of detection
lw Lipid weight
MSWI Municipal solis waste incinerator
N North
OCDD / OD Octachlorodibenzodioxin
OCDF / OF Octachlorodibenzofuran
PAH Polycyclic aromatic hydrocarbon
PC Principal component
PCA Principal component analysis
PCB Polychlorinated biphenyl
PCDD Polychlorinated dibenzo-p-dioxin
PCDF Polychlorinated dibenzofuran
PCP Pentachlorophenol
PD 1,2,3,7,8-Pentachlorodibenzo-p-dioxin
PF1 1,2,3,7,8-Pentachlorodibenzofuran
PF2 2,3,4,7,8-Pentachlorodibenzofuran
pg Picogram
PMF Positive matrix factorization
POP Persistent organic pollutants
PUF Polyurethane Foam
S/N Signal to noise ratio
TCDD Tetrachlorinated dibenzo-p-dioxin
TCP Tetrachlorophenol
TD 2,3,7,8-Tetrachlorodibenzo-p-dioxin
TEF Toxicity equivalent factor
TEQ Toxic equivalent
TF 2,3,7,8-Tetrachlorodibenzofuran
TI Transformation index
USEPA United States Environmental Protection Agency
W West

2



Publications

This thesis is based on the following papers, which in the text will be referred
to by their Roman numerals.

I Assefa, A. T.; Sobek, A.; Sundqvist, K.; Cato, I.; Jonsson, P.;

Tysklind, M.; Wiberg, K. Temporal trends of PCDD/Fs in Baltic

Sea sediment cores covering the 20th century. Environ. Sci. Technol.

2014, 48 (2), 947−953.

II Assefa, A. T.; Tysklind, M.; Sobek, A.; Sundqvist, K.; Geladi, P.;

Wiberg, K. Assessment of PCDD/F source contributions in Baltic

Sea sediment core records. Environ. Sci. Technol. 2014, 48 (2),

9531−9539.

III Anteneh Assefa; Mats Tysklind; Anders Bignert; Karin Wiberg.

Source-apportionment shows why dioxin levels have not declined in

Baltic fish. (Submitted for publication)

IV Assefa AT.; Tysklind M.; Wiberg K. Airborne dioxins and other POPs

in the Baltic Sea environment: the potential of using metals as source

markers. (Manuscript)

3





Chapter 1

INTRODUCTION

1.1 Background

Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofu-
rans (PCDFs), commonly referred to as dioxins, are classes of persistent or-
ganic pollutants (POPs) that are toxic and bioaccumulative [1, 2]. PCDD/Fs
are distributed globally via long-range transport [3–5]. Seventeen (2,3,7,8-
substituted) CDD/F congeners are known to be particularly toxic, poorly
metabolized and highly bioaccumulative in higher organisms. Of the 17 2,3,7,8-
substituted congeners, TCDD is regarded as the most toxic congener. The
total potential toxicity of a mixture of the 2,3,7,8-substituted PCDD/Fs can
be expressed in concentrations of Toxic Equivalents (TEQs). Several sets of
Toxicity Equivalent Factor (TEFs), which describe toxicities of the congeners
relative to TCDD, have been proposed over the years (see Table 1.1) [6–
9]. WHO2005 is the latest evaluation of TEFs used for calculating TEQs in
different matrices. Various health problems associated with chronic exposure
to PCDD/Fs have been reported, including impairment of immune, nervous,
endocrine and reproductive systems [10, 11]. Indications that PCDD/Fs are
carcinogenic are also emerging [12,13].

PCDD/Fs are produced predominantly unintentionally as by-products dur-
ing industrial processes such as production of organochlorine pesticides [14–16]
and bleaching of pulp and paper using elementary chlorine [8,17]. Other tradi-
tional sources of PCDD/Fs include incineration of various materials, including
municipal solid waste (MSW) and fuels such as coal and wood. Considerable
anthropogenic emission of PCDD/Fs started in the 1920s following industrial-
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CHAPTER 1. INTRODUCTION

ization [18]. At that time the hazardous effects of PCDD/Fs were not known,
but as awareness grew from the end of the 1970s and onwards, a number of goals
were formulated, measures were taken, and programs were launched to reduce
the primary production and emissions of PCDD/Fs [14, 19–27]. For example:
use of pentachlorophenol (PCP) as a pesticide and wood preservative was
banned in increasing numbers of countries from the late 1970s [28,29]; the fifth
EU Action Program included a goal to reduce industrial emissions of PCDD/Fs
by 90% before 2005 [14]; the UNEP Stockholm Convention on Persistent Or-
ganic Pollutants imposed various restrictions [30]; and the HELCOM Baltic
Sea Action Plan was launched with ambitious aims (inter alia) to restore the
abundance of hazardous substances in the Baltic Sea to close to natural levels
[31]. During the 1980’s, in Sweden, moratorium on constructions of municipal
solid waste incinerators (MSWI), immediately followed by guidelines, resulted
in strict emission control of PCDD/Fs [32]. Consumers preference of dioxin-
free materials and elementary chlorine free (ECF) processes in pulp-and paper
industries, significantly reducing the emission PCDD/Fs [33]. Consequently,
the environmental levels and health risks associated with exposure to PCDD/Fs
have been declining (Paper I).

The Baltic Sea is a polluted semi-enclosed sea surrounded by several in-
dustrialized countries in Northern Europe, and all together almost 86 million
people are living in 16 countries in the drainage area. Due to high possible
inflows of PCDD/Fs and slow exchange of water with the North Sea (and
thus long residence times for contaminants), the Baltic Sea is one of the most
polluted natural marine systems in the world [34]. Several emission inventories
and environmental fate models have shown that levels of these pollutants in
the Baltic area are declining [34, 35]. Similar declines have also been detected
in dated sediments from the Baltic Sea [36, 37]. However, PCDD/Fs still raise
concern in the Baltic Sea region due to the high levels measured in fatty fish,
which occasionally exceed the maximum limits for food and feed assigned by
the European Commission [38–40]. Thus, there is an urgent continuous need
to identify sources that are contributing PCDD/Fs to the Baltic Sea system.
Various aspects of PCDD/F pollution in the Baltic Sea are getting attention
in action programs, e.g. the HELCOM Baltic Sea Action Plan (BSAP) [31].
The studies this thesis is based upon have also contributed to efforts to eluci-
date pollution in the Baltic Sea by increasing our understanding of sources of
PCDD/Fs and suggesting management strategies for further reducing its levels
of PCDD/Fs.
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CHAPTER 1. INTRODUCTION

Table 1.1 – Toxicity equivalent factor (TEF) values for 2,3,7,8-substituted CDD/F
congeners.

Congener EPA1987
a EPA1989

a WHO1998
b WHO2005

b I-TEF1989
c Nordic1987

c

PCDDs

TD 1 1 1 1 1 1

PeD 0.5 0.5 1 1 0.5 0.5

HxD1 0.04 0.1 0.1 0.1 0.1 0.1

HxD2 0.04 0.1 0.1 0.1 0.1 0.1

HxD3 0.04 0.1 0.1 0.1 0.1 0.1

HpD 0.001 0.01 0.01 0.001 0.01 0.01

OD 0 0.001 0.0001 0.0003 0.001 0.001

PCDFs

TF 0.1 0.1 0.1 0.1 0.1 0.1

PeF1 0.1 0.05 0.05 0.03 0.05 0.01

PeF2 0.1 0.5 0.5 0.3 0.5 0.5

HxF1 0.01 0.1 0.1 0.1 0.1 0.1

HxF2 0.01 0.1 0.1 0.1 0.1 0.1

HxF3 0.01 0.1 0.1 0.1 0.1 0.1

HxF4 0.01 0.1 0.1 0.1 0.1 0.1

HpF1 0.001 0.01 0.01 0.01 0.01 0.01

HpF2 0.001 0.01 0.01 0.01 0.01 0.01

OF 0 0.001 0.0001 0.0003 0.001 0.001

References: a, [9]; b, [6, 7]; c, [8]
TF: 2,3,7,8-TCDF. PF1: 1,2,3,7,8-PeCDF. PF2: 2,3,4,7,8-PeCDF. HxF1: 1,2,3,4,7,8-HxCDF. HxF2:

1,2,3,6,7,8-HxCDF. HxF3: 1,2,3,7,8,9-HxCDF. HxF4: 2,3,4,6,7,8-HxCDF. HpF1: 1,2,3,4,6,7,8-HpCDF.

HpF2: 1,2,3,4,7,8,9-HpCDF. OF: OCDF. TD: 2,3,7,8-TCDD. PD: 1,2,3,7,8-PeCDD. HxD1:

1,2,3,4,7,8-HxCDD. HxD2: 1,2,3,6,7,8-HxCDD. HxD3: 1,2,3,7,8,9-HxCDD. HpD: 1,2,3,4,6,7,8-HpCDD.

OD: OCDD.

1.2 Objective

The overall aim of the studies this thesis is based upon was to identify historical
and current sources of PCDD/Fs in the Baltic Sea by examining sediment,
biotic and air matrices. The thesis includes the following four papers, which
are referred to in the text by the corresponding Roman numerals.

• Paper I: This aim of this paper was to increase understanding of spatial
and temporal patterns of PCDD/F distributions in the Baltic Sea during
the 20th century obtained from analyses of sediment cores.

• Paper II: The aims of this study were to identify the main historical
sources of PCDD/Fs in the Baltic Sea and to characterize spatiotemporal
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CHAPTER 1. INTRODUCTION

changes in their impacts.

• Paper III: The key aims here were to identify the main sources of PCDD/Fs
in fish (Baltic herring) and to detect probable reasons why PCDD/F levels
in Baltic biota have not declined significantly since the 1990s.

• Paper IV: The aim of this study was to investigate the potential of using
metals as markers in tracing atmospheric PCDD/Fs sources in Baltic air.
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Chapter 2

MATERIALS AND METHODS

2.1 Sampling and analysis of sediment cores

Sediment cores were collected from 15 Baltic Sea sampling stations (six offshore
and nine coastal, designated O and C, respectively; Figure 2.1 and Paper I).
The offshore stations are located along a north-south transect of the Baltic
Sea and belong (among others) to the National Swedish Status and Trends
Monitoring Program (NSSTMP) [41]. All the coastal stations are located on
the Swedish coast of the Baltic Sea, where there is a long history of industrial
activities related to forestry and cellulose processing (except at the coastal
reference station C2). Geological Survey of Sweden (SGU) staff collected the
offshore cores from the survey vessel S/V Ocean Surveyor (Figure 2.2) in 2008
(O1-O4 and O6) and 2010 (O5). The coastal sediment cores were sampled from
the research vessel R/V Sunbeam during May and June 2010, after examining
the condition of local surface sediment using an under-water video camera.
The coastal sediment cores were sampled from R/V Sunbeam during May and
June 2010, after checking that the surface had not been recently disturbed.
Undisturbed coring sites deemed to be representative of large seabed areas
were selected and characterized using hydro-acoustic instruments, including a
side scan sonar (chirp) system, sediment sub-bottom profiler (3.5/7.5 kHz) and
echo-sounder (35/200 kHz).

At all six offshore sampling stations (each of which is circular, with a 50 m
radius), a master site in the center and another six coring sites were randomly
chosen [41]. At each coastal station, only one site was selected for coring.
Sediment cores 80 cm long were collected using a Gemini Corer, a twin-barrel
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CHAPTER 2. MATERIALS AND METHODS

Figure 2.1 – Locations of the coastal (C1-C9) and offshore (O1-O6) sediment sampling
stations in the Baltic Sea.

Niemistö Corer [42], then immediately x-rayed on board the research vessel in
an upright position. One of each pair of cores collected from the twin barrel
was dissected into two parts from top to bottom and photographs of the cuts
were visually examined. The other core of each pair was cut horizontally into
1 cm thick segments for dating and 2-3 cm thick segments, which were stored
immediately at -18oC until further (PCCD/F) analysis.

The sediment cores were dated by a commercial laboratory (Flett Research
Ltd. Canada) and by SGU experts using Cs-137 and Pb-210 methods as well as
by studying laminations of the cores. The Cs-137 method involves calibration
using the Cs-peak generated by the Chernobyl accident in 1986 [43], and the
assumption that the rate of sedimentation has been constant for each core.
Lamination was also used to support the dating obtained using the Cs-137
method. For a few cores, (C1-C3) the Cs-137 method could not be used
because the Chernobyl peak could not be identified with sufficient certainty.
Consequently, these cores were dated using Pb-210 and the Constant Rate of
Supply (CRS) model [44,45]. In the clean-up procedure prior to the PCDD/F
analyses, the sediment samples were Soxhlet-extracted and cleaned using mul-
tilayer silica and activated carbon columns [46]. All tetra-octa substituted
congeners were then identified [47] and quantified by gas chromatography-
high resolution mass spectrometry (GC-HRMS) using 60 m DB-5 columns.
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CHAPTER 2. MATERIALS AND METHODS

Figure 2.2 – S/V Ocean Surveyor, a survey vessel owned by the
Geological Survey of Sweden (SGU).

In order to ensure robust identification of the individual tetra-ortho-CDD/Fs,
a signal/noise (S/N) threshold of 3 was applied. PCCD/F levels in blanks were
generally <10% of levels in the sediment samples, so no blank corrections were
applied. For concentrations that were below the limit of detection (<LOD),
half of the corresponding detection limits (LOD/2) were used in subsequent
analyses.

2.2 Air sampling and analysis

The air samples for PCDD/Fs analysis were collected at Aspvreten (a national
air monitoring station situated in a coastal, remote area in central Sweden),
using continuously operating high-volume samplers during August-September
in 2010 and November-February in 2010/2011. The samplers were equipped
with glass fiber filters to collect PCDD/Fs associated with atmospheric particles
and PUFs to collect gaseous PCDD/Fs on a 24 h basis. Parallel air samples were
also collected for metal analysis using a Derenda PNS 16T (Comde-Derenda
GmbH, Germany) sequential sampling system, listed as a reference device for
collecting PM10 and PM2.5 samples in the European Guidelines CEN 12341
and CEN 14907, respectively [48]. In total, 45 summer and 58 winter samples
were collected, from which 18 and 22 samples, respectively, associated with
stable air mass back trajectories at 20 m, 100 m and 500 m heights (according
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CHAPTER 2. MATERIALS AND METHODS

to the NOAA HYSPLIT model [49]) were selected and analyzed for PCDD/Fs
by Ökometric GmbH (Bayreuth, Germany) using GC-HRMS. Metals (As, Cd,
Co, Cr, Cu, Fe, Hg, K, Mn, Ni, Pb, Sb, Se, Tl, V, Zn) were analyzed by ALS
Scandinavia AB (Luleå, Sweden) according to USEPA 200.7 (ICP-AES) and
200.8 (ICP-SFMS) methods [50,51].

2.3 Baltic herring

Levels of 2,3,7,8-CDD/Fs in Baltic herring (Clupea harengus) in the Bothnian
Sea during the period 1980-2010, and in the Bothnian Bay and Baltic Proper
during the period 1990-2010, were obtained from a previous study [38]. The
herring were collected with the Swedish Monitoring Program administrated
by the Swedish Museum of Natural History [52, 53] and were analyzed for
PCDD/Fs at Umeå University. Pooled samples from 10-12 herring speci-
men were used to calculate annual mean concentrations. In order to esti-
mate sediment-to-herring Transformation Indices (TI; Paper III) for individual
2,3,7,8-CDD/Fs, different sets of data on their levels in herring [54] and surface
sediments [46] were used.
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Chapter 3

Data Analysis

3.1 Positive matrix factorization (PMF)

Positive matrix factorization (PMF) is a modeling technique developed during
recent years (mid 1990s) and used to study and apportion different pollutant
sources to receptors, for example, air, sediments or water bodies, as illustrated
in Figure 3.1 [55, 56]. PMF was developed by Paatero and colleagues in the
1990s [57], and the key source-receptor relationship can be summarized as
follows:

xij =
pX

k=1

gikfkj + eij

where p is the number of contributing sources; xij is the concentration of
the jth species in the ith sample; gik is mass concentration from the
kth source contributing to the jth sample; fkj is the mass fraction of
the kth source to the jth sample; and eij is a model residual of xij.

For a dataset of n samples (objects) and m species (variables), the above
equation can be generalized as follows:

X = GF + E

where X is a dataset of measurements of m species in n samples, G is
a matrix of source contributions (n x p), F is a matrix of source
compositions (p x m) and E is the residual matrix of X (n x m).
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CHAPTER 3. DATA ANALYSIS

Figure 3.1 – Illustration of apportionment of pollutant sources in a marine system using
receptor modeling. A, B and C represent various chemical species, e.g., congeners of a
group of compounds such as dioxins.

The object function Q is then defined as follows:
nX

i=1

mX

j=1


xij �

Pp
k=1 gikfkj
uij

�2

where uij is the uncertainty associated with each data point in matrix X.

PMF is thus a weighted least square problem that minimizes the object
function Q with respect to G and F under the constraint that all elements of
G and F must be non-negative. The imposition of non-negative constraints
on elements of G and F reduces the rotational freedom, and ensures that the
solutions are physically meaningful, as no source contributes negative masses to
a receptor or emits non-positive fractions of species. PMF is not data-sensitive
due to the scaling of each data point by its measurement uncertainty. Therefore,
data points that are below LOD, missing or outliers can be included by reducing
their weights (increasing their uncertainties). In Paper II, concentrations that
were <LOD were replaced by half-LOD (LOD/2), and uncertainties corre-
sponding to the measurement data were calculated as follows [58]:

• U = 5
6×LOD (if concentration is  LOD)

• U = LOD + 0.1×Concentration (if concentration is > LOD)

3.2 Principal component analysis (PCA)

Principal component analysis (PCA) is a technique widely applied to reduce
dimensionality of a large multivariate dataset [59,60] and used for explanatory
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CHAPTER 3. DATA ANALYSIS

data analysis such as to observe patterns, relationships, trends, and outliers in
the data. PCA projects a dataset to a new coordinate system by determin-
ing the eigenvectors and eigenvalues of a matrix, thus PCA is an orthogonal
linear transformation where all basis vectors are an orthonormal matrix. This
involves determining covariance matrix first to maximize the variance. The
covariance of two random variables is a quantitative measure of their tendency
to vary together. Principal components (PCs) that are linear combinations
of the original variables are the axes of the new coordinate system. First,
the covariance matrix, and the eigenvectors and eigenvalues of the covariance
matrix are determined. A covariance of two variables can be calculated as:

cov(X,Y ) =
nX

i=1

(xi � x̄)(yi � ȳ)

n

where xi is the ith element of X, yi is the ith element of Y, x̄ is the mean of
X, ȳ is the mean of Y and n is the number of random measurements.

After the eigenvectors (unit vectors) and the eigenvalues are calculated from
covariance matrix, the eigenvalues are sorted in order of significance, i.e. the
eigenvector with the highest eigenvalue to smallest. Eigenvectors with signifi-
cant eigenvalues will be retained so that the new data matrix becomes a reduced
version of the original dataset with fewer dimensions while retaining most of
the variation. Principal components are calculated by multiplying each row
of the eigenvectors with the sorted eigenvalues. Singular value decomposition
(SVD), explained elsewhere [59–62], is commonly used for finding eigenvectors
and eigenvalues.

3.3 Spline smoothing

A ‘spline’ is a function that is constructed piece-wise to allow a user to design
smooth shapes that closely follows a data series. Spline smoothing is achieved
by using a different polynomial curve between pieces of data points allowing
continuity of the polynomial segments at their joints [63]. Cubic polynomial
(polynomial function of order 3) is the function that is most typically chosen
for constructing smooth curves. In this thesis, spline smoothing was used in
Paper I for estimating trends in time series that could not approximated with
other polynomial functions as illustrated in Figure 3.2.
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Figure 3.2 – Illustration of data fitting using second polynomial (green line), cubic
polynomial (black line) and spline function (blue line). The data series are from station O6
(total levels of PCDD/Fs in sediments).
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Chapter 4

PCDD/F dynamics in the Baltic
Sea

4.1 Spatial and temporal trends of PCDD/Fs in the Baltic
Sea by the Swedish coast

Emissions of PCDD/Fs can be traced back as far as we have measured (1920s)
[18], but first became strong during the 1940s and the post-war economic
boom [64]. Sediments act as sinks and reservoirs of organic pollutants (such as
PCDD/Fs and PCBs) in marine environments [65–67]. The current knowledge
of PCDD/Fs time trends in Baltic Sea is limited. A single sediment core from
an offshore area in the central sub-basin of the Baltic Proper covering 1882-
1985 were studied about a couple of decades ago [37]. It was found that the
level peaked during late 1970s. Similarly, subsurface peaks of PCDD/Fs and
declining trends have also been observed in sediment cores from the Gulf of
Finland [34,36]. In Paper-I, the temporal variations of PCDD/Fs in the Baltic
Sea using sediment cores as historical records were studied, and spline curves
were used to model the temporal trends at each of the stations. In accordance
with expectations, the sediment records showed that PCCD/Fs began to rise in
the Baltic Sea during the 1940s-1960s (Figure 4.1). They subsequently peaked
during 1966-1986, with an overall peak in 1975 (± 7 years). The peak at the
coastal reference station (C2) occurred later (1983-1988). These findings are
consistent with previously reported peak years in sediments in both Europe
(1960s-1980s [68–70]) and the USA (1960s-1970s [28,71,72]).
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Figure 4.1 – Spline lines of temporal changes in PCDD/F concentrations (
P

tetra �
octa PCDD/Fs (pg g�1

dw)) in coastal sediment cores (stations C1 to C9) and confidence
interval at significance level of 0.05.

In the coastal samples, the peak concentrations were generally in the range
1,400 - 14,000 pg g-1 dry weight (dw). However, at two coastal Bothnian Sea
sites (C8 and C9), the peak levels had been extremely high (up to 47,000 and
17,000 pg g-1 dw, respectively). Such hotspot areas may be important for long-
term remobilization of PCDD/Fs in the Baltic system. High concentrations of
PCDD/Fs (43,000 pg g-1 dw) in surface sediments from the Bothnian Sea have
been previously reported [46]. The magnitude of the concentrations strongly
suggests that the PCDD/Fs originated from point sources, and detailed source-
tracing analyses are clearly required to elucidate their origins.

4.2 Spatial and temporal trends of PCDD/Fs in offshore
Baltic Sea areas

PCCD/F levels in all of the monitored offshore areas generally followed similar
temporal trends, peaking 10 to 20 years later than in the coastal areas, during
the period 1985-1994, except in Bornholm Bay (O5; where levels peaked in
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Figure 4.2 – Spline lines of temporal changes in PCDD/F concentrations (
P

tetra �
octa PCDD/Fs (pg g�1

dw)) in offshore sediment cores (stations O1 to O6) and confidence
interval at significance level of 0.05.

2001-2006, Figure 4.2). There were no differences in PCDD/F levels between
stations in the Northern Baltic Sea (Bothnian Bay and Bothnian Sea) and
Southern Baltic Sea (Baltic Proper and Arkona Basin). The overall peak
for the open-sea sediments was in 1991 (± 5 years). The time lag between
peaks in the coastal and offshore areas appears to have been due to slow
transportation of PCDD/Fs to offshore regions. The peak levels were higher
in the Southern than in the Northern Baltic Sea (1,200-2,700 pg g-1 dw and
590-1,100 pg g-1 dw, respectively). Assuming that atmospheric transportation
is the main contributor of PCDD/Fs to the Baltic Sea, as concluded by various
authors [34, 35, 39, 73], the higher levels in the Southern Baltic Sea can be
explained by its proximity to Central Europe (the most polluted region in
Europe).

4.3 Environmental half-lives

As summarized above, PCDD/F levels in Baltic Sea sediments have declined
from peak concentrations several decades ago. The environmental half-lives
were estimated from the spline curves, and found to be 6-23 years in the
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coastal areas if excluding C2, the reference site with no known point sources
in the near area (Table 4.1). The observed reductions are attributable to
local and international programs and measures imposed since the 1970s to
eliminate, or at least minimize, emissions of environmental pollutants (e.g. the
ban on use of PCP in the late 1970s and early 1980s [29], HELCOM [31],
and the Stockholm Convention [30]). The short environmental half-lives in
coastal regions presumably reflect rapid responses following the closure of point
sources. The coastal half-lives are also comparable to previously reported half-
lives in air and sediments affected by urban and industrial emissions (9 years
in sediments from an urban lake [74], and 3-11 years in urban air [75, 76]).
The overall half-life in the coastal regions was found to be 15 ± 5 years.
Consequently, PCDD/F levels have declined by 81 ± 12% from peak levels to
levels observed in the most recent layers, corresponding to 2009/2010. However,
environmental half-lives have been longer in the open-sea sediments (13-50
years; overall half-life 29 ± 14 years), and there has only been a 38 ± 11%
decline from peak levels. No differences in environmental half-lives between
the Northern and Southern Baltic Sea were detected, and the apparently slow
recovery of the open-sea system shows that more effort is needed to further
reduce levels of PCDD/Fs in the Baltic Sea.
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Table 4.1 – Summary of peak concentrations of PCCD/Fs (unit), peak years, environmental
half-lives (units), and percentage decline from peak year.

station period peak year peak level reduction (%) half-life

Coastal (pg g-1 dw) (years)
C1 1971−2010 1984-1985 3900 94 6

C2 1902−2010 1983-1988 630 31 41

C3 1866−2010 1962-1969 5000 77 20

C4 1969−2008 1980-1984 1400 57 23

C5 1961−2009 1975-1978 1700 75 17

C6 1960−2009 1969-1972 1700 89 11

C7 1925−2009 1966-1969 14000 88 15

C8 1970−2010 1970-1972 47000 84 15

C9 1973−2009 1978-1980 17000 86 12

Mean ± SD 1975 (± 7 years) 81±12 15±5

Offshore

O1 1943−2007 1992-1996 1100 52 13

O2 1941−2008 1984-1986 860 47 22

O3 1956−2008 1992-1995 590 27 32

O4 1971−2002 1985-1987 2700 36 26

O5 1941−2010 2001-2006 1900 39 NA

O6 1921−2007 1982-1987 1200 24 50

Mean ± SD 1991 (± 5 years) 38±11 29±14

NA: not available
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Chapter 5

Sources of PCDD/Fs in the Baltic
Sea

5.1 Historical sources in sediments

5.1.1 Source identification

PCDD/Fs are predominantly produced unintentionally as byproducts of ther-
mal processes (such as MSWI and metal smelter processes) and other processes
(such as pulp and paper bleaching) [15, 30, 71, 77–92]. The relative impor-
tance of these sources varies in different environments. Thus, identifying and
understanding the main sources in a particular environment are important
elements of emission management. In Paper II, historical sources of PCDD/Fs
in the Baltic Sea were investigated using PCDD/F congener patterns (also
known as source fingerprints [93–98]) in sediment cores and the PMF modelling
technique. This modelling technique has previously been applied for tracing
PCDD/F sources in surface sediments from the Baltic Sea [73], surface sedi-
ments from Ichihara Anchorage in northeastern Tokyo Bay, Japan [97], in biota
from Dalian, China [99] and PAHs in sediments from Taihu Lake, China [100].

In the Baltic Sea sediment core study (Paper II), five PCDD/F congener
patterns representing emission sources were extracted, compared with known
source fingerprints, and six sources were identified. These sources are atmo-
spheric background (AB), thermal processes (Thermal), use and production of
tetra-chlorophenol (TCP), use and production of penta-chlorophenol (PCP),

23



CHAPTER 5. SOURCES OF PCDD/FS IN THE BALTIC SEA

hexa-CDD-related sources (HxCDD) and elementary chlorine-related sources
(Chl).

The PCDD/F pattern of AB, which is almost completely dominated by
OCDD [73, 101–103], is generally similar to the PCP pattern (Figure 5.1).
In addition to OCDD, the PCP pattern includes considerable fractions of
1,2,3,4,6,7,8-HpCDF, 1,2,3,4,6,8,9-HpCDF and OCDF [73, 104–106], but the
differences in AB and PCP patterns have been too small for PMF to distinguish
between them. Before being banned in the 1970s, pentachlorophenol technical
products (e.g. Dowicide) had been used in sawmills and forestry industries
for wood preservation [107–109]. Tetrachlorophenol technical products (e.g.
Ky-5) had also been used as wood preservatives [110–113]. PCDD/F con-
tamination from TCP is characteristically dominated by 1,2,3,4,6,7,8-HpCDF,
1,2,3,4,6,8,9-HpCDF and OCDF congeners and low or no contribution from
PCDDs [73,96,114].

The Chl- and HxCDD-related sources are associated with cellulose indus-
tries. The PCDD/F pattern associated with bleaching of pulp using elementary
chlorine is generally dominated by lightly-chlorinated PCDFs [17, 73, 96, 115].
The HxCDD source type pattern can be linked to cellulose industries after
use of chlorine gas was abandoned in the 1980s [73]. Unsurprisingly, thermal
processes (example MSWI, smelters) have also been identified as major his-
torical sources of PCDD/Fs in the Baltic Sea. The associated pattern such as
of has been well documented and is characterized by high ratios of PCDD/Fs
to PCDDs [73, 81, 85, 116, 117]. The source identification process based on the
PCDD/F fingerprints of the sources and marker congeners is discussed in more
detail in Paper II and [73].

5.1.2 Source apportionment

Both absolute and relative impacts of each of the identified sources were stud-
ied. The combined impacts of the two source types linked to atmospheric
emissions, i.e. Thermal and AB/PCP, are and have been most important in
the Southern Baltic Sea (Baltic Proper, Bornholm Basin and Arkona Basin;
O4-O6), where they appear to have contributed >80% of the total amount of
PCDD/Fs (Figure 5.2 red and pink colors). The proximity of the Southern
Baltic Sea to the highly populated regions of Central Europe may explain the
strength of atmospheric sources relative to local sources. Local sources (TCP,
Chl, HxCDD; blue, brown, green) made a much stronger contribution in the

24



CHAPTER 5. SOURCES OF PCDD/FS IN THE BALTIC SEA

Figure 5.1 – Model PCDD/F fingerprints that have been identified and assigned after
comparison to known sources. Data shown are proportions of total PCDD/F concentrations
(0-1).

Northern Baltic Sea (Bothnian Bay and Bothnian Sea; O1-O3), accounting
for on average ca. 50% of the total PCCD/F load, compared to <18% in
the Southern Baltic. Among the local sources, Chl had minimal impacts
(2.0 ± 1.8%) whereas HxCDD had pronounced effects in the Bothnian Bay
(15 ± 12%). Interestingly, TCP appeared to be the strongest source in the
Bothnian Sea (26 ± 14%), where levels of PCDD/Fs in herring and salmon are
occasionally high. This supports a possible link between the local PCDD/F
sources and biota, as contamination of biota is pronounced in the Northern
Baltic Sea [54,118,119].

As discussed in previous sections, PCCD/F patterns at coastal stations
generally reflect the impact of local sources in the vicinity of the sediment
core sampling points (Figure 5.3). For example, the apparent dominance of
Thermal sources at station C3 can be explained by the proximity of a large
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Figure 5.2 – Concentrations (pg g-1 dw) of the five identified source types and residuals in
dated sediment cores from the open sea system of the Baltic Sea.

metal production plant (Rönnskär Smelter) that has been operating since
1930 [120, 121]. PCP sources probably account for most of the dominance of
AB/PCP sources in the Southern Bothnian Sea (specifically at stations C8 and
C9), because AB is unlikely to have contributed strongly to the extremely high
PCDD/F levels (up to 8,100 pg g-1 dw) detected at these sites. Generally, use
of chlorophenol (TCP and PCP) has been the two most important sources of
PCDD/Fs in both coastal and offshore areas of the Bothnian Sea and Bothnian
Bay. In conclusion, the analyses showed that atmospheric emission contributed
most of the PCDD/Fs in the Southern Baltic Sea sediments, whereas local
sources (mainly chlorophenols) have been important in the Northern Baltic
Sea. In Sweden, the use of chlorophenols had been banned for four decades,
and the activity at most of these sites was ceased long before the sampling
period. Thus, detailed assessment of previously contaminated sites is required
to understand their possible links with the contamination of Baltic biota.

26



CHAPTER 5. SOURCES OF PCDD/FS IN THE BALTIC SEA

Figure 5.3 – Concentrations of the identified PCDD/F source types in dated coastal
sediment cores in the Baltic Sea.

5.2 Historical sources of PCCD/Fs in biota

5.2.1 Transformation indices (TI)

As previously mentioned, PCDD/F levels in edible fatty fish from the Baltic
Sea (e.g. herring and salmon) have raised health concerns [39]. Average concen-
trations in Baltic herring caught in the Bothnian Bay, Bothnian Sea and Baltic
Proper during the period 1990-2010 were 38, 95 and 48 WHO

2005

-TEQ pg g-1

lipid weight (lw) respectively [38]. The PCDD/F levels measured in sediments
(section 4.2) suggest that biota should be most strongly contaminated in the
Baltic Proper. However, the contamination is more pronounced in Bothnian
Sea biota, indicating that specific local sources might be tightly linked to
contamination in biota. Hence, in the study reported in Paper III, sources
of PCDD/Fs in biota were examined using data on temporal changes in their
levels in Baltic herring (collected by the Swedish Museum of Natural History
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herring as part of the Swedish Monitoring Program [52, 54]) and the PMF
technique.

Identifying sources of PCDD/Fs in biota using chemical fingerprints of
known sources is challenging. This is mainly due to differences in relative
bioavailability and metabolism among PCDD/F congeners, which result in
changes in their patterns in biota relative to the pattern in the surrounding
environment [122–126]. Hence, direct comparison of PCDD/F patterns in
biota and potential sources is not informative. Thus, to compensate for the
transformations, TI values (Table 5.1) were estimated for the individual 2,3,7,8-
substituted congeners by calculating transformation factors as ratios of con-
centrations in sediments to concentrations in herring using spatially matched
sediment and herring samples [46, 52]. Previously, Hebert and co-workers
applied the TI concept by assuming particulate matters as starting point for
entry into the food web and calculating bioavailability factors from sediment
to fish and biomagnification factors (small fish, i.e. Smelt, to herring) [126].
TI values were then estimated by normalizing the bioavailability factors and
biomagnification factors to the corresponding values of TCDD and multiplying
the two normalized factors together. Similarly, in Paper-III TI values were
then obtained by normalizing the transformation factors (Table 5.1) to that
of TCDD. In addition, to minimize effects of ecological differences between
the sub-basins that may cause variations in behavior of PCDD/Fs [127–129],
specific TI values were estimated for each sub-basin. However, the values for
the Bothnian Bay, Bothnian Sea and Baltic Proper were found to be generally
similar (Table 5.1).

5.2.2 Sources and temporal changes in their impacts

Three model factors representing candidate PCDD/F sources in biota were
extracted by PMF. Then, the expected (corresponding) patterns in sediments
were calculated using TI values (Figure 5.4) and compared to patterns of known
sources to identify likely sources (Figure 5.5). Thermal, TCP and PCP (three of
the five main PCDD/F sources identified as impacting the Baltic system; Paper
II) were identified as important sources for biota. The source apportioned
herring time trend data showed that the relative importance of Thermal sources
in biota has been declining, with half-lives of 8-10 years (Figure 5.6) in all
three of the sub-basins (i.e. Bothnian Bay, Bothnian Sea, and Baltic Proper).
This agrees well with the half-life of decline in atmospheric PCDD/F levels,

28



CHAPTER 5. SOURCES OF PCDD/FS IN THE BALTIC SEA

Table 5.1 – Transformation factors and transformation indices (TI) for indicated PCCD/Fs
in the Bothnian Bay, Bothnian Sea and Baltic Proper.

congener Transformation factors Transformation index

BB BS BP BB BS BP

TF 0.52 0.27 0.08 4.6 2.0 2.2

PF1 0.48 0.31 0.10 4.2 2.2 2.5

PF2 2.3 1.6 0.41 20 12 11

HxF1 0.04 0.04 0.01 0.35 0.29 0.30

HxF2 0.15 0.14 0.03 1.3 1.0 0.86

HxF3 0.12 0.12 0.03 1.1 0.87 0.86

HxF4 0.08 0.05 0.03 0.73 0.38 0.70

HpF1 0.00 0.00 0.00 0.02 0.02 0.03

HpF1 0.03 0.00 0.01 0.22 0.03 0.14

OF 0.00 0.00 0.00 0.02 0.01 0.02

TD 0.11 0.14 0.04 1.00 1.00 1.00

PD 1.1 0.81 0.27 9.9 5.9 7.2

HxD1 0.00 0.00 0.00 0.00 0.00 0.00

HxD2 0.22 0.20 0.05 1.9 1.4 1.3

HxD3 0.02 0.03 0.01 0.20 0.19 0.22

HpD 0.01 0.00 0.00 0.06 0.03 0.04

OD 0.02 0.01 0.00 0.13 0.05 0.06

TF: 2,3,7,8-TCDF. PF1: 1,2,3,7,8-PeCDF. PF2: 2,3,4,7,8-PeCDF. HxF1:

1,2,3,4,7,8-HxCDF. HxF2: 1,2,3,6,7,8-HxCDF. HxF3: 1,2,3,7,8,9-HxCDF. HxF4:

2,3,4,6,7,8-HxCDF. HpF1: 1,2,3,4,6,7,8-HpCDF. HpF2: 1,2,3,4,7,8,9-HpCDF. OF:

OCDF. TD: 2,3,7,8-TCDD. PD: 1,2,3,7,8-PeCDD. HxD1: 1,2,3,4,7,8-HxCDD. HxD2:

1,2,3,6,7,8-HxCDD. HxD3: 1,2,3,7,8,9-HxCDD. HpD: 1,2,3,4,6,7,8-HpCDD. OD:

OCDD.

3-11 years (Paper II), providing good indications that biota are responding in
accordance with the decline in atmospheric levels of PCDD/Fs. However, the
relative importance of TCP and PCP was shown to have been slowly declining
or even increasing, in all sub-basins, except for PCP in the Bothnian Sea
(Figure 5.6). These temporal trends in contributions of TCP and PCP sources
may account for the steady-state or increasing levels of PCDD/Fs in Baltic
herring [38,39].

The observed temporal trends suggest that the contamination of Baltic
biota might be tightly linked to a few local sources. We suggest that source-
specific bioavailability could be a possible explanation for differences in sources’
relative importance to marine biota as the extent of bioavailability depends
mainly on the amount of associated black carbon (BC, soot) in the emission
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Figure 5.4 – Normalized PCDD/F patterns. Left panels show modeled (PMF) congener
patterns of factors 1-3. Middle panels show transformed factors, i.e. expected patterns in
sediments obtained using calculated Transformation Indices. Right panels show source
PCDD/F patterns. These include the sediment thermal pattern from Paper-II; TCP
patterns — TCP pattern 1 from contaminated sediment (Paper II), TCP pattern 2 from
Ky-5 (ca. 80% TCP) [73], and TCP pattern 3 from Ky-5 [130]; and PCP source patterns
— PCP pattern 1 from contaminated soil [105], PCP pattern 2 from contaminated river
sediments [105], PCP pattern 3 from contaminated coastal sediments [105], and PCP
patterns 4 & 5 from commercial PCP [73].

[131–135]. For example, PCCD/Fs from Thermal sources are likely to be more
associated with BC than PCCD/Fs from chlorophenol-related sources. As
described above, in both Sweden and internationally the manufacture and use
of chlorophenols stopped in the early 1980s. Therefore, these findings call for
detailed study on between-source variations in bioavailability of pollutants and
the importance of abandoned contaminated sites for the marine environment.
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Figure 5.5 – PMF Modeled 2,3,7,8-PCDD/F source patterns in sediments reported in Paper
II.

5.3 Atmospheric sources

5.3.1 PCDD/F source regions, congener patterns and seasonality

Long-range atmospheric transport of POPs has played a key role in the global
distribution of pollutants including PCDD/Fs [2, 5, 136, 137]. Consequently,
POPs have been detected in remote and pristine environments. Atmospheric
inputs have also been the leading contributors of PCDD/Fs in certain polluted
environments, including the Baltic Sea [Paper II, [35, 73, 138]]]. Atmospheric
deposition accounted for >80% and ca. 50% of the PCDD/Fs detected in
the Southern and Northern Baltic Sea sediments, respectively (Paper II). The
source regions for atmospheric emissions of PCDD/Fs in Northern Europe have
been previously studied [101,138,139]. Stable back trajectories (as illustrated in
Figure 5.7) can be used to identify the origins of air masses. Areas to the south
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and south-east (Central and Eastern Europe, respectively) have been reported
as the main current source regions for atmospheric PCDD/Fs in the Baltic
Sea [138,139]. This appears to be a shift from the situation three decades ago,
when the main source areas were to the west and south-west [101]. Moreover,
relative contributions of PCDFs to total PCDD/F loads have also increased,
e.g. the PCDF/PCDD ratio has increased from 0.3-1.0 to 1.0-1.4.

The atmospheric levels of PCDD/Fs in Baltic air have been shown to exhibit
marked seasonal variation, with dramatic increases during the winter season
as a result of increased levels of PCDFs [138]. This was also concluded in
Paper IV, with a winter mean concentration of 5.1 fg WHO

2005

-TEQ m-3, and
a summer mean level of 0.26 fg WHO

2005

-TEQ m-3. The winter atmospheric
levels were most pronounced in the SSE-E sector (14 fg WHO

2005

-TEQ m-3).
High levels during winter indicate that domestic heating and production of
power for heating likely are important sources. The PCDD/F patterns of
the four compass sectors (i.e. S, E, N and SW) during winter and summer
seasons are shown in Figure 5.8. The high levels in the air were associated with
an increased fraction of PCDFs, in accordance with the previous study [138],
and this pattern matches Thermal sources previously identified in Paper II. It
thus appears that elevated emissions of PCDD/Fs should be linked to thermal
sources.

5.3.2 The potential to use metals as source markers

PCDD/F congener patterns alone will not help to understand the dioxin sources.
Hence, the potential for using metals as source markers was explored. A
correlation matrix study analysis was conducted, in which all elements and
PCDD/F congeners were included except those that had a high fraction of
missing data (>40% below LOD). The correlation matrixes showed that the
total sum of PCDD/Fs was highly correlated to PCDFs (r>0.86). This shows
that the furans (PCDFs) should receive special attention in the source tracing.
Most of the detected metals were positively correlated with the PCDFs. The
exceptions were Cr (r<0.22, p>0.24), Ni (r<0.55, p>0.01), and V (r<0.59,
p>0.01). Metals that show significant correlation with the PCDFs (average
r is 0.85; p<0.05) included Cd, Co, Cu, Fe, K, Mn, Pb, Sb, and Zn. A
strong correlation between PCDFs and metals indicates a co-emission relation.
However, the metals that correlated well represent a wide range of metals,
which all together do not point at a single source type, not even when focusing
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Figure 5.8 – PCDD/F congener patterns of 2,3,7,8-substituted CDD/Fs in air from S, W,
E and N sectors during summer and winter seasons. A color represents a single sample.

on thermal sources only. A limiting factor for the back-tracking is the lack of
an exhaustive, up-to-date compilation of metal emissions from various emission
sources, not the least from thermal sources. In Table 5.2, some links between
metal and source types have been listed. It has for example been reported that
K, Zn, Pb and Cu are markers for biomass burning [140–143], and Zn and Pb
for non-ferrous smelters [144], while corresponding information for emissions
from coal combustion and municipal solid waste incineration (MSWI) are not
easily accessible.

In conclusion, the introduction of parallel measurements of metals is a
promising complement to seasonal trends and PCDD/F congener pattern anal-
ysis. Several metals were found to be significantly correlated to the PCDFs, the
congeners of interest in the current study. However, the wide range of candidate
metals as source markers for PCDD/F emissions, and the lack of an up-to-
date extensive compilation of source characteristics for metal emission from
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Table 5.2 – A summary of marker metals for various source types.
Marker metals References

Medical Waste Incinerators Hg Wu et. al. 2011 [145]

Ferrous industries Fe, Mn Morawska et. al. 2002 [146]

Vehicle emission Pb Morawska et. al. 2002 [146]

Oil burning V Morawska et. al. 2002 [146]

Biomass burning K Silva et. al. 1999 [143] and Hays et. al. 2005 [141]

Non-ferrous smelters Zn, Pb Liu et. al. 2003 [144]

various sources, limits the use of the metals as source markers in the current
study. Instead, the best leads for back-tracking primary sources of atmospheric
PCDD/Fs in Baltic air are still the seasonal trends and the PCDD/F patterns.
Although Paper IV was not able to pin-point primary PCDD/F sources for
Baltic air, it has demonstrated a new promising approach for source tracing in
air. Extensive PCDD/F-metal data sets (from field measurements) along with
comprehensive, up-to-date data compilations of metal emissions from thermal
sources will increase success potential, as then uncertainties will be lower and
advanced data evaluation tools, such as multivariate statistics, could assist in
revealing underlying patterns.
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Figure 5.9 – Correlations between metals and PCDD/F congeners
in samples during the winter.
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Chapter 6

Conclusions and future work

Despite being one of the most polluted marine systems in the world, we have
limited knowledge of PCDD/F dynamics in the Baltic Sea. It is known that
several factors, such as ongoing direct and indirect releases of PCDD/Fs and
long residence times (due to the slow exchange with open water), contribute to
the accumulation of pollutants in the Baltic Sea. However, several important
questions concerning the main sources of pollutants, the recovery of the Baltic
system (abiotic and biotic), and the optimal emission management practices
for easing the pollution loads require further attention.

Studies on sediment cores, which this thesis is partly based upon, revealed
that PCDD/F concentrations in the Baltic Sea rose to high levels from the
1940s, following sharp rises in anthropogenic emissions. After peaks (in the
1970s and 1990s in coastal and offshore areas, respectively) there have been
remarkable recoveries by the Swedish coast (ca. 80% reductions in levels) but
slower recoveries (ca. 40% reductions) in offshore areas of the Baltic Sea.
Generally, PCDD/F levels are higher in the Southern Baltic Sea than in the
Northern Baltic Sea, indicating possible differences in relative contributions
of sources in different regions of the sea. The results of the studies reported
here show that both diffuse sources (atmospheric background and thermal)
and local sources (use of tetrachlorophenol, pentachlorophenol and elementary
chlorine) have substantially affected the Baltic Sea. Generally, diffuse sources
have impacted the Southern more than the Northern Baltic Sea (accounting
for >80% and ca. 50% of total loads, respectively). The local sources, which
have strong links with the cellulose and forestry industries, have been more
important in the Northern Baltic Sea, especially the Bothnian Sea.
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Source apportionment of PCDD/Fs in Baltic herring showed that, in con-
trast to sediments, only thermal and chlorophenols (use of TCP and PCP)
have been important source types for biota. The impact of thermal sources has
declined at a similar rate (with a half-life of 8-10 years) to the decline observed
in ambient air. However, contributions of TCP- and PCP-related sources have
not been declining (or declining very slowly). Thus, they have contributed
to the observed stability of PCDD/F levels in Baltic biota. Since the use of
chlorophenols began to stop in the early 1980s, detailed studies are required to
understand effects of land contaminated with these substances on the marine
environment.

The possibility of back-tracing atmospheric sources of PCDD/Fs was also
studied, with the main aim to investigate the potential of using metals as
markers of source types as a complement to PCDD/F patterns and seasonal
trends. Several metals were found to be significantly correlated to the PCDFs,
the congeners of interest in the current study. However, the wide range of
candidate metals as source markers for PCDD/F emissions, and the lack of an
up-to-date extensive compilation of source characteristics for metal emission
from various sources, limited the use of the metals as source markers Instead,
the best leads for back-tracking primary sources of atmospheric PCDD/Fs in
Baltic air were still the seasonal trends and the PCDD/F patterns. Although
the air study could not pin-point primary PCDD/F sources for Baltic air, it
demonstrated a new promising approach for source tracing in air.
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