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The Baltic Sea is negatively affected by legacy pollutants such as metals and persistent organic
pollutants (POPs) that are known to have adverse effects on living organisms, including, humans
and were banned decades ago. This thesis addresses the dispersal of these pollutants from
heavily contaminated, cellulose-rich sediments of industrial origin in the Ångermanälven river
estuary in northern Sweden. Relatively thick deposits, known as fiberbanks, in the studied
area derive from historical wastewater emissions from the pulp and paper industry (P&PI)
that began in the 19th century. These fiberbanks formed on shallow seabeds, where they
currently remain. In addition, extensive areas of the deeper seabed are covered by fiber-rich
sediments. The fiberbanks contain higher levels of pollutants than the fiber-rich sediments and
the sediments less affected by P&PI emissions, and the fiberbank concentrations may be of
ecotoxicological concern. Metals and POPs were found to be strongly partitioned to organic
material and partitioning coefficients were higher in fiberbanks that contain elevated levels of
organic matter. Metals and POPs were detectable in sampled pore water, even if low sediment-
water fluxes of metals were expected. Metal contaminant concentrations in sampled bottom
water were measured before and after resuspension of underlying sediments, which showed
that concentrations of particle bound metals dominated over dissolved forms. One out of three
studied fiberbank sites was covered with a natural capping layer that probably shields the water
column from metals in the deposit underneath. Studies of geological archives in the form of
sediment cores show the rise and fall of an anthropogenic industrial era and the recovery of
an aquatic system, but the established chemostratigraphy fails to reveal the current hotspots
(fiberbanks) that will stay for decades to come. The potential impacts of climate change and
isostatic land uplift are factors that complicate the long-term risk assessment of fiberbanks.
These knowledge gaps combined with the lack of a common risk assessment strategy for
contaminated sediments hinder the achievement of national quality objectives (NQOs) and
fulfillment of Agenda 2030 goals. Fiberbanks resulted from an accelerating global demand for
paper products and hence, the issue of these artificial seabed forms is an example of how the
geological epoch of humankind, the Anthropocene, can be viewed in a cross-scalar perspective
and be important in the management of a sustainable future in the Baltic Sea region.
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Yesterday is gone. Tomorrow has not yet come.
We have only today. Let us begin.

 
- Mother Teresa 
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1. Introduction 

The research that forms the basis of this thesis (Papers I-IV) has been socie-
tally driven by environmental concerns raised about old pollutants that, dec-
ades after they were banned, still circulate in the Swedish part of the Baltic 
Sea catchment basin. Sweden has one of the longest coastlines in Europe 
(2400 km) and most of it borders the Baltic Sea, which is one of the largest 
brackish seas in the world. The dense population of around 85 million people 
in this catchment (HELCOM, 2018) combined with long residence times of 
water masses (Matthäus, 2006) has resulted in the presence of large quantities 
of pollutants in the basins of the Baltic Sea. In the most recent holistic assess-
ment from the Baltic Marine Environment Protection Commission (HEL-
COM, 2018) it is stated that none of the Baltic Sea sub-basins are considered 
healthy. This poor condition is especially true for hazardous substances and 
the contamination status is elevated compared to natural conditions in all parts 
of the Baltic Sea (HELCOM, 2018). Even though measures and strategies to 
reduce the loads of pollutants into the sea have been applied throughout the 
years, biota and sediments in all parts of the Baltic Sea are still affected by 
hazardous substances (as shown by, e.g., Assefa et al., 2019, 2018; Bignert et 
al., 2007; Miller et al., 2013; Nyberg et al., 2015; Sobek et al., 2015, 2014; 
Sundqvist and Wiberg, 2013; Sundqvist et al., 2009).  

Of the three metals assessed by HELCOM, mercury (Hg), lead (Pb) and 
cadmium (Cd), Pb and Cd achieve a good environmental status only in the 
offshore Bothnian Sea, whereas Hg only achieves a good environmental status 
south of Scania (Swedish name - Skåne). However, when assessing the coastal 
environment in the Bothnian Sea, the degree of Pb pollution means that a good 
environmental status is not reached (HELCOM, 2018). Persistent organic pol-
lutants (POPs) listed under the Stockholm Convention (UNEP, 2008) are hy-
drophobic, bioaccumulative and toxic, and can cause adverse effects on hu-
mans and animals. In spite of earlier bans there are indications that POPs be-
longing to the organochlorine group, such as dichlorodiphenyltrichloro-
ethane (DDT) and polychlorinated biphenyls (PCBs) and their 
transformation products, still contribute to disturbed reproduction among in-
dicator species, such as the White-tailed sea eagle (Bignert and Helander, 
2015; Helander et al., 2002; HELCOM, 2018). In addition, the Baltic herring 
still demonstrates elevated concentrations of polychlorinated dibenzo-p-diox-
ins and polychlorinated dibenzofurans (PCDD/Fs) in its fatty tissue although 
the levels of these substances in air and other environmental compartments 
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are declining (Assefa et al., 2018b; Bignert et al., 2007; Miller et al., 2014, 
2013). The levels of PCDD/Fs in a large portion of the fish caught in the Baltic 
Sea fail to comply to EU regulation EC No 1881/2006 and thus, cannot be 
marketed within EU. However, Sweden has a dispensation that the fish can be 
sold on the domestic market, with the recommendation from the Swedish Food 
Agency that young people and women of fertile age eat fatty Baltic Sea fish 
no more than 2-3 times a year. 

In addition to atmospheric sources, recent studies by Assefa et al. (2019) 
and Sobek et al. (2014) point towards the importance of contaminated sedi-
ments when assessing the origins of contaminants in fatty fish. The contami-
nants DDT, PCBs and some heavy metals are considered legacy pollutants, 
i.e. a result of past use (EEA (European Environment Agency), 2011; ESF, 
2011). Offshore environmental monitoring of chemicals shows that even 
though decades have passed since the banning or restriction of the use of these 
contaminants in mainly the 1960s and 1970s, they still exist in the system and 
occur in high concentrations in recently settled sediments of the Baltic Sea 
(Apler and Josefsson, 2016).  

The catchment area of the Baltic Sea consists of forests to an extent of ap-
proximately 54% (HELCOM, 2007) and these belong to the boreal forest belt 
that supports a prominent forest industry in Canada, the United States, Russia, 
Finland and Sweden. Forestry and related industries are closely linked to the 
history of the boreal countries, in which they have played an important eco-
nomic and socio-economic role throughout the 20th century and still do in the 
21st century (Bogdanski, 2014; Kivimaa et al., 2008). Within forestry, the 
global pulp and paper industry (P&PI) is one of the largest industries in the 
world (Suhr et al., 2015). However, before 1970, the economic and social cli-
mate of the western world favored rapid growth with minimal regard for con-
servation practices (World Bank, 1980). Hence, while providing jobs and eco-
nomic welfare, the industry has also placed a heavy burden on the environ-
ment throughout the years.  

In Sweden, the P&PI history goes back to the 17th century and is strongly 
interlinked with economic prosperity (Järvinen et al., 2012; Jerkeman and 
Norrström, 2018; Kivimaa et al., 2008). Hundreds of pulp and paper mills 
have operated within Sweden, with the highest density in the north of the 
country where forests are abundant and water courses for transport, power 
generation and cooling are plentiful. Due to increased industrial effectiveness  
and the transition to larger, integrated pulp and paper mills, the smaller mills 
were decommissioned in the 1960s and 1970s (Järvinen et al., 2012). Today, 
the old, abandoned P&PI factories remain as contaminated sites in the country 
(Fig. 1). In the 1990s, the Swedish Environmental Protection Agency (Swe-
dish EPA) started defining and developing management strategies for remedi-
ation of contaminated land areas and the sites of old pulp mills were priori-
tized. In this process, the P&PI was assigned the highest grade of contamina-
tion, risk class 1, together with e.g., the chemical industry, wood impregnation 
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factories and glassworks. Contaminated land sites were prioritized, whereas 
only a handful of contaminated sediment sites have been remediated.  

Between 2010 and 2016, the Geological Survey of Sweden (SGU) con-
ducted inventories of the seabed along the northern coastal areas and some 
lake floors with the primary goal to map accumulations of fibers deriving from 
old P&PI emissions (Apler et al., 2014; Larsson et al., 2017; Norrlin et al., 
2016). The inventories were commissioned by the northern county adminis-
trative boards with funding from the Swedish Environmental Protection 
Agency EPA (Swedish EPA) and the Swedish Agency for Water and Marine 
Management (SWaM). The inventories revealed that 28 sites, estimated to 
cover an approximate total area of over 29 km2, are covered by contaminated, 
fibrous sediments. Of this area, around 2.5 km2 are covered by deposits that 
consist almost solely of cellulose fibers (fiberbanks) (Norrlin and Josefsson, 
2017). The fiber impacted sediments were found to contain elevated levels of 
legacy pollutants such as PCBs, DDTs and the heavy metals Hg, Pb and Cd. 
The seabed surveys carried out as part of the inventories also revealed evi-
dence of resuspension of the fiberbanks caused by submarine landslides, sed-
iment gas formation and propeller wash. There are also signs of fiberbank ero-
sion caused by river water discharge (Norrlin et al., 2016). The combined re-
sults obtained from these projects revealed a gap in our knowledge of sources 
of legacy pollutants to the Bothnian Sea and Bothnian Bay, and in broader 
perspective, the Baltic Sea. It was concluded that there is a need for more 
knowledge on the processes governing the dispersal of these pollutants from 
contaminated fibrous sediments to surrounding aquatic environments (Apler 
et al., 2014). This knowledge is needed in order to manage the pollution and 
fulfill national quality objectives (NQOs) and the international sustainable de-
velopment goals (SDGs) of Agenda 2030 (UN DESA, 2019). 
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Figure 1. There are 384 land sites that are known to be contaminated by the P&PI in-
dustry including fiberboard and plywood mills (data from EBH-stödet). 43 fiber-
banks were identified during the inventory projects conducted by SGU between 
2010 and 2016.  
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2. Research questions and objectives 

Environmental pollution associated with the P&PI has been well studied 
throughout the years and the presence of what are now called fiberbanks has 
been known for over a century (Jerkeman and Norrström, 2018). However, 
very little is known about the fate of the old, legacy pollutants that exist in 
elevated concentrations in surface sediment, water and biota (Fig. 2) and few, 
if any, studies have determined if contaminants in fibrous sediments and fi-
berbanks disperse and contribute to the ongoing pollution. Elevated total con-
taminant levels in sediments do not necessarily equate to sediment toxicity 
(Frogner-Kockum et al., 2020; Luoma and Rainbow, 2008; US EPA, 2000). 
Bioaccumulation is a function of the bioavailability of pollutants in combina-
tion with species-specific uptake and elimination processes (US EPA, 2000). 
There are two basic routes for exposure of benthic organisms to contaminants 
in sediments: transport of dissolved contaminant species across biological 
membranes, and ingestion of contaminated food or sediment particles with 
subsequent transport in an organism’s gut. The research undertaken in this 
thesis was designed to fill crucial knowledge gaps concerned with how con-
taminated fiberbanks may affect the neighboring environment. Specifically, 
the dispersal of metals and POPs in particle- and dissolved forms, from the 
contaminated sediments to the adjacent aquatic system. The research was 
guided by the following objectives:  

 
1. How levels of investigated metals and POPs vary between sediment types 

(fiberbanks, fiber-rich sediments and natural postglacial clays) and to 
what degree they deviate from national background concentrations and 
available ecotoxicological thresholds for sediments (Papers I, II and III)  

2. The partitioning of contaminants between the solid phase and the pore 
water in sediment (Paper I and II).  

3. The extent to which metals, in dissolved form and particle bound, are dis-
persed from undisturbed sediment to bottom water compared to dispersion 
as a result of resuspension of the sediment (Paper I) 

4. How metal concentrations differ between older, deeper layers in fiber-
banks compared to more recently settled surficial layers (Paper III). 

5. How the aquatic system (a brackish estuary) in which the fiberbanks are 
located has been influenced by metal emission (Paper III) 

6. How fiberbanks in the northern Baltic Sea can be put into the Anthropo-
cene perspective (Paper IV). 
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Since the characteristics of a fiberbank depend on the type of manufacturing 
process that emitted the suspended solids (SS), four different fiberbanks sites 
deriving from the three common types of pulp mills: sulfate (kraft), sulfite and 
mechanical were investigated and compared. The different manufacturing 
processes are described in section 3.1.  

 

 
Figure 2. An illustration of the location of fiberbanks and associated sediments and 
contaminant dispersal pathways. The thesis evaluates the degree of dispersion from 
sediment to water and further out to accumulation sites within the aquatic system. 
Diffusive dispersal and dispersal from sediment resuspension have been included in 
the research. Illustration: SGU, 2015.  
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3. Background  

3.1. The pulp and paper industry 
The conversion of the forest’s natural resource (wood) into paper and paper 
products is an established process that has been refined over thousands of 
years to fit prevailing needs. Today, this industry is highly diversified in terms 
of products, raw material, quality of products, distribution channels and end 
users (Bajpai, 2015). The advancement in digital technology has resulted in 
decreased demand for newsprint, writing and printing paper in the United 
States and Western Europe with annual drops of 2.4% during the period 2010 
to 2017 and 3.9% in 2018, but production of other paper grades continues to 
rise because of increased demand in fast growing economies, such as China 
and other Asian countries (Bajpai, 2015; IEA Paris, 2020) (Fig. 3). Today, 
China has the world’s largest pulp and paper production after its production a 
few years into the new millennia overtook that of the United States, which had 
been world leading for many years. Consumption is expected to follow the 
economic growth in Asian countries and meet the demand of a fast growing 
urban population, which uses sanitation products such as toilet paper, tissues, 
hand towels and cleaning wipes (Bajpai, 2015). These developments of a 
lower demand for printing paper and an increased consumption of sanitary and 
packaging products are expected to continue until 2030 (IEA Paris, 2020).  
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Figure 3. Wood pulp and paper production on a world basis and the three largest 
producing regions in the world. The wood pulp and paper production has increased 
on a world-wide basis but note that Asia has taken over as the top regional producer 
of pulp and paper and that there has been a decline in North America (Source: 
FAOSTAT, 2020).  

The boreal forest belt supports a prominent P&PI industry in North Amer-
ica, Europe and Asia, i.e., in Canada, the United States, Russia, Finland and 
Sweden. Forestry and related industries are closely linked to the history of the 
boreal countries, in which they have played an important role for prosperity 
since AD 1800 (Bogdanski, 2014; Kivimaa et al., 2008). However, before the 
beginning of the 1970s, rapid growth of the industry was combined with neg-
ligible regard for conservation practices and, therefore, mills founded before 
about 1970 operated in a different way compared to the mills built afterwards 
(World Bank, 1980). In the earlier times, the raw material, wood, was cheap 
and plentiful, and energy and chemicals were inexpensive and used lavishly. 
This style of manufacturing led to immense pollution problems, with water 
pollution the most difficult problem to solve (World Bank, 1980). Hence, 
while providing employment and economic welfare, the industry has also 
placed a heavy burden on the environment. 

Pulp is manufactured according to different processes that determine dif-
ferent desired paper qualities and characteristics. The different pulp processes 
have also contributed in different ways to environmental degradation depend-
ing on the types of chemicals used in manufacturing steps, such as cooking 
and preservation.  
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3.2. Pulp manufacturing processes 
Wood, the major raw material used in the pulp and paper industry, is com-
posed of cellulose fibers, carbohydrates such as starch and sugars (e.g. hemi-
cellulose), as well as lignin that acts as an adhesive between the fibers 
(Thompson et al., 2001). At the pulping stage the processed wood material is 
turned into pulp. The bonds between fibers are broken mechanically or chem-
ically or by a combination of the two (Suhr et al., 2015). The pulping stage 
removes most of the dissolved organic material, such as lignin and hemicellu-
lose, from the material and turns it into a cellulose-rich pulp (Ali and 
Sreekrishnan, 2001). Pulping is the largest source of pollution in the whole 
process of papermaking and large amounts of wastewater are produced during 
the different stages (Pokhrel and Viraraghavan, 2004). There are four main 
ways to produce pulp: 

3.2.1. Mechanical pulping  
In the mechanical pulping process the raw material is split and the uncovered 
fibers are physically machined. The yield from the raw material for pure me-
chanical pulps is as high as 100% (SkogsSverige, 2020). This mechanical pro-
cess is very energy consuming, but no chemicals are added to the pulp. The 
quality of this type of pulp is of low: it is highly colored and consists of short 
cellulose fibers (Pokhrel and Viraraghavan, 2004). Paper products derived 
from this pulp include newsprint, cardboard and journal paper (Swedish Forest 
Industries, 2020a).  

3.2.2. Chemical pulping  
Chemical pulping degrades wood by dissolving the lignin that binds the cel-
lulose fibers together. When pulp is produced by chemical procedures the 
wood chips are boiled together with assorted chemicals at high temperature 
and pressure to split the chips into the required fibrous mass. Pulps produced 
chemically are usually turned into high-quality products. Chemical pulping is 
divided into two different methods:  
 Kraft process (sulfate process): The kraft process is the most common 

process used today and accounts for approximately 80% of the world’s 
pulp production (Pokhrel and Viraraghavan, 2004; Suhr et al., 2015). The 
process is widely used due to its selective attack on wood constituents, 
which make the pulp notably stronger than pulps derived from other pro-
cesses. The kraft process is also considerably more flexible since it can be 
applied to many different types of raw material and can manage contami-
nants frequently found in wood, e.g., resin acids. The pulp is produced 
through boiling/digesting the wood chips in an aqueous chemical solution 
at elevated temperatures and pressures. The kraft process uses a sodium-
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based alkaline pulping solution (liquor) consisting of sodium hydroxide 
(NaOH) and sodium sulfide (Na2S) in a 10% solution. This liquor - called 
white liquor - is mixed with the wood chips in a reaction vessel (digester). 
The products of this step are pulp mass and a liquid (referred to as black 
liquor), which contains the dissolved lignin in a solution of reacted and 
unreacted chemicals. The handling of black liquor with a high sulfur con-
tent may release sulfur-containing gases into the air (Suhr et al., 2015). 
These strong malodorous gases are a characteristic of kraft pulp mills and 
can have an unpleasant effect on the surrounding atmosphere. Today, the 
black liquor is recovered in order to i) treat the liquor to recover pulping 
chemicals, ii) use the organic non-cellulose material to generate energy 
for the mill, and iii) recycle process water (Harris et al., 2008). In older 
processes, the recovery of the black liquor was limited and some amounts 
were discharged with wastewater (Jerkeman and Norrström, 2018). In this 
thesis, the fiberbanks of Sandviken and Väja derive from kraft pulp mills. 

 Sulfite process: The sulfite process has steadily decreased in application 
and today only 10 % of world pulp production is obtained by this method 
(Suhr et al., 2015). This process is suitable for softwood. Sulfite pulps 
have less color than kraft pulp and are thus bleached more easily but are 
not as strong. The sulfite process is dependent on the wood material and 
the absence of bark and for these reasons the sulfite process has declined 
over time in favor of kraft pulp (Suhr et al., 2015; US EPA, 1995). To 
degrade the lignin bonds between the wood fibers a mixed solution of sul-
furous acid (H2SO3) and bisulfite ions (HSO3

-) is used during the boiling 
stage (Pokhrel and Viraraghavan, 2004; US EPA, 1995). The fiberbank at 
the Kramfors site included in this thesis derives from this type of process.  

3.2.3. Chemo-mechanical pulping 
In this method the raw material is initially treated chemically and then sub-
jected to mechanical treatment to separate the fibers. The strength of the pulp 
is generally better than the pulp derived from purely mechanical techniques 
(Pokhrel and Viraraghavan, 2004). None of the fiberbanks investigated in this 
thesis derive from this process.  

3.3. The pulp and paper industry in Sweden 
The Swedish P&PI history goes back to the 17th century and is strongly inter-
linked to the economic prosperity of the country (Järvinen et al., 2012; 
Jerkeman and Norrström, 2018; Kivimaa et al., 2008). In the beginning of the 
17th century, Sweden was engaged in wars that limited the import of paper 
goods and driven by national demand, the first successful paper mill produc-
ing hand-made paper was founded in Uppsala in 1612 (Jerkeman and 
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Norrström, 2018). In the beginning of the Swedish P&PI history, rag made of 
flax or cotton was the raw material for Swedish paper and paper making ex-
isted as a small-scale, local craftmanship until the beginning of the 19th cen-
tury. The industrialization of the country during the 19th century laid out the 
foundation of modern Sweden and contributed to large shifts in society, econ-
omy and politics. This period was crucial for P&PI industry because wood 
became the vital raw material and Sweden, with its extensive forests, became 
leading in the technological development within this sector, particularly when 
it came to wood pulp manufacturing (Järvinen et al., 2012). The period from 
the end of the 19th century and until World War I can be referred to as the 
“golden age” of the Swedish P&PI because of technological progress, the 
transgression to wood as the vital raw material and considerable economic 
growth in Western Europe. Just before the start of World War I, Sweden be-
came the largest exporter of pulp in the world (Järvinen et al., 2012). Many of 
the newly funded mills were located along the Swedish northern coastline, 
where there was an abundance of wood (also used for power generation) and 
water for manufacturing processes and transport. Although Sweden did not 
actively participate in World War II, the industry, including the P&PI, suffered 
from it with a collapse in exports as a result. The P&PI managed to recover 
from this crisis and the period between the 1950s and 1970s became an era of 
considerable growth due to an increased world economy accompanied by in-
creased demand for paper and other goods, following the “Great Acceleration” 
(Steffen et al., 2015). However, during the same period an awareness of the 
finite resources needed for pulp and paper making and pollution related to 
manufacturing started to grow. This awareness initiated heavy investments in 
environmentally friendly technology at the end of the 1960s. During the 
1970s, the industry continued to develop into more large-scale integrated pulp 
and paper production and the re-cycling of paper was introduced (Lundmark, 
2002). The industry has remained fairly stable since the 1980s, even though 
some paper products have become outdated and replaced with new ones. In 
2019, the Swedish forest industry accounted for 9-12% (including employ-
ment, export, overturn and value added) of Swedish net export value and pulp 
and paper production constitutes the majority of this export (Swedish Forest 
Industries, 2020b).  

The over 100-year history of the Swedish P&PI history is characterized by 
rapid increases in production levels, great improvements in technology and 
use of natural resources. At the same time, the early expansion of the industry 
in the early 20th century, combined with the lack of antipollution measures, 
negatively affected the natural environment (Jerkeman and Norrström, 2018; 
Kivimaa et al., 2008). Deteriorated water quality, foul air emissions, exploita-
tion of the natural resources and inefficient energy use related to pulp produc-
tion received much attention in Sweden in the second half of the 20th century 
(Jerkeman and Norrström, 2018; Kivimaa et al., 2008). The national P&PI 
emissions reached their maximum during the 1960s but started to regress 
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shortly after that due to antipollution measures and the closure of many small, 
technologically outdated sulfite mills. For instance, in 1957 there were around 
60 operating sulfite mills in Sweden and in 1980, there were only 14 left 
(Jerkeman and Norrström, 2018). In 1969, the first comprehensive environ-
mental legislation came into force in Sweden with the aim to encourage in-
dustry practitioners to take necessary measures to prevent environmental in-
conveniences. As part of this legislation, every mill had to obtain a court order 
to carry out an environmentally hazardous activity (Jerkeman and Norrström, 
2018). This procedure led to today’s praxis where the Swedish Environmental 
Court issues permits for the industry, regulating emission amounts and other 
rules of conduct.  

Before the introduction of the environmental legislation and the shift in 
planning of pulp producing mills, wastewater from manufacturing processes 
was released untreated into receiving waters and pollutants were expected to 
“disappear” by dissolution and natural degradation. Waste products were also 
inconveniently stored and handled within the industrial facilities, which led to 
pollution of land masses (Swedish EPA, 1999a). In the 1990s, when the Swe-
dish EPA started to define and develop strategies for contaminated land, the 
P&PI sites were prioritized as class 1 contamination. However, among the 
approximately 384 land areas contaminated by the P&PI (Fig. 1) only a few 
have been investigated with respect to adjacent receiving waters and, there-
fore, there is a knowledge gap on the occurrence and distribution of older, 
contaminated solid waste in the aquatic environment. The solid waste in these 
old discharges can be characterized according to a number of environmental 
parameters and effects: biochemical oxygen demand (BOD), SS, pH changes, 
toxicity, taste, odor, fish-flesh-tainting, color, dissolved solids, eutrophication, 
foam and scum, slime growth, thermal effects, metals and POPs (Pearson, 
1980; Suhr et al., 2015; World Bank, 1980). In this thesis, the focus has been 
on suspended, organic-rich solids and the associated content of a selection of 
polluting metals and POPs. 

3.4. Fibrous sediments and contaminants 
Fibrous sediments are the by-product of decades of losses of SS, which can 
also be termed non-filterable residue that includes both settleable and non-
settleable matter. The SS consisted of bark and wood fibers that originate from 
pulp and paper manufacturing or debarking processes. The main component 
of the fibers is cellulose and according to World Bank (1980), about 30 kg of 
SS were released per ton of produced unbleached kraft pulp in the older mills, 
compared to about 10 kg from mills with pollution control. The corresponding 
number for older mechanical pulp mills was 20 kg SS per ton pulp. These 
numbers agree with Finnish assessments released a few years later (Virkola 
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and Honkanen, 1985). Swedish estimates have shown that approximately be-
tween 10 and 20% of the produced pulp was lost and transported in wastewater 
(Jerkeman and Norrström, 2018; Norrström, 2015), i.e., a higher estimate than 
the evaluations made by the World Bank and the Finnish research team. Until 
around 1965, the sulfite mills contributed to 80 to 90% of the emissions of SS 
whereas the production of pulp from these mills only accounted for 40 to 50% 
(Jerkeman and Norrström, 2018).  When discharged, the fibers settled to the 
bottom of the aquatic recipient and accumulated close to the discharge drain-
pipe or remained in suspension and were transported further away from the 
mill until settlement (Apler et al., 2014; Poole et al., 1977; World Bank, 1980). 
SGU defined two different categories of fibrous sediments were defined in 
their 2010-2016 inventories: fiberbanks and fiber-rich sediments. 

3.4.1. Fiberbanks 
Fiberbanks are characterized by massive deposits of cellulose fibers and/or 
wooden residues with high bulk concentrations of water and organic matter 
(Apler et al., 2014). The fiberbanks mapped by SGU vary in size from around 
1000 m2 up to 0.5 km2 and the thickness of the deposits often exceed 6 m. 
They are also found in shallow waters and as a result the areal distribution of 
the fiberbanks is often underestimated due to the limitations of the hydroa-
coustic methods used to map them (Apler et al., 2014). The high content of 
organic matter results in anoxia because of the high oxygen demand in con-
nection to mineralization processes. This phenomenon of anoxia was reported 
by different authors decades ago (Pearson, 1980; Poole et al., 1977a; World 
Bank, 1980). The anoxic conditions leads to the formation of gas(es) in the 
sediment due to complex degradation and fermentation processes that are in-
volved in the decomposition of organic matter (Leschine, 1995; Pearson, 
1980). Gas release from fiberbanks has been observed in multiple locations in 
Sweden (Apler et al., 2014; Norrlin et al., 2016) as well as in sediments outside 
a pulp mill in the S:t Lawrence river in Canada (Biberhofer and Rukavina, 
2002; Delongchamp et al., 2010). These gases seep through pockmarks that 
have been observed at the surface of the fiberbanks and are released into the 
overlying water (Fig. 4A and B). Gas ebullition is thought to be one dispersal 
pathway because it causes particles from the sediment to resuspend into the 
overlying water.  

The emissions of SS from the P&PI ceased about half a century ago, but 
the earlier deposited fibers are still present as fiberbanks. There are no estima-
tions of the timespan over which fiberbanks will decompose, but according to 
Pearson (1980 and references therein), the rate at which the fibers are de-
graded relies on different factors such as:  
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 Degree of processing of fiber. Processed fibers degrade more rapidly than 
unprocessed fibers. For instance, bleached fibers are more readily decom-
posed than unbleached and lignin-rich material from mechanical pulping 
were hardly degraded at all after six months. 

 The fiber contents. Under experimental conditions, fibers in a deposit that 
contain a higher level of fibers degrade faster.  

Based on this information, it could be deduced that fiberbanks outside indus-
trial plants where bleaching has been performed will decompose faster than 
the ones outside mills where no bleaching has been adopted, and that massive 
deposits will degrade faster than the more diluted ones. 

The anoxic conditions in fiberbanks result in sulfate reduction during deg-
radation of fibers (Pearson, 1980; Poole et al., 1977a). The sulfide produced 
in this process may be re-oxygenated by the filamentous bacteria of the genus 
Beggiatoa. These bacteria require a steady supply of both sulfides and oxygen 
to thrive and the Beggiatoa form white microbial mats in the sediment-water 
interface at locations where the sediment is anoxic and the overlying water is 
oxygenated (Jørgensen, 1977). Due to the anoxic conditions required for Beg-
giatoa, these microbial mats have often been observed on the surfaces of fi-
berbanks (Fig. 4B).  
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Figure 4. The anoxic conditions are favorable for formation of gas that is released 
from the sediments through gas seeps. These seeps are seen as holes (pockmarks) in 
the surface structure. The filamentous sulfide oxidizing bacteria Beggiatoa spp. is 
visible as a surficial white microbial mat. This photograph was taken at the Väja site 
and  is reprinted from Apler (2018).  
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Fiberbanks have also been shown to derive from board producing facilities 
(Norrlin et al., 2016; Norrlin and Josefsson, 2017). However, fiberbanks com-
posed of this type of SS are not included in this thesis, only the banks formed 
from pulp producing facilities are.  

3.4.2. Fiber-rich sediments 
The term fiber-rich sediment is used to describe naturally deposited, fine-
grained and predominantly minerogenic (clastic) sediments mixed with cellu-
lose or wooden fibers from pulp production. These sediments are believed to 
form when SS from original emissions or from an adjacent fiberbank are trans-
ported and settle in an accumulation area where they are mixed (in the water 
column or by post-depositional processes) with the natural sediment (Apler et 
al., 2014). Sediment containing high contents of organic matter tend to appear 
like black, gel-like sediments in fiberbank areas (Norrlin et al., 2016) but there 
has been no attempt to objectively differentiate between sources of organic 
matter. In Paper III, an attempt was made to distinguish between natural (la-
custrine) organic matter and terrestrial organic matter deriving from the P&PI 
(Apler et al., 2020).  

3.4.3. Metal pollutants 
Fiberbank inventories show that they contain elevated levels of heavy metals 
compared to reference stations. With the exception of Hg that was used as a 
slimicide in the manufacturing of pulp, metals are not a common component 
in pulp and paper production. However, effluents from a typical pulp mill con-
tain heavy metals such as Pb, Cd, chromium (Cr), copper (Cu), nickel (Ni) and 
zinc (Zn). Kraft (sulfate) pulp mill wastewater contains calcium oxide (CaO), 
calcium carbonate (CaCO3), potassium salts and barium (Ba) (Monte et al., 
2009; Suhr et al., 2015; Clark P Svrcek and Smith, 2003). Analyses of ash 
from a Finnish P&PI also showed the presence of trace quantities of the same 
metals including the metalloid arsenic (As) (Kähkönen et al., 1998). The 
amount of metals emitted depends on the processes involved: for instance, 
bleached pulp discharges are richer in metals than unbleached pulp emissions 
(Suhr et al., 2015) because the wood chips are cooked in an acidic solution 
that promotes leaching of metals from the wood. Historically, heavy metals 
have also been associated with pyrite ash in former sulfite pulp production 
(Jerkeman and Norrström, 2018). Pyrite ash is a by-product of the roasting of 
pyrite ores in order to obtain sulfuric acid for the production of sulfite pulp. 
Due to the roasting process, this by-product contains mainly iron oxides, but 
also As, Cu, Hg, Zn, Ni, Pb, gold (Au), silver (Ag) and cobalt (Co) (Jerkeman 
and Norrström, 2018; Nordbäck et al., 2004; Tugrul et al., 2007, 2003). It has 
been estimated by the Swedish EPA that the roasting of pyrite resulted in 110 
tons of atmospheric emissions of Hg and around 40 tons of the same metals in 
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water discharges between 1890 and 1980. The discharge maximum was found 
to be around 1950 when 3 tons were emitted  (Jerkeman and Norrström, 2018). 
Mercury has also unintentionally been introduced into the environment by the 
P&PI. For instance, Hg was used as a catalyst in the chlor-alkali process that 
produced chlorine gas for bleaching (Delongchamp et al., 2010; Lindqvist et 
al., 1991; Sunderland and Chmura, 2000; UNEP, 2013; Wiederhold et al., 
2015), as a slimicide to prevent biofouling in process tubes (Jerkeman and 
Norrström, 2018; Lindqvist et al., 1991; Sunderland and Chmura, 2000; 
Wiederhold et al., 2015) and to limit biodegradation of the pulp fibers 
(Jerkeman and Norrström, 2018; Pearson, 1980; Skyllberg et al., 2007). In 
total, approximately 500 tons of Hg were released from the P&PI into the en-
vironment up until 1967 when this metal was banned from being used as part 
of manufacturing processes in Sweden (Jerkeman and Norrström, 2018). Re-
search funded by the Swedish Forest Industries Federation in the 1990s has 
estimated the amount of metals released into the Baltic Sea by the P&PI to be 
approximately 95 tons per year of Zn, 0.6 tons of Cd, 7 tons of Cu and 4 tons 
of Pb. These numbers equal 7%, 21%, 3% and 9% respectively of the total 
amount of each metal released from Swedish industries during these years 
(Enell, 1996; Enell and Haglind, 1994). The present day source of metals in 
P&PI wastewater is the wood raw material itself and hence, discharges of trace 
amounts of metals are difficult to avoid (Suhr et al., 2015).  

3.4.4. Persistent organic pollutants (POPs) 
Most POPs associated with the P&PI are chlorinated compounds. During the 
inventories of fiberbanks conducted by SGU, elevated levels of almost all an-
alyzed chlorinated compounds were detected (Apler et al., 2014; Norrlin et 
al., 2016).	Some of the measured substances derive directly from the pulp mill 
(in e.g. bleach plant effluents) whereas others may come from the processing 
of wood or from old forestry practices (e.g. Apler et al., 2014; Bajpai, 2013; 
Hall, 2003; Owens, 1991; Svrcek and Smith, 2003). Organochlorides such as 
PCDD/Fs, hexachlorobenzene (HCB) and chlorinated pesticides are usually 
included in the parameter absorbable organic halides (AOX) and can all be 
associated to the P&PI. The AOX substances are of environmental importance 
since they persist in nature for long periods of time and have negative impacts 
on living organisms (Bignert and Helander, 2015; Helander et al., 2002; Helle 
et al., 1990; Jensen, 1972; Letcher et al., 2000). Due to their toxicity, these 
substances have been the focus of environmental research over the past few 
decades (Bajpai, 2001; Virkola and Honkanen, 1985).	The PCDD/Fs is a well-
known and studied group of substances that are highly toxic to aquatic organ-
isms. Within the P&PI this group can be linked to bleach plant effluents (e.g. 
Rappe et al., 1990) , and HCB can also be unintentionally formed in the same 
processes as the PCDD/F.  
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Another group of compounds that has been studied to a lesser extent in 
relation to the P&PI is the PCBs. PCBs were not actively used in the manu-
facturing of pulp and paper but have been found in high concentrations in fi-
brous sediments in the vicinity of pulp mills (Apler et al., 2014; Gullbring et 
al., 1998; Gullbring and Hammar, 1993; Norrlin et al., 2016).  PCBs have been 
linked to sludge that is a by-product of de-inking of recycled paper, including 
PCB containing carbonless self-copying paper (Kuratsune and Masuda, 
1972), a process employed in many mills (Erickson and Kaley, 2011; Suhr et 
al., 2015). PCBs can also derive from equipment used at the mills, as large 
quantities of these compounds were present in electrical equipment such as 
transformers and capacitors. The pesticide compound DDT was widely used 
within the forest industry for decades in the middle of the last century, primar-
ily to prevent infestation of the wood living beetle Hylobius abetis (Stoakley, 
1968). Although DDT and its transformation products have not been actively 
used in pulp and paper manufacturing, all DDT related substances have been 
found in elevated concentrations in fibrous sediments associated with active 
and decommissioned mills (Apler et al., 2014; Norrlin et al., 2016) + (Paper 
II).  

3.4.5. Investigated contaminants 
The selection of contaminants, both metals and POPs, were chosen because 
they have can be associated to the P&PI and occur in elevated concentrations 
in fiberbanks. The metals and semi-metals included in the studies of this thesis 
are As, Cd, Co, Cr, Cu, Hg, Ni, Pb and Zn. These metals are of environmental 
concern and found in elevated levels in fibrous sediments in Sweden (Apler et 
al., 2014; Norrlin et al., 2016; Norrlin and Josefsson, 2017; Regnell et al., 
2014). They have also been of concern in studies of fibrous sediments in Swit-
zerland (Kienle et al., 2013), Finland (Kähkönen et al., 1998) and Canada 
(Hoffman et al., 2017). The targeted POPs included in the studies of this thesis 
are PCBs, DDTs and their transformation products and HCB (Apler et al., 
2014; Gullbring et al., 1998; Gullbring and Hammar, 1993; Norrlin et al., 
2016; Norrlin and Josefsson, 2017). The PCB group includes twenty conge-
ners: four planar (CB- 77, -81, -126, -169), eight co-planar (CB-105, -114, -
118, -123, -156, -157, -167, -189) and eight non-planar (CB- 28, -52, -101, -
138, -153, -170, -180, - 209) congeners. The sum of the analyzed twenty PCBs 
is abbreviated Ʃ20PCBs and the sum of the seven indicator PCBs (CB-28, -
52, -101, -118, -138, -153, -180) is abbreviated Ʃ7PCBs. The DDTs (o,p’-
DDT and p,p’-DDT) and the trans-formation products dichlorodiphenyldi-
chloroethylene (DDE) (o,p’-DDE, p,p’-DDE) and dichlorodiphenyldichloro-
ethane (DDD) (o,p’-DDD, p,p’-DDD) were also included and are referred to 
as Ʃ6DDX. The targeted POPs are also listed under the Water Framework 
Directive (WFD) in the Directive 2013/39/EU amending the WFD and EQSD 
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(Directive 2013/39/EU) . The abbreviation EQSD stands for Environmental 
Quality Standard Directive.   

3.5. Contaminant transport processes 
Dispersion and transport of contaminants from one matrix to another can oc-
cur through different physical, chemical and biological mechanisms. In this 
thesis, the partitioning of contaminants between sediment particles and pore 
water (metals and POPS) and the dispersal of specifically metals from pore 
water to bottom water are discussed. In the following paragraphs, the different 
dispersal pathways of concern are briefly explained.  

Diffusion is the term used to describe the processes by which matter is 
transported from one compartment of a system to another via random motion. 
This diffusional transport is a result of concentration gradients and can be di-
vided into two sub-processes. The first sub-process is Eddy diffusion (= tur-
bulent diffusion), by which substances are mixed in a system by Eddy motions 
(e.g., due to random motions in pore water). Eddy diffusion is a faster process 
than the second sub-process of molecular diffusion, which occurs in stagnant 
waters (e.g., over the diffusive boundary layer at the solid-water interface in 
an aquatic system). Diffusive processes can be studied within the same matrix 
or between two matrices with different chemical activity. Diffusion is used to 
describe the movement of contaminants within or between compartments, and 
the movement of particles. In this thesis, diffusion processes are involved in 
the studies of pore water concentrations of metals and POPs, where molecules 
or ions are desorbed from particles and dissolved into the pore water. The 
same principle also applies for passive sampling of pore water contaminants 
(Paper II). Diffusion is also a process involved in the movement of metals 
from fibrous sediments to overlying bottom water (Paper I) as well as the up-
ward transport of metals from deeper situated layers in a fiberbank to its sur-
face (Paper III).  

Advective processes is the term used to describe passive transport of a 
contaminant by a moving medium (e.g. a fluid, gas or particles by the me-
dium’s bulk motion). In an aquatic system advection can be exemplified by 
transport of a pollutant, dissolved or particle bound, by bulk water flow (e.g. 
currents). In this thesis, active processes are relevant to studies of metal con-
centration in bottom water after artificial resuspension of underlying sedi-
ments, which were carried out to mimic resuspension triggered by propeller 
wash, currents, wind generated waves and submarine landslides (Paper I). The 
advective processes are also emphasized during transport of metals from the 
fiberbanks sites to the accumulation sites along and outside the estuary (Paper 
III).    

The general term of Dispersion includes both advection and diffusion and 
was defined by (Sly, 1989) as: 
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“… the net result of numerous interactions between confining factors such as 
bathymetry and size and shape of an aqueous environment, and the differential 
response by particles of various sizes and suspended load concentrations.” 

In short, dispersion is the process of dilution, transport and potential settling 
of matter, particle bound or freely dissolved, in an advected or diffused plume 
that spreads from a point source to the surrounding environment. In this thesis, 
the term dispersion is used in a general sense, to describe the overall transport 
of contaminants from fibrous sediments to the aquatic systems of the Ånger-
manälven river estuary and the Bothnian Sea.  
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4. Materials and methods 

More detailed descriptions of all presented methods are found in Papers I, II 
and III.  

4.1. Study sites 
4.1.1. The Ångermanälven river estuary  
The Ångermanälven river is 450 km long and connects to the Bothnian Sea 
sub-basin of the Baltic Sea through the non-tidal, brackish Ångermanälven 
river estuary that is approximately 50 km long (Fig. 5A). The freshwater from 
the river is positioned over the brackish bottom water that enters from the 
Bothnian Sea and a weak pycnocline may form between the water masses 
(Cato, 1998). The western, inner part of the estuary, where three of the four 
study sites are located, is delimited by a sill that rises to a water depth of 
around 10 m (Fig. 5B). This inner part, which is located between the sill and 
the river mouth, is a fjord-like water body with a maximum depth of 100 m.  
The Ångermanälven river estuary hosted nine pulp and paper mills (Fig. 5B) 
along its shores during the last century and fiberbanks of different character 
exist  outside each respective facility (Apler et al., 2014). Today, only one of 
the nine mills, the one at Väja, still operates. According to inventory protocols 
from the county administrative board of Västernorrland (protocols obtained 
by personal communication), the estuary has received untreated wastewater 
from the beginning of last century but there is sparse documentation about the 
volumes of discharges from the industry before 1985. Most of the mills along 
the estuary closed before 1980. 

Four fibrous sediment sites (Hallstanäs, Kramfors, Sandviken and Väja) 
were sampled. Three out of four sites (Kramfors, Sandviken and Väja ) were 
surveyed by SGU (Apler et al., 2014). They are located on the south western 
side of the estuary and were selected for further investigation due to their dif-
ferent geological settings and composition e.g. the steepness of the estuary 
sides onto which the fiberbanks are deposited and the type of fibers that they 
are made of. The fourth site, Hallstanäs, was not included in the SGU surveys, 
but was selected because it is the location of a former mechanical pulp mill 
infamous for Hg pollution (Golder Associates, 2014). Hallstanäs is located on 
the north eastern side of the estuary. In addition to the fibrous sediment sites, 
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sediments from accumulation bottoms adjacent to the fiberbank sites and in 
accumulation basins along and outside the estuary were selected as reference 
stations for comparison with fiberbank sediments. In total, 39 fiberbank sta-
tions and 10 reference stations were sampled.  

 
Figure 5A. The Ångermanälven river estuary is located along the Swedish northern 
Baltic coast (rectangular box).  
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Figure 5B. The four pilot study sites are located in the inner part of the Ångermanäl-
ven river estuary, which has experienced intensive P&PI throughout the last century. 
Core sampling stations are situated at sediment accumulation areas along and out-
side the estuary.  
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4.1.2. Hallstanäs site 
The Hallstanäs site is located near to the sill (Fig. 5B) and hosted a mechanical 
mill that produced pulp between 1922 and 1967. Inventory protocols estab-
lished from this site by the regional authority state that phenylmercury acetate 
was used to prevent biodegradation of the pulp until 1964. After 1964, Zn was 
used for the same purpose. Both these substances were released with 
wastewater into the recipient. A previous study estimates that the fiberbank in 
Hallstanäs is more than 6 m thick and contains between 0.5 and 1.5 tons of Hg 
(Golder Associates, 2014). Within this study, the Hallstanäs fiberbank inves-
tigated with three sediment samples in 2018, where the shallowest station was 
located at a water depth of 12.3 m and the deepest at 24 m. The fiberbank 
consists of cellulose fiber and wooden splinters and is covered by a ~2 cm 
thick layer of recently settled, fine-grained sediment. No benthic organisms 
were identified during sampling, but the sediment surface and bottom water 
was well oxygenated (6.1 mL L-1). However, extensive gas ebullition during 
sampling indicates that the fiberbank is anoxic. The Hallstanäs site has been 
investigated concerning vertical distribution and pollution loads of metals (Pa-
per III).  

4.1.3. Kramfors site  
The Kramfors old mill is located inside the Kramfors basin (Fig. 5B). It was 
founded in 1907 and produced unbleached sulfite pulp until closure in 1977. 
The facility was never extended with primary treatment and hence, SS and 
process chemicals were discharged until the end of the production (Valeur, 
2000). The fiberbanks have accumulated along the sides of the industrial area 
at water depths ranging between 7 and 62 m (Apler et al., 2014) (Fig. S1 in 
Paper II). Submarine landslides revealed on bathymetrical models of the area 
indicate that parts of fiberbanks have been transported and redeposited further 
out in the Kramfors basin. In addition, the fiberbank material has been dredged 
and dumped to facilitate ship access throughout time and the fibrous material 
is now found in patches on the basin floor. In total, the fiberbank area has been 
estimated to cover 135 000 m2 and the fiber-rich area is around 2.4 km2.  

The Kramfors site was sampled only in 2014. During this occasion, one 
sample from the fiberbank and four from fiber-rich sediments were taken (Fig. 
S1 Paper II). The Kramfors site has been investigated concerning dispersal of 
POPs (Paper II).  

4.1.4. Sandviken site  
Sandviken old kraft pulp mill was located inside the Kramfors basin (Fig. 5B) 
and produced unbleached kraft pulp from 1929 until 1979 when the mill was 
decommissioned and demolished in-situ a few years later. The fiberbank is 
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located outside an old quay and covers an area of about 55 000 m2 with a mean 
water depth of around 12 m (Apler et al., 2014). This fiberbank is constituted 
of wooden chips, splinters and sporadically occurring cellulose fiber masses 
and reaches a thickness of over 6 m. The surface is covered with a ~10 cm 
layer of recently settled, fine-grained sediment upon which crawling benthic 
organisms (Saduria entomon) and their tracks were identified. The bottom wa-
ter was oxygenated (4.8 mL L-1 in 2017) but gas ebullition during sampling 
shows that the fiberbank underneath the cap is anoxic. There is little docu-
mentation on the discharge history of this mill, and it is, therefore, difficult to 
establish what types of pollutants should be expected at this site.  

The Sandviken site was sampled during three occasions: in 2014, 2015 and 
in 2017. In 2014, one sample from the fiberbank, two samples from fiber-rich 
sediments and two samples from areas considered to be less effected by P&PI 
emissions were sampled (Fig. S1 Paper II). In 2015, three samples within the 
fiberbank, one outside the fiberbank and one at a reference station further out 
from the shore were taken (Fig. 1D Paper I and Fig. S1 Paper II). In 2017, 
seven samples in the fiberbank were obtained and two in offshore accumula-
tion areas close to the site (Fig. S2A Paper III). Sampling S2 (Paper III) is 
located in the same place as Integrated Ocean Drilling Program (IODP) Expe-
dition #347 site M0062 (Paper 1)  (Andrén et al., 2013). The Sandviken site 
has been investigated concerning dispersal of POPs and metals (Paper I, II and 
III).  

4.1.5. Väja site   
The Väja fiberbank is located outside an active mill that has produced un-
bleached kraft pulp since 1914 (Fig. 5B). The deposit covers an estimated area 
of around 70 000 m2 although the delineation of the fiberbank established in 
2014 by Apler et al. (2014) is inaccurate and the deposit is probably larger 
(Paper I). It consists mainly of cellulose fibers and patchy occurring wooden 
splinters down to a sediment depth of over 6 m. The average water depth at 
the fiberbank surface is around 15 m (Apler et al., 2014). According to inven-
tory protocols, discharges of SS occurred until 1969 whereas sludges from 
cocking processes containing metals were released until 1975. Yet, the oper-
ating mill is still discharging regulated amounts of the metals Cd, Cr, Cu, Ni, 
Pb and Zn into the receiving waters (data from the Swedish EPA emission 
database). From long-core sampling during the SGU inventories, it is known 
that the Väja fiberbank is anoxic from the surface layers down to the maxi-
mum sampled level of 6 m. Although the bottom water was oxygenated (2.5-
4.3 mL L-1 in 2017), gas ebullition was observed during sampling, which in-
dicates anoxic conditions in the sediment.   

The Väja site was sampled during three occasions: in 2014, 2015 and in 
2017. In 2014, two samples from the fiberbank, two samples from fiber-rich 
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sediments and one sample from an offshore station considered to be less ef-
fected by P&PI emissions were sampled (Fig. S1 Paper II). In 2015, three 
samples from the fiberbank, two samples from fiber-rich sediments and one 
from a station less affected by P&PI effluents were sampled (Fig. 1C Paper I 
and Fig. S1 Paper II). In 2017, seven samples were taken from the fiberbank 
and one from the same station of less polluted sediments as in 2015 (Fig. S2B 
Paper III). The Väja site has been investigated concerning dispersal of POPs 
and metals (Papers I, II and III).  

4.1.6. Reference sites 
Reference sediments have been sampled at different locations outside the de-
lineation of fiber-rich sediments at the sites of Kramfors, Sandviken and Väja 
for Paper II (Fig. S1 Paper III). These sediments consist of natural clays with 
a low organic carbon content and are thought to be less affected by P&PI ef-
fluents. In this thesis they will be referred to as “natural postglacial clays” 
(following SGUs classification).  

The reference sites for Paper I and III are located along and outside the 
estuary in areas of accumulation of fine-grained sediments (Fig. 1 in Paper I 
and Fig. S1 Paper II). In Paper I, the M0062 site was chosen to represent nat-
ural conditions and this station (referred to as S2) was sampled together with 
five other accumulation basins in Paper III. These basins were chosen for strat-
igraphic studies of metals and for comparison with fiberbank sediments (Paper 
III). According to Apler et al. (2014) and dating of sediments conducted dur-
ing marine geological mapping of the area, the mean sediment accumulation 
rate along the estuary is 0.51±0.15 cm yr-1 (n=6; data from internal database 
of the SGU). This rate is probably not representative for accumulation sites 
that have been influenced by industrial effluents.  

4.2. Fieldwork and chemical analyses 
Fieldwork was carried out on four occasions during the project: years 2014, 
2015, 2017 and 2018. All fieldwork campaigns were carried out on SGUs sur-
vey vessel S/V Ocean Surveyor. Prior to sediment sampling at each station, a 
camera cage equipped with an underwater camera, a conductivity-tempera-
ture-depth (CTD) sensor and an oxygen sensor was deployed. The camera 
provided real-time visualization and preliminary evaluation of the seabed at 
each sampling station. Salinity and temperature were measured with the CTD 
to detect possible pycnoclines in the of water column and the dissolved oxy-
gen concentrations were established throughout the water column.  

The aims of the sediment sampling during the different campaigns varied 
slightly and are explained here: 



 37

4.2.1. Sediment sampling in 2014 and 2015 
The fieldwork campaigns of 2014 and 2015 were carried out during the sum-
mer and sediment samples from the Kramfors, Sandviken and Väja site were 
collected. Sediment sampling was carried out using a GEMAX sampler (de-
scribed by Niemistö, 1974) at all stations except the fiberbank stations. The 
surface sediments between 0-4 cm depth were collected from the GEMAX 
cores and samples for metal analyses were put in plastic bags and jars whereas 
the sediments for POP analyses were transferred into glass jars. All sample 
types were stored in a freezer (-18ᵒC) before analysis. Due to the highly un-
consolidated nature of fiberbank deposits, sampling at these sites was carried 
out using an orange peel bucket (OPB) grab sampler or a box corer. The OPB 
is designed to retrieve bulk samples between 0-40 cm whereas the box corer 
(L 30 x W 30 x H 50 cm) collects bulk samples between 0-30 cm. In 2014, the 
OPB was used for all fiberbank samples, whereas it was used only in 
Sandviken in 2015. The Väja fiberbank was sampled with a box corer in 2015. 
Sediment samples for analyses of POPs were attained at 24 stations whereas 
sediments for analyses of metals were collected at 10 stations. More detailed 
descriptions of sediment sampling are available in in Papers I and II.  

4.2.2. Sediment sampling in 2017 and 2018 
The fieldwork campaigns of 2017 and 2018 were accomplished in September 
and October, respectively. The distal sediment accumulation areas along and 
outside the estuary were sampled using a GEMAX corer. Upon recovery the 
cores were sub-sampled as contiguous 2 cm slices, each of which was stored 
in a plastic jar at -18ᵒC. The P&PI sites included in these two campaigns were 
Hallstanäs, Sandviken and Väja (Fig. 5B) and the fiberbanks were sampled 
using a GEMAX or a box corer depending on the characteristics of the sedi-
ments (Table S1 in Paper III). Compared to the campaigns in 2014 and 2015, 
the sampling methods used during 2017 and 2018 enabled separation of un-
disturbed surficial samples. Where sediments were recovered with the box 
corer, bulk samples were taken out from deeper layers in the corer whereas 
the surficial sediments were scraped off manually. The box corer was used at 
all sites (Hallstanäs, Sandviken and Väja; Table S1 Paper III). The Väja fiber-
bank proved to have a higher water content and was, therefore, more difficult 
to sample. At this site surficial layers of different thicknesses were retrieved 
with the GEMAX and the deepest part of the core sample was sub-sampled to 
represent deeper layers. The GEMAX was also used at all sites studied in Pa-
per I and III.   
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4.2.3. Pore water extraction 
Pore water for analyses of dissolved metals (conducted in 2015) were ex-
tracted from the sediment samples using centrifugation in plastic tubes for 15 
min at 2500 relative centrifugal force (rcf; Eppendorf centrifuge 5810). The 
pore water was then withdrawn with plastic syringes and filtered through 0.45 
µm Acrodisc® syringe filters with Supor® membrane. Two blanks with ultra-
pure (Milli-Q) water instead of pore water was included in the batch. See Pa-
per I for a detailed description of pore water extraction for dissolved metal 
analyses.  

Pore water concentrations of dissolved POPs (conducted in in 2015) were 
determined using polyoxymethylene (POM) strips, following the methods 
presented in Hawthorne et al. (2009). Each sample was shaken for 28 days in 
an end-over-end shaker, upon which the POM strips were collected and 
cleaned from residual sediment particles. The POPs were then extracted by 
shaking the POM strips in organic solvents. See Paper II for a detailed de-
scription of the extraction of freely dissolved POPs using POM strips. 

4.2.4. Bottom water sampling 
Bottom water was collected during the campaign in 2015 from one fiberbank 
station and one fiber-rich station at both Sandviken and Väja and at the refer-
ence station located outside Sandviken (Fig. 1 Paper I), so in total at 5 stations. 
The bottom water was retrieved using a Ruttner water sampler mounted on the 
underwater camera cage and the water was recovered in two ways: (i) with the 
sediment surface undisturbed and (ii) after resuspension of the sediment sur-
face. The resuspension was induced by attaching a weight to a short rope un-
derneath the cage, which caused the sediment to resuspend when the weight 
hit the sediment surface. When the sediment was resuspended, a remotely con-
trolled mechanism triggered the Ruttner sampler and bottom water from be-
tween 10 to 30 cm above the seabed was collected. Bottom water samples for 
analyses of metals, total organic carbon (TOC) and dissolved organic carbon 
(DOC) were stored in plastic bottles. Samples for analyses of dissolved metals 
were filtered through Acrodisc® syringe filters with a 0.45 µm membrane di-
rectly after sampling. The samples were stored at -18ᵒC until shipped for anal-
yses. In addition, bottom water (1 L) was recovered for determination of sus-
pended particulate matter (SPM).  

4.2.5. Suspended particulate matter determination 
The concentration of suspended particulate matter in bottom water samples 
were determined using a gravimetrical method based on the Swedish Standard 
SS-EN 872 where the samples were filtered through glass fiber filters (What-
man GF/F, 0.7 µm) after they were rinsed with ultrapure water, dried at 105ᵒC, 
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cooled in a desiccator, and weighed. The filters were then frozen at -18ᵒC. To 
correct for weight loss, blank filters were used in the same procedure.  

4.2.6. Chemical analyses of POPs 
Analyses of POPs in both sediments and POM strips were carried out in the 
laboratory of the Department of Aquatic Sciences and Assessment, Swedish 
University of Agricultural Sciences (SLU). Sediment concentration of POPs 
were determined using Soxhlet extraction based on US EPA method 3540C. 
Sediment samples were first mixed with sodium sulfate (Na2SO4), spiked with 
isotope-(13C)-labeled internal standard and extracted with acetone:n-hexane 
for about 24 hours. Activated copper was added after the extraction to remove 
the sulfur. The extracts were then cleaned up on multilayer columns consisting 
of activated silica (SiO2), sulfuric acid treated silica (40% H2SO4:SiO2) and 
sodium sulfate (Na2SO4). Isotope-(13C)-labeled recovery standard was then 
added, and the sample volume was reduced to 100 µL of n-tetradecane. The 
POM strips were extracted with acetone:n-hexane in an end-over-end shaker 
for 2x24 hours, with the solvent exchanged after the first 24 hours. Before 
extraction, an isotope-(13C)-labeled internal standard was added. After extrac-
tion, isotope-(13C)-labeled recovery standard was added, and the volume of 
the samples was reduced to 100 µL of n-tetradecane. Analyses of extracts from 
both sediments and POMs were conducted on a gas chromatograph (Agilent 
Technologies, 7890 A) coupled to a triple quadrupole mass spectrometer (Ag-
ilent Technologies, 7010, GC/MS Tripe Quad).  A detailed description of the 
laboratory work associated with the analyses of POPs is available in Paper II. 

4.2.7. Chemical analyses of metals, carbon and nitrogen 
Metals in sediment and water samples were analyzed at the commercial labor-
atory ALS Scandinavia and all analyses were accredited. Sediment samples 
were extracted using partial microwave digestion with 1:1 HNO3:water in 
closed Teflon vessels. The final determination was performed using an induc-
tively coupled plasma – sector field mass spectrometer (ICP-SFMS) or a In-
ductively Coupled Plasma—Atomic Emission Spectroscopy (ICP-AES). A 
more detailed description of the metal analyses is presented in Papers I and 
III. 

The content of TOC in samples collected in 2014 and 2015 was determined 
at SLU (laboratory of the Department of Soil and Environment). In short, sed-
iments were air dried in 40ᵒC and then combusted at a temperature of 1350ᵒC 
for analysis of total carbon. To differentiate between inorganic (carbonates) 
and organic carbon, additional samples were initially combusted at 550ᵒC to 
remove the organic fractions. Quantification was done by elemental analysis 
using a TruMac instrument (Leco Corporation, St Joseph, USA) following the 
Swedish Standard SS-ISO 10694.  
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For samples collected in 2017 and 2018, TOC and total nitrogen (TN) anal-
yses were carried out at the Swedish Meteorological and Hydrological Insti-
tute (SMHI). Sediment samples were dried in 60ᵒC for two days and homog-
enized. For determination of TOC, sediments were weighed and put in silver 
capsules that were exposed to HCl vapor in a desiccator for two days. The 
samples were subsequently dried again in 60ᵒC, put in new capsules and ana-
lyzed in an automatized Flash EA1112 where total combustion was achieved. 
Determination of combustion products (CO2 and NOx) were made with a ther-
mal conductivity detector. Analytical procedures followed Nieuwenhuize et 
al. (1994) and Hedges and Stern (1984).  

4.3. Data evaluation 
4.3.1. Calculations  
Sediment pore water concentrations ( ) of POPs are presented in Paper II 
and was calculated using the equation: 

 

	      (1) 

Where  is the concentration of the specific POP in the POM strip after 
shaking and  is the established POM-water partitioning coefficient for 
each POP (Endo et al., 2011; Hawthorne et al., 2009). 

Sediment-water distribution coefficients  for each metal and POPs are 
presented in Papers I and II and were estimated using equation 2, based on the 
reported pore water concentration ( 	 ) and sediment concentration ( ): 

 

	     (2) 

Sorption of hydrophobic organic substances to the solid phase in a sediment 
is primarily dependent on the fraction of organic matter. The sorption coeffi-
cient normalized to organic carbon ( ) was calculated for each POP using 
equation 3 where ( ) is the fractional amount of organic carbon in the sedi-
ment:  

 
    (3) 

In Paper III, the Geoaccumulation index (I-geo) presented by Müller (1979) 
is used to assess fiberbank metal pollution in relation to reference sites. The I-
geo is calculated using equation 4:  
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2
.

   (4) 

where  is the concentration of the metal (n) in the potentially polluted sed-
iment sample and  is the concentration of the same metal at the correspond-
ing reference site. A factor of 1.5 is applied to account for possible variations 
in the background data e.g., lithological variation. The contamination situation 
is then classified into seven grades: I-geo≤0 (grade 0, unpolluted), 0< I-geo 
≤1 (grade 1, slightly polluted), 1 < I-geo ≤ 2 (grade 2, moderately polluted), 
2< I-geo ≤3 (grade 3, moderately to severely polluted), 3< I-geo ≤4 (grade 4, 
severely polluted), 4< I-geo ≤5 (grade 5, severely to extremely polluted), and 
I-geo > 5 (grade 6, extremely polluted).  

Chemical data were assessed using different systems. The most extensive 
Swedish assessment system for marine and brackish sediments was developed 
by the Swedish EPA in 1999 (Swedish EPA, 1999b) and was revised regard-
ing classification of POPs by Josefsson, (2017). This system groups the as-
sessed contaminants (metals or POPs) into classes or criteria based on the sta-
tistical distribution of metal concentrations in surficial sediments in Swedish 
coastal and offshore waters. In a scale of five groups, class 1 represents the 
natural background of a specific element. For anthropogenic substances like 
POPs, which do not naturally occur, class 1 represent the lowest 5th percentile 
of measured concentrations in the database. Subsequent classes describe a suc-
cessively larger degree of deviation from the natural background or less pol-
luted environmental state where class 5 indicates a clear influence from con-
taminant sources. Swedish assessment criteria are available for all studied pol-
lutants mentioned in this thesis.  

Environmental assessment criteria based on ecotoxicological studies of 
benthic organisms used within water management have also been used within 
this study. These criteria are set by the Swedish Agency for Marine and Water 
Management (SwAM) and are represented in the regulation on classification 
and environmental quality standards regarding chemical status in surface wa-
ters HVMFS 2019:25 (SwAM, 2019). These effect-based criteria are available 
for two metals in sediments: Cd and Pb (SwAM, 2019). In this thesis, Norwe-
gian and Canadian sediment criteria were used because similar Swedish-based 
criteria for the POPS studied are not available. These criteria were developed 
by the respective country for classification of environmental status in water, 
sediment and biota and protection of aquatic life (Canadian Council of 
Ministers of the Environment (CCME), 2019; Norwegian Environment 
Agency, 2016).  

Water pollution was assessed using the EQS set in the updated Priority 
Substance Directive (EQSD) (Directive 2013/39/EU) under the WFD 
(Directive 2000/60/EC) applicable for river, lake, transitional and coastal wa-
ters. Swedish criteria for the classification of ecological status, set in HVMFS 
2019:25, were used for the elements As, Cu, Cr and Zn.  



 42 

4.3.2. Statistical analyses 
The statistical analyses for chemical data are described in Papers I, II and III. 
For metal analyses of sediment and water, measurement uncertainty is ex-
pressed as an expanded uncertainty calculated with a coverage factor of 2, 
which gives a confidence interval of 95%.  

For estimation of the geometric mean (GM) and the sum parameters for the 
targeted POPs (∑3p,p’-DDX, ∑6DDX, ∑7PCB and ∑20PCB), concentrations 
below the limit of quantification (LOQ) were given the value LOQ/2. To com-
pare significant differences between the groups of samples, one-way ANOVA 
tests were carried out. Principal component analysis (PCA) was conducted to 
differentiate pollution patterns between the three different sediment types (fi-
berbank, fiber-rich and natural postglacial clays). Cluster analysis following 
Ward’s method as applied to investigate potential sources of PCBs where sed-
iment samples were grouped by their relative concentration of the different 
congeners constituting 12 well-known technical PCB products.  

4.4. Uncertainties and limitations of studies 
Marine surveying and water-sediment sampling are challenging in many ways 
and hence, there are several uncertainties and limitations imbedded in the re-
sults of this thesis. In this section, the main known uncertainties and limita-
tions are presented.  

4.4.1. Sampling and chemical analyses 
As mentioned, the used sampling technique was changed between the two 
fieldwork campaigns in 2015 and 2017 because a more precise sampling 
method was tested in 2017. In 2015, the sediment samples from fiberbank de-
posits were collected as bulk samples, which ruled out the possibility to sepa-
rate the natural sediment caps i.e., the top layer of natural postglacial clay at 
Sandviken from the fiberbank sediments underneath. This sampling limitation 
may have influenced the conclusions of Paper I and II because the concentra-
tions of pollutants in fiberbank samples from Sandviken may have been arti-
ficially mixed with the cleaner surficial sediment, leading to an underestima-
tion of pollution.  

Chemical analyses of bottom water were conducted with a method used for 
fresh water because the estuary receives input from a river. However, the bot-
tom water is probably largely deriving from the denser brackish Baltic Sea 
water wedge that sits below the fresh water and thus should be analyzed with 
a method adequate for brackish conditions. The freshwater analyses resulted 
in higher LOQs, which limited the assessment in accordance with WFD 
thresholds for ecological and chemical status.  
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4.4.2. Dating of sediment cores 
The dating of the sediment cores is based on data from sediment accumulation 
areas from the Ångermanälven river estuary and the data were retrieved from 
a database at SGU. These rates are based on cesium-137 activity deriving from 
the Chernobyl nuclear power plant accident in 1986 and is calculated from the 
ratio between the depth in the sediment core where the activity peak is identi-
fied and the number of years since 1986 (e.g. Apler and Josefsson, 2016). This 
type of calculation assumes that the surface sediment is modern and that there 
has been a constant sediment accumulation rate since 1986, and it also extrap-
olates the established linear relationship below the depth equivalent to 1986. 
This method of dating sediments using a single isochron is associated with 
large uncertainties, especially the case here where basins may have experi-
enced dumping of cellulose material from dredging activities and/or slumping 
of material after sub-marine landslides (i.e., stations S2, S9 and V6 closer to 
the fiberbanks) because such events can be expected to cause changes in sed-
iment accumulation rate. In addition, the water discharge from the river has 
been regulated through the years, which has resulted in different sediment 
transport patterns (Cato, 1987). 

4.4.3. Delineation of fibrous sediments  
Sediment sampling strategies to compare the three different sediment types of 
fiberbanks, fiber-rich sediments and natural postglacial clays were to a large 
extent based on the maps produced during the SGU inventories (Apler et al., 
2014; Norrlin et al., 2016). However, measurements carried out within this 
thesis have shown that some of the maps are incorrect. For example, a sample 
presumably taken within the delineation of Väja fiberbank turned out to have 
the same characteristics as the fiber-rich sediments and one sample in the fi-
ber-rich sediments of Sandviken was reclassified as natural postglacial clay 
(Paper I). In fact, there is no strict physical and/or chemical definition of these 
three kinds of sediments and consequently, some amount of subjectivity is 
applied when constructing maps of the fibrous sediment areas. Ground truth 
data, which enable every sample to be individually assessed separately are 
important when detailed investigations of fiberbank sites are undertaken. 
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5. Summary of papers  

5.1. Paper I: Distribution and dispersal of metals in 
contaminated fibrous sediments of industrial origin 
In Paper I, the first link of dispersion between sediment and overlying water 
was studied and the partitioning of the metals As, Co, Cr, Cu, Ni, Pb and Zn 
between the sediment, pore water and bottom water was investigated, and the 
degree of bioavailability was evaluated. The two sites Sandviken and Väja 
(Fig. 5B) were chosen for this study and three different types of sediments 
from each site were compared to each other: fiberbank, fiber-rich and refer-
ence postglacial clay. The levels of TOC (between 8.7 and 26.0 % of dry 
weight (DW)) and metals were generally higher in fiberbank sediments com-
pared to the fiber-rich and postglacial clays, and Cd and Pb exceeded respec-
tive ecotoxicological assessment criteria at Sandviken, which point towards 
detrimental conditions for benthic life. The metalloid As was found in higher 
concentrations in sediments outside the estuary (station SE-2) than in fiber-
banks. The concentrations of each respective metal in pore water were found 
to be low or below LOQ regardless of sediment concentration. Partition coef-
ficients (KD) for the metals quantifiable in both sediment and pore water (Ni, 
Co and Cr) showed that sorption to the sediment was stronger at Väja com-
pared to Sandviken, possibly related to the type and size of organic matter. 
Undisturbed bottom water samples contained low levels of dissolved and par-
ticle bound metals, which indicates that the transport of metals from the sedi-
ment by diffusion driven transport was low. When compared to threshold val-
ues for water in WFD, measured bottom water metal concentrations in the 
bottom water achieved good ecological status. In-situ re-suspension experi-
ments showed that the concentrations of particle bound, non-bioavailable met-
als increased after physical disturbance of the underlying sediment, whereas 
the dissolved metal concentrations decreased. It was hypothesized that the de-
crease of dissolved, bioavailable metals after re-suspension was caused by the 
higher particle concentration in the water, which can increase the adsorption 
of metals. The re-suspension experiment also indicated that the sediment ac-
cumulated in Väja fiberbank is more prone to resuspension than the one at 
Sandviken or the fiber-rich and postglacial clays because the particle concen-
tration was more than twice as high in the resuspended bottom water sample 
from this site compared to Sandviken and the reference station.  
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5.2. Paper II: Persistent organic pollutants in wood 
fiber-contaminated sediments from the Baltic Sea 
The results presented in Paper II contain sediment and pore water concentra-
tions of POPs (PCBs, DDT and HCB), which elucidate the fate and the rela-
tionships between sorption (KD and KTOC), sediment type and compound hy-
drophobicity (KOW) in fibrous sediments. Paired sediment and pore water 
samples (n=24) from the Kramfors, Sandviken and Väja sites (Fig. 5B) were 
analyzed for POPs in the three sediment types: fiberbank, fiber-rich and post-
glacial clay. The results in this study revealed higher levels of both TOC and 
POPs in fiberbank sediment compared to fiber-rich and postglacial clay. All 
measured POPs occurred in classes 3-5, which indicate a large deviation from 
the national average concentrations. When assessing the concentrations to 
Norwegian and Canadian environmental quality standards, PCBs and DDD 
were present in levels that are ecotoxicologically relevant and can cause toxic 
effects on benthic organisms. The fraction of the DDT metabolite DDD (48-
66% of Ʃ6DDX) was larger in fiberbanks than in the other sediment types, 
probably due to prevailing anoxic conditions that favor reductive dechlorina-
tion of DDT. After normalization of sediment concentrations to TOC, HCB 
demonstrated similar levels across all three sediment types, suggesting a more 
diffuse source than for PCBs and DDT. Pore water concentrations of POPs 
were also higher in fiberbank samples, and the levels of ∑DDX were generally 
higher compared to PCBs and HCB. This difference may reflect the lower 
hydrophobicity of ∑DDX compared to the other two groups of POPs. The 
hydrophobicity was also shown in the partition coefficients (KD) where a sig-
nificantly higher sorption of POPs was observed in fiberbanks. However, alt-
hough there is high sorption of POPs to the fiberbank material, pore water 
levels were still elevated, which is related to the high bulk concentrations. The 
results indicate that the likelihood of POP dispersal from fiberbanks via pore 
water is still elevated and because of the ecotoxicological concerning levels 
of analyzed POPs in sediments, fiberbanks should be regarded as hotspots for 
POPs. 

5.3. Paper III: Dispersal of cellulose fibers and metals 
from contaminated sediments of industrial origin in an 
estuary 
In Paper III, the distribution of the elements Cd, Cr, Cu, Hg, Ni, Pb, Zn and S 
between surficial and deeper situated layers in fiberbanks were investigated to 
assess the homogeneity of contaminant levels. Moreover, the larger-scale 
transport of these metals to distal areas of sediment accumulation was also 
studied. C:N ratios were measured to assess the origin of organic matter in the 
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sediments and evaluate the ratio’s use in future surveys that will delimit fiber 
affected areas. To correlate metal pollution to old P&PI emissions, the C:N 
signature for terrestrial plants (C:N > 10) was utilized. Sampling and analyses 
of the fiberbanks in Hallstanäs, Sandviken and Väja and from the sediment 
accumulation sites outside and along the estuary (Fig. 5B) reveals that metal 
concentrations regressed to background levels towards the sediment surface 
in the accumulation basins. The I-geo revealed that all three fiberbanks 
demonstrated a higher degree of contamination compared to the accumulation 
areas and the C:N data reflect the inclusion of cellulose fibers of terrestrial 
origin in the fiber deposits. However, the C:N data also indicate that there has 
been no significant transport of fiberbank material into the distal areas in re-
cent times. A ~10 cm natural cap of recently settled fine-grained sediment 
covering the fiberbanks in Sandviken seems to prevent metals dispersing into 
overlying water, whereas the fiberbanks in Hallstanäs and Väja show signs of 
metal enrichment in surficial layers. In the surface of Hallstanäs fiberbank, 
prevailing conditions may be favorable for mercury methylation. Although the 
recently accumulated sediments in the Ångermanälven river estuary show lit-
tle sign of impact from contaminated industrial waste, there is no evidence 
that the fiberbanks in Hallstanäs and Väja will be remediated naturally, as 
demonstrated by the lack of clean sediment on the surface of the fiberbanks at 
these two sites.   

5.4. Paper IV: The Anthropocene in the northern Baltic 
Sea – the case of contaminated fiberbanks and 
implications for future sustainable development 
In Paper IV, the fiberbanks are presented in the context of past and future 
impact and as examples of the importance of taking on a cross-scalar perspec-
tive to better understand the Anthropocene. Paper IV is also emphasizing the 
importance of knowledge about fiberbanks and their possible stressors to 
achieve a sustainable future of the northern Baltic Sea. The Swedish P&PI is 
tightly intertwined with national prosperity and has put Sweden on the map as 
a world leading P&P distributor. At the same time the industry has also con-
tributed to environmental concerns on local to regional scales due to the un-
regulated emissions of SS that have resulted in contaminated fiberbanks. Thus, 
the global market has left its mark in the remote Swedish north. This legacy 
has recently been highlighted in water and marine management as a future 
challenge.  

As an example of P&PI impact in an aquatic system, a metal pollution in-
dex (Me-PI) was established based on combined metal data from the Ånger-
manälven river estuary (the study area of this thesis) presented in Paper III. 
The Me-PI was then used to elucidate the temporal trend of pollution in this 
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estuarine system. The Me-PI show that the increased P&P production linked 
to the ‘Great Acceleration’ seem to have influenced the river estuary as metal 
pollution including Hg start to increase by this time. The same data also indi-
cate aquatic system recovery and in the context of geological archives, the 
stratigraphic data imply that the aquatic benthic system is no longer polluted 
by industrial emissions. However, the same archives fail to reveal the hotspots 
constituted by the eight contaminated fiberbanks located in the estuary, which 
points towards the complexity of the fiberbanks and their inclusion in water 
and marine management. Sediments contaminated by chlorinated compounds 
from the P&PI are acting as secondary sources of pollution of coastal sedi-
ments and fish in the northern Baltic Sea and hence, it is reasonable to assume 
that dispersal and spreading of old pollutants from fiberbanks constitutes an 
essential risk for the aquatic ecosystem.  

Long-term risks associated with fiberbanks are particularly challenging to 
address, as they are largely unknown and require more information to be iden-
tified. In addition, the lack of a common risk assessment strategy and ecotox-
icological threshold values for contaminated sediments makes the fiberbanks 
difficult to manage within water and marine management practices. To en-
hance the management processes, it is pertinent to not only trace and examine 
the past anthropogenic impacts of P&PI on the aquatic ecosystems but to also 
recognise the necessity to understand how these human-induced environmen-
tal changes can affect future risks and outcomes. The future brings different 
challenges for the Baltic Sea which suffers from multiple stressors today 
where hazardous substances is considered a large pressure. It has previously 
been concluded that not all fiberbanks will be rendered harmless with moni-
tored natural recovery (NMR) (Paper II). Moreover, the isostatic uplift of the 
land combined with anthropogenic induced climate changes may lead to ac-
celerated resuspension and re-deposition of old contaminants in coastal envi-
ronments and degassing of greenhouse gases (GHG) from the fiberbanks. The 
poor data and understanding of fiberbanks affects long-term risk management, 
which hinders proper responses and solutions to the problem. More research 
on this topic is needed in order to fulfil NQOs as well as SDGs set to manage 
our assets in a sustainable way that simultaneously recognises and integrates 
environmental, economic and social aspects altogether.  
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6. Synthesis and discussion 

6.1. Fibrous sediment characteristics and contamination 
levels 
The Swedish fiberbanks, including the four deposits in this thesis, were mainly 
deposited before the 1970s, when industrial emissions were unregulated. The 
four fiberbanks in this thesis are up to at least 6 m thick and consist to a large 
extent of cellulose fibers (Papers I-III). The formation of fiberbanks have been 
known for decades and have been described by different authors (e.g. Pearson, 
1980; Poole, Parkes, et al., 1977; Poole, Wildish, et al., 1977; World Bank, 
1980). However, cellulose degradation as described in these studies is thought 
to happen within a period of a few days to months and fiberbank formation 
was never considered as a future, persistent problem. This thesis has shown 
that the fiberbanks are still present and are potential hotspots for pollutants 
that date back to the time before the ban on environmentally challenging sub-
stances such as Hg, PCBs and DDTs was enforced in the western world.  

This thesis has tested if contaminants contained in fiberbanks are, through 
various processes, dispersed into the aquatic ecosystem. The four fiberbanks 
studied in this thesis are characterized by contaminant levels that exceed nat-
ural backgrounds (metals) or deviate from the mean concentrations (POPs). 
The concentrations of Cd and Pb, metals that naturally occur in wood material 
(e.g. Kähkönen et al., 1998; Monte et al., 2009; Suhr et al., 2015), are of eco-
toxicological concern at the Väja and Hallstanäs sites where surficial sedi-
ments contain concentrations of these metals that exceed their ecotoxicologi-
cal thresholds. Ecotoxicological assessment of the targeted POPs is more dif-
ficult to achieve due to the lack of Swedish assessment criteria for these sub-
stances (Lehoux et al., 2020; Severin et al., 2018). Instead, different 
ecotoxicological thresholds used for environmental assessment in Canada and 
Norway have been used (Canadian Council of Ministers of the Environment 
(CCME), 2019; Norwegian Environment Agency, 2016). These guidelines are 
established for sediments with much lower content of organic matter (1%) and 
bioavailability may be overestimated since sorption to the solid phase in-
creases with increased content of organic matter (Paper II). The results suggest 
that the fiberbanks may threaten the health of benthic organisms and the re-
search objective 1, addressing whether contamination levels in fibrous sedi-
ment exceed ecotoxicological thresholds, has been answered (section 2). 
However, the surfaces of fiberbanks that lack a natural cap of fine-grained 
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material are unsuitable habitats for benthic macrofauna also due to the hy-
poxic/anoxic conditions and no such fauna have been observed at such sites 
(Apler et al., 2014; Norrlin et al., 2016 + Papers I and II). The lack of benthic 
fauna due to large quantities of emitted SS was observed already in the 1970s 
and attributed to anoxia and hydrogen sulfide formation as a result of cellulose 
degradation (Pearson, 1980; Poole et al., 1977a, 1977b).  

Papers I and II conclude that contaminant levels are higher in fiberbank 
sediments compared to fiber-rich sediments and natural, postglacial clays and 
hence, the research objective 1 (addressing differences in contamination de-
gree between sediment types) has been fulfilled (section 2). After normaliza-
tion to TOC, metal concentration patterns changed significantly whereas nor-
malized levels of ∑7PCB and ∑DDX were still found to be higher in the fiber-
banks. On the other hand, normalized HCB levels were quite similar, which 
suggests that this compound derives from diffusive sources, such as atmos-
pheric deposition, rather than point sources (Paper II). The PCB levels in this 
thesis can be compared to those in other PCB contaminated fiberbanks. The 
Swiss fiberbank described by Kienle et al. (2013) contained PCBs in concen-
trations expressed in mg kg-1 of DW compared to ng g-1 of DW in Paper II. 
Lake Järnsjön, situated in the south east of Sweden was remediated in the 
1990s due to high levels of PCBs deriving from PCB containing carbonless 
self-copying paper (Gullbring et al., 1998). The Lake Järnsjön sediment (0-40 
cm) contained an average PCBs concentration of 5 µg g-1 and an average of 
14% of DW of TOC before remediation (Bremle et al., 1998). Hence, the TOC 
concentration in Järnsjön was in the same range as the samples in Paper II, but 
the PCB levels were an order of a thousand times higher. None of the pre-
sented fiberbanks studied in this thesis derive from mills that recycled paper 
containing PCBs. Instead, the PCBs studied in Paper II derive from technical 
mixtures used in equipment in the industrial facilities. The fact that POPs oc-
cur in elevated concentrations in fiberbanks is interesting because organic con-
taminants were dismissed as pollutants of concern within the P&PI by the 
World Bank (1980). 

The results in Papers I and II derive from bulk samples taken with the box 
corer and OPB and, therefore, surficial layers containing smaller amounts of 
organic matter were mixed with the deeper layers with higher levels of organic 
matter, which resulted in a lack of distinction between the two levels in the 
bulk sediment. The mixing with natural postglacial clays may also have re-
sulted in underestimation of pollution levels in the deeper layers. By improv-
ing sampling methods, it became possible to separately recover surficial, more 
recently settled natural postglacial clays and the older underlying, more cellu-
lose rich fiberbank deposits. Analysis of the separate layers showed that the 
deeper layers at Hallstanäs and Sandviken contain higher levels of TOC than 
the surficial ones. In Sandviken, the deeper layers contained TOC between 2.3 
and 35.2% of DW whereas an unpolluted natural postglacial clay layer reach-
ing a thickness of around 10 cm over Sandviken fiberbank was discovered. 
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This layer may act as a natural cap that physically and/or chemically isolates 
the water above from the underlying contaminated sediments.  Analyses re-
vealed that the TOC content in the cap sediment was between 1.8 and 2.5% of 
DW (n=3), which is similar to those found in the natural postglacial clays at 
the accumulation sites (Paper III). The metal concentration in this layer 
showed no deviation from the natural background. In 2018, the additional fi-
berbank at Hallstanäs was sampled and a similar fine-grained natural postgla-
cial clay layer of ~2 cm was identified. This thinner surficial layer does not 
possess the same characteristics as the Sandviken cap. The Hallstanäs cap is 
relatively enriched in organic matter (n=3: TOC 4.9, 9.0 and 7.2% of DW) 
and the fiberbank deposit underneath also contained higher levels of TOC than 
Sandviken: between 39 and 42% of DW (n=3). Compared to Sandviken, the 
Hallstanäs cap is also more enriched in metals where Hg and Pb occur in con-
centrations with a very large deviation from the natural background (class 5) 
and Pb exceeds the ecotoxicological threshold. The Väja fiberbank did not 
possess a visible cap but data obtained at a higher stratigraphic resolution 
show that the Väja fiberbank has an upper layer with a lower content of or-
ganic matter (n=7: between 5.5 and 12.6% of DW) than the deeper layers 
(n=2: 37.0 and 29.4% of DW). The lower TOC content in the upper part of 
the Väja fiberbank indicates that the sediment is mixed up with the fibers from 
underneath, and a clearly delimited natural cap has not formed. There is evi-
dence of gas-induced agitation that may have semi-continuously mixed re-
cently deposited postglacial clays with the upper decimeters of the fiberbank. 

In contrast to the vertical distributions of metals in Sandviken and Hall-
stanäs, the Väja fiberbank is more enriched in the measured metals in its sur-
face than deeper down. This surface enrichment might be due to ongoing 
emissions of metals (Cd, Cr, Cu, Ni, Pb and Zn) from the still operating kraft 
pulp mill at the site (data from Swedish emission database). It is also possible 
that sulfide binding of metals in the deeper part of the deposit is less prominent 
because sulfur concentrations are also higher in surficial layers at Väja and 
this may result in an enhanced migration of metal ions upward in the sediment 
in Väja compared to Sandviken and Hallstanäs. The unpolluted cap can po-
tentially explain the low fluxes of metals from the Sandviken fiberbank, as 
described by Frogner-Kockum et al. (2020), whereas in Väja the low fluxes 
could be explained by high sorption to organic matter (surface samples rang-
ing between 5.6 and 12.6% of DW). These results are consistent with those in 
Paper I where metal dispersion to bottom water was low during undisturbed 
conditions. This difference in the organic content was not visible in the field 
when samples were collected. The higher TOC concentrations in the fiber-
banks, both surficial and deeper layers, are similar to those found in fibrous 
sediments in Boat Harbour in Nova Scotia, Canada where there was a range 
between 4 and 27% of DW (Hoffman et al., 2017). However, the TOC levels 
from that study were not presented by sediment depth. The degree of metal 
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contamination was generally higher in the surficial layers where concentra-
tions exceeded Canadian sediments quality guidelines and probable effect lev-
els (Canadian Council of Ministers of the Environment (CCME), 2019; 
Hoffman et al., 2017). Metal levels in Boat Harbour are also generally higher 
compared to those presented in this thesis (Paper III). The fiberbank site in 
Switzerland was also found to contain higher concentrations of metals than 
the fiberbanks in this study. It is difficult however to evaluate the reasons be-
hind the differences in contamination degree because discharge amounts and 
processes are not described in detail in any of the comparing studies.   

The deeper and presumably older fiberbank sediment layers at the 
Sandviken and Hallstanäs contained higher levels of metals than the surficial 
ones from the natural caps, which indicates a supply of fresh, uncontaminated 
material that ends up on top of the fiberbanks. The I-geo calculations, which 
compare pollution levels in contaminated sediments with reference station 
sediment, show that the deeper layers of the fiberbank at Sandviken are 
strongly to very strongly polluted by Pb and Hg whereas the surficial sediment 
in the cap is not considered polluted at all. At Hallstanäs on the other hand, 
both surficial and deeper strata are contaminated by Hg, where the pollution 
classified as extreme is found in the deeper part and the moderate to strongly 
pollution levels are at the surface. Surprisingly, although the TOC content is 
significantly higher in the deeper layers of the fiberbank at Väja, the concen-
trations of all measured metals are higher in the surficial layers. This may be 
explained by the continuous discharges of metal enriched wastewater from the 
operating mill at this study site. The deeper layers are considered unpolluted 
by metals according to the I-geo index whereas the surface is moderate to 
strongly polluted by Cd. The results presented in Paper III on contamination 
levels in the deeper versus the surficial layers, partly fulfills research objective 
4, which covers the differences in the degree of pollution in older and more 
recently settled fiberbank sediments. However, as mentioned before, every fi-
berbank possess its own characteristics and the vertical distribution of con-
tamination may differ from site to site. A study of sediments impacted by pa-
permill effluents in Papermill Bay within the Skeena river estuary, British Co-
lombia, Canada show that the same metals are of concern in that bay (Sizmur 
et al., 2019). The concentrations of Cd, Cr, Hg and Pb are higher in the bay 
affected by papermill effluents compared to reference sites and the I-geos in-
dicate that the impacted sediments of the bay are unpolluted to moderately 
polluted (0 ≤ -geo ≤ 1), which is a lower degree of contamination compared 
to the fiberbanks in this thesis. In fact, the I-geos calculated in this thesis are 
also higher than those established in (i) the Tigris river where sediments are 
impacted by industrial effluents from Bagdad (I-geo between 0 and 1) (Rabee 
et al., 2011) and (ii) the Weihe river in China which showed similar values to 
Tigris (I-geo between 0 and 1) (Ahamad et al., 2020) i.e. lower grade of pol-
lution than in this study. In the cases of the Tigris and Weihe rivers, the meas-
ured concentrations of assessed metals were in the same range as the Swedish 
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assessment criteria of class 1 (background concentrations). In general, the con-
centrations of metals are attributed a higher degree of contamination when 
assessing them with the Swedish assessment criteria (Swedish EPA, 1999b) 
compared to the I-geo.  

In summary, the degree of contamination is larger in fiberbanks compared 
to fiber-rich and natural sediment and concentrations seem to be generally 
higher in the deeper situated layers than in surficial. These findings cover the 
research objectives of 1 and 4 (section 2). The natural cap covering Sandviken 
is probably sufficiently thick and impermeable to shield the surrounding 
aquatic system from pollutants whereas the natural cap over Hallstanäs fiber-
banks is not. The Väja fiberbank lacks a visible natural protecting layer, pos-
sibly due to gas agitation and mixing. These results suggest that fiberbanks 
cannot generally be remediated using monitored natural recovery (MNR) but 
must be dealt with individually, which in turn may point towards expensive 
remediation methods if remedial actions are considered. Remediation of fi-
brous sediments, both in-situ and ex-situ, have only occasionally been carried 
out and described, even on a global level. The ex-situ methods like dredging 
have been used in a few projects and are associated with issues such as large 
dewatering volumes, low shear strength of dredged masses and gas ebullition 
(Jersak, 2020). However, the overall outcomes from dredging have been re-
ported as positive with minimal dispersion of particles and contaminants in 
surrounding waters during the procedure (Jersak, 2020). Information on in-
situ remediation of fibrous sediments have only been documented in Sweden 
where capping of the sediments have been the prominent method (Jersak et 
al., 2016a, 2016b). This method has been associated with problems such as 
gas ebullition that destabilize the sediment and may compromise the integrity 
of the cap. In addition, remediation of contaminated sediments is very expen-
sive and time consuming (the remediation of Oskarshamn harbor, one of the 
largest governmental financed projects in Sweden, cost over 500 million SEK 
and took 16 years to accomplish) (Oskarshamn kommun, 2020) and therefore, 
sites need to be prioritized on a scientific basis on their potential negative ef-
fects to the environment. However, the Oskarshamn harbor was not impacted 
by P&PI emissions and the sediments were not fibrous sediments but were 
more minerogenic. The challenges related to remediation of fibrous sedi-
ments, the lack of experience in the field, and the costs constitute an extra 
challenge within water and marine management in relation to fiberbanks.  
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6.2. Sediment – pore water partitioning and dispersion 
to water 
In order to be bioavailable and of ecotoxicological concern, a pollutant needs 
to be present in a dissolved form in water. In this thesis, pore water concen-
trations of dissolved metals were generally low or below LOQ in all sediment 
types, while the freely dissolved fractions of POPs were found in quantifiable 
levels with the highest measured concentrations in fiberbanks (Paper II). Com-
pared to pore water sampled in contaminated sediments recovered from Stock-
holm’s harbor (Jahnke et al., 2012), the average (geometric mean) concentra-
tions of ∑7PCB from all three sites (Kramfors, Sandviken and Väja) were 
found to be around 10 times lower, but similar to results from the Stockholm 
archipelago (Jahnke et al., 2012) and other contaminated sites areas in the Bal-
tic Sea (Lang et al., 2018). The ratio between sediment and pore water con-
centration seem to be different if compared to the Swiss fiberbank where sed-
iment concentrations of ∑7PCB are expressed in µg g-1 and pore water con-
centrations are measured in µg L-1 However, in the Swiss study total concen-
trations rather than only the dissolved fractions were presented, which may 
explain the higher pore water concentrations in that fiberbank.  In addition, 
the TOC levels of the Swiss fiberbank were not presented and it is, therefore, 
difficult to assess possible explanations for differences in sorption capacity.  

Paper II includes the first reported pore water concentrations of ∑DDX in 
the Baltic Sea, and it demonstrates that the levels of this substance group in 
pore water exceeded those of ∑7PCB. This result was somewhat surprising 
because the sediment concentrations of ∑DDX is lower than PCBs, but 
∑DDX is generally less hydrophobic than ∑7PCB and thus less strongly 
sorbed. The strong sorption of metals to the fiberbanks was further confirmed 
during in-situ incubation studies of bottom water from the Väja and Sandviken 
sites which demonstrated low fluxes of metals from the sediments to overlying 
water (Frogner-Kockum et al., 2020). When comparing the KD values from 
this study to the Swiss fiberbank described by Kienle et al. (2013), the KD 

values in that study are generally lower (less than half for Cr, Ni and Pb). The 
reason for this difference in KD is most probably explained by the higher pore 
water concentrations reported in this study. Pore water concentrations in the 
Swiss study were analyzed with respect to total concentrations i.e., the pore 
water was not filtered before analysis, which can result in higher concentra-
tions since particle bound metals are included. When comparing  KD in this 
study to the generic ones established by the U.S EPA, most values are in the 
same magnitude except Cr that is doubled in the U.S study and Co that is 
orders of magnitude smaller (Paper I; Allison & Allison, 2005). Considered 
together, the combined studies in this thesis show that when it comes to 
transport of dissolved, bioavailable contaminants from the sediments, metals 
seem to be of less importance in an environmental assessment than POPs. 
However, the potential for methyl mercury formation in Hallstanäs cannot be 
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ruled out in this context. Recent studies have shown that perch (Perca fluviat-
ilis) caught in the recipient outside Hallstanäs old pulp mill contain levels of 
Hg exceeding the maximum levels for certain contaminants in foodstuffs (0.5 
mg kg-1 ww muscle) set by EU (Regulation EC 1881/2006)(Waldetoft et al., 
2020). This result further indicates that the Hallstanäs fiberbank acts as a 
hotspot for Hg to the recipient. The same study showed that the perch collected 
in the recipient outside Väja contained Hg concentrations well below the EU 
threshold.  

Contaminants can also be dispersed and transported within an aquatic sys-
tem through advective particle transport. To mimic an event of massive resus-
pension of sediments including fiberbanks such as from a submarine landslide 
or from heavy boat traffic, water samples were collected before and after arti-
ficial resuspension of the sediment surface. The parameter that seemed to be 
affected most by the resuspension was the concentration of particle bound 
metals. This portion of metals increased in concentration whereas the dis-
solved fraction of all measured metals (except Ni and Cr) was not quantifiable 
after resuspension. The apparent absence of dissolved species may be ex-
plained by the particle concentration effect, in which resuspension creates an 
increased supply of fine-grained particles that allows for increased metal sorp-
tion. This experiment helped answer research objective 3, which addresses the 
dispersal of metals from undisturbed and resuspended sediments (section 2). 
Bottom water concentrations of dissolved metals were also found to be below 
the EQS established in the WFD, indicating a good ecological status. How-
ever, there was one exception: Cu exceeded its threshold for bioavailable con-
centration in Baltic Sea conditions in one sample from the Sandviken fiber-
bank. These results emphasize the importance of particle bound, non-bioavail-
able metal dispersion in the system during mass movements of the fibrous 
sediments and resulting transport to areas where processes that can lead to 
dissolution may take place. 

6.3. Contaminant transport on an estuary scale 
Particle bound contaminants are not considered bioavailable and thus, are not 
of direct ecotoxicological concern (Luoma and Rainbow, 2008; US EPA, 
2000). However, contaminants transported as adsorbed phases may be trans-
ported by currents or waves within an aquatic system and eventually (re)de-
posited in a new environment that has conditions favorable for contaminant 
desorption e.g. lower pH, higher salinity or changed availability particles in 
the water (Luoma and Rain, 2008). The smaller scale dispersion was presented 
and discussed in Papers I and II, with the conclusion that particulate dispersion 
of metals seems to dominate over dispersion of dissolved species. For POPs, 
freely dissolved levels were higher in fiberbank pore water than in pore water 
of other sediment types, indicating an increased risk of dispersion via pore 
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water at fiberbank sites. In Paper III the geographical perspective was widened 
to include evidence of dispersion and transport of metals from the fiberbanks 
along the estuary and out into the Bothnian Sea. Environmental archives in 
the form of sediment sequences from distal accumulation areas outside and 
within the Ångermanälven river estuary (Fig. 5B) show that metal concentra-
tions drop to background levels or at least to the same levels found in the bot-
tom of the cores corresponding to the beginning of the early part of the 20th 
century (Fig. S13a-f Paper III). This reduction in sediment pollution suggests 
no detectable contribution of fiberbank contaminants today compared to fur-
ther back in time when primary emissions took place. However, analyses of 
metals, S, TOC and C:N ratios testify that the estuarine environment has re-
ceived material deriving from the P&PI throughout most of the 20th century 
(until at least AD 1990). Concentration peaks are visible at different depths in 
the different basins. The C:N ratio, used as a signature for fiberbank (terres-
trial) derived organic matter, fluctuate less downcore in the accumulation ar-
eas further down the estuary (A1, A2 and A3). However, at the sites closer to 
the Sandviken and Väja fiberbanks (S9 and V6) the sign of fiber inclusion 
(C:N > 10) during earlier periods are visible at depths corresponding to a pe-
riod between 1940s (~40 cm down core) and 1980s (~17 cm downcore) 
(Sandviken) and in Väja the approximate genesis of the fiber affected layers 
started in the beginning of 1930s (~43 cm down core) and in the beginning of 
the 1980s (~17 cm down core). The estimated timelines are based on the av-
erage sediment accumulation rate of ~0.5 cm-yr (see section 4.1.6 and 4.4.2.). 
These inclusions of fibers may derive from dredging of fiber material to facil-
itate boat traffic along the dock or from submarine landslides. Metal contam-
ination seems to have affected all accumulation areas during the last century, 
when all studied metals occur in concentrations that periodically deviate from 
the natural background down core. 

The S concentration at the accumulation sites located in vicinity of, but not 
closest to, the fiberbanks (S2 and A3), increases at around 30 cm and starts to 
drop again at around 20 cm (Fig. 6). The concentration decrease at around 20 
cm could possibly correspond to the time after the closure of the Sandviken 
(in 1979) and Kramfors (in 1977) mills and the emission stop of S containing 
green liquor from Väja in 1975. When evaluating the Me-PI, it is shown that 
the metal pollution in the estuary visibly started to increase at the time corre-
sponding to the “Great Acceleration” (Steffen et al., 2015) and decreased back 
to background levels in the 1980s (Fig. S1 Paper IV). According to inventory 
protocols from the county administrative board of Västernorrland (protocols 
F2282-0008 and F2282-0013), none of the Sandviken or Kramfors mills in-
stalled primary treatment before respective decommission and wastewaters 
were released until the production ceased. The closure of the two mills and the 
reductions in wastewater emission from Väja probably helped to decrease the 
amounts of waste products received by the estuary. The interpretation of the 
geological archives at the accumulation areas has answered research objective 
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5, focusing on the influence of metals on the estuary (section 2). It can be 
concluded that the concentrations of metals in the recently deposited sedi-
ments in the accumulation areas seem to be low, which is further confirmed 
by water data from the recipient control program from the Ångermanälven 
river estuary (Muntlin et al., 2020). Muntlin et al.’s (2020) report shows that 
bottom water concentrations of all metals included in this project are below 
the thresholds for a good ecological status, with the exception of Zn which 
shows elevated levels corresponding to a moderate ecological status. The 
source of elevated concentrations of Zn in bottom waters is still unknown. 
However, although water data suggest that the estuary has moved towards a 
full recovery, the same report states that the ecological status for benthic fauna 
is poor in the basin outside Väja at both reference stations and at stations af-
fected by emissions from point sources (Muntlin et al., 2020). These observa-
tions and data also suggest that fiberbanks may still be contaminant hotspots.   
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6.4. Fiberbanks - future implications for a sustainable 
Baltic Sea  
The data presented in Paper I-III show that the once polluted Ångermanälven 
river estuary is recovering, and the geological archives imply that metal pol-
lution loads are decreasing. However, the fiberbanks remain as hotspots and 
secondary sources of old pollutants to the sediments and biota of the northern 
Baltic Sea (Assefa et al., 2019b, 2018a; Sobek et al., 2014, 2012; Wiberg et 
al., 2013). The increased world demand of pulp and paper has impacted on the 
Swedish north Baltic coast and left a legacy in the form of fiberbanks. A report 
compiled by Swedish government agencies that share the responsibility for 
water and marine management identified several deficits to the incorporation 
of contaminated sediments into water and marine management where the lack 
of: i) a common strategy for contaminated sediments (including the fibrous 
sediments), ii) of ecotoxicological thresholds for assessment of sediments and 
iii) “experience bank” for remediation of fiberbanks are factors aggravating 
an efficient management of our aquatic environments (Severin et al., 2018).  

There are future challenges such as anthropogenic induced climate changes 
that may affect contaminated coastal sediments with resuspension and redepo-
sition of imbedded pollutants and degassing of GHG as a consequence 
(Andersson et al., 2015; Arndt et al., 2013; Bange et al., 1994; Borges and 
Abril, 2012; Humborg et al., 2019; Martín-Torre et al., 2017; Marziali et al., 
2017; Noyes et al., 2009; Whitehead et al., 2009). The fiberbanks are a unique 
and understudied type of contaminated sediment that will most probably be 
affected by the same factors. These missing pieces of information severely 
limit the long-term perception, which in turn hinders proper responses and 
solutions to the Baltic Sea’s environmental problems. The collection of fiber-
banks is a good example of a regional marker of the Anthropocene. Fiberbanks 
are a product of increased world prosperity and today they need to be effi-
ciently managed in order to achieve a sustainable use and protection of the 
Baltic Sea for future generations. Consequently, the final research objective 6 
of how the fiberbanks can be put in an Anthropocene perspective has been 
answered (section 2). As part of a sustainable future for the Baltic Sea region, 
it is also important to take socio-economic impacts into account. For instance, 
the potential costs of remediation of fiberbanks deposited outside mills that 
still operate today may have repercussions for companies because of the “pol-
luter pays principle”, which can have knock-on effects on employment if com-
panies are forced to cut-back production. Another negative economic aspect 
of fiberbank pollution is the ban on trading fish on the international market 
due to increased levels of, for example, Hg and dioxins.  
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7. Conclusions  

The fiberbanks studied in the Ångermanälven river estuary are more contam-
inated compared to the fiber-rich sediments and natural post-glacial clays of 
the accumulation basins in the estuary. The concentrations of both metals and 
POPs are of ecotoxicological concern according to the assessment criteria. 
Also, the partitioning of metals and POPs to the solid phase in the sediments 
is stronger in fiberbanks compared to the other two types of sediments. The 
stronger sorption to the solid phase may explain the low concentrations of 
dissolved metals in bottom water from Väja fiberbank both during undisturbed 
conditions and after resuspension of underlying sediments. In Sandviken, the 
unpolluted natural cap may be the explanation for the same low values. How-
ever, the increased concentration of particle bound metals after resuspension 
of the surficial sediments in the fiberbanks (Sandviken and Väja) suggests that 
erosion enhances transport of particle bound metals. This dispersion mecha-
nism may be emphasized in Väja where the surficial layers are more contam-
inated compared to deeper laying strata whereas the opposite is observed for 
Hallstanäs and Sanviken. These two fiberbanks are covered with natural, fine-
grained sediments whereas the fiberbank in Väja lacks visible over-sedimen-
tation. However, only the thicker (~10 cm) cap of Sandviken seem to effec-
tively shield the overlying bottom water from metals, which indicates that not 
all fiberbanks can be managed with MNR. Interpretation of core-based chem-
ical data from accumulation areas suggests that the Ångermanälven river es-
tuary has recovered from metal pollution that increased probably associated 
with the “Great Acceleration” around 1950 (Steffen et al., 2015). It must be 
emphasized that this chemostratigraphy does not identify fiberbanks as local 
hotspots for metal contaminants. The fiberbanks are persistent products of the 
anthropogenic activity of pulp and paper manufacturing that for decades were 
unsustainably conducted and driven by an increased global demand for paper 
and paper products. This unsustainable practice and the cease of it can be 
viewed in the geological archives of the Ångermanälven river estuary today. 
Consequently, fiberbanks may be looked upon as local or regional markers of 
the Anthropocene.  
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8. Future perspectives 

Urged by environmental legislation and systematic inventory work, which is 
well developed and validated in Sweden (Swedish EPA, 2009, 1999a), the 
knowledge about contaminated land areas is increasing in Sweden today and 
the remediation work is progressing. However, the knowledge on contami-
nated sediments in aquatic systems is poor, which makes long-term risks as-
sociated with fiberbanks difficult to assess. There is a lack of common envi-
ronmental risk assessment tools within Swedish marine and water manage-
ment, which hinder the achievements of NQO “A non-toxic environment” but 
also Agenda 2030 goals concerning marine ecosystem health (SDG 14), cli-
mate change (SDG 13) and water quality (SDG 6). The Baltic Sea suffers from 
pollution that threatens marine and human health, and blue growth. All fiber-
banks have their own history, character and degree of pollution. This variety 
in characteristics means that fiberbanks cannot be looked upon as a common 
group of sediments but must be handled separately within water and marine 
management. Society needs to manage these objects to sustainably use the 
Baltic Sea as a source of food, income and recreation for future generations. 
In the near future, a few aspects need to be addressed:  

 Update and develop new strategies to further incorporate contaminated 
sediments into water and marine management following the EU Marine 
Strategy Framework Directive (Directive 2008/56/EC) and the WFD 
(Directive 2000/60/EC). Sediments make up an integrated and essential 
part of each aquatic environment. If contaminated, they can pose risks to 
living organisms and in the longer run, to humans and thus they should be 
naturally integrated within management processes and assessments of 
aquatic environments.  

 Fiberbanks cannot be viewed as a common sediment class. Each fiberbank 
must be dealt with separately within management plans.  

 Relentless phenomena such as climate change and isostatic uplift will af-
fect the fiberbanks in the future and can affect their physical and chemical 
stability properties. The influence of these phenomena on contaminated 
sediments, fiberbanks and associated fiber-rich sediments needs to be 
studied in order to prioritize contaminated sediment sites for remediation, 
based on the environmental risk.  

 The fiberbanks studied in this thesis formed decades ago yet are so per-
sistent that they will exist for many decades to come. The question of who 
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should pay (between ~800 and 1400 SEK/m3 (Erlander and Jersak, 2017)) 
for managing past sins need to be highlighted. Is this a matter for today or 
tomorrow?  
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Svensk sammanfattning 

Östersjöns miljö är fortfarande påverkad av miljögifter, så som, tungmetaller 
och persistenta organiska föroreningar (POPs) som är välkända för sina nega-
tiva effekter på människor och djur och användningen av dessa förbjöds för 
flera decennier sedan. Det industriella användandet av till exempel bekämp-
ningsmedlet DDT och industrikemikalien PCB förbjöds på 1970-talet medan 
användandet av kvicksilver (Hg) förbjöds redan på 1960-talet. Trots detta fort-
sätter dessa ämnen att cirkulera i Östersjöns ekosystem idag. Förhöjda halter 
av just dessa gamla industrikemikalier, bekämpningsmedel samt tungmetaller 
har återfunnits i så kallade fibersediment längs den svenska norrlandskusten 
under systematiska kartläggningar utförda av Sveriges geologiska undersök-
ning (SGU) i samarbete med flera länsstyrelser mellan 2010 och 2016. Fiber-
sedimenten är en kvarleva från gamla utsläpp från pappers- och massaindu-
strin som under många decennier fram till 1970-talet släppte ut stora mängder 
orenat processvatten i närliggande vattendrag. Processvattnet innehöll föru-
tom processkemikalier också cellulosafibrer från massakokningen. Dessa 
massafibrer sjönk till botten och bildade stora ansamlingar, så kallade fiber-
bankar, som på många ställen är flera meter mäktiga. Fibrerna kunde också 
spridas över ett större område där de vid sedimentering blandades med natur-
liga sediment (naturliga postglaciala leror) och bildade fiberrika sediment. Fi-
berutsläppen gav upphov till en rad olika miljöproblem såsom syrefria bottnar 
och illaluktande vattendrag. År 1969 infördes den första övergripande miljö-
lagstiftningen i Sverige och i och med detta var industrin tvungen att se över 
sina utsläpp. Detta medförde att miljötekniken gick framåt och fiberutsläppen 
reducerades kraftigt. Ett annat incitament till att minska fiberutsläppen var den 
begynnande insikten om att naturresursen, träråvaran, inte är oändlig utan be-
höver användas mer hållbart. Det har uppskattats att omkring mellan 10 och 
20% av pappersmassan gick förlorad med avloppen under perioden med de 
största utsläppsmängderna i Sverige under 1950-talet. De höga utsläppsmäng-
derna på 1950-talet kan korreleras med den svenska pappers- och massaindu-
strins markant ökande produktion och export under samma period. Produkt-
ions- och exportökningen kan ytterligare knytas till efterkrigstidens ”stora ac-
celeration” som kännetecknas av en tid av väsentlig ekonomisk tillväxt i värl-
den och tillhörande global efterfrågan på papper och andra varor. Dagens 
pappers- och massaindustri jobbar ständigt med miljö- och hållbarhetsfrågor 
och utsläppen från en modern fabrik är mycket små jämfört med de historiska. 
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Men arvet från förra seklets snabba produktionstakt och bristfälliga miljölag-
stiftning finns kvar på våra havs-, sjö och älvbottnar i form av förorenade fi-
bersediment som måste tas med i beräkningen när Sverige axlar de nationella 
miljökvalitetsmålen och hållbarhetsmålen i Agenda 2030 som syftar till en 
hållbar havsförvaltning och blå tillväxt i Östersjön.   

Syftet med forskningen som presenteras i denna avhandling var att identi-
fiera förutsättningar för spridning av miljöföroreningar, både metaller och 
POPs, från fibersediment till omgivande akvatisk miljö. Grunden till denna 
avhandling är fyra artiklar som var och en beskriver påverkan från fibersedi-
ment till omgivande akvatiska miljöer och kustområden. Prover och fältdata 
samlades in under fyra fältsäsonger (år 2014, 2015, 2017 och 2018) i fyra fi-
berbanksområden i den inre delen av Ångermanälvens mynningsområde. Fält-
arbetet utfördes under sommar-höst från SGUs undersökningsfartyg S/V 
Ocean Surveyor. Längs Ångermanälvens mynningsområde har nio pappers- 
och massafabriker varit i drift under förra seklet. Var och en av dessa fabriker 
har gett upphov till en fiberbank i recipienten direkt utanför. Idag är bara en 
fabrik kvar i drift, Väja sulfat- och pappersbruk, och fiberbanken utanför detta 
har undersökts tillsammans med två andra fiberbankar utanför nedlagda bruk 
i Kramforsområdet: Sandviken gamla sulfatfabrik och Kramfors gamla sulfit-
fabrik. Dessa tre studieområden ligger belägna i Kramforsfjärden och angrän-
sande Bollstafjärden. Det fjärde studieområdet, Hallstanäs, ligger sydväst om 
Kramfors utanför ett nedlagt träsliperi som producerade mekanisk massa fram 
till mitten av 1960-talet. Resultaten från undersökningarna av graden av me-
tallförorening i fiberbankar, fiberrika sediment och naturliga postglaciala leror 
utanför Sandviken och Väja visar att fiberbankarna innehåller högre andel or-
ganiskt material och är mer förorenade än de andra två sedimenttyperna och 
att halterna kan vara skadliga för bottenlevande organismer. Metallerna sitter 
hårt bundna till materialet i fiberbankarna vilket manifesterade sig i låga por-
vattenkoncentrationer vilket medför försumbara förväntade flöden av metaller 
från porvattnet till ovanliggande bottenvatten. För att studera effekten av eros-
ion av sedimenten, till exempel till följd av båttrafik, undervattensskred eller 
gasavgång, mättes halterna av metaller, både lösta och partikelbundna, i bot-
tenvatten före och efter resuspension av underliggande sedimentyta. Detta ex-
periment visade att spridning av metaller efter uppgrumling i huvudsak sker 
med partiklar och inte i löst form. Partikelmängden var också större i prover 
från fiberbankarna jämfört med fiberrika sediment och naturliga postglaciala 
leror. I avhandlingen studeras också de tre olika sedimenttypernas innehåll av 
de organiska miljöföroreningarna PCB, DDT och HCB i studieområdena ut-
anför Väja, Sandviken och Kramfors. Även i denna del av avhandlingen kon-
staterades att halterna av både organiskt material och föroreningar var högre i 
fiberbankarna jämfört med de två andra två sedimenttyperna. Även de under-
sökta organiska föroreningarna satt hårt bundna till det organiska materialet i 
fiberbankarna. Trots detta var halterna av de analyserade ämnena i porvatten 
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från fiberbankarna högre än i porvatten från de två andra sedimenttyperna vil-
ket innebär att potentiell spridning av dessa POPs via porvatten är mer trolig 
från fiberbankar. Även de organiska miljöföroreningarna förekom i halter som 
kan vara skadliga för bottenlevande organismer. Avhandlingen innehåller 
även en studie av fiberbankarnas vertikala fördelning av metaller och sprid-
ningen av dessa i Ångermanälvens mynningsområde. Studien inkluderade tre 
fiberbankar: Väja, Sandviken och Hallstanäs. Prover från fiberbankarna ytor, 
vilket bör motsvara yngre sedimenterat material, samt från djupare delar som 
motsvarar äldre lager, erhölls. Sedimentkärnor från ackumulationsbassänger 
längs Ångermanälvens mynningsområden togs också för att studera de hur 
metallhaltiga industriutsläpp har ändrats över tid. Resultaten visar att i Sand-
viken och Hallstanäs, där fiberbankarna har översedimenterats med nytt, fin-
kornigt material av samma karaktär som de naturliga postglaciala lerorna, är 
halterna högre i de djupare liggande lagren än i de ytliga. Motsatsen kunde 
urskiljas i Väja fiberbank som saknar ett synligt nysedimenterat lager. Bara i 
Sandviken beräknas det skyddande, nysedimenterade lagret vara tillräckligt 
tjockt och stabilt för att skydda ovanliggande bottenvatten från läckage av me-
taller från fiberbanken under. Det måste dock tas i beaktning att gasavgång 
som kunnat urskiljas vid provtagning av samtliga fyra fiberbankar kan påverka 
detta skyddande lager. Halterna i fiberbankarna kan också generellt räknas 
som kontaminerade i jämförelse med sedimenten de yngsta (översta lagren) 
sedimenten i ackumulationsbassängerna. Sedimentkärnorna från dessa bas-
sänger, som kan ses som miljöhistoriska arkiv, visar att mynningsområdet har 
varit påverkat av metallföroreningar sedan början av förra seklet men halterna 
har idag återgått till bakgrundsnivåer. Det kan konstateras att fastän de geolo-
giska arkiven vittnar om en återhämtning i Ångermanälvens mynningsom-
råde, så kan de inte identifiera fiberbankarna som kvarvarande punktkällor för 
gamla föroreningar. 

Avhandlingen förmedlar också att Antropocen, människans tidsålder, som 
oftast beskrivs med fenomen som påverkar hela planeten såsom global upp-
värmning, försurning av haven och skövling av stora skogsområden, även kan 
definieras på en regional nivå där fiberbankarna är ett bra exempel. Den glo-
bala efterfrågan på papper och pappersprodukter har satt sin prägel på en av-
lägsen plats på jorden: den svenska norrlandskusten. Bristen på kunskap om 
dessa antropogena lämningar i kombination med yttre påverkansfaktorer 
såsom den globala uppvärmningen och landhöjningen gör det svårt att bedöma 
riskerna för spridning av gamla miljögifter från fiberbankar, framförallt på 
lång sikt. Även havs- och vattenförvaltning blir lidande av bristfälliga de-
taljkunskaper om förorenade sediment där fibersedimenten är en unik typ som 
skiljer sig från ”vanliga” förorenade sedimentområden. I framtiden måste mer 
forskning kring förorenade fibersedimentsområden, upptagsvägar och påver-
kansgrad utföras och resultaten av denna forskning bör implementeras i havs- 
och vattenförvaltning för att en hållbar förvaltning av Östersjön på sikt ska 
kunna nås.  
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