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Abstract 
 
The Swedish coast along the Bothnian Sea has been heavily polluted from different industries 
such as pulp and paper mills previously in operation there. The presence of wood fiber residues 
in wastewater effluents has contributed to the formation of sediments enriched with cellulose 
fiber. These fiber enriched sediments all have markedly elevated levels of both organic 
pollutants and toxic metals. In this work, source identification of polycyclic aromatic 
hydrocarbons (PAHs) in the sediments were carried out by means of diagnostic PAH ratios as 
well as principal components analysis. Both petrogenic and pyrogenic sources could be 
identified, although pyrolytically derived PAHs dominated in most sites. Furthermore, ecological 
risks were assessed using equilibrium partitioning sediment benchmark toxic units. Out of nine 
areas examined, only one had sediment samples where the amount of bioavailable PAHs were 
consistently predicted to be low enough to not cause toxic effects to invertebrates. At the time 
being, re-colonization by benthic fauna in the most polluted sites seem improbable, and 
mitigation strategies should be considered. However, making remediation decisions are many 
times complex and not straightforward.  
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Introduction and Theory 
 
Many places along the coast of Sweden have been heavily polluted due to historical and 
ongoing industrial activities. Before any strict environmental laws about protection of the 
environment came into practice, untreated wastewater effluents from pulp and paper industries 
were discharged directly into the sea, lakes, and surrounding rivers. This practice led to the 
accumulation of wood fiber deposits (so called fiber-banks and fiber-rich sediments) situated on 
the bottoms, containing chemicals associated with the process of making cellulose-based 
products. Chemicals typically used, produced, or generated in the production process by-
products were organic pollutants such as polycyclic aromatic hydrocarbons (PAHs), 
polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins and dibenzofurans 
(PCDD/Fs), 1,1,1-trichloro-2,2-bis (4-chloro benzene) ethane (DDT and it’s transformation 
products), hexachloro benzene (HCBs), as well as metals such as mercury, lead, cadmium, and 
arsenic (Norrlin et al., 2016). 
 
Much research and monitoring work have been done on organic pollutants in the Baltic Sea. 
However, this research has primarily focused on identifying sources of persistent organic 
pollutants (POPs) such as the PCDDs, PCDFs, and PCBs (e.g. Assefa, 2015; Sundqvist, 2009; 
Sobek et al., 2014). Consequently, other groups of pollutants remains to be examined with 
regards to sources and other aspects relevant for improving the overall ecological status of the 
Baltic Sea. One of the less explored groups of contaminants is the polycyclic aromatic 
hydrocarbons (PAHs). Yet, PAHs are substantially elevated in many of the fiber-banks and 
fiber-rich sediments found along the coast, with levels often greatly exceeding environmental 
quality guidelines (Norrlin et al., 2016). PAHs are known to be toxic to benthic fauna as well as 
fish, and in humans PAHs are notorious carcinogens (Baird and Cann, 2008).  
 
Since PAHs are frequently occurring in anthropogenic impacted sediments, much effort has 
been devoted to the development of fairly simple screening tools that can be used to estimate 
aquatic toxicity of PAH mixtures (Kane Driscoll and Burgess, 2007). Elaboration on the 
equilibrium partitioning (EqP) theory ‒ which in short is a method for calculating the bioavailable 
fraction of a chemical in a sediment using physical parameters such as total organic carbon 
(TOC) and the chemicals organic carbon‒water partitioning coefficient, KOC ‒ has subsequently 
led to what is referred to as equilibrium partitioning sediment benchmarks (ESBs) (U.S EPA. 
2003). The derivation of ESBs include calculations of the dissolved (and thus bioavailable) 
fraction of a chemical in a sediment using the chemicals KOC. This coefficient can be derived in 
various ways, but commonly octanol is used as surrogate for organic carbon and hence KOC is 
estimated from the chemicals octanol‒water partition coefficient KOW (Arp et., al 2009). By 
utilizing known effect concentrations for water, U.S EPA uses e.g. final chronic values (FCV), 
ESBs can be calculated as:  

𝐸𝑆𝐵 = 𝐾!"𝐹𝐶𝑉(
!

!"""
)     (1) 

 
(The term 1/1000 is applied to convert kilograms of organic carbon to grams.) Since PAHs 
display a non-specific mode of toxic action (i.e., narcosis, or baseline toxicity) in invertebrates, 
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the effect is additive and toxic units (TUs) can be used to estimate toxicity of PAH mixtures to 
benthic fauna in sediments (Burgess et al., 2012). A TU for a sediment is defined as the ratio of 
the sediment concentration to the sediment effect concentration (and normally concentrations 
are given on a carbon normalized basis) (Di Toro and McGrath, 2000). By using the derived 
ESB as sediment effect concentration, and summing up all toxic units for every measured PAH, 
ΣESB TUs is derived (Burgess et al., 2012), and can be defined as:  
 

𝛴𝐸𝑆𝐵 𝑇𝑈𝑠!"# = 𝛴!
!!"#$
!"#!"#$

      (2) 

 
Application of ESBs requires measurements of total (i.e. 34) PAHs in sediments. However, 
many times only a subset of total PAHs are available in analytical data reported. To address this 
issue, a series of uncertainty factors (UFs) at different levels of statistical certainty can be 
applied to adjust the derived ΣESB TUs to an estimated value if total PAHs had been measured 
(U.S EPA. 2003). These uncertainty factors are based on measured concentrations of either the 
U.S. EPA 13 priority pollutant PAHs, or the 23 NOAA Status and Trends PAHs (Kane Driscoll 
and Burgess, 2007). For this work, the toxic contribution of unmeasured PAHs was accounted 
for by applying an uncertainty factor based on 13 PAHs giving a 95% degree of certainty. These 
uncertainty factors have been derived from datasets where total PAHs in sediments were 
measured. For each sample in the datasets, every PAH were divided by their respective effect 
concentration to obtain a TU. By then summing the toxic units for 34, 23, and 13 PAHs to obtain 
TU34, TU23, and TU13, ratios of TU34/TU23 and TU34/TU13 were computed. By plotting these 
computed ratios on a log normal probability distribution, it has been shown that the ratios can be 
used to predict total ΣESB TUs rather well, based on ΣESB TUs from either 13 or 23 PAHs. 
(See U.S EPA. 2003 for a detailed discussion on UFs.) 
 
When assessing ecological risks in sediments contaminated with PAHs, source identification is 
often helpful for the purpose of controlling input from responsible sources, but also for 
characterizing the ecological hazard. In general, PAHs are said to have either petrogenic or 
pyrogenic origins (Neff et al., 2005; Yunker et al., 2002). Petrogenic PAHs originate from fossil 
fuels and are composed of 2-3 fused aromatic rings while also being highly alkylated due to 
their formation under low temperature and anoxic conditions over long time spans (Kane 
Driscoll and Burgess, 2007; Neff et al., 2005).  Pyrogenic PAHs, typically having 3-6 fused 
aromatic rings, are formed during incomplete combustion of organic matter, and due to the 
conditions under which they are formed (i.e., under high-temperature and with access to 
oxygen), they are typically not alkylated (Neff et al., 2005). Due to these differences, different 
emission sources display recognizable PAH profiles. By considering the concentration ratios 
(often referred to as “diagnostic ratios”) between pairs of PAHs having the same molecular 
mass, sources can often be deduced. For example, a ratio of anthracene to anthracene + 
phenanthrene <0,1 suggests petrogenic influences whereas a ratio >0,1 should be taken as an 
indication of pyrolytic emission sources (Tobiszewski et al., 2012).  In this work, only parent 
PAHs (i.e., non-alkylated) were considered since alkylated PAHs were not included in the 
analytical data reported from SGU and Umeå University (see method section).  
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Additional commonly used tools for source identification of PAHs are multivariate statistical 
methods such as principal component analysis (PCA) (Neff et al., 2005; Stout et al., 2001). In 
short, PCA is a multivariate projection method that shows the systematic variation in the data. 
Principal components (PCs), which are lines (orthogonal to each other) going through the origin 
of the K-dimensional space, stretches along the directions of the data points that gives the 
greatest variation (where PC1 is oriented in the direction of the largest variation, PC2 the 
second largest variation, PC3 the third largest variation and so on) (Eriksson et al., 2013). By 
plotting coordinate values of the data points as well as PC loadings, score and loading plots are 
obtained. The score plot can be thought of as a “map” where observations (in this case areas) 
close to each other display similarities (i.e., having similar contaminant PAH profiles). Areas 
plotted far from each other in the score plot tend to have dissimilar PAH profiles. The loading 
plot is used to find what variables that contribute to the patterns observed in the score plot. It 
also shows how much influence each variable (in this case PAHs) have. Correlated variables 
are grouped together in the loading plot, and as the distance from the center increases, the 
larger is their influence on the model (Eriksson et al., 2013). By superimposing the score and 
loading plots on each other, one can see what observations (areas) the different variables 
(PAHs) influence. For example, observations in the upper right hand corner of a given score plot 
are influenced by the variables in the corresponding position in the loading plot.  Using PCA in 
addition to diagnostic ratios can be helpful since it enables a visual overview of sediment 
samples and how they relate to the different PAHs. 
 
The primary objectives of this work were to: 
 

1. Identify important sources of PAHs in polluted sediments from three counties (viz. 
Gävleborg, Västernorrland, and Västerbotten) along the Swedish coast of the Bothnian 
Sea. This was done by means of diagnostic PAH ratios as well as principal component 
analysis.  

2. Assess ecological risks to benthic organisms in the polluted sediments. This was done 
by means of ESB TUs. Due to lack of TOC data in samples from Västernorrlands län, 
these sediments were excluded from the risk assessment. 

 
Diagnostic ratios together with PCA proved to be effective and both petrogenic and pyrogenic 
sources of PAHs could be identified in the sediments. Final derived ΣESB TUs showed that all 
examined areas, except one, had sediment samples with high enough levels of bioavailable 
PAHs to cause toxic effects in invertebrates.  
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Methods 

PAH analytical data 
Analytical data on PAHs in sediments were collected from two large-scale inventories of 
polluted fiber sediments concerning the northernmost province of Sweden. These two 
inventories/projects were led by Geological Survey of Sweden (SGU) together with the county 
administrative boards of Norrbotten, Västerbotten, Västernorrland, Jämtland and Gävleborg. 
During the first of these projects, inventories of the fiber enriched sediments as well as chemical 
analysis were carried out along the coast of Västernorrland County during 2010‒2012 (see 
Apler et al., 2014). In the second project, inventories and chemical analysis of the sediments 
were carried out during 2015 and 2016 along the coast of Gävleborg, Västerbotten, and 
Norrbotten Counties, but also in lakes in Jämtland and Västernorrland Counties (see Norrlin et 
al., 2016). In addition, analytical data from the Department of Chemistry at Umeå University 
generated within the research project REACT (collected in 2013, 2014, and 2015), was also 
utilized. Reported data included 16 PAHs (from both SGU and Umeå University). Table 1 show 
the so-called 16 U.S EPA priority PAHs reported in the included sediment samples.  
 
Table 1. The structure of the 16 PAHs reported in sediment samples from the Swedish coast of the 
Bothnian Sea. Low molecular weight PAHs are composed of 2-3 aromatic rings whereas high molecular 
weight PAHs consists of four or more rings. For the abbreviations used throughout this work, see List of 
Abbreviations on page 3.  
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PAH Diagnostic Ratios  
To infer sources, the following PAH ratios were computed and compared with values reported in 
the scientific literature: ANT/ANT+PHE, FLA/FLA+PYR, BaA/BaA+CHR, and IcdP/IcdP+BghiP. 
In order to clearly investigate whether the different ratios pointed to the same source or gave 
inconsistent results, they were plotted against each other with the FLA/FLA+PYR ratio 
constantly kept on the x-axis while varying the ratios ANT/ANT+PHE, BaA/BaA+CHR, and 
IcdP/IcdP on the y-axis. A stacked column bar chart was also designed for every site in all 
counties to compare the percentages that each PAH contributed to the total. Table 2 below 
show all diagnostic ratios utilized in this work along with value ranges reported for different 
sources. References mainly used for comparison of computed ratios were: Neff et al., 2005; 
Tobiszewski et al., 2012; Yunker et al., 2002.  
 
Table 2. Diagnostic ratios utilized in this work. Computed ratios were compared with values reported in 
the scientific literature. 

PAH ratio Value ranges Sources 

ANT/ANT+PHE <0.1 
>0.1 

Petrogenic 
Pyrogenic 

FLA/FLA+PYR <0.4 
0.4‒0.5 
>0.5 

Petrogenic 
Fossil fuel combustion 
Grass/wood/coal combustion 

BaA/BaA+CHR <0.2 
0.2‒0.35 
>0.35 

Petrogenic 
Mixed sources 
Combustion 

IcdP/IcdP+BghiP <0.2 
0.2‒0.5 
>0.5 

Petroleum 
Petroleum combustion 
Grass/wood/coal combustion 

 

Principal Component Analysis (PCA) 
PCA was used to get an overview of the relation between samples and their level as well as 
composition of PAHs. SIMCA 15 (Umetrics, Umeå, Sweden) was used for the PCA calculations. 
Prior to conducting the PCA, concentration effects amongst the samples were eliminated by 
dividing each individual PAH by the sum of the 16 PAHs in the sample, respectively, thereby 
normalizing to total PAHs. In addition, all data were log-transformed to obtain a more near-
normal distribution. Some samples from Sundsvallsbukten had missing data of Acenaphthylene 
(ACY). However, multivariate methods are able to handle missing data issues (Eriksson et al., 
2013).  
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Equilibrium Partitioning Sediment Benchmark and Toxic Units 
Sediment samples at depths of no more than 0‒20 cm were used in the calculations. In order to 
correctly apply the uncertainty factor, the compounds DahA, BghiP, and IcdP were excluded 
(see theory and introduction section). The concentration of each PAH analyte in the samples 
were normalized to total organic carbon (TOC) content (in the sample). The TOC normalized 
sample concentrations of each compound were then divided by their respective literature ESB 
values to obtain a ESB TU. By using Equation (2), i.e., summing up all calculated ESB TUs in 
the samples, and then multiplying with an uncertainty factor of 11.5 to achieve a level 95% 
confidence, a final ΣESB TU for each sample was derived. A final ΣESB TU >1 indicate that the 
sediment sample have high enough levels of bioavailable PAHs to pose a risk to benthic 
organisms. A value <1 should be taken as an indication of no, or negligible, risks for that 
sample. ESB values as well as the uncertainty factor were taken from the U.S EPA report 
“Procedures for the derivation of equilibrium partitioning sediment benchmarks (ESBs) for the 
protection of benthic organisms: PAH mixtures” (U.S. EPA. 2003). Examples of ΣESB TUs 
calculations are shown in Appendix 2.  
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Results and Discussion 

Source Identification Using Diagnostic PAH Ratios 
 
The results from PAH cross plots of diagnostic ratios (FLA/FLA+PYR versus ANT/ANT+PHE, 
BaA/BaA+CHR, and IcdP/IcdP+BghiP, respectively) are shown in Figures 1, 3, and 5 below. 
The proportions of individual PAHs in each sediment sample from every county are shown in 
Figures 2, 4, and 6. In general, it can be inferred that combustion of organic matter have been 
dominating sources of PAHs in Gävleborgs and Västerbottens county. Combustion of petroleum 
seem to also have contributed to the PAH composition in sediment samples from these two 
counties, while PAHs from petrogenic origin is rather the exception in these sites. Conversely, 
samples from Västernorrlands county have ratios indicative of both petrogenic and pyrolytic 
inputs. A more detailed interpretation of each site is given in subsequent sections. 
 
Gävleborg County. In total, 28 sediment samples were included from the Gävleborg County 
coast of the Bothnian Sea. (For detailed maps of the locations where samples were collected, 
see Appendix 4 and Norrlin et al., 2016.) As can be seen in Figure 1a, samples from Norrsundet 
and Iggesund showed rather similar ranges of ANT/ANT+PHE ratios (ca. 0.11 to 0.24), while 
the ratios of samples from Ljusnefjärden were on average both higher and more variable (ca. 
0.16 to 0.34). Samples from Stocka were comparatively uniform and displayed high ratios (ca. 
0.24–0.28). None of the samples were plotted below the 0.1 boundary, and consequently only 
combustion derived PAHs are suggested. Looking at the FLA/FLA+PYR ratios, only two 
samples (D007_02 and D009_02, see Figure 2) from Norrsundet were plotted below the 0.5 
boundary and thus assigned to petroleum combustion. The rest of the samples had ratios >0.5 
which point towards predominantly biomass combustion sources. Although there were some 
scatter seen (e.g. samples from Ljusnefjärden ranges between ca. 0.51–0.61), all samples were 
consistent with grass/wood/coal combustion. The two samples from Ljusnefjärden having 
FLA/FLA+PYR ratios >0.6 (E012_02 and E025_02, see Figure 2) could possibly also have had 
influence from creosote (Yunker et al., 2002). 
 
Figure 1b shows the BaA/BaA+CHR ratio. All samples had ratios >0.35 which again implies 
substantial input from combustion sources. The majority of samples were rather uniform with 
ratios in the range of about 0.45–0.55, and although a more scattered distribution was seen in 
samples from Norrsundet (ca. 0.39–0.58), all sites displayed BaA/BaA+CHR ratios typically 
observed for grass/wood/coal or petroleum combustion (Yunker et al., 2002).  
 
In Figure 1c, showing the IcdP/IcdP+BghiP ratios, most samples can be found in the upper 
rightmost corner and thus have ratios on both axes indicating combustion of biomass as 
sources. The two samples from Ljusnefjärden (E012_02 and E025_02) having IcdP/IcdP+BghiP 
ratios >0.6 also had FLA/FLA+PYR ratios >0.6 and this further points to creosote as a source 
(Yunker et al., 2002). What should be noted is that a few samples from Norrsundet, Iggesund, 
and Ljusnefjärden were plotted below the 0.5 transition point that distinguishes biomass burning 
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from petroleum combustion (in the IcdP/IcdP+BghiP ratio). At the same time, these samples 
(except two from Norrsundet) had FLA/FLA+PYR ratios predicting biomass combustion as 
source (hence their position in the rightmost middle position in Figure 1c). This inconsistency is 
puzzling, and it has been hypothesized that the boundary for biomass combustion in the 
IcdP/+IcdP+BghiP ratio is too high (Fine et al., 2001; Yunker et al., 2002). Either way, mixed 
(combustion) sources have likely influenced these samples. Lastly, the comparatively low 
IcdP/IcdP+BghiP ratios for sample D007_02 and D009_02 (Norrsundet) corroborates the 
supposition of influence from petroleum combustion. 
 
In conclusion, all samples from Gävleborg showed diagnostic ratios typical for sediments 
heavily affected by industries, having a dominance of grass/wood/coal combustion derived 
PAHs, although petroleum combustion sources could also be indicated. No samples from either 
location deviated among the others with regards to sources, which is also evident when looking 
at the composition of PAHs shown in Figure 2. The only somewhat deviating samples were the 
ones from Ljusnefjärden, having comparatively high proportions of FLA and IcdP, possibly 
indicating a creosote source (Yunker et al., 2002). Similar sources would however be expected 
since all sites have had the same type of factories (paper and pulp industries, sawmills) 
previously in operation (Norrlin et al., 2016).  
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Figure 1. PAH cross plots of the diagnostic ratios used for all locations in Gävleborg County. Figure 1a 
show the ratio ANT/ANT+PHE vs. FLA/FLA+PYR, 1b show the ratio BaA/BaA+CHR vs. FLA/FLA+PYR, 
and 1c show the ratio IcdP/IcdP+BghiP vs. FLA/FLA+PYR. Biomass combustion derived PAHs 
dominated in all sites, even though petroleum combustion sources were indicated. No ratios suggested 
petroleum inputs.  



13 

 
Figure 2. Composition of the eight PAHs used for diagnostic ratios in sediment samples from Gävleborg 
County. All sites had fairly similar proportions of all compounds, with diagnostic ratios pointing to mostly 
biomass combustion, although petroleum combustion could also be indicated. A similarity in proportions 
was not too unexpected given the fact that similar type of industries (i.e., paper and pulp mills, saw mills) 
have been operating in these areas. 
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Västernorrland County. In total, 29 sediment samples were included from the Västernorrland 
County coast of the Bothnian Sea. (Detailed maps of the locations where samples were 
collected can be found Appendix 4 and in Apler et al., 2014.) As can be seen in Figure 3a, 
samples from Sundvallsbukten and Kramfors/Härnösand showed considerable scatter in the 
ANT/ANT+PHE ratios (ca. 0.06–0.21 and 0.07–0.25, respectively), and samples were plotted 
both above and below the 0.1 transition boundary, suggesting petroleum as well as combustion 
derived PAHs. In contrast, samples from Örnsköldsvik were more uniform (ca. 0.05–0.11) and 
located mostly below the 0.1 boundary, pointing to petroleum as the dominating source. At the 
same time, the majority of samples from all sites had fairly consistent FLA/FLA+PYR ratios (ca. 
0.53–0.61) which implies combustion of biomass as a source. It should be noted that the 
FLA/FLA+PYR ratio is less useful for the purpose of identifying petrogenic sources, while being 
a more suitable indicator of pyrolytic emissions (Tobiszewski et al., 2012). Only one sample 
from Sundsvall, 3753:3 (see Figure 4), had a comparatively low proportion of FLA to PYR and 
was therefore plotted to the left of the 0.5 boundary, pointing to petroleum combustion 
emissions. The samples plotted below the 0.1 transition point on the ANT/ANT+PHE axis (and 
thus assigned to petroleum), while still being plotted above 0.5 along the FLA/FLA+PYR axis, 
most likely have a mix of petrogenic and biomass combustion inputs (samples in lower 
rightmost corner in Figure 3a). Similarly, sample 3753:3 (found in the lower, middle position in 
Figure 3a) probably have a mix of  PAHs from petrogenic and petroleum combustion sources. 
Finally, samples located in the upper rightmost corner show distinct indications of biomass 
burning sources.  
 
Looking at Figure 3b, there were considerable scatter in the BaA/BaA+CHR ratios for samples 
from Sundsvallsbukten (ca- 0.21–0.50) and Kramfors/Härnösand (0.24–0.55), suggesting 
influences from both combustion (wood or coal) and mixed sources (either petroleum or 
combustion). Samples from Örnsköldsvik were less spread out, having ratios ranging from 
about 0,44–0,56, which point to inputs from combustion. An interesting observation is that all 
samples except two, having ANT/ANT+PHE ratios <0.1 in Figure 3a were located above the 
combustion boundary point of 0.35 as seen in Figure 3b. This fact strongly suggests that the 
PAH assemblages in these samples do not only have a petrogenic but also a pyrogenic origin. 
The remaining two (aforementioned) samples (viz. 10_0068 and 10_0061) are instead located 
in the middle rightmost position in Figure 3b and can thus be assigned to mixed sources.  Based 
on their location in Figure 3a (i.e., with ANT/ANT+PHE ratios <0.1), they most likely have a 
petrogenic origin, but combustion as a source should not be ruled out. Moreover, the 
BaA/BaA+CHR ratios pointed to mixed sources for additional samples from Sundsvall that, in 
Figure 3a, were assigned to combustion (sample 10_0072 and 10_0062). However, given the 
high proportion of both ANT and PYR in these samples, petroleum sources seems less 
probable (Yunker et al., 2002).  
 
Looking at the IcdP/IcdP+BghiP ratios shown in Figure 3c, samples from Örnsköldsvik (ranging 
from ca. 0.48–0.52) and Kramfors/Härnösand (ca. 0.36–0.53) were located both above and 
below the 0.5 transition point. Conversely, all samples from Sundsvallsbukten (ranging from 
about 0.27–0.49) were located below this boundary. Even though some samples <0.5 might be 
incorrectly assigned to petroleum combustion due to an inaccurate transition point (Yunker et 
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al., 2002), mixed combustion sources are still possible. Only a minority of samples had both 
ratios pointing to grass/wood/coal combustion (rightmost upper corner), and this observation 
emphasize the fact that there must have been diversity in the PAH sources. Lastly, the 
IcdP/IcdP+PYR ratio gave further reasons to believe that sample 3753:3 (Sundsvall) in fact 
have influences from petroleum combustion.  
 
In conclusion, diagnostic ratios pointed to both petrogenic and pyrogenic sources in all sites. 
Samples from Örnsköldsvik distinguished from samples in other areas in that they displayed 
almost consistently high proportions of PHE to ANT, as is evident when looking at the 
composition of PAHs in Figure 4. Some samples from Sundsvallsbukten and 
Kramfors/Härnösand also had high PHE to ANT proportions, but overall these sites displayed 
more diverse PAH profiles (Figure 4). Most diversity in the proportion of PAHs was seen in 
samples from Sundsvallsbukten. This observation could reflect the fact that several type of 
industries have been (and still are) operating in this area. For example, in addition to pulp and 
paper industries and sawmills, there have been chemical industries and also a smelter 
(Kubikenborg Aluminium AB, also known as “Kubal”) in this area (Apler et al., 2014). The high 
PHE proportion in some samples indicate a substantial input from petroleum. This observation 
might be attributed to the fact that traffic of marine vessels have been intense in some locations, 
and (occasional) oil discharges from ships could have occurred (Apler et al., 2014). Although for 
example the FLA/FLA+PYR ratio point towards predominantly biomass burning, many of the 
industries presumably also used oil in addition to coal and bark in combustion processes for 
generation of energy (Apler et al., 2014). This supposition is corroborated by the fact that many 
samples were plotted below the 0.5 boundary in the IcdP/IcdP+BghiP ratio (Figure 3c). 
Furthermore, as would be expected from sediments heavily affected by industries, combustion 
derived PAHs are ubiquitous (Neff et al., 2005). As opposed to samples from both Gävleborg 
(see above) and Västerbotten (see subsequent sections), no ratios were indicative of creosote 
sources.  
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Figure 3. PAH cross plots of the diagnostic ratios used for all locations in Västernorrland County. Figure 
3a show the ratio ANT/ANT+PHE vs. FLA/FLA+PYR, 3b show the ratio BaA/BaA+CHR vs. 
FLA/FLA+PYR, and 3c show the ratio IcdP/IcdP+BghiP vs. FLA/FLA+PYR. As opposed to samples from 
Gävleborg County, both pyrogenic and petrogenic sources could be identified in all sites.  
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Figure 4. Composition of PAHs used for diagnostic ratios in sediments from Västernorrland County. 
Samples from Örnsköldsvik showed almost consistently high PHE proportions, and overall the samples 
were more homogeneously distributed. Samples from Kramfors/Härnösand and Sundsvallsbukten had 
more diverse PAH profiles, an observation reflecting the fact that many different type of industries have 
been (and still are) operating in these areas. The samples with high PHE proportions indicate substantial 
input from petroleum-related sources. As would also be expected, combustion derived PAHs were 
ubiquitous. As opposed to both Gävleborg and Västerbotten Counties, there were no indications of 
creosote sources.  
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Västerbotten County. In total, 36 sediment samples were included from the Västerbotten 
County coast of the Bothnian Sea. (Detailed maps of the locations can be found in Appendix 4 
and in Norrlin et al., 2016.) As shown in Figure 5a, ANT/ANT+PHE ratios ranged between ca. 
0.08–0.29 for Bureå, 0.08–0.24 for Örviken, and 0.07–0.20 for Nordmaling-Rundvik, suggesting 
both combustion and petroleum sources in these sites. Conversely, none of the sediment 
samples from Holmsund-Obbola and Kåge were plotted below 0.1 and therefore only 
combustion derived PAHs are implied in these sites. The FLA/FLA+PYR ratios were >0.5, 
pointing to biomass combustion for every sample from Bureå, Örviken, and Nordmaling-
Rundvik. For Kåge and Holmsund-Obbola, all samples were plotted >0.5 except EE001_01 
(from Kåge, see Figure 6), which had a ratio of 0.48, pointing to petroleum combustion, and 
W018_02 (from Holmsund-Obbola), which displayed a quite low ratio of 0.14 due to a 
comparatively low proportion of FLA to PYR (see Figure 6). As mentioned previously, for the 
purpose of identifying petroleum sources, the ANT/ANT+PHE ratio is less vague compared to 
FLA/FLA+PYR, and consequently a mix of petrogenic and pyrolytic inputs is suggested for 
samples with ANT/ANT+PHE ratios <0.1 while simultaneously having the FLA/FLA+PYR ratio 
>0.5 (pointing to pyrogenic sources). This is the case for samples found in the lower rightmost 
corner in Figure 5a. Similarly, the sample from Holmsund-Obbola located in the leftmost upper 
corner most likely has combustion origins rather than petroleum (Yunker et al., 2002). Finally, 
samples plotted in the upper rightmost corner in Figure 5a show strong indications of 
combustion emission sources (Tobiszewski et al, 2012). 
 
In Figure 5b, the BaA/BaA+CHR ratio indicated that two samples from Kåge, EE003_02 and 
EE0012_02, could have mixed sources (petrogenic or pyrogenic) due to their comparatively low 
proportions of BaA. However, given the high proportions of ANT and FLA in these samples (see 
Figure 6), it seems unlikely that they have petroleum related sources (Yunker et al., 2002). All 
other samples had ratios within the range of about 0.40–0.55 which implies combustion origins. 
What should be noted is that the samples having ANT/ANT+PHE ratios <0.1 in Figure 5a are 
plotted above the 0.35 combustion boundary in Figure 5b. This again further implies not only 
petrogenic but also pyrogenic sources for these samples.  
 
Looking at Figure 5c and the IcdP/IcdP+BghiP ratio, samples from all sites were plotted both 
above and below the 0.5 transition point separating biomass combustion from petroleum 
combustion. Some scatter could be seen in samples from Örviken (with ratios in the range of ca. 
0.49–0.67) but also in samples from Bureå (0.40–0.56) and Holmsund-Obbola (0.44–0.58). 
Samples from Nordmaling-Rundvik were more uniform, with ratios of about 0.49–0.54. More 
scatter was seen in samples from Kåge (ca. 0.15–0.57), and one sample, EE001_01, was 
plotted below the 0.2 boundary which point to petroleum sources. However, having all other 
diagnostic ratios indicating pyrogenic sources, it seems likely that this in fact would be the 
predominant source for this sample (although petrogenic origins cannot be ruled out). Moreover, 
the IcdP/IcdP+BghiP ratio implied that additional samples from all sites, previously assigned to 
grass/wood/coal burning, instead have petroleum combustion sources (samples in rightmost 
middle position). This observation points to a mix between these two sources, although the 0.5 
boundary is somewhat speculative (for reasons mentioned previously). Lastly, the majority of 
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samples from Västerbotten had both ratios (Figure 5c) indicating grass/wood/coal combustion, 
as can be seen in the upper rightmost corner, which points to an abundance of pyrolytic input.  
 
In conclusion, samples from Västerbotten County had ratios indicative of both petrogenic and 
pyrogenic sources. However, a predominance of combustion derived PAHs could be seen, 
which is expected from sediments with substantial anthropogenic inputs (Neff et al, 2005). Even 
though there has been several type of industries operating in the areas of Västerbotten, e.g. 
sawmills, pulp and paper industries, wood impregnation facilities, and also a smelter 
(Rönnskärsverken) close to Örviken and Bureå (Karlsson, 2015; Norrlin et al., 2016), the PAH 
profiles in the samples were more homogeneous than those from Västernorrland, but less 
homogenous compared to Gävleborg (see Figure 4 and 2, respectively). Nonetheless, some 
samples distinguished from the others: W019_02 (Holmsund-Obbola) had a comparatively high 
proportion of FLA, which, together with a high IcdP proportion suggest creosote as a likely 
source (Yunker et al., 2002); X004_01 (Bureå) also had a high FLA content, but taking 
additional diagnostic ratios into account, combustion of lignite and brown coal seems like a 
plausible source (Yunker et al., 2002). Oil spills might have contributed to the petroleum inputs 
seen in Örviken and Nordmaling-Rundvik. It should be stressed is that in some of the samples 
from Västerbotten, especially Kåge, Holmsund-Obbola, and Nordmaling-Rundvik, several PAHs 
in the analysis were close to, or under, the detection limit (see Appendix 1) which makes 
interpretation based on their ratios less definite. 
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Figure 5. PAH cross plots of the diagnostic ratios used for all locations in Västerbotten County. Figure 5a 
show the ratio ANT/ANT+PHE vs. FLA/FLA+PYR, 5b show the ratio BaA/BaA+CHR vs. FLA/FLA+PYR, 
and 5c show the ratio IcdP/IcdP+BghiP vs. FLA/FLA+PYR. Both petrogenic and pyrogenic sources were 
indicated in most sites, although a predominance of combustion derived PAHs was observed.  
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Figure 6. Composition of PAHs used for diagnostic ratios in sediments from Västerbotten County. The 
PAH profile in the samples were more homogeneous compared to sediment samples from 
Västernorrlands county, but less homogenous when comparing to Gävleborgs county. A predominance of 
combustion derived PAHs could be seen, although oil spills might have contributed to the petroleum 
inputs seen in Örviken and Nordmaling-Rundvik. Sample W019_02 from Holmsund-Obbola had high FLA 
and IcdP proportions, pointing to creosote as a source. Sample X004_01 from Bureå had ratios pointing 
to combustion of lignite and brown coal.  
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Principal Component Analysis 
 
Gävleborg County. For the samples from Gävleborg County, the first and second principal 
component (PC1 and PC2), accounting for 40.2% and 25.5% of the variation, respectively, and 
corresponding score and loading plots are shown in Figure 13a and 13b, respectively. In the 
loading plot (Figure 13b), it can be seen that low molecular weight (LMW) PAHs having 2–3 
rings (such as ANT, FL, and PHE), but also the high molecular weight (HMW) compounds PYR 
and FLA (with 4 and 5 rings), were occurring towards the right on the positive end of PC1. 
Conversely most HMW PAHs having 4–6 rings, were plotted more towards the negative (left) 
end of PC1. When connecting this to the score plot (Figure 13a), it can be inferred that samples 
located on the positive end of PC1 were enriched with the LMW PAHs as well as PYR and FLA. 
Similarly, samples on the negative end of PC1 in the score plot had more of the HMW PAHs, 
while samples plotted towards the center displayed average properties with respect to high and 
low mass PAHs.  
 
Since the PAHs in petroleum are dominated by the LMW (Neff et al., 2005), samples located on 
the positive end of PC1 should have received inputs from petrogenic sources while 
simultaneously receiving inputs from combustion processes generating predominantly FLA and 
PYR (Stout et al., 2001). The HMW PAHs are produced during combustion of a variety of 
organic materials, but typical sources for 4–6 ring PAHs are e.g. urban runoff, wood soot, and 
vehicular emissions (Liu et al., 2017; Neff et al., 2005; Stout el al:, 2001). Consequently, diverse 
combustion sources are likely responsible for the samples located on the negative end of PC1.  
 
Along PC2 it can be seen that mainly BaA, CHR, and ACE (but also ANT and FLA), were 
responsible for pulling samples like L001_02 (Stocka) and I034_01 (Iggesund) towards the 
positive end of PC2 in the score plot, while ACY and NP pulled e.g. sample D013_02 and 
D001_03 (both from Norrsundet) towards the negative end (Figure 13a). Although the 
separation seen along PC2 is more ambiguous than in PC1 (separating mainly LMW and HMW 
PAHs), it might reflect differences within the combustion as well as petroleum-related sources.  
 
When comparing the observed trends in the PCA with the composition of PAHs in the samples 
(Figure 2), it can be seen that e.g. sample D010_02  and D011_02 (Norrsundet), found on the 
positive and negative end along PC1, respectively, had different compound profiles; D010_02 
was more enriched with PHE, FLA, PYR, and CHR, whereas D011_02 had much larger 
proportions of IcdP and BghiP. Taking two samples found on opposite sides of PC2, it can be 
seen that e.g. sample L001_02 (Stocka) was more enriched in BaA and CHR than was sample 
D013_01 (Norrsundet).  
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Figure 13. The PCA score and loading plots (Figure 13a and 13b, respectively) of the first and second 
principal components for samples from Gävleborg County. PC1 accounted for 40.2% while PC2 
accounted for 25.5% of the variation in the data. PC1 separated mainly the LMW from the HMW PAHs. 
The separation seen along PC2 was more ambiguous, but might reflect some differences in combustion 
as well as in petroleum-related sources. Samples located on the positive end of PC1 in the score plot 
(13a) should have received petroleum inputs, although PYR and FLA most likely come from combustion. 
Urban runoff, wood soot, and vehicular emissions sources are likely for samples located on the negative 
end of PC1.  
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Västernorrland County. For the samples from Västernorrland county, the score and loading 
plots of PC1 and PC2, accounting for 62.1% and 12.5% of the variation, respectively, are shown 
in Figure 1a and 1b in Appendix 3. In the loading plot (1b), a clear separation can be seen 
between the LMW and HMW PAHs, representing distinct groups at different ends of PC1, with 
the LMW PAHs (2–3 rings) plotted towards the positive end and the HMW PAHs (4–6 rings) 
plotted towards the negative end.  
 
From the score plot (1a) it can be inferred that many samples from Sundsvallsbukten were 
dominated by the LMW PAHs, and should therefore have received inputs from petroleum 
sources. Samples from Sundsvallsbukten were also located on the opposite side of PC1 
together with one sample from Kramfors/Härnösand, thus being enriched with primarily the 
HMW combustion derived PAHs. The rest of the samples from Kramfors/Härnösand together 
with all samples from Örnsköldsvik, and a few from Sundsvallsbukten, displayed more average 
properties and were therefore plotted towards the center.  
 
Along PC2, there was separation between mainly ANT and NP (right hand side in Figure 1b), 
but also between the LMW compounds FLA and PYR and the heavier PAHs IcdP and DahA 
(left hand side in Figure 1b). Again, this must reflect some differences in the combustion and 
petroleum-related sources. An interesting observation is that in samples from Gävleborg 
County, the LMW PAHs FLA and PYR also separated from the heavier PAHs, but this instead 
occured along PC1 (see Figure 13b). Furthermore, in Gävleborg, separation was also seen 
between ANT and NP along PC2, although this was not as clearly manifested as in 
Västernorrlands county samples.   
 
When comparing the trends observed in the PCA with the composition of PAHs in the samples 
(Figure 8), it can be seen that e.g. sample 3753:20 and 10_0065, both from Sundsvall but on 
opposite sides of PC1, had very different compound profiles; 3753:20 was highly enriched with 
PHE while having a very low proportion of the higher mass PAHs. Conversely, sample 10_0065 
had a comparatively low PHE content while being more enriched with the higher mass 
combustion PAHs. When comparing sample 10_0062_2 (Sundsvallsbukten) with 3753:23 
(Kramfors/Härnösand) it can be seen that the high IcdP content in 10_0062_2 pulled it down 
towards the negative end of PC2 while the high FLA and PYR content in 3753:23 resulted in its 
location higher up on the positive end of PC2.  
 
 
Västerbottens County. For the samples from Västerbottens County, the score and loading 
plots of PC1 and PC2, accounting for 35% and 17.9% of the variation, respectively, are shown 
in Figure 2 in Appendix 3. Just like in Gävleborg and Västernorrlands Counties, a separation 
along PC1 between the LMW and HMW PAHs could be observed (Figure 2b). However, ACE, 
FL, and ANT (LMW) were plotted more towards the center together with FLA and PYR. A 
similarity with Gävleborg is that PYR and FLA separated from the heavier PAHs along PC1, 
instead of PC2.  
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From the score plot (Figure 2a) it can be inferred that two samples from Bureå and one from 
Kåge were enriched with NP, PHE, and ACY, while samples from primarily Nordmaling-Rundvik 
and Örviken were influenced more by the higher mass combustion derived PAHs. Most samples 
were however plotted towards the center which indicate average proportions of LMW and HMW 
PAHs, while simultaneously having high FLA and PYR contents and, depending on the location 
along PC2, also (varying) influences from ANT, ACE, and FL.  
 
When looking at PC2, it can be seen that BaP was responsible for pulling some samples 
towards the positive end, while especially ACE and FL pulled samples from e.g. Kåge, Bureå, 
and Holmsund-Obbola towards the negative end (Figure 2a). Since PC1 and PC2 together 
accounted for no more than ca. 53% of the variation, a third principal component (PC3) was 
computed, explaining an additional 14.1%. Figure 3a and 3b in Appendix 3 show the score and 
loading plots, respectively, of the first and third PCs. Now CHR and BaA clearly separated from 
the heavier compounds IcdP and BghiP in the loading plot (Figure 3b). This separation point to 
differences in combustion sources for e.g. sample X008_01 (Bureå), having more of the 4 ring 
PAHs, and sample U015_02 (Nordmaling), having more of the heavier 5-6 ring PAHs. This 
difference could also clearly be seen in Figure 6. In the right hand side of the loading plot 
(Figure 3b), PYR and ANT separated clearly from FLA, ACE, and NP, which most likely also 
points to differences in the combustion and petroleum-related sources.  
 
In conclusion, the PCA confirmed the patterns already seen amongst the samples in Figure 2, 4, 
and 6. However, enabling a visual overview of all 16 PAHs and their differing levels in the 
sediment samples (not just the eight used for diagnostic ratios), some additional trends could be 
observed. For example, the co-occurrence of the LMW compounds ACY, FL, ACE, and NP, 
together with ANT and PHE became evident. Similarly, co-occurrence of the heavier PAHs BaP, 
BkF, BbF, and DahA together with FLA, PYR, BaA, CHR, IcdP, and BghiP was also seen. 
Moreover, it could be inferred that within the clustering of the HMW combustion derived PAHs, 
FLA and PYR tended to separate from the others. Likewise, BaA and CHR tended to separate 
from the heavier 6-ring PAHs. Within the LMW clusters, a consistent trend was the separation 
between ANT and NP. As mentioned previously, this most likely reflects differences in the inputs 
from combustion as well as petroleum-related sources.  
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Deriving Equilibrium Partitioning Sediment Benchmark Toxic Units 
 
Table 3 and 4 below summarize the results obtained when deriving a final ΣESB TU (using 
Equation 2 and then applying the uncertainty factor) for every sediment sample from Gävleborg 
and Västerbotten Counties, respectively. Samples with a final derived ΣESB TU >1, and 
therefore predicted to have high enough levels of bioavailable PAHs for toxicity to occur in 
benthic organisms, are indicated with red cells in the tables. The last two rows show the 
average and median values, respectively, of the final ΣESB TUs for the samples.  
 
Table 3. Summarized results after calculating final ΣESB TUs for each sediment sample from all sites in 
Gävleborg County. Average and median values of ΣESB TUs are shown in the last two rows.  

Norrsundet Ljusnefjärden Iggesund Stocka 

Sample 95% CI 
ΣESB  
TUs 

Sample 95% CI 
ΣESB  
TUs 

Sample 95% CI 
ΣESB  
TUs 

Sample 95% CI 
ΣESB  
TUs 

D001_03 0.33 E012_02 0.36 I004_02 2.9 L001_02 3 

D003_03 0.42 E014_02 0.79 I011_02 1.8 L003_03 0.92 

D007_02 2.1 E018_04 0.48 I013_02 0.47 L008_03 0.84 

D009_02 1.1 E020_04 0.43 I018_02 1.8   

D010_02 2.7 E021_02 0.51 I021_03 0.39   

D011_02 2.2 E025_02 0.29 I022_02 0.57   

D012_04 1.2 E030_02 1.5 I025_04 0.31   

D013_01 0.58 E031_02 1 I034_01 2.6   

    I037_02 0.31   

Average                  1.3     0.68                                 1.2                                       1.6 

Median                  1.15     0.49 0.57 0.92 
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Table 4. Summarized results after calculating final ΣESB TUs for each sediment sample from all sites in 
Västerbotten County. Average and median values of ΣESB TUs are shown in the last two rows.  

Nordmaling- 
Rundvik 

Holmsund 
-Obbola 

Bureå Örviken Kåge 

Sample 95% 
CI 
ΣESB  
TUs 

Sample 95% 
CI 
ΣESB  
TUs 

Sample 95% 
CI 
ΣESB  
TUs 

Sample 95% 
CI 
ΣESB  
TUs 

Sample 95% 
CI 
ΣESB  
TUs 

U004_01 0.44 W002_01 0.56 X001_01 0.077 Y002_01 0.12 EE001_01 2.9 

U005_01 0.78 W004_01 2.6 X003_01 1.3 Y003_01 0.3 EE003_02 0.061 

U009_01 0.31 W005_01 0.3 X004_01 0.62 Y004_02 0.28 EE012_02 0.068 

U010_01 0.65 W006_02 0.12 X006_01 1.7 Y005_02 0.15 EE013_02 0.068 

U011_01 0.37 W011_01 1.4 X007_01 2.1 Y006_01 4.0   

U012_01 0.16 W016_02 0.18 X008_01 1.3 Y009_02 5.9   

U013_01 0.33 W018_02 0.048 X011_01 2.7 Y012_01 3.6   

U015_02 0.26 W019_02 0.11 X015_01 0.97     

Average        0.41                        0.66                 2.9             2.1                            0.76                   

Median         0.35 0.24 1.5 0.30 0.068 

 
As can be seen in Table 3, Norrsundet had final ΣESB TUs ranging from 0.33‒2.7, with average 
and median values of 1.3 and 1.15, respectively. In Figure 1 in Appendix 4, it can be seen that 
all samples with final ΣESB TUs >1 (5 out of 8 in total), were situated closer to the pulp industry 
(Norrsundets bruk) rather than the sawmill (Kopparfors) in this area. What also should be noted 
is that samples not only in the direct vicinity of the pulp industry, but also further out from the 
shoreline, had ΣESB TUs >1. This indicates that large areas might be affected, and not only 
sediments in direct vicinity of the industrial zone. Taken together it can be proposed that the 
sediments around Norrsundet are affected to such an extent that benthic fauna is at risk in the 
area as a whole.  
 
In Ljusnefjärden, final ΣESB TUs ranged from 0.29‒1.5, with average and median values of 
0.68 and 0.49, respectively (Table 3). Only 2 out of 8 sediment samples had final ΣESB TUs >1. 
These two sediment samples were situated close to the shoreline, in direct vicinity of sawmills 
and an industrial waste site (see Figure 2 in Appendix 4). Samples collected further out from the 
shore all had ΣESB TU <1, which indicate that severe PAH contamination is restricted only to 
sediments close to the industries. Taken together it can be proposed that benthic fauna might 
be at risk when residing close to the shore in connection to the industries, but further out toxicity 
is unlikely to occur.  
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Iggesund had final ΣESB TUs ranging from 0.31‒2.9, with average and median values of 1.2 
and 0.57, respectively (Table 3). Out of 9 samples, 4 had final ΣESB TUs >1. Three of these 
samples were taken close to the shoreline, in direct vicinity of the industries (a sawmill and a 
pulp and paper industry), while the fourth was collected further away from the shore, 
downstream of the industries (see Figure 3 in Appendix 4). All samples with ΣESB TUs <1 were 
located further away from the shore and/or downstream of the industries. Taken together it can 
be suggested that the sediments close to the industries pose a risk to benthic organisms, but 
sediments further out from the shore seem to also be affected to varying degrees, and toxicity 
may also occur there.  
 
In Stocka, final ΣESB TUs ranged from 0.84‒3, with an average and median value of 1.6 and 
0.92, respectively (Table 3). Out of the three samples collected, one had final ΣESB TUs >1, 
and as can be seen in Figure 4 in Appendix 4, this sample was situated in the absolute vicinity 
of the sawmill previously in operation. The other two samples were located further out, but still 
close to the sawmill. One additional sample (not included in the risk assessment) taken further 
from the shoreline had all 16 PAHs below the detection limit (Norrlin et al., 2016). What this 
suggests is that the sediments close to the old sawmill might pose a risk to benthic fauna 
whereas sediments further out pose no or negligible risks.  
 
As can be seen in Table 4, samples from Nordmaling-Rundvik had final ΣESB TUs ranging from 
0.16‒0.78, with average and median values of 0.41 and 0.35, respectively. Since no samples 
had final ΣESB TUs >1, no risk to benthic fauna due to PAH contamination is suggested in 
these sediments.  
 
In Holmsund-Obbola, final ΣESB TUs ranged from 0.048‒2.6, with average and median values 
of 0.66 and 0.24, respectively (Table 4). As can be seen in Figure 6 in Appendix 4, the two 
samples with final ΣESB TUs >1 were situated close to the shoreline, one in the vicinity of a 
sawmill (still in operation), and the other close to a pulp and paper industry (also still operating). 
The rest of the samples taken further out from the shore had ΣESB TUs <1. Consequently, only 
sediments situated close to the shore, in direct connection to the industries, may pose a risk to 
benthic organisms due to PAH contamination. What should be noted is that sample W004_01, 
with a final ΣESB TU of 2.6, was the only sample collected close to the sawmill, and further 
chemical analysis of these sediments is warranted.  
 
Samples from Bureå had final ΣESB TUs ranging from 0.077‒2.7, with average and median 
values of 2.9 and 1.5, respectively (Table 4). Out of eight samples, five had final ΣESB TUs >1, 
and as can be seen in Figure 7 in Appendix 4, most of these samples were taken close to the 
shore in connection to the old sawmill. A few samples however, (e.g. X011_01 and X006_01) 
were collected further out from the shore, and although sample X015_01 (even more further out 
from the shore) had a ΣESB TU <1 (Table 4), it gives an indication that a large area could be 
affected, and not only the sediments in the vicinity of the old sawmill might pose a risk to benthic 
fauna due to PAH contamination.  
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In Örviken, final ΣESB TUs ranged from 0.12‒5.9 in the samples, and average and median 
values were 2.1 and 0.30, respectively (Table 4). Three out of seven samples had final ΣESB 
TUs >1, and although two of these samples were taken close to the shore in connection to an 
old sawmill, one sample (Y012_01) was situated further out, which indicate that larger areas 
might be affected (see Figure 8 in Appendix 4). Taken together, sediments around the whole 
area of Örviken might pose a risk to benthic organisms.  
 
Samples from Kåge had final ΣESB TUs ranging from 0.061‒2.9, with average and median 
values of 0.76 and 0.068, respectively (see Table 4). Only one out of four samples had a final 
ΣESB TU >1, and this sample was situated close to the shoreline where an old sawmill onces 
was in operation (Norrlin et al., 2016). The other three samples were also collected close to the 
shore, although a little bit further out and not in the absolute vicinity (see Figure 9 in Appendix 
4). Since sample EE001_01 had a ΣESB TUs well above 1 (Table 4), it seems like the 
sediments in connection to the old sawmill might pose a risk to benthic organisms whereas 
toxicity in the sediments further out are unlikely.  
 
It should be noted that application of uncertainty factors can overestimate risks associated with 
PAH contaminated sediments (Kane Driscoll and Burgess, 2007). For example, as U.S. EPA. 
(2003) puts it: “if the 95% uncertainty ratios are applied to the ΣESBTUFCV,13 or the 
ΣESBTUFCV,23, the predicted ΣESBTUFCV,TOT for about one-third of the sediments are in excess 
of the ESB for PAH mixtures of 1.0 ΣESBTUFCV”. Furthermore, it has been demonstrated that 
multiplying with a factor of 4,2 instead of the U.S EPA recommended factor of 11,5 for a 95% 
confidence level suffices when estimating toxic contribution from total PAHs (Hawthorne, Miller 
and Kreitinger, 2006). However, in the study by Hawthorne et al. (2006), the sediments (45 in 
total) had black carbon (BC) concentrations ranging from 0,18-1,2% (percentage of dw), and it 
is known that BC sorbs organic pollutants such as PAHs more strongly than does amorphous 
carbon, thereby reducing PAH bioavailability (Burgess and Lohmann, 2004). By comparison, BC 
concentrations in surface sediments from the Gulf of Bothnia have been shown to be in the 
range of about 0,09-0,18% (percentage of dw) (Sobek et al., 2014). Therefore, using a lower 
uncertainty factor than 11,5 when a 95% confidence level is desired could possibly result in an 
underestimation of the toxic contribution from total PAHs in the sediment samples predicted to 
potentially be toxic in Table 3 and 4. In any case, what should be stressed is that UFs are only 
intended to be used in a very preliminary stage in the risk assessment process, and not as a 
foundation for important decision making (Kane Driscoll and Burgess, 2007; U.S EPA. 2003). 
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Summarized Results 
Table 5–7 below succinctly summarizes the results obtained from diagnostic ratios, outcomes of 
the PCA, and what the final derived ΣESB TUs showed, for all sites in Gävleborg, 
Västernorrland, and Västerbotten Counties, respectively. Since final ΣESB TUs could not be 
derived for any of the sites in Västernorrlands County, these table cells are indicated with “not 
available” (NA).  
 
Table 5. Summarized results from diagnostic ratios, PCA, and ΣESB TUs for all examined sites in 
Gävleborg County.  

Site Identified PAH 
Sources 

PCA Outcomes ΣESB TUs 

Norrsundet ● Grass/Wood/           
Coal 
Combustion 

 
● Petroleum 

Combustion 

Most samples were 
enriched with either 
HMW PAHs or 
displayed a mix 
between HMW and 
LMW compounds 

Majority of samples had 
final ΣESB TU>1, and 
the whole area seem to 
be heavily affected by 
PAH contamination 

Ljusnefjärden ● Grass/Wood/           
Coal 
Combustion 

 
● Creosote 

 

Almost all samples 
displayed a mix 
between HMW and 
LMW PAH compounds, 
but with an inclination 
towards the higher 
mass PAHs 

Majority of samples had 
final ΣESB TU<1, and 
only the sediments in 
direct connection to the 
industries may pose a 
risk to benthic fauna 

Iggesund ● Grass/Wood/           
Coal 
Combustion 

 
● Petroleum 

Combustion 

Many samples were 
enriched with LMW 
PAHs, but a mix 
between HMW and 
LMW PAHs was also 
seen 

About half of the 
samples had final ΣESB 
TU>1, and both 
sediments close to 
industries as well as 
further out seem to be 
heavily affected 

Stocka ● Grass/Wood/           
Coal 
Combustion 

All samples were 
enriched with primarily 
4–5 ring combustion 
derived PAHs 

Only one sediment 
sample in direct vicinity 
of an old sawmill had 
ΣESB TU>1 
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Table 6. Summarized results from diagnostic ratios and PCA for all examined sites in Västernorrland 
County. Final ΣESB TUs could not be derived and therefore the cells are indicated with “not available”.  

Site Identified PAH 
Sources 

PCA Outcomes ΣESB TUs 

Sundsvallsbukten ● Grass/Wood/           
Coal 
Combustion 

 
● Petroleum 

Combustion 
 

● Petroleum 

Many samples enriched 
with LMW PAHs, but 
samples with a mix of 
HMW and LMW 
compounds could also 
be observed. A few 
samples were enriched 
primarily with the higher 
mass PAHs.  

NA 

Kramfors/Härnösand ● Grass/Wood/           
Coal 
Combustion 

 
● Petroleum 

Combustion 
 

● Petroleum 

Almost all samples 
displayed a mix 
between the HMW and 
LMW compounds, but 
with an inclination 
towards the higher 
mass combustion 
derived PAHs 

NA 

Örnsköldsvik ● Grass/Wood/           
Coal 
Combustion 

 
● Petroleum 

Combustion 
(speculative) 

 
● Petroleum 

All samples displayed 
average proportions 
between HMW and 
LMW PAH compounds 

NA 

 
 
 
 
Table 7. Summarized results from diagnostic ratios, PCA, and ΣESB TUs for all examined sites in 
Västerbotten County.  

Site Identified PAH 
Sources 

PCA Outcomes ΣESB TUs 

Nordmaling-Rundvik ● Grass/Wood/           
Coal 
Combustion 

 
● Petroleum 

Combustion 
(speculative) 

 
● Petroleum 

Average proportions 
between HMW and 
LMW PAHs, but a clear 
inclination towards the 
higher mass 
combustion derived 
PAHs could be seen 

No samples had final 
ΣESB TUs>1, and 
therefore no risk to 
benthic organisms due 
to PAH contamination is 
suggested 
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Holmsund-Obbola ● Grass/Wood/           
Coal 
Combustion 

 
● Petroleum 

Combustion 
 

● Petroleum 
(speculative) 

Average proportions 
between the LMW and 
HMW PAHs 

The majority of samples 
had final ΣESB TUs<1, 
and only sediments 
situated close to the 
industries in the area 
are predicted to pose a 
risk to benthic fauna 

Bureå ● Grass/Wood/           
Coal 
Combustion 

 
● Petroleum 

Combustion 
 

● Petroleum 

There were average 
proportions between 
HMW and LMW PAHs, 
although an inclination 
towards LMW 
compounds was seen 
(a few samples were 
highly enriched with the 
LMW PAHs) 

The majority of samples 
had final ΣESB TUs>1, 
and not only the 
sediments situated 
close to the old sawmill 
may pose a risk to 
invertebrates 

Örviken ● Grass/Wood/           
Coal 
Combustion 

 
● Petroleum 

Combustion 
(speculative) 

 
● Petroleum 

A mix between HMW 
and LMW PAHs could 
be seen, although an 
inclination towards the 
higher mass 
combustion PAHs was 
observed 

About half of the 
samples had final ΣESB 
TUs>1, and sediments 
situated further out from 
the old sawmill may 
also pose a risk to 
invertebrates 

Kåge ● Grass/Wood/           
Coal 
Combustion 

 
● Petroleum 

Combustion 
 

● Petroleum 
(speculative) 

Mostly a mix between 
HMW and LMW PAHs, 
although one sample 
were enriched with 
primarily the lower 
mass PAHs 

Sediments in direct 
connection to the old 
sawmill might pose a 
risk to invertebrates 
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Final Conclusions and Societal Aspects 
 
A not too surprising finding was that many of the sediments having extremely elevated levels of 
PAHs in fact may pose a risk to benthic organisms and the aquatic ecosystems. If recolonization 
by benthic fauna is to occur in some of the worst polluted sites, remediation or mitigation 
strategies are highly warranted. What remains to be examined is whether the PAHs contribute 
to the observed toxicity seen in perch in areas like Norrsundet and Iggesund (Sandström et al., 
2016). What should be stressed is that PAHs are far from the only pollutant found in high levels 
in the sediments. Several sites have many POPs as well as toxic metals in levels well above 
environmental quality guidelines. This must be taken into consideration if risks are to be 
adequately addressed. Moreover, if sources are to be further resolved, other diagnostic ratios 
using alkylated PAHs, or additional 5-6 ring compounds (e.g. anthanthrene, 
dibenz[a,j]anthracene, pentaphene etc.), should be used (Pies et al., 2008; Yunker et al., 2002). 
This would however require more than standard contaminant analysis of the sediments.  
 
The fiber sediments indeed pose a unique environmental challenge to the Baltic Sea. Even 
though the situation in the industry recipients has improved substantially over the last decades 
(Sandström et al., 2016), one can question the appropriateness of having such large quantities 
of contaminated fiber deposits residing in the coastal waters of Sweden (the total volume of the 
fiber banks has been estimated to fill up about 7000 olympic swimming pools). In many cases 
the fiber sediments are also situated close to densely populated urban areas. A recent 
governmental project aimed at remediating some locations at a cost of billions of SEK initiated a 
heated debate in the media about potential benefits and costs (SvD debatt 9/8 2017 and related 
articles). This debate highlights some of the difficulties in making well-founded decisions 
regarding remediation of polluted areas. The debate has yet to be finished, and polluted fiber 
sediments will doubtless be a continued topic of controversy for a long time ahead.  
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Appendix 1 
 
Table 1-13 below show the concentrations of all 16 PAHs in each sample from every site. All 
units are in µg/kg dw. TOC content (in percent) as well as the depth at which the sample was 
taken are also shown in the last two rows if such data were available. In the data from SGU, 
indicated with “(SGU)” in the first row of the table, a value of 5 ug/kg were set (half of the 
detection limit) if no compound were detected in the analysis. Data from Trace Analysis Platform 
(TAP) at the Department of Chemistry, Umeå University, are indicated with “(TAP)” in the first 
row.  
 
Table 1. Norrsundet, Gävleborg County. 

Norrsundet (SGU) 

PAH 001_03 003_03 007_02 009_02 010_02 011_02 012_04 013_01 

NP 220 160 520 510 1100 700 370 500 

ACY 29 20 91 75 140 140 65 52 

ACE 5 25 64 33 61 59 24 10 

FL 12 33 140 71 110 110 46 19 

PHE 160 200 1700 890 1900 1300 610 260 

ANT 37 63 370 200 240 350 140 53 

FLA 220 320 2700 1600 2300 2500 1200 320 

PYR 180 240 2900 1700 2000 2400 1000 270 

BaA 65 110 750 510 590 940 440 100 

CHR 72 120 1000 460 910 680 370 110 

BbF 110 96 1400 690 740 2100 740 140 

BkF 44 60 670 260 410 1100 420 95 

BaP 71 92 1400 780 620 1900 660 130 

IcdP 14 21 150 68 92 260 100 27 

DahA 63 55 1400 450 500 2600 870 150 

BghiP 92 80 910 340 490 2600 770 170 

PAH sum 
16 

1390 1690 16200 8640 12200 19700 7820 2400 

TOC (% 
of dw) 

6,8 6,3 10,5 11,3 7,18 10,2 8,2 6,9 
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Sample 
depth 

0-10 cm 0-2 cm 0-20 cm 0-20 cm 0-20 cm 0-20 cm 0-20 cm 0-20 cm 

 
Table 2. Ljusnefjärden, Gävleborg County. 

Ljusnefjärden (SGU) 

PAH E012_02 E014_02 E018_04 E020_04 E021_02 E025_02 E030_02 E031_02 

NP 81 130 200 120 70 54 190 730 

ACY 11 31 47 38 22 5 65 130 

ACE 5 46 36 25 13 5 47 350 

FL 15 62 59 44 19 5 91 370 

PHE 100 340 350 310 150 70 470 1200 

ANT 23 90 120 95 38 14 180 610 

FLA 210 570 620 540 310 160 990 2400 

PYR 140 440 470 430 230 100 810 2300 

BaA 58 230 250 190 120 45 430 1100 

CHR 67 230 230 160 110 54 360 910 

BbF 110 260 260 240 200 91 480 720 

BkF 46 170 150 110 110 38 290 470 

BaP 65 260 270 180 130 50 480 1000 

IcdP 27 61 58 47 30 12 100 100 

DahA 80 220 240 150 140 51 400 710 

BghiP 140 290 300 180 160 78 480 680 

PAH sum 
16 

1180 3430 3660 2860 1850 832 5860 13800 

TOC (% 
of dw) 

4,82 5,86 10,5 9,52 4,72 3,92 5,12 20,2 

Sample 
depth 

0-15 cm 0-10 cm 0-15 cm 0-10 cm 0-20 cm 0-15 cm 0-15 cm 0-15 cm 
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Table 3. Iggesund, Gävleborg County. 

Iggesund (SGU) 

PAH I004_02 I011_02 I013_02 I018_02 I021_03 I022_02 I025_04 I034_01 I037_02 

NP 1200 1200 270 450 240 260 110 310 66 

ACY 130 110 28 190 23 31 15 26 5 

ACE 88 74 19 140 37 34 11 170 5 

FL 150 110 35 410 99 54 19 150 12 

PHE 1900 1100 240 3200 730 460 120 930 58 

ANT 290 180 56 770 120 89 34 240 17 

FLA 2500 1500 440 3900 780 690 230 1300 130 

PYR 2000 1200 350 3300 540 500 190 1100 91 

BaA 550 310 130 1600 240 240 85 710 53 

CHR 690 400 110 1500 260 280 81 660 51 

BbF 640 390 180 1100 230 260 94 690 100 

BkF 310 190 90 650 130 140 57 420 48 

BaP 590 310 160 1700 240 310 100 870 57 

IcdP 160 64 24 170 31 43 23 140 15 

DahA 650 290 120 490 110 160 66 520 66 

BghiP 700 280 110 590 130 180 67 550 83 

PAH 
sum 16 

12500 7700 2360 20100 3900 3730 1300 8790 857 

TOC (% 
of dw) 

6,8 7,2 7,8 17 16 9,9 6,2 4,7 3,7 

Sample 
depth 

0-20 cm 0-20 cm 0-20 cm 0-20 cm 0-15 cm 0-20 cm 0-15 cm 0-20 cm 0-20 cm 

 
Table 4. Stocka, Gävleborg County. 

Stocka (SGU) 

PAH L001_02 L003_03 L008_03 

NP 190 75 53 

ACY 51 63 39 

ACE 270 34 21 
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FL 220 55 39 

PHE 1300 380 260 

ANT 410 140 100 

FLA 2600 1000 680 

PYR 2000 810 520 

BaA 1400 500 340 

CHR 1200 420 290 

BbF 980 470 350 

BkF 790 290 190 

BaP 1300 510 350 

IcdP 320 120 69 

DahA 1100 460 310 

BghiP 1300 530 330 

PAH sum 16 15400 5900 3900 

TOC (% of dw) 6,6 7,9 5,9 

Sample depth 0-20 cm 0-20 cm 0-20 cm 

 
Table 5. Sundsvallsbukten, Västernorrland County. 

Sundsvallsbukten (TAP) 

PAH 3753:1 3753:2 3753:3 3753:20 3753:21 3753:22 

NP 23,186 41,245 118,921 169,014 62,568 84,651 

ACY 9,688 9,946 8,208 10,346 2,771 4,167 

ACE 18,972 27,991 25,974 38,615 10,481 7,840 

FL 7,712 11,833 8,262 12,073 3,879 3,960 

PHE 33,720 44,168 81,747 88,338 35,875 14,810 

ANT 5,133 7,351 5,447 7,471 2,266 2,548 

FLA 14,703 18,502 10,306 3,714 5,432 7,444 

PYR 12,847 16,293 10,502 2,968 3,930 5,534 

BaA 3,881 4,100 3,740 1,154 1,925 2,597 

CHR 5,236 5,695 4,709 1,454 2,700 3,848 
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BbF 5,178 5,777 4,819 1,144 2,664 4,672 

BkF 1,295 1,728 1,420 0,496 0,979 1,466 

BaP 1,993 2,594 2,103 0,638 1,116 1,691 

IcdP 0,322 0,314 0,441 0,146 0,290 0,492 

DahA 0,977 1,261 1,352 0,391 0,675 1,176 

BghiP 0,730 0,945 1,110 0,362 0,590 1,123 

PAH sum 16 145,573 199,743 289,061 338,324 138,141 148,019 

 
Table 6. Sundsvallsbukten, Västernorrland County. 

Sundsvallsbukten (SGU) 

PAH 10_0072 10_0068 10_0067 10_0066 10_0065 10_0064
_2 

10_0064
_1 

10_0062
_2 

10_0062
_1 

NP 47534 251,70 380,95 1684,2 122,50 3,1269 32,917 998,95 2477,7 

ACY - - - - - - - - - 

ACE 3364,4 58,88 57,495 177,04 70,689 0,4310 18,878 113,24 228,35 

FL 1481,1 95,74 44,819 199,52 53,560 0,6719 23,368 37,237 101,41 

PHE 13443 999,2 524,08 1842,4 787,49 1,8680 144,63 219,81 319,66 

ANT 2267,9 95,91 109,05 400,29 212,72 0,3483 24,187 40,543 57,43 

FLA 6253,0 1151,04 1118,2 2552,5 1954,2 4,0400 260,90 242,128 251,62 

PYR 4502,2 802,33 951,08 2194,7 1637,2 2,8462 221,14 199,504 187,97 

BaA 783,32 336,01 607,19 678,36 899,42 2,2546 118,66 60,428 47,00 

CHR 1803,4 1246,7 991,36 791,09 1315,7 2,5516 119,84 111,91 108,08 

BbF 506,41 408,58 1100,3 754,29 1068,4 36,612 155,93 74,235 70,999 

BkF 138,00 207,71 415,22 360,47 391,94 1,7030 62,212 31,662 28,238 

BaP 167,10 353,91 642,90 780,07 677,62 2,5387 120,69 53,603 45,931 

IcdP 13,438 59,48 151,49 95,71 56,102 1,2229 18,290 7,2379 6,6480 

DahA 95,76 362,03 1003,3 805,38 459,53 4,9944 119,51 56,161 51,516 

BghiP 35,746 248,34 643,15 694,52 301,08 3,4174 102,58 33,234 41,969 

PAH 
sum 16 

82389 6677,56 8740,58 14010,5 10008,1
5 

68,6269 1543,73
2 

2279,88 4024,5 
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Table 7. Kramfors/Härnösand, Västernorrland County. 

Kramfors/Härnösand (TAP) Kramfors/Härnösand 
(SGU) 

PAH 3753:4 3753:5 3753:6 3753:23 3753:24 3753:25 10_0059 10_0061 

NP 0,429 0,052 0,062 0,119 0,018 0,059 37,569 854,14 

ACY 0,035 0,016 0,013 0,026 0,014 0,019   

ACE 0,034 0,004 0,006 0,032 0,029 0,029 9,686 103,34 

FL 0,031 0,006 0,009 0,033 0,041 0,027 11,292 94,784 

PHE 0,190 0,046 0,195 0,212 0,527 0,375 98,798 1073,20 

ANT 0,043 0,015 0,018 0,048 0,037 0,029 16,007 108,43 

FLA 0,178 0,074 0,070 0,298 0,254 0,148 204,13 929,71 

PYR 0,129 0,053 0,058 0,187 0,181 0,114 151,59 758,25 

BaA 0,065 0,020 0,018 0,071 0,079 0,045 89,000 85,90 

CHR 0,086 0,029 0,021 0,078 0,064 0,046 97,989 259,96 

BbF 0,129 0,057 0,039 0,128 0,115 0,066 133,99 145,23 

BkF 0,049 0,021 0,015 0,048 0,031 0,029 54,755 60,525 

BaP 0,055 0,025 0,018 0,061 0,061 0,035 119,60 106,57 

IcdP 0,013 0,006 0,005 0,014 0,012 0,008 19,065 17,481 

DahA 0,041 0,022 0,015 0,048 0,034 0,029 135,12 149,72 

BghiP 0,038 0,021 0,014 0,050 0,039 0,029 98,258 85,763 

PAH sum 
16 

1,543 0,468 0,576 1,450 1,535 1,085 1276,846 4833,01 

 
Table 8. Örnsköldsvik, Västernorrland County. 

Örnsköldsvik (TAP)  

PAH 3753:7 3753:8 3753:9 3753:26 3753:27 3753:28 

NP 0,283 0,220 0,205 0,601 0,398 0,585 

ACY 0,045 0,037 0,059 0,107 0,049 0,071 

ACE 0,010 0,009 0,009 0,031 0,021 0,023 

FL 0,013 0,017 0,018 0,064 0,024 0,043 

PHE 0,420 0,396 0,572 1,745 0,777 0,525 

ANT 0,037 0,041 0,032 0,098 0,044 0,067 
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FLA 0,164 0,113 0,202 0,549 0,222 0,453 

PYR 0,122 0,087 0,148 0,349 0,170 0,306 

BaA 0,042 0,033 0,051 0,130 0,069 0,112 

CHR 0,051 0,042 0,039 0,142 0,072 0,111 

BbF 0,103 0,077 0,088 0,264 0,148 0,208 

BkF 0,037 0,031 0,030 0,096 0,050 0,075 

BaP 0,054 0,039 0,042 0,137 0,072 0,097 

IcdP 0,012 0,009 0,011 0,030 0,021 0,027 

DahA 0,048 0,032 0,035 0,111 0,071 0,094 

BghiP 0,044 0,033 0,035 0,109 0,078 0,088 

PAH sum 16 1,483 1,216 1,578 4,563 2,287 2,885 

 
Table 9. Nordmaling-Rundvik, Västerbotten County. 

Nordmaling-Rundvik (SGU) 

PAH U004_01 U005_01 U009_01 U010_01 U011_01 U012_01 U013_01 U015_02 

NP 86 220 120 260 82 45 62 44 

ACY 12 34 25 39 13 5 5 5 

ACE 5 43 25 11 5 5 5 5 

FL 5 28 29 19 5 5 5 5 

PHE 40 140 91 170 100 47 70 49 

ANT 5 36 21 39 25 12 5 5 

FLA 59 310 180 260 190 110 90 82 

PYR 50 260 140 220 150 80 70 62 

BaA 16 96 57 77 59 28 25 28 

CHR 18 93 47 72 55 25 28 35 

BbF 19 120 65 90 64 52 60 64 

BkF 11 68 39 52 33 21 25 32 

BaP 20 110 66 100 67 34 33 35 

IcdP 5 18 11 16 11 5 10 12 

DahA 23 94 61 110 68 53 70 76 
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BghiP 22 98 66 100 72 61 84 81 

PAH sum 
16 

396 1768 1043 1635 999 588 647 620 

TOC (% 
of dw) 

1,53 3,59 5,16 4,02 3,92 4,88 2,54 2,87 

Sample 
depth 

0-5 cm 0-5 cm 0-15 cm 0-15 cm 0-10 cm 0-15 cm 0-10 cm 0-20 cm 

 
Table 10. Holmsund-Obbola, Västerbotten County. 

Holmsund-Obbola (SGU) 

PAH W001_0
2 

W002_0
1 

W004_0
1 

W005_0
1 

W006_0
2 

W011_0
1 

W016_0
2 

W018_0
2 

W019_0
2 

NP 490 130 350 80 22 490 39 23 20 

ACY 56 21 43 5 5 83 5 5 5 

ACE 76 5 100 5 5 44 5 5 5 

FL 66 5 110 5 5 65 5 5 5 

PHE 580 110 550 27 28 460 43 28 19 

ANT 64 20 110 5 5 99 11 12 5 

FLA 630 150 1200 53 51 500 67 5 53 

PYR 530 120 960 40 33 480 50 29 28 

BaA 220 46 290 17 13 150 21 11 12 

CHR 280 51 370 17 17 180 23 15 14 

BbF 230 64 290 28 21 180 24 14 19 

BkF 170 27 150 12 5 100 12 5 5 

BaP 500 49 260 17 13 180 17 5 11 

IcdP 5 5 31 5 5 54 5 5 5 

DahA 500 46 170 23 18 180 20 17 14 

BghiP 400 52 170 31 20 180 25 15 19 

PAH 
sum 16 

3300 870 5100 350 240 3300 350 160 210 

TOC (% 
of dw) 

7,92 2,6 3,2 2 3,2 4 3,2 6,3 3,1 

Sample 
depth 

50–150 
cm 

0-15 cm 0-15 cm 0-10 cm 0-15 cm 0-15 cm 0-20 cm 0-20 cm 0-15 cm 
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Table 11. Bureå, Västerbotten County. 

Bureå (SGU) 

PAH X001_01 X003_01 X004_01 X006_01 X007_01 X008_01 X011_01 X015_01 

NP 14 1800 790 510 950 2700 250 270 

ACY 5 280 200 110 140 600 61 51 

ACE 5 140 140 20 31 510 31 11 

FL 5 150 150 33 70 1200 68 23 

PHE 18 1900 1300 320 520 5600 430 230 

ANT 5 320 120 74 110 2300 170 50 

FLA 26 1700 2100 330 440 8600 620 270 

PYR 16 1400 570 310 400 8000 530 250 

BaA 5 440 93 100 89 5200 270 79 

CHR 5 480 110 100 89 4800 250 86 

BbF 13 450 84 120 120 4000 250 99 

BkF 5 280 50 64 66 2600 130 48 

BaP 5 550 110 120 110 5100 250 96 

IcdP 5 90 30 20 20 760 51 12 

DahA 10 320 150 130 120 3400 170 79 

BghiP 12 340 100 130 110 4300 230 82 

PAH sum 
16 

110 10000 5600 2400 3200 59000 3700 1700 

TOC (% 
of dw) 

3 15 18 2,5 3,1 6,2 2,1 3 

Sample 
depth 

0-2 cm 0-15 cm 0-15 cm 5-20 cm 0-15 cm 0-15 cm 0-10 cm 0-30 cm 

 
Table 12. Örviken, Västerbotten County. 

Örviken (SGU) 

PAH Y002_01 Y003_01 Y004_02 Y005_02 Y006_01 Y009_02 Y012_01 

NP 27 39 37 35 740 1100 1300 

ACY 5 5 5 5 130 140 150 

ACE 5 5 5 5 35 48 34 
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FL 5 5 5 5 110 57 76 

PHE 51 56 57 50 840 840 640 

ANT 5 12 11 5 270 180 140 

FLA 78 97 88 88 1300 1100 600 

PYR 56 78 71 65 1200 1100 590 

BaA 24 31 27 28 570 450 170 

CHR 37 35 31 37 580 420 170 

BbF 50 41 38 40 590 540 230 

BkF 23 18 18 21 410 300 120 

BaP 27 34 30 30 820 670 230 

IcdP 11 5 5 10 130 110 48 

DahA 34 33 30 33 660 490 260 

BghiP 70 42 33 47 760 590 250 

PAH sum 
16 

490 520 470 480 9000 8000 4900 

TOC (% of 
dw) 

5,2 2,6 2,6 4,6 3,2 2,1 2,5 

Sample 
depth 

0-2 cm 0-15 cm 0-10 cm 0-15 cm 0-20 cm 0-10 cm 2-15 cm 

 
Table 13. Kåge, Västerbotten County. 

Kåge (SGU) 

PAH EE001_01 EE003_02 EE012_02 EE013_02 

NP 590 20 18 11 

ACY 190 5 5 5 

ACE 19 5 5 5 

FL 19 5 5 5 

PHE 540 23 23 18 

ANT 91 5 5 5 

FLA 480 35 34 28 

PYR 510 25 26 19 

BaA 82 5 5 5 
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CHR 99 14 12 5 

BbF 91 21 15 12 

BkF 40 5 5 5 

BaP 100 10 5 5 

IcdP 14 5 5 5 

DahA 130 21 18 10 

BghiP 23 18 24 5 

PAH sum 16 2800 190 170 98 

TOC (% of dw) 1,99 5,2 4,32 3,34 

Sample depth 0-20 cm 0-2 cm 0-10 cm 0-10 cm 
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Appendix 2 
 
Example calculation of final ΣESB TUs. In Table 1 below (samples are from Stocka, Gävleborg 
County), 13 PAHs are shown together with their respective literature narcosis ESB values (first 
and second column, respectively). The samples are shown with their PAH levels first in µg/kg 
dw (left columns), then with their carbon normalized concentrations (µg/g OC) (middle columns), 
and lastly the calculated ESB TU for every PAH in the samples (right columns, obtained by 
dividing the organic carbon normalized concentration by the literature ESB value). (The third 
row from the bottom shows the fraction of TOC in the samples, necessary for normalizing the 
sediment sample concentrations.) The second row from the bottom shows the result after 
adding up all ESB TUs for every compound in every sample, and the last row shows the final 
derived ΣESB TUs, i.e., the value obtained after multiplying with the chosen uncertainty factor.  
 
 
Table 1. Example calculations of final ΣESB TUs for sediment samples taken from Stocka, Gävleborg 
County. All numbers were rounded off to two significant digits. A sample with a final derived ΣESB TU>1 
suggest that adverse effects due to PAH contamination is likely to occur whereas samples with values <1 
indicate no risks.  

PAH ESB 
(µg/g 
OC) 

Sample L001_02 Sample L003_03 Sample L008_03 

µg/kg, 
dw 

µg/g 
OC 

ESB 
TU 
 

µg/kg, 
dw 

µg/g 
OC 

ESB 
TU 

µg/kg, 
dw 

µg/g 
OC 

ESB 
TU 
 

NP 385 190 2,9 0,0075 75 0,95 0,0025 53 0,90 0,0023 

ACY 452 51 0,77 0,0017 63 0,80 0,0018 39 0,66 0,0015 

ACE 491 270 4,1 0,0083 34 0,43 0,0008
8 

21 0,36 0,0007
2 

FL 538 220 3,3 0,0062 55 0,70 0,0013 39 0,66 0,0012 

PHE 596 1300 20 0,033 380 4,8 0,0081 260 4,4 0,0074 

ANT 594 410 6,2 0,010 140 1,8 0,0030 100 1,7 0,0029 

FLA 707 2600 39 0,056 1000 13 0,018 680 12 0,016 

PYR 697 2000 30 0,043 810 10 0,015 520 8,8 0,013 

BaA 841 1400 21 0,025 500 6,3 0,0075 340 5,8 0,0069 

CHR 844 1200 18 0,022 420 5,3 0,0063 290 4,9 0,0058 

BbF 979 980 15 0,015 470 5,9 0,0061 350 5,9 0,0061 

BkF 981 790 12 0,012 290 3,7 0,0037 190 3,2 0,0033 
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BaP 965 1300 20 0,020 510 6,5 0,0067 350 5,9 0,0061 

% 
TOC 

- 6,6 7,9 5,9 

ΣESB 
TUs 

- 0,26 0,080 0,073 

Final 
ΣESB 
TUs 

- 3,0 0,92 0,84 
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Appendix 3 

Figures 1–3 below show the score and loading plots obtained from the PCA for samples from 
Västernorrland (Figure 1) and Västerbottens (Figure 2 and 3) Counties.  
 

 
Figure 1. PCA score and loading plots (1a and 1b, respectively) for PC1 and PC2 for the samples taken 
from Västernorrland County. PC1 accounted for 62.1% while PC2 accounted for 12.5% of the variation in 
the dataset. A clear separation between LMW and HMW PAHs could be seen along PC1 in the loading 
plot, while the separation occurring along PC2 most likely reflected some differences in petroleum (right 
side) and combustion sources (left side).  
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Figure 2. PCA score and loading plots (2a and 2b, respectively) for PC1 and PC2 for all samples from 
Västerbotten County. PC1 accounted for 35% while PC2 accounted for 17.9% of the variation in the data. 
Along PC1 separation was seen between LMW and HMW PAHs. However, PYR and FLA were plotted 
towards the center together with three of the LMW compounds. Along PC2 separation between BaP and 
the LMW PAHs ACE and FL could be observed. 
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Figure 3. PCA score and loading plots (3a and 3b, respectively) for PC1 and PC3 for the samples from 
Västerbotten County. Along PC3, BaA and CHR clearly separated from the heavier 6-ring PAHs. PYR 
and ANT also separated from FLA, ACE, and NP.  
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Appendix 4 
Figure 1‒9 below show maps over the locations where sediment samples included in the risk 
assessment were collected. A more detailed account over the locations are given in Norrlin et 
al. (2016).  
 

 
Figure 1. Norrsundet, Gävleborg County.  
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Figure 2. Ljusnefjärden, Gävleborg County.  
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Figure 3. Iggesund, Gävleborg County.  
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Figure 4. Stocka, Gävleborg County.  
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Figure 5. Nordmaling-Rundvik, Västerbotten County.  
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Figure 6. Holmsund-Obbola, Västerbotten County.  
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Figure 7. Bureå, Västerbotten County.  
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Figure 8. Örviken, Västerbotten County. 

 



62 

 
Figure 9. Kåge, Västerbotten County.  


