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ABSTRACT 
!
Polycyclic aromatic hydrocarbons (PAHs) are a substance of great environmental and 

health concern as they can find their way to the human food chain through the ocean’s 

ecosystem. PAHs are a group of compounds that are composed of fused aromatic rings 

formed through the combustion of organic matter. The US Environmental Protection 

Agency (US-EPA) has identified 16 PAHs of particular importance due to their 

toxicity as priority pollutants. These are the PAHs most commonly used in monitoring 

projects to gather information and assess the status of food products regarding 

undesirable substances.  

 

The aim of this master thesis was to investigate temporal trends of PAHs in the 

Icelandic coastal environment in the timeframe 1992-2011. The importance of 

monitoring the PAHs is twofold: with regard to food safety since they can have 

mutagenic/carcinogenic effects on humans and from the environmental aspect because 

they can provide evidence of human activity in the area. Three locations, Brekka in 

Mjóifjörður, Úlfsá in Skutulsfjörður and Hvassahraun in Hafnarfjörður, were chosen as 

investigation sites and blue mussels (Mytilus edulis) were chosen as a monitoring 

species. Extraction of PAHs in the blue mussels were performed by using microwave-

assisted extraction followed by solid phase extraction clean up. Identification and 

quantification was performed with gas chromatograph coupled to a mass spectrometer 

(GC-MS).  

 

In this thesis, the sum of the concentration of the 16 PAHs is expressed as Σ16PAH. The 

results showed that the concentration in Hvassahraun is relatively low and stable 

during the time period, with a maximum of Σ16PAH concentration 345 ng/g d.w in the 

year 1997. In Úlfsá, the concentration was also generally low and stable during the 

time period, with a maximum of Σ16PAH concentration of 264 ng/g d.w. collected in 

2000. The temporal trend in Mjóifjörður showed an increase in PAHs concentration 

during the time period. The concentration increased in the year 2000, and again 

between 2007 and 2010, with the highest value of 1532 ng/g d.w. obtained in 2010. 

The high concentration measured in Mjóifjörður could be due to increased human 

activity in the fjord due to fish farming in this period. The results indicate that the 

Icelandic coastline environment is ideal for utilization for food production. 
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ÁGRIP  
 
Fjölhringa arómatísk vetniskolefni (PAH efni) eru efnasambönd sem geta komist í 

fæðukeðju manna og haft skaðleg áhrif á lýðheilsu. PAH efni er flokkur efna úr 

arómatískum kolefnum sem myndast við bruna lífrænna efna, bæði af mannavöldum 

og með náttúrulegum hætti. Umhverfisstofnun Bandaríkjanna (EPA) hefur valið sextán 

PAH forgangsefni sem eru talin sérstaklega skaðleg heilsu manna og umhverfinu. Fyrir 

þessum sextán PAH forgangsefnum er skimað í umhverfisvöktun til þess að meta 

magn óæskilegra PAH efna, meðal annars í matvælum.  

 

Markmið verkefnisins var að mæla magn PAH efna í kræklingi (Mytilus edulis) og 

skoða þróun þeirra við strandlengju Íslands á árunum 1992-2011. Skoðuð voru sýni frá 

þremur stöðum, frá Hvassahrauni í Hafnarfirði, Úlfsá í Skutulsfirði og Brekku í 

Mjóafirði, sem áður höfðu verið notuð í mengunarvöktun lífríkis sjávar við Ísland. Í 

efnagreiningunum var notaður úrdráttur með örbylgjum og kísilgelsúlur til þess að 

hreinsa sýnin. Að lokum voru þau aðgreind og magngreind með GC-MS.  

 

Í ritgerðinni er Σ16PAH skilgreind sem summa PAH forgangsefnanna sextán. 

Niðurstöðurnar sýna að styrkur þeirra í Hvassahrauni er tiltölulega lágur og stöðugur 

yfir tímabilið en hæsta gildi Σ16PAH mældist 345 ng/g á þurrvigt í sýni frá 1997.  Í 

Úlfsá var styrkurinn einnig tiltölulega lágur og stöðugur en hæsta gildi Σ16PAH mældist 

264 ng/g þurrvigt í sýni frá árinu 2000. Í Mjóafirði eykst styrkur PAH efnanna á 

tímabilinu. Styrkurinn jókst árið 2000 og svo aftur árin 2007-2010 frá tiltölulega 

stöðugu bakgrunnsgildi. Hæsta gildi Σ16PAH mældist 1532 ng/g þurrvigt árið 2010. 

Líklega má rekja hækkunina í Mjóafirði til aukinna umsvifa í firðinum í tengslum við 

fiskeldi. Niðurstöður verkefnisins gefa vísbendingu um að íslenskt strandsvæði sé 

tiltölulega hreint með tilliti til PAH-efna og því kjörið til nýtingar á sjávarfangi og 

annarra lífvera sem lifa við strendurnar.   
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1. INTRODUCTION  
!
Environmental monitoring is of great importance to ensure food safety. That is in 

particular true when it comes to seafood, as seafood is without doubt an integral part 

of any healthy diet. Chemical pollutants have received increased attention in the last 

decade in relation to safety of seafood. These chemical pollutants can either occur 

naturally or be a result of human activity. The chemical compounds of interest in this 

thesis are polycyclic aromatic hydrocarbons (PAHs). These are a typical example of 

undesirable substances which can both be formed naturally and through human 

activities and can easily enter the human food chain through the sea’s ecosystem and 

thus can have a great impact on the safety of food consumed. Available data on the 

concentration and temporal trends of PAHs contamination in the sea around Iceland 

and remote regions of the Arctic and sub-Arctic areas of North Atlantic Ocean is 

limited. With global warming, the sailing routes north of Iceland will be more 

important and the pollution load will increase with an unpredictable impact on the 

environment and the food chain.  It is therefore of importance to establish the current 

concentration from these areas in order to estimate and monitor possible future 

impact. The aim of this thesis is to investigate temporal trends of polycyclic aromatic 

hydrocarbons in the Icelandic coastal environment over the last two decades as part of 

the monitoring program on the marine biosphere around Iceland and assess the 

importance of the temporal changes on food safety.  

!  
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2. LITERATURE REVIEW  

2.1 Chemical and physical characteristics of PAHs 

2.1.1 Definition  
!
Polycyclic organic matter (POM) defines a broad class of substances including 

polyaromatic hydrocarbons (PAHs), also known as polynuclear aromatics (PNAs). 

POM compounds are identified as a substance with up to seven fused rings and 

theoretically millions of POM compounds can be formed (EPA, 1998). In this thesis 

the emphasis is on PAHs consisting of 2-5 fused rings. PAHs are a group of several 

hundred organic compounds that are composed of two or more fused aromatic rings in 

a linear, angular or clustered arrangement and, as indicated in their name, they only 

contain carbon and hydrogen (Baek et al., 1991). “By definition all PAHs compounds 

can be classified as POM but not all POM compounds can be classified as PAHs” 

(EPA, 1998) and today about 660 different PAHs have been described (Sanders and 

Wise, 1997). PAHs normally occur as a complex mixture rather than a single 

compound (Lee & Vu, 2010). PAHs break down over a period of days to weeks by 

reacting to sunlight or other chemicals in the air. However, most PAHs do not 

dissolve easily in water where they stick to solid particles and settle to the bottoms of 

lakes, oceans and rivers (ATSDR, 1995).  

 

Polyaromatic hydrocarbons are included in the US Environmental Protection Agency 

(EPA, 1987) priority pollution list because PAHs represent the largest group of 

compounds that are mutagenic, carcinogenic and teratogenic. According to US-EPA, 

the following 16 PAHs are of main concern (see also Figure 1 for their chemical 

structure): naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, 

anthracene, fluoranthene, pyrene, benz[a]anthracene, chrysene, benzo[b]fluoranthene, 

benzo[k]fluoranthene, benzo[a]pyrene, dibenz[a,h]anthracene, benzo[g,i,h]perylene 

and indeno[1,2,3-cd]pyrene. 
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2.1.2 Formation  
!
Formation of PAHs occurs largely through the combustion or pyrolysis of organic 

matter either naturally or through various human activities (EFSA, 2008). Their 

production is favored by oxygen deficient flame in the temperature range of 650-

900°C and fuels that are not highly oxidized (Maliszewaska-Kordybac, 1999). PAHs 

are preferred products of combustion under this condition because of kinetic pathways 

and thermodynamics. However, they are not only formed at high temperature but also 

at low temperature (<200°C) combined with high pressure over geological time scale, 

e.g. during the generation of coal and mineral oil (Fetzer, 2000). 

 

The mechanism of PAHs formation during combustion is complex and primarily due 

to pyrolysis and pyrosynthesis. During heating, organic compounds are cracked to 

smaller and unstable fragments (pyrolysis). These fragments are highly reactive free 

Figure 1: The sixteen priority PAHs 
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radicals with a very short lifetime and are converted to more stable PAHs through 

pyrosynthesis (Kim, 2008). 

2.1.3 Classification  
!
PAHs are normally divided into three groups based on their molecular weights, low 

medium and high. Low molecular weight PAHs (LMW) contains two and three rings 

PAHs substances. Medium molecular weights PAHs (MMW) have four rings PAHs. 

High molecular weights PAHs are those with five to seven rings (ATSDR, 1995).  

2.1.4 Characteristics 
!
In pure form PAHs are usually colorless, white or pale yellow green at room 

temperature as solids and can have a faint pleasant odor (Mumtaz & George, 1995). 

Their physical and chemical properties vary with their molecular weight and structure 

(see Table 1). The general characteristics common to the class are high melting and 

boiling points, low vapor pressure, and very low water solubility, which tends to 

decrease with increasing molecular mass. They are highly lipophilic and easily 

absorbed in organic solvents or organic acids (WHO/IPCS, 1998). International 

Union of Pure and Applied Chemistry (IUPAC) has adopted a nomenclature for 

PAHs that are the accepted international naming rules (IUPAC, 1979).  
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Table 1: Physical and chemical properties of the 16 PAHs in the present study 

PAH Abbreviation  Formula 

No 
of 

rings 

Molecular 
weight (g 

mól-1) 

Melting 
point 
(°C) 

Boiling 
point 
(°C) 

Vapor 
pressure 

(Pa at 
25°C) 

Water 
solubility 
µg/L (at 
25°C)  

Naphthalene NaP C10H8 2 128.16 80 218 10.4 3.17*104 

Acenaphthylene AcPy C12H8 3 152.2 93 275 8.9*10-1 3.93*103 

Acenaphthene AcP C12H10 3 154.21 96 279 2.9*10-1 3.93*103 

Fluorene Flu C13H10 3 166.22 117 295 9.0*10-2 1.98*103 

Phenanthrene PhA C14H10 3 178.22 100 340 1.6*10-2 1.29*103 

Anthracene AnT C14H10 3 178.22 218 342 8.0*10-4 73 

Fluoranthene FluA C16H10 4 202.26 110 393 1.2*10-3 260 

Pyrene Pyr C16H10 4 202.26 156 404 6.0*10-4 135 

Benz[a]anthracene BaA C18H12 4 228.29 159 435 2.8*10-5 14 

Chrysene Chr C18H12 4 228.29 256 448 8.4*10-5 2 

Benzo[b]fluoranthene BbF C20H12 5 252.32 168 393 6.7*10-5 1.2 

Benzo[k]fluoranthene BkF C20H12 5 252.32 217 480 1.3*10-8 0.75 

Benzo[a]pyrene BaP C20H12 5 252.32 177 496 7.3*10-7 3.8 

Indeno[1,2,3-cd]pyrene InP C22H12 6 276.34 162 534 1.3*10-8 62 

Dibenz[a,h]anthracene DbA C22H14 5 278.35 262 535 1.3*10-8 0.5 

Benzo[g,i,h]perylene BghiP C22H12 6 276.34 273 542 1.4*10-8 0.26 

 

2.2 Sources and exposure of PAHs  

2.2.1 Environmental concerns regarding PAHs 
!
As previously mentioned PAHs are largely formed through the combustion or 

pyrolysis of organic matter. The major source of PAHs release to the environment is 

human activities but it can also be released from natural sources (CEPA, 1994).  The 

major sources of PAHs emission can be divided into five classes (Lee & Vu, 2010): 

(1) Domestic sources, the main contributor being indoor heating, cooking and 

smoking. (2) Industrial sources, from burning of fuels such as gas, coal and oil, also 

from the processing of raw materials like premium aluminum. (3) Mobile emission 

from the exhaust fumes of vehicles using diesel, gasoline, coal, oil; and lubricant oil. 

(4) Agriculture activities including open burning of brushwood, straw, moorland 

heater and stubble. (5) Natural sources such as volcano eruptions, decaying of organic 

matter and burning of forests, woodlands and moorlands. 

 

The major route of exposure to PAHs in the general population is from breathing 

ambient and indoor air, eating food containing PAHs, smoking cigarettes or breathing 

smoke from open fireplaces. Occupational exposure may also occur in workers 
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inhaling exhaust fumes, such as mechanics, street vendors, motor vehicle drivers, 

miners, metal workers or those working in oil refining (Public Health England, 1998).  

 

PAHs are mainly emitted to the atmosphere and have been detected far away from 

their source and they can even have effects on the global carbon cycle (Bopp & 

Lettieri, 2007). In the Oslo and Paris Convention (OSPAR, 2009) area the overall air 

emission of PAHs appears to have remained relatively constant in the last decades 

(c.a. 100 tons per year).  High molecular PAHs tend to be absorbed by carbonaceous 

particles, such as soot and fly ash that protect them from degradation in the 

atmosphere (Korfmacher, Wehry, Mamantov, & Natusch, 1980). Their time in the 

atmosphere and transport is determined by the particle size, meteorological conditions 

and atmospheric physics. Eventually they are removed from the atmosphere by 

sedimentation or deposition, but the degradation time can be from a few days to six 

weeks for PAHs absorbed onto particles <1 µm in diameter and less than a day up to 

several days for bigger particles (1-10 µm) (Suess, 1976). Although most organisms 

have a high bio-transformation potential resulting in no significant bio-magnification 

in the food chain, sediment-dwelling and filtering organisms like mussels that filter a 

large quantity of water and have low metabolic resistance-capacity for PAHs may 

accumulate it (EFSA, 2008). 

2.2.2 PAHs in the marine environment 
!
PAHs are some of the most widespread organic pollutants in the marine environment 

which enter the sea from offshore activates, operational and accidental oil spills from 

shipping, river discharges and the air (OSPAR, 2010). PAHs found in the aquatic 

environment tend to be associated with the particulate matter ending in the 

sedimentation. The reason for the persistence of PAHs in the marine environment is 

because the particular matter they absorb to provide a storage pool from which they 

are slowly returned to the water. Another reason is their limited availability for UV-

light due to the fact that water absorbs the light (National Research Council, 1983). 

The accumulation of PAHs is both due to anthropogenic and natural emission. The 

most important anthropogenic sources are petrogenic and pyrogenic. Pyrogenic 

sources include combustion process (e.g. fossil fuel combustion, grass and shrub 

fires) while petrogenic sources are present in oil, oil products and coals (Kutcherhov, 

& Kolsenikow, 2013). These are characterized by specific molecular patterns and 
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therefore it is possible to determine if the origin is of a pyrogenic or petrogenic source 

(Baumard, Budzinski, Garrigues, Dizer, & Hansen, 1999). 

2.2.3 PAHs in food  
!
PAHs occur as contaminants in various food categories including vegetables, fruit, 

meat, cereals, oils, milk etc. (Lodovici, Dolara, Casalini, Ciappellano, & Testolin, 

1995; Phillips, 1999). Their presence in food depends on the environmental 

concentration as well as the physiological and ecological characteristics of the 

foodstuff (Martorell et al., 2010; Pawliszyn, Wenzl, Simon, Anklam, & Kleiner, 

2006; Ramesh et al., 2004). The quantity coming from the diet depends largely on 

processing procedures, such as smoking, drying and cooking, which are commonly 

thought to be the major source of PAHs contamination in food. The formation 

depends on a number of parameters, such as the type of cooking, time, fuel used and 

distance from the heat source (EFSA, 2008).  

 

Leafy vegetables are a good example of food that reflects the environmental 

concentration of PAHs. The main source of contamination is the deposition of small 

airborne particles containing the compounds that the leaves absorb. Therefore the 

plant’s placement has great impact on the overall concentration, plants growing near 

roads showing a high concentration (Phillips, 1999). The same applies for mussel and 

seafood from polluted waters (Guillén, Sopelana, & Partearroyo, 1997; Phillips, 

1999). PAHs in vegetable oil are normally the result of technical processes like 

oilseed drying or contamination through the extraction solvents (Ciecierska & 

Obiedziński, 2013). The highest concentrations of PAHs have been found in food 

cooked over open flame like barbequed meat and pizza baked in a wood burning oven 

(Lodovici et al., 1995), and smoked food, like traditionally smoked fish and meat 

(Phillips, 1999).  Preheating (through steam and microwave heating) and wrapping 

meat (in aluminum foil) before charcoal grilling can reduce the levels of carcinogenic 

PAHs (Farhadian, Jinap, Hanifah, & Zaidul, 2011). 

2.2.4 Exposure in humans 
!
Human exposure to PAHs is not restricted to individual compounds but a mixture of 

these compounds and depends on occupational or environmental situations (WHO, 

2003). Dietary intake of PAHs are the major sources of human exposure. For a non-
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smoker reference male between 19 and 50 years old, for example, an average total 

PAHs intake of 3.12 mg/day has been estimated on a total body basis, whereof dietary 

intake contributed 96.2%, air 1.6%, water 0.2% and soil 0.4% (Menzie, Potocki, & 

Santodonato, 1992). Accurate dietary assessments through food surveys are difficult 

because PAHs are not naturally present in food and do not have nutritional value and 

are therefore not included in standard food composition tables (Jakszyn et al., 2004). 

However some assessments have been made for European countries (see Table 2) and 

for the average European consumer the dietary exposure of the PAH4 (the sum of 

benzo[a]pyrene, benz[a]anthracene, benzo[b]fluoranthene and chrysene) was 

estimated 1168 ng/day and the median exposure for the PAH4 in Iceland was 

estimated 1039 ng/day (EFSA, 2008). 

 
Table 2: Total dietary exposure to benzo(a)pyrene (BaP)  
and PAH4 (ng/day) for average European consumers 

              (EFSA, 2008) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

European Food Safety Authority (EFSA) published an assessment on the median 

dietary intake of PAHs based on the PAHs concentration and consumption in the 

Concise European Food Consumption Database for member states (EFSA, 2008). In       

Table 3 the median exposure via various food groups are shown as well as the 

concentration of benzo[a]pyrene and the sum of the PAH4. In this assessment the two 

Average exposure, ng/day 
Country BaP PAH4 
Belgium 232 1158 
Denmark 223 1135 
Finland 185 978 
France 245 1220 
Germany 255 1258 
Hungary 231 1168 
Iceland 205 1039 
Ireland 238 1188 
Italy 255 1332 
Netherlands 239 1197 
Norway 252 1449 
Slovakia 244 1158 
Sweden 230 1168 
United Kingdom 188 936 

Median EU 235 1168 
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highest contributors were cereals and cereal products as well as seafood and seafood 

products, using PAH4 as an indicator.   

 
      Table 3: Consumer exposure to Benzo(a)pyrene (BaP) and 
      PAH4 for different food categories (EFSA, 2008) 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.5 PAHs in drinking water 
!
PAHs are normally not found in water in notable concentration and, therefore, their 

presence in surface water or groundwater is an indicator of pollution (WHO, 2003) 

due to urban runoff or industrial activities (WHO/IPCS, 1998). If the drinking water 

comes from pipes that have contaminated coating, the water flowing through coal tar 

pipes commonly leads to increased PAHs levels in the water. Coal tar is a complex 

mixture containing over 1000 compounds, of which 30 are PAHs. The normal 

concentration of PAHs in uncontaminated groundwater is usually around 0-5 ng/litre 

and if detected, the ones with the highest concentration are fluoranthene, 

phenanthrene, pyrene and anthracene (WHO, 2003).  

 

2.3 Kinetics and metabolism in humans 

2.3.1 Absorption of PAHs 
!
PAHs are absorbed through the pulmonary tract, the gastrointestinal tract and the skin 

(Strickland, Kang, & Sithisarankul, 1996). They act both at the site of the exposure 

and on other organs. Moreover, they have been shown to have effects in almost every 

Category BaP 
(ng/day) 

PAH4 
(ng/day) 

Cereals and cereals products 67 257 
Sugar and sugar products, including chocolate  5 25 
Fats (vegetable and animal) 26 177 
Vegetable, nuts and pulses 50 221 
Fruits 5 75 
Coffee, tea, cocoa (expressed liquid) 21 106 
Alcoholic beverages  4 25 
Meat and meta products and substitutes  42 195 
Seafood and seafood products  36 289 
Fish and fisheries products  21 170 
Cheese  6 20 
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tissue and species that they have been tested on (Lee & Grant, 1981). The absorption 

from the diet is determined by the size, lipophilicity of the molecule, presence of bile 

in the digestive tract, the dose ingested and the lipid content of the diet (EFSA, 2008). 

The factors promoting absorption of PAHs in oily food show, firstly, that long-chain 

fatty acids are incorporated into mixed bile salts micelles to solubilize lipophilic 

molecules, and secondly that mixed bile salts promote the uptake of it. (Kawamura, 

Kamata, & Setagaya-ku, 1988).  

2.3.2 Distribution and excretion of PAHs 
!
PAHs and their metabolites tend to be found in almost all tissues after ingestion, 

especially those rich in lipid. Absorption through the gastrointestinal tract occurs 

rapidly (WHO/IPCS, 1998). Further, it has also been shown that organs rich in lipids, 

such as the liver, can serve as storage depots from which the hydrocarbons are 

gradually released (WHO/IPCS, 1998). The turnover of PAHs is rapid and therefore 

they do not persist in the body for a long time. Animal studies have estimated the half 

life of PAHs to 22-28 hours, with faeces being the main excretion route, urine the 

secondary (Becher & Bjørseth, 1983; WHO, 2003). To estimate the exposure of 

PAHs in humans, the most commonly used biomarker is the level of PAHs 

metabolites in urine, including 1-hydroxypyrene, hydroxynaphtalene and 

hydroxyphenanthrenes. They are excreted into urine to a substantial extent and are 

possible to monitor with analytical methods (EFSA, 2008). 

2.3.3 Metabolism of PAHs  
!
When PAHs are present in the environment they are chemically inert, but when they 

enter organisms they are transformed to active form responsible for their toxic, 

mutagenic and carcinogenic action (Harvey, 1991). The first phase of metabolic 

transformation is “activation”, reactions of oxidation catalyzed by enzymes of the 

cytochrome P-450 family and hydroxylation catalyzed by epoxide hydrolase. The 

electrophilic products of this transformation, epoxy diols, are hydrophilic and 

therefore more easily water-soluble. The hydroxylation of PAHs causes an increase of 

reaction with DNA and proteins, which can cause protein damage or DNA mutation. 

The second phase is “deactivation” caused by conjugation with glutathione catalyzed 

by glutathione-S-transferese that gives glutathione-PAHs conjugate. The conjugated 

PAHs are not able to bind to neither DNA nor protein. Hence, glutathione has two 
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functions, to facilitate excretion and the protection of cells from mutation (Skupinska, 

Misiewicz, & Kasprzycka-Guttman, 2004). 

 

2.4 Health effects  
!
The carcinogenicity of PAHs was first demonstrated early 1915 when shown that 

exposure of the ears of rabbit to PAHs-containing material caused tumor (Boström et 

al., 2002) and in even earlier times chimney sweepers developed skin cancer and 

scrotal cancer after occupational exposure to PAHs (Knecht, Bolm-Audorff, & 

Woitowitz, 1989). Toxicological experiments have shown that the location of tumor 

development is in most cases related to the route of administration, for example when 

benzo(a)pyrene is administered orally to  mice, it produces tumors in the 

gastrointestinal tract, liver, lungs and mammary glands (EFSA, 2008).  PAHs are also 

genotoxic but the DNA adduct formation is generally regarded as one of the first steps 

in carcinogenicity of the mutagenic PAHs. Mutations occur at DNA adduct sides or 

close to them through replication errors during DNA synthesis (EFSA, 2008). 

 

The carcinogenicity potency of PAHs is generally associated with the structural 

features of the molecule and the complexity of the molecule: a more complex 

compound is usually more potent. However, due to the fact that PAHs are often found 

in complex mixtures, the carcinogenicity of individual PAHs are often difficult to 

predict (Menzie et al., 1992). Based on available information, 32 PAHs have been 

classified with respect to carcinogenicity in experimental animals and humans (see 

Table 4)  (IARC, 2010).  

 
 
!
!
!
!
!
!
!
!
!
!
!
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  Table 4: Classification of carcinogenic PAHs (IARC, 2014) 
Group Definition of group PAH compound 
Group 1  Carcinogenic to humans Benzo[a]pyrene 
Group 2 A Probably carcinogenic to humans Dibenz[a,h]anthracene, 
    Dibenzo(a,l)pyrene 
Group 2B Possibly carcinogenic to humans Benz[a]anthracene, 

  
Benzo[b]fluoranthene 

  
Benzo[e]phenanthene 

  
Benzo[j]fluoranthene 

  
Benzo[k]fluoranthene 

  
Chrysene 

  
Dibenzo[a,i]pyrene 

  
Dibenzo[a,e]pyrene 

  
Dibenzo[a,h]pyrene 

  
Indeno[1,2,3-cd]pyrene 

    Naphthalene 
!
!
2.4.1 Health effects in early life 
!
Exposure to carcinogens early in life may have greater impact on children than similar 

exposure in adults. Animal and human studies indicate that parental exposure to 

PAHs can result in serious or irreversible effects in the fetus, including cancer and 

low birth weight (Dejmek, Solanský, Benes, Lenícek, & Srám, 2000). A study 

published in 2012 showed that children that were exposed to high levels of 

environmental PAHs in the womb, show a higher risk of developing anxiety, 

depression and attention problems before the age of seven (Perera et al., 2012). 

 

2.5 Conventions and regulations  

2.5.1 Conventions 
!
PAHs have been regarded as priority pollutants by many nations and organizations. 

They are not included in the Stockholm Convention on Persistent Organic Pollutant 

(POPs) but are included in the Convention on Long-range Transboundary Air 

Pollution (CLRTAP). The aim of this convention is that parties shall endeavor to limit 

and, as far as possible, gradually reduce and prevent air pollution including long-

range transboundary air pollution. PAHs are also included in the 1998 Aarhus 

Protocol on Persistent Organic Pollutants (POPs) with the ultimate objective to 
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eliminate any discharges, emissions and losses of POPs. They are also listed in the 

European Frame Water Directive as one of the priority pollutants of water 

environment (EU Water Framework Directive, Priority Substance Directive 2008/105 

EC) and the OSPAR Convention for the protection of Marine Environment of the 

North East Atlantic.  

 

2.5.2 Regulations 
!
In the European Union the maximum level for PAHs, in particular for benzo[a]pyrene 

in food, are laid down in Commission Regulation (EC) No 1881/2006. The foodstuffs 

that the regulation gives maximum values of PAHs are oils and fats, coca beans, 

coconut oil, smoked meat and smoked meat products, muscle meat of smoked fish, 

smoked sprat, smoked bivalves molluscs, processed cereal-based food and baby 

foods. The provision for the methods of sampling and analysis for official controls of 

benzo[a]pyrene levels are laid down in Commission Regulation (EC) No 333/2007. 

These regulations are based on EFSA Scientific Opinion on PAHs. In 2011 revised 

maximum levels for PAHs in food were published in Commission Regulation (EC) 

835/2011 amending Regulation (EC) 1881/2006. In this revision the limit values for 

the marker substance benzo[a]pyrene were replaced with the sum of four different 

PAHs, so-called PAH4, which are more suitable as indicator of the occurrence of 

PAHs in food. The PAH4 comprise of the sum of benzo[a]pyrene, benz[a]anthracene, 

benzo[b]fluoranthene and chrysene. Furthermore, EU Regulation 2065/2003 sets 

maximum levels for benzo[a]pyrene and benz[a]anthracene in smoke flavorings used 

in food.  

 

2.6 Blue mussel as biomarker  
!
Biomarkers can be useful to provide an early warning signal of harmful effects on 

biological systems and for estimating biological effects due to contaminants (Lam & 

Gray, 2003). For decades marine bivalves like mussels have been successfully used as 

biomarkers to indicate marine pollution due to their ability to bioaccumulate organic 

and toxic chemicals (Chase et al., 2001) such as PAHs from the water, sediments and 

their food sources (WHO/IPCS, 1998). Mussels are regarded as good candidates 

because contaminant levels in their tissue respond to changes in environmental levels 
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and they accumulate pollutants with little metabolic transformation (Kimbrough, 

Johnson, Lauenstein, Christensen, & Apeti, 2008). PAHs may be accumulated in 

bivalves to the concentration 102 to 105 higher than in water (Farrington, Goldberg, 

Risebrough, Martin, & Bowen, 1983).  

 

One of the most commonly used biomarker bivalves is the blue mussel (Mytilus 

edulis), a shellfish classified as a bivalve mollusc. It is found worldwide in habitats 

ranging from slightly brackish shallow creeks to highly saline deep offshore 

environments. They tend to habit in bays and creeks where there are elevated levels of 

nutrients from land runoff, causing an increase in phytoplankton. They are found in 

the rocky shores along the coastlines, bays and river mouths where they attach 

themselves to submerged surfaces (Fisheries and Oceans, 2003). Blue mussel is 

adaptable to a wide range of temperature, the optimal temperature for it is from 5 to 

20°C but it can tolerate freezing conditions for several months and up to 29°C 

(Goulletquer, 2004). They are abundant in coastal regions where they are easily 

collected and anthropogenic pollution is most likely to occur (Schmidt, Power, & 

Quinn, 2013). 

 

The shape of the shell is a roughly elongated triangle and the outside is dark blue, 

purple, black or brown in color but the inner side is pearl-white (Newell, 1989). 

Sticking out between the shells is the “beard” or the byssal threads that the animal 

uses to fasten itself to various surfaces or other mussels. It also has a slender brownish 

foot that it uses to move around and to fasten itself to the bottom. The soft body tissue 

of females is pink to orange, but males are cream colored (Fisheries and Oceans, 

2003). The size varies between specimens, usually ranging from 5-10 cm in length, 

but some can be smaller 2-3 cm whereas others can reach 15-20 cm. When there are 

no predators around they can reach 1.2 m thickness (Goulletquer, 2004) and live up to 

twenty years (Newell, 1989). Figure 2 shows an illustration of blue mussel.  

 

 

 

 

 

Figure 2: Blue mussel (Mytilus edulis) (Brey, 2008) 
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Blue mussel is an effective filter feeder, feeding mainly on plankton cells but also on 

other carbon particles like decomposed macrophytes and resuspended detritus 

(Fisheries and Oceans, 2003). Cilia inside the mussel create a current pulling in water 

and plankton. When the tide comes in, the animal opens its shells and takes in water 

(Newell, 1989). It is widely distributed around Iceland, except for the south coast 

where the living conditions are unfavorable for the species (Þórarinsdóttir, 1993) 

 

2.7 Analytical methods for determination of PAHs  
!
At present there is no official procedure for analyses of PAHs in either food or 

environmental samples. After extraction of PAHs and cleanup of the samples the most 

commonly used method for the identification and quantification is gas 

chromatography coupled to mass spectroscopy (GC-MS).   

!
 
2.7.1 Microwave-assisted extraction  
!
Extraction is a procedure where the analytes are separated from the matrix. Recently, 

new extraction methods have been developed that make this important step easier. 

Microwave-assisted extraction (MAE) is one of relatively new methods that combine 

microwave and traditional solvent extraction (Delazar, Nahar, Hamedeyazdan, & 

Sarker, 2012). The advantages of MAE are the reduction of extraction time (13-30 

min) because the microwave heats the solution immediately as well as needing 

limited use of solvent, normally in the range of 10-30 ml (Sparr Eskilsson & 

Björklund, 2000). The method is based on using microwaves or electromagnetic 

radiation in frequency from 0.3 to 300 GHZ. This penetrates the biomass matrix and 

the microwave energy is absorbed by polar molecules in the matrix; hence the 

biomass can be heated efficiently and homogenously from inside. For the extraction it 

is only possible to use polar solvents like acetone, water or ethanol or mixture of polar 

and non-polar solvents since they can better absorb the microwave energy. The 

operating variables of MAE include temperature, the power of the microwave, 

extraction temperature and extraction time (Bergeron, Carrier, & Ramaswamy, 2012). 

 
!
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2.7.2 Solid phase extraction 
!
Solid phase extraction (SPE) is a separation process that uses solid phase and liquid 

phase to isolate analytes from solutions. It is commonly used as a cleaning step to 

remove interfering matrix components or other compounds before using analytical 

methods to quantify the amount of analytes in the sample. The stationary phase is 

contained in a glass or plastic column above a frit or glass wool. The column might 

have a frit on top of the stationary phase and might also have a stopcock to control the 

flow of solvent through the column. The general procedure is to load a solution onto 

the SPE solid phase, elute undesirable components and then elute the desirable 

analytes with another solvent into a collecting tube (Zwir-Ference & Bziuk, 2006). 

!
2.7.3 GC-MS 
!
The GC-MS instrument is combined of two parts: The gas chromatograph (GC) that 

separates the chemicals in the sample and the mass spectrometer (MS) that identifies 

and quantifies the chemicals. When the sample has been properly cleaned it is 

injected into the GC inlet where it is vaporized and transferred by an inert gas (mobile 

phase), normally helium, through a column with a special polymer coating on the 

inner surface, (stationary phase). The molecules separate according to their volatility, 

the smaller ones travelling faster compared to larger molecules, as well as adsorption 

to the stationary phase. The time when the molecule comes out of the column is called 

retention time. At the end of the column the molecules are ionized which is important 

because the molecules must be charged to travel through the filter (mass analyzer) in 

the mass spectroscope. The filter separates the ions according to mass to charge ratio 

(m/z) related properties depending upon the analyzer that is used. When the analysis 

is performed, mass to charge ratio (m/z) is measured. The most commonly used mass 

filter is quadrupole as used in the current study, whereas other filters such as sector 

field (SF) and time of flight (ToF) are also common. After the ions have been 

separated they pass through a detector that counts the number of a specific mass. This 

information is fed into a computer that records all the data produced and plots a mass 

spectrum (Hubschmann, 2009).  
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2.9 Research objectives 
!
The overall aim of this project was to analyze the sixteen polycyclic aromatic 

hydrocarbons (PAHs) of the US Environmental Protection Agency priority pollutant 

list in blue mussel (Mytilus edilius) from three locations along the Icelandic coastline. 

The locations are Hvassahraun in Hafnarfjörður, Brekka in Mjóifjörður and Úlfsá in 

Skutulsfjörður. The importance of monitoring PAHs in the marine environment is 

twofold. Firstly, monitoring of PAHs is important regarding food safety since they 

can have adverse health effects on the consumer. Secondly, the monitoring of PAHs is 

of concern for environmental aspects because they can have anthropogenic sources. 

High levels of PAHs lower the environmental quality which affects food safety so that 

the two are interlinked and cannot be entirely separated.  

 

!  
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3. MATERIAL AND METHODS 

3.1 PAHs determination in mussel  

3.1.1 Samples and samples sites 
!
 The blue mussel samples used in this study have been collected as part of an annual 

monitoring program of the marine biosphere around Iceland. Each year these blue 

mussel samples have been collected in the same season (August/Sept) and from the 

same sample sites along the Icelandic coastline for the last two decades (Jörundsdóttir 

et al., 2013). So far only persistent organic chemicals and trace metals have been 

analyzed in the samples from this monitoring program of the marine biosphere 

(Jörundsdóttir, Natasa, Ragnarsdóttir, & Gunnlaugsdóttir, 2013; Sturludóttir et al., 

2013) and no analysis of PAHs have been carried out, until now.  

 

For this study, three sample sites were chosen to investigate temporal trends in PAHs 

concentration in Icelandic blue mussels. The sampling sites and their locations are 

shown in Figure 3 and Table 5. The Marine Research Institute in Iceland has been 

responsible for the sample collection while Matís has been responsible for the sample 

preparation, storage and chemical analysis of all samples. The sampling and sample 

preparation was carried out according to standard sampling guidelines (JMP, ICES 

and OSPAR, Jörundsdóttir et al., 2013). Briefly: blue mussel samples, comprised of 

50±5 individuals, were collected in August/September each year. The mussel samples 

were deshelled, pooled and homogenized, making one sample per location each year. 

The homogenized samples were kept frozen in glass jars at around -20°C until freeze 

drying. The glass jars were previously cleaned with acid and heated up to 400°C for 

several hours to prevent contamination. The samples were put on plastic trays and 

freeze dried (VirTis Genesis 25EL freeze dryer) for 36 hours before analysis was 

performed.  

 

 

 

 

 

 

 



!

! 19 

!

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
Table 5: Sample locations, coordinates, site specifications and descriptions of the locations 

Sample location Coordinates Site 

specifications 

Description of the location 

Hvassahraun 64°01,205-22°09,526 Baseline Located 11 km WSW from the town 
center of Hafnarfjörður (pop.~27,000) 

Úlfsá, Skutulsfjörður 64°01,205-22°09,526 Impact (Waste 
incineration) 

Located 2.7 km SW from the town 
center of Ísafjörður  (pop.~2,700) 

Brekka, Mjóifjörður 66°03,36-23°10,02 Baseline Located at the harbor of the hamlet 
Brekka on the northern shore of 
Mjóifjörður (pop.~50) 

 

3.1.2 Chemicals  
!
PAHs mix (16 PAHs), 2000 µg/ml each of naphthalene, acenaphthylene, 

acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, 

benz[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, 

benzo[a]pyrene, dibenz[a,h]anthracene, benzo[g,i,h]perylene, indeno[1,2,3-

cd]pyrene, 1-methylnaphthalene and 2-methylnaphthalene, EPA 525 fortification 

solution (acenaphthene-d10, chrysene-d12 and phenanthrene-d10, 2000 µg/ml each) 

and 5 g Florisil® cartridges were purchased from Supelco (Bellefonte, PA, USA). 

Acetone, iso-octane, n-hexane and toluene were purchased from Sigma-Aldrich 

Figure 3: Map showing the sampling locations in Iceland of blue 
mussels used in the present study for PAHs analyses 
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(Steinheim, Germany). All solvents were of p.a. grade except for iso-octane, which 

was of HPLC grade. Ultrapure water (> 18 MΩ/cm) was used for all analytical 

purposes.  

!
3.1.3 Microwave-assisted extraction  
!
Microwave-assisted extraction (MARS Xpress 1600, CEM, Matthews, NC, USA) was 

used for the sample extraction. Approximately 2.0 grams of freeze dried mussel 

sample was accurately weighted in XP-1500 Teflon extraction vessels, 100 µL of 

surrogate standard (to correct for possible loss throughout the procedure) and 15 mL 

of acetone as extracting solvent were added. The vessels were closed and inserted into 

the microwave oven. The extraction conditions were programmed in two stages. In 

the first stage the system was allowed to reach the required pressure (21 psi – 145 

kPa) using full microwave power and in the second stage the required pressure was 

kept constant for 15 min. at 80% of microwave power. When the irradiation process 

was completed the samples were taken from the microwave cavity and allowed to 

reach room temperature before opening the vessels. 

 

3.1.4 Filtration and solid phase extraction  
!
After the extraction the supernatant of each vessel was filtered through PTFE filters 

(30 mm, 5 µm Waters). 1 mL of iso-ocatane was added in order to minimize loss 

during evaporation and to assure that the concentrated extract was in non-polar 

solvent before solid phase extraction. The iso-octane extract was then evaporated to 

c.a. 0.5 mL (almost to dryness) using nitrogen blown-down evaporation as shown in 

Figure 4b. One mL of iso-octane was added again to the extract and the iso-octane 

extract was loaded onto a 5 g Florisil cartridge (as seen in Figure 4a) that had 

previously been conditioned with 10 ml of n-hexane. The PAHs were eluted with 30 

mL of n-hexane: toluene (75:25 v/v) elution solvent. One mL of iso-octane was added 

to the collected fraction and concentrated again almost to dryness with the nitrogen 

blown-down evaporation. The sample was then re-dissolved in 100 µL iso-octane and 

kept in dark at -18°C until GC-MS analysis. 
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3.1.5 GC-MS 
 

The extracts were analyzed on Shimadzu QP2010 ultra GC-MS (Shimadzu, 

Kyoto, Japan) (as seen in Figure 5). Two microliters of sample were injected in 

splitless mode at 270°C onto a DB-5MS UI fused silica capillary column 

(30 m × 0.25 mm, 0.25 µm, Agilent/J&W, Santa Clara, CA, USA). GC 

temperature programme was as follows: 60°C for 2 min, increased at 10°C/min to 

300°C and held for 10 min. The interface was kept at 300°C and the ion source 

at 200°C. The carrier gas was helium and kept at a constant flow of 1.5 ml/min 

and the mass spectrometer was operated in EI mode with the energy kept at 70 eV. 

Measurements were performed in the selected ion monitoring (SIM) mode, using 

the m/z fragments given by Cortazar et al. (2008). The linearity of the PAHs was 

checked for the instrument and concentration calculation was performed with a one 

point calibration. An example can be seen on Figure 6 for the linearity of 

benzo[a]pyrene. The PAHs mix (16 PAHs, 2000 µg/ml) was diluted to 20 ng/ml and 

used as a calibration standard. 

 

 

 

 

 

 

 

 

Figure 4: a) Shows the solid phase extraction equipment b) Shows the nitrogen 
blowing equipment used in this present PAHs assessment study 

a) b) 

Figure 5: Shimadzu GC-MS (QP2010 
ultra) used in the present study for PAHs 
identification and quantification 
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!
Figure 6: An example of five-point calibration curve for benzo[a]pyrene  

 

3.1.6 Quality assurance 
!
Each extraction batch includes two blanks and two reference samples that were 

treated and analysed simultaneously with the samples to ensure the quality and 

accuracy of the analysis. The blank samples were run to correct for any background 

contamination and therefore avoid an overestimation of the concentration of the 

analytes. Limit of detection is determined from the blank samples; three times the 

concentration of the average of the analytes in the blanks. The concentration of the 

analytes in the blanks was generally low except for naphthalene. Method recovery 

was calculated for the surrogate standards. There is, however, no recovery 

compensation calculated for the analytes as their concentration is based on the 

surrogate standards. This is due to the fact that the surrogate standards compensate for 

any loss of the analytes during the extraction and cleanup. Reference samples were 

analyzed for quality purpose, inhouse mussel reference material was used that had 

previously been analysed by the Department of Pharmacology and Toxicology, 

University of Iceland.  

 

3.2.7 Calculations of the PAHs compounds 
!
Prior to sample analysis, external standard mixtures of the 16 PAHs were analyzed so 

that the calculation of the concentration of the analytes was possible. Single point 
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calibration was performed as the response of the PAHs on the GC-MS was shown to 

be linear over a wide range. Their identities were confirmed by the retention time and 

abundance of quantification/confirmation ions in the standards. To monitor the 16 

PAHs a surrogate standard with three isotopic standards was used. Acenaphtlene-d10 

was used for naphthalene, acenaphthene and fluorene. Phenanthrene-d10 for 

phenanthrene, anthracene, fluoranthene, pyrene, benzo[a]pyrene and chrysene and for 

the remaining PAHs Chrysene-d12 was used. The sixteen PAHs were quantified using 

the response factors related to the respective internal standards based on a five-point 

calibration curve for individual compounds.  

 

The following equation applies for the surrogate standard:   (1) 

Wherein: 

Ax is the area under the top for a given substance, 

Ass is the area under the top for a given standard, 

Cx is the concentration for a given substance, 

Css is the concentration for a given standard and 

F is the response factor. 

 

The following equation applies for the sample: !!!(2) 

 

Given that Fx = fx, the resulting equation is: !!(3)!

!
Herein, the cx is the concentration of a given PAHs substance in the sample: 

 

!! =
!! ∗ !!! ∗ !! ∗ !!
!!! ∗ !! ∗ !!!

!(4) 

 

In this study equation 4 was used to calculate the concentration of PAHs substances in 

the samples. 

 

!  

Ax

Ass
∗Fx =

Cx

Css

ax
ass

∗ fx =
cx
css

Cx *Ass
Css *Ax

=
cx *ass
css *ax
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4. RESULTS 
 
Sixteen PAHs were analyzed in mussel samples that had been collected in the 

timeframe from 1992 to 2011 from three different locations around the Icelandic 

coastline. Mussel samples were not available for individual years and therefore it was 

not possible to make fully continuous chronology. Either the samples could not be 

found in the storage or that not enough of the samples were obtainable.  In Tables 6, 7 

and 8 the results from each sample site are presented in three ways: (1) as lower 

bound sum, where values below limit of quantification (LOQ) are set to zero in sum 

of the 16 PAHs (<LOQ=0 in the sum). (2) The average sum, where values below 

LOQ are set to half the LOQ concentration (<LOQ=½LOQ in the sum) (3) Upper 

bound sum, where values below LOQ are set equal to LOQ (<LOQ=LOQ in the sum). 

Even though the majority of the analytes are below the LOQ, the upper bound sum of 

the PAHs is calculated, as it is important in the context of food safety since it shows 

the highest possible concentration of the PAHs that the consumer can be exposed to. 

In the present thesis, the sum of the concentration of the 16 PAHs is expressed as 

Σ16PAH. The Σ16PAH for each sample site is shown graphically in Figures 7, 8 and 9. 

The temporal trends in PAHs concentration shown in the figures of this thesis are 

only a visual illustration of the results obtained and not based on statistical analysis of 

the results. The results are presented in ng/g dry weight (d.w.). The following 

classification of PAHs pollutant level has been suggested: (a) low 0-100 ng/g, (b) 

moderate 100-1000 ng/g, (c) high 1000-5000, and (c) very high >5000 ng/g d.w., 

respectively (Baumard, Budzinski, & Garrigues, 1998). 
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4.1 Hvassahraun sample site 
!
!

!
Figure 7: Temporal trends in PAHs concentration in blue mussel (Mylitus edulis) for 
Hvassahraun sample site, collected in 1992-2011. The figure shows upper and lower bound sum 
for the Σ16PAH in ng/g d.w. mussel sample!

!
The concentration of PAHs in mussels from Hvassahraun is shown in Table 6 and 

Figure 7 illustrates the temporal trend for the upper and lower bound Σ16PAH. Using 

the upper bound sum, the concentration varies from 227 ng/g to 345 ng/g d.w., with 

the average concentration of 252 ng/g d.w.. The concentration is relatively stable 

between years, with little variations. The highest concentration found, was measured 

in the mussel sample taken 1997 and the lowest concentration in the mussel sample 

from 2011. Comparing the lower bound Σ16PAH to the PAHs pollution classification 

levels (Baumard et al., 1998) all the samples, except form the year 1997 fall into the 

low polluted category, while the sample from 1997 was moderately polluted. 

However, when the upper bound Σ16PAH sum is used, all the samples are moderately 

polluted. In the year 1997 there is an increase of 108 ng/g d.w. compared to the year 

before and the concentration decreases the following year and remains at a relatively 

stable level from that point.  

 

The individual PAHs congeners detected over the limit of quantification (LOQ) in 

blue mussel samples from Hvassahraun were phenanthrene, anthracene, fluoranthene, 
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pyrene, chrysene, benzo[a]pyrene and benzo[g,i,h]perylene. The most dominant 

PAHs congeners detected over limit of quantification are fluoranthene and pyrene and 

thereafter phenanthrene and chrysene. The congener detected in the highest 

concentration was benzo[g,i,h]perylene in the year 1997 (57 ng/g d.w.) and thereafter 

anthracene (38 ng/g d.w) in the year 2007.  
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Table 6: Concentration of analyzed PAHs in ng/g d.w. in blue mussel (Mytilus edulis) samples from Hvassahraun sample site 1992-2011 

*The limit of quantification of naphthalene was very high due to variable and high levels in all samples 

PAHs in ng/g d.w. 1992 1995 1996 1997 1998 2000 2001 2003 2004 2006 2007 2008 2009 2010 2011 
Naphthalene* <166 <166 <166 <166 <166 <166 <166 <166 <166 <166 <166 <166 <166 <166 <166 
Acenaphthylene <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 
Acenaphthene <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 
Fluorene <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 
Phenanthrene <10 <10 <10 14 9.6 <10 <10 8.3 <10 <10 36 19 <10 <10 <10 
Anthracene 4.6 <5 <5 <5 <5 <5 <5 <5 <5 6.8 38 <5 <5 <5 <5 
Fluoranthene 12 13 <4 26 7.9 <4 8.1 5.9 5.5 <4 <4 12 4.6 <4 2.9 
Pyrene 34 12 <12 33 11 <12 <12 7.4 <12 <12 1.7 <12 6.4 <12 2.7 
Benz[a]anthracene <2 <2 <2 1.8 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 
Chrysene 7.7 <1 <1 5.9 1.0 <1 1.3 <1 <1 <1 0.7 <1 <1 <1 <1 
Benzo[b]fluoranthene <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 
Benzo[k]fluoranthene <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 
Benzo[a]pyrene 5.6 <4 <4 <4 <4 <4 <4 <4 21 <4 <4 <4 <4 <4 <4 
Indeno[1,2,3-cd]pyrene <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
Dibenz[a,h]anthracene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Benzo[g,i,h]perylene <0.5 <0.5 <0.5 57 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Σ16 PAH (LOQ = 0) 64 25 0 138 30 0 9.4 22 27 6.8 76 31 11 0 5.6 
Σ16 PAH (LOQ =1/2x) 166 136 119 173 134 119 125 127 141 123 181 143 122 119 116 
Σ16 PAH  275 246 237 345 240 237  241 233 255 239 285 254 232 237 227 
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4.2 Úlfsá sample site 
!
!

!
Figure 8: Temporal trends in PAHs concentration in blue mussel (Mylitus edulis) for Úlfsá 
sample site, collected in 1997-2011. The figure shows upper and lower bound sum for the Σ16PAH 
in ng/g d.w. mussel sample 
 

The concentration of PAHs in mussels from Úlfsá is shown in Table 7, while Figure 8 

 shows the temporal trend for upper and lower bound Σ16PAH in the time period 1997-

2011. Using the upper bound sum the concentration varies from 228 ng/g to 264 ng/g, 

with the average concentration of 241 ng/g dry weight. The concentration is very 

stable between years. The highest concentration was measured in the mussel sample 

collected 2000 and the lowest concentration in the sample from 2006. Comparing the 

upper bound Σ16PAH to the PAHs pollution classification levels (Baumard et al., 1998) 

the mussel samples from Úlfsá are all moderately polluted. However, when the lower 

bound Σ16PAH is compared to these classification levels the samples all fall into the 

low polluted category. The Σ16PAH concentration seems to be relatively stable during 

the time period investigated.  

 

The individual PAHs congeners detected over the limit of quantification (LOQ) in 

blue mussel samples from Úlfsá were fluoranthene, pyrene, chrysene and 

benzo[a]pyrene. The most dominant congeners in the mussel samples are 

fluoranthene and pyrene.  
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Table 7: Concentration of analyzed PAHs in ng/g d.w. in blue mussel (Mytilus edulis) samples from Úlfsá sample site 1997-2011 

!
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*The limit of quantification of naphthalene was very high due to variable and high levels in all samples 

PAHs in ng/g d.w. 1997 1999 2000 2001 2003 2005 2006 2007 2008 2009 2010 2011 
Naphthalene* <166 <166 <166 <166 <166 <166 <166 <166 <166 <166 <166 <166 
Acenaphthylene <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 
Acenaphthene <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 
Fluorene <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 
Phenanthrene <10 <10 10 <10 <10 <10 <10 <10 <10 <10 <10 15 
Anthracene <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 <5 
Fluoranthene 7.5 3.3 23 13 4 9.9 4.1 6.5 <4 4.9 <4 18 
Pyrene 11 6.3 20 9.0 <12 <12 2.7 <12 <12 5.8 <12 <12 
Benz[a]anthracene <2 <2 1.2 <2 <2 <2 <2 <2 <2 <2 <2 <2 
Chrysene 2.0 0.8 2.0 <1 <1 1.3 <1 <1 0.6 1.5 <1 <1 
Benzo[b]fluoranthene <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 
Benzo[k]fluoranthene <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 
Benzo[a]pyrene <4 <4 <4 <4 <4 <4 <4 <4 5.0 <4 <4 <4 
Indeno[1,2,3-cd]pyrene <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
Dibenz[a,h]anthracene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Benzo[g,i,h]perylene 3.5 4.2 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 1.5 <0.5 <0.5 3.6 
Σ16 PAH (LOQ = 0) 24 15 56 22 0 11 6.8 6.5 7.1 12 0 37 
Σ16 PAH (LOQ =1/2x) 134 124 160 133 119 127 117 123 123 122 119 148 
Σ16 PAH  244 234 264 243       237 243 228 233 239 232 237 259 
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4.3 Mjóifjörður sample site 
 

 
Figure 9: Temporal trends in PAHs concentration in blue mussel (Mylitus edulis) for Mjóifjörður 
sample site, collected in 1996-2011. The figure shows upper and lower bound sum for the Σ16PAH 
in ng/g d.w. mussel sample    
 

The concentration of PAHs in mussels from Mjóifjörður is shown in Table 8 and 

Figure 9 illustrates the temporal trends for upper and lower bound Σ16PAH . Using the 

upper bound sum the measured concentration varies from the lowest of 240 ng/g 

taken 1998 to the highest 1532 ng/g d.w. in mussel sample taken 2009, with the 

average concentration of 525 ng/g d.w. The concentration varies between years, with 

large fluctuations. When the upper bound Σ16PAH are compared to the PAHs 

classification level (Baumard et al., 1998) all the samples, except for 2009, are 

classified as moderately polluted. The mussel sample taken 2009 is highly polluted.  

However, for the lower bound Σ16PAH, all samples, with the exception of the year 

2009, fall into the low to moderately polluted categories, while the sample from 2009 

was highly polluted. As can be seen in Figure 9, there was a large increase in the year 

2000 in the PAHs concentration from a relatively stable baseline concentration to 941 

ng/g d.w.. Unfortunately there were no archive mussel samples available for the years 

2001 and 2002 and therefore it was not possible to carry out any analysis on them, but 
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in the timeframe 2003 to 2006 the Σ16PAH concentration in the mussels falls back to 

baseline concentration. The concentration rises again in 2007 and in 2009 when it 

reaches its highest concentration and in 2010 it drops back to baseline concentration.  

 

The individual PAHs congeners detected over the limit of quantification (LOQ) in 

Mjóifjörður were fluorene, phenanthrene, anthracene, fluoranthene, pyrene, 

benz[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene and  

benzo[g,i,h]perylene. The most dominant congeners are fluoranthene, phenanthrene 

and pyrene. 
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Table 8: Concentration of analyzed PAHs in ng/g d.w. in blue mussel (Mytilus edulis) samples from Mjóifjörður sample site 1996-2011 

!
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
*The limit of quantification of naphthalene was very high due to variable and high levels in all samples 

PAHs in ng/g d.w. 1996 1997 1998 1999 2000 2003 2004 2006 2007 2008 2009 2010 2011 
Naphthalene* <166 <166 <166 <166 <166 <166 <166 <166 <166 <166 <166 <166 <166 
Acenaphthylene <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 
Acenaphthene <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 <20 
Fluorene <3 <3 <3 <3 <3 <3 <3 <3 30 <3 <3 <3 <3 
Phenanthrene <10 <10 <10 <10 170 <10 <10 <10 59 27 <10 <10 34 
Anthracene <5 <5 7.3 <5 18 <5 <5 9.1 <5 <5 <5 <5 <5 
Fluoranthene 36 <4 6.6 6.5 268 27 <4 <4 258 174 1202 <4 55 
Pyrene <12 <12 9.9 6.2 186 20 72 <12 154 117 43 17 52 
Benz[a]anthracene <2 <2 <2 <2 27 5.6 7.7 <2 85 64 23 <2 15 
Chrysene <1 5.9 <1 1.7 63 25 20 31 151 218 39 <1 32 
Benzo[b]fluoranthene <2 <2 <2 <2 <2 <2 <2 <2 35 35 9.2 <2 <2 
Benzo[k]fluoranthene <2 <2 <2 <2 <2 <2 <2 <2 11 <2 <2 <2 <2 
Benzo[a]pyrene <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 
Indeno[1,2,3-cd]pyrene <1 <1 <1 <1 <1 <1 5.6 <1 <1 <1 <1 <1 <1 
Dibenz[a,h]anthracene <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Benzo[g,i,h]perylene <0.5 <0.5 <0.5 <0.5 6.3 <0.5 <0.5 <0.5 <0.5 0.9 <0.5 16 <0.5 
Σ16 PAH (LOQ = 0) 36 5.9 24 14 738 78 105 40 783 636 1316 33 188 
Σ16 PAH (LOQ =1/2x) 153 124 132 124 840 187 216 156 884 739 1424 145 292 
Σ16 PAH  269 242 240 234 941 296 326 271 984 841 1532 258 396 



!

! 33 

!

4.4 Reference sample and recovery 
!
To ensure quality and reliability of the analysis reference samples were analysed and 

treated simultaneously with the samples to ensure the quality of the analyses. The 

PAHs detected >LOQ are phenanthrene, anthracene, fluoranthene, pyrene, 

benz[a]anthracene and chrysene. Recovery standard was measured to estimate the 

recovery of the surrogate standard. The average recovery was 36.4% and the relative 

standard deviation for recovery (%RSD) 34% (see Table 9). 
!

Table 9: Average recovery and relative standard deviation for recovery 
 (%RSD) between runs 

 

 

 

 

 

 

 

The reference samples were compared to the measured values from the Department of 

Pharmacology and Toxicology. The measured Σ16PAH concentrations in the reference 

mussels are distributed as the previously measured samples, but in lower 

concentration, approximately twofold lower, except for benz[a]anthracene and 

chrysene that are in similar range. The PAHs congeners measured in the highest 

concentration in the reference samples were pyrene and fluoranthene, which is in 

accordance with these results.  

 

 

 

 

 

 

 

  

 Average recovery Relative standard 

deviation 

for recovery (%RSD) 

Run 1 24.5% 26.7% 

Run 2 48.8% 41.3% 

Average 36.4% 34.0% 
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5. DISCUSSION 
!
In this study the focus was on the 16 PAHs congeners that the US Environmental 

Protection Agency has identified as priority pollutants. Three locations around the 

Icelandic coastline were investigated; they were historically chosen based on their 

different site specifications (see Table 5 for details) as well as their distribution along 

the Icelandic coastline. As previously mentioned the concentrations of the persistent 

organic pollutants and trace metals have formerly been analyzed in these samples. 

The concentrations of these substances have generally decreased in recent years in 

Iceland. However increasing trends were found at few locations that could be 

explained with anthropogenic activity, including Mjóifjörður and Úlfsá (Sturludóttir 

et al., 2013).  

 

When determining the source of the PAHs in the coastal environment many factors 

might affect the measured concentrations including the formation of the compounds 

and their distribution in the environment. Environmental parameters can affect the 

accumulation pattern in the mussels since the uptake of contaminants depends on the 

pollution source to which it is exposed (Baumard, Budzinski, Garrigues, Narbonne, et 

al., 1999). 

 

5.1 PAHs concentration at the sample site in Hvassahraun 
!
The mussel samples from Hvassahraun generally contained low concentrations of 

PAHs. The temporal trend of the measured Σ16PAH over the period 1992-2011 (Figure 

7) shows the concentration as being low to moderate, which essentially means that the 

pollution level has a limited effect on the surrounding biota. The year 1997 represents 

the highest measured concentration in this area of upper bound Σ16PAH (345 ng/g 

d.w.), but the concentration drops again the following year to its upper sum 

background concentration. The explanation for the increased concentration in 1997 is 

not known. However, the high concentration of benzo[g,i,h]perylene measured in the 

sample (Table 6), indicates that tar products, e.g. tar paint, could have been released 

to the coastal environment that year since benzo[g,i,h]perylene is high in tar and tar 

products (SEPA, n.d.). The most dominant PAHs congeners (except for the year 

1997) detected over limit of quantification at the Hvassahraun sample site were 
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fluoranthene and pyrene, in addition to chrysene and phenanthrene. The 

predominance of these congeners is indicative of typical combustion profiles (Wetzel 

& Van Vleet, 2004). The concentration of PAHs in mussel collected at this site might 

therefore represent background concentration originating from atmospheric urban 

aerosols, ship traffic or what is most likely, combination of both.  

5.2 PAHs concentration in Úlfsá 
!
Figure 8 illustrates that the concentration for the both the upper and lower bound 

Σ16PAH over the timeframe 1997-2011 in mussel samples from Úlfsá was generally 

low. This means that the PAHs concentration most likely has limited effect on the 

surrounding biota. The year 2000 represents the highest measured concentration of 

Σ16PAH (264 ng/g d.w.) in this area. The most dominant congeners in the mussel 

samples detected over limit of quantification were fluoranthene and pyrene that can 

represent typical combustion processes (Wetzel & Van Vleet, 2004). The temporal 

trend observed can be interpreted as background concentration in the range from low 

to moderately polluted, probably representing a combination of local pollution source 

and atmospheric urban aerosols.  

 

It is interesting to notice that even though the sample location Úlfsá is considered an 

impact site due to waste incineration (see Table 5) no increase in the PAHs 

concentration is seen. The waste incineration plant was small and in operation from 

1994 to 2010 about 2 km from Úlfsá. The research by Sturludóttir et al. (2013), 

showed, however, that the HCB concentration was increased and linked to the waste 

incineration. An increase was also observed in arsenic that is of unknown origin.  

 

5.3 PAHs concentration in Mjóifjörður 
!
The temporal trend of the measured Σ16PAH over the period 1996-2011 is illustrated in 

Figure 9. The measurements show an increase in the PAHs concentration in mussel 

samples collected 1996-2011. The concentration increases 2000 and again 2007-2009 

from what can be interpreted as background contamination. The year 2009 represents 

the highest measured concentration of Σ16PAH (1532 ng/g d.w.) in this area and 

according to the PAHs pollution classification level the mussel sample is highly 

polluted (Baumard et al., 1998). The concentration in Mjóifjörður in the year 2011 is 
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similar as found in a study carried out by Jörundsdóttir et al., 2014 in Mjóifjörður that 

same sampling year. There is no single incident that can explain this, e.g. no known 

oil spill, but Mjóifjörður is an isolated and narrow fjord in the East of Iceland with 

strong ocean currents and known for it’s calm weathers (Jörundsdóttir et al., 2014). 

There is no major industry, except for a small fish factory at Brekka, situated in the 

fjord and the local population is around 50 people that live there all year round. The 

sample site is very close to the fjord’s harbor with a docking space for the local ferry 

and a couple of small fishing boats. During the wintertime, eight months per year, the 

road to Mjóifjörður is closed and therefore the only transport route possible to the 

community is by sea.  

 

In the years 2001 to 2008, fish farming was carried out in the fjord close to the sample 

location. The net cages used in the fish farming were situated approximately 200 

meters from the sampling location. Research has shown that elevated levels of PAHs 

in marine sediments can be linked to the aquaculture feed (Tsapakis, Dakanali, 

Stephanou, & Karakassis, 2010). Further, results presented by Wang et al. (2010) 

showed a higher percentage of 4 ring PAH congeners and lower of 2-3 and 5-6 in 

sediment in proximity of aquaculture compared to reference sediment. During the 

fish-farming period in Mjóifjörður the measured PAHs concentration in the blue 

mussel mainly consisted of 4 ring PAH congeners. However, according to the 

temporal trend, the increase in the PAH concentration in 2000 cannot be linked to the 

aquaculture feed since fish farming did not start until 2001, even though 4 ring PAH 

congeners are dominant in the mussel sample. It could, however, be linked to 

increased activity in the fjord. According to Wang et al. (2010), PAHs can be 

absorbed into the sediment close to the aquaculture, which then could become a sink 

for these pollutants and any disturbance to the contaminated sediment may lead to a 

release of it back to the aquatic food chain.  

 

In the research by Sturludóttir et al. (2013) an increase in PCB-153 concentration was 

observed in Brekka, Mjóifjörður during the period. Furthermore, there was elevated 

concentrations of p,p′-DDE, HCB and trans-nonachlor. The increase in these 

substances is linked to the salmon aquaculture since higher levels of PCBs have been 

observed in fish from aquaculture than in wild fish. This elevated concentration of 

PCBs can also be traced back to the fish feed.  
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According to the Icelandic act on Environmental Impact Assessment no 106/2000, 

fish aquaculture operations with less than 200 tons annual production are exempted 

from any type of environmental impact assessment. If the fish production exceeds the 

200 tons the Icelandic National Planning Agency decides whether or not an 

environmental assessment shall be carried out for each licensee. However, this is 

generally not required by Agency for New Aquaculture Operations (Atvinnuvega- og 

nýsköpunarráðuneytið, 2014). Even though fish farming is not carried out in 

Mjóifjörður (Brekka) today, the seafood company Samherji holds an operating license 

for 2000 tons of salmon and 1000 tons for cod production (Umhverfisstofnun, n.d.). 

 

The results for Mjóifjörður presented in this study show that there are indicators for 

conducting environmental impact assessment at the start of fish farming in open sea, 

and that the assessment should include PAHs measurements. Moreover, during and 

after the production, it is important to continue the PAHs assessment, both in mussel 

samples and sediment, due to possible risk of release of PAHs into the marine 

environment that could affect the aquatic food chain. 

5.4 Comparison between the three locations 
 

The difference between the three sample locations in upper bound concentration of 

Σ16PAH in the coastal environment at the three sampling locations is illustrated in 

Figure 10. Upper bound sum is important in the context of food safety, showing the 

highest concentration of PAHs that the consumer can be exposed to. Using the upper 

bound sum addresses the worst-case scenario, giving the consumer benefit of the 

doubt when it comes to health concerns due to PAHs. The figure shows that the 

concentrations of Σ16PAH is generally low, except for the period of fish-farming in 

Mjóifjörður. The importance of comparing the concentration between the three 

locations is to get an idea of the contamination along the Icelandic coastline. The 

status of PAH concentration in the Icelandic coastal environment can be interpreted to 

be low to moderately polluted background contamination. These results therefore 

indicate that Icelandic coastal environment and surrounding area is well suited for 

utilization and production of local food sources, since the background contamination 

is limited.  
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Figure 10: Comparison of the upper bound sum Σ16PAH concentration in blue mussel (Mylitus 
edulis) collected in 1992-2011 for the three sampling locations, Hvassahraun, Úlfsá and 
Mjóifjörður  
 

5.5 Origin of the PAHs 
!
The most common ratio used to identify whether the sources of PAHs are petrogenic 

or pyrogenic in environmental samples include the ratio of AnT/(AnT+PhA) and 

Flu/(Flu+Pyr) (Dong, Chen, & Chen, 2012). Ratios of AnT(AnT+PhA)<0,1 and 

Flu/(Flu+Pyr)<0,4 usually indicate a petrogenic source, whereas the ratios of 

AnT(AnT+PhA)>0,1 and Flu(Flu+Py)>0,4 suggest a pyrogenic source and 

combustion of biomass (grass, wood and coal combustion). If the Flu/(Flu+Pyr) is 

between 0,4 and 0,5 an origin of petroleum has been suggested.  
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Figure 11: Cross plots for the ratios of FluA/(FluA+Pyr) vs. AnT/(AnT+PhA).  
 

As illustrated in Figure 11 the ratio of AnT/(AnT+PhA) is in all cases greater than 0.1 

and the ratio of FluA/(FluA+Pyr) greater than 0.4. This is an indicator of pyrogenic 

combustion. The results for Hvassahraun 1997, 1998 and 2003 seem to indicate a 

mixture of pyrogenic and petrogenic source since the ratio of FluA/(FluA+Pyr) is 0.4. 

Nevertheless it is important to point out that these ratios are considered to be 

indicative, since a large margin of error is linked to the estimation.  

 

5.6 PAHs concentration from the Arctic and sub-Arctic parts of the North 
Atlantic Ocean 
!
Comparing PAHs concentrations measured in mussels in other monitoring studies is 

difficult since many factors can affect the pollution level, including seasonal 

variations, reproduction and lipids levels (Skarphéðinsdóttir, Ericson, Svavarsson, & 

Naes, 2007). Available monitoring data about the temporal trends of PAHs 

concentration in mussel tissue from the Arctic and sub-Arctic parts of the North 

Atlantic Ocean are limited. In a study published in 2007 (Skarphéðinsdóttir et al., 

2007) the PAHs concentration in mussel tissue levels from Nordic coastal water was 

investigated in Iceland, Norway and Sweden in the year 2000. The total PAHs level 

(Σ32PAH) ranged from 10 ng/g to 11670 ng/g dry wt. mussel with the most 

contaminated samples in the harbor of Reykjavík and Ólafsfjörður, Iceland. The study 

showed that mussel collected close to harbors show higher levels of low molecular 
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PAHs while those close to industrial areas have higher concentration of high 

molecular PAHs. The origin of PAHs contamination in Icelandic harbors can 

probably be traced to contamination that originates from industry or sources close to 

the harbors, such as ship traffic or oil spills from ships; it should also be kept in mind 

that Icelandic harbors are normally not at the mouth of rivers like harbors in 

continental Europe and therefore likely to have less input of industrial or household 

sewage.  

 

A recently published study by Jörundsdóttir et al. (2014) provides important 

background data regarding the PAHs concentration (Σ16PAH) in blue mussel collected 

in 2011 from the remote areas of the Arctic and sub-Arctic in Iceland, Greenland, the 

Faroe Islands, Norway and Sweden. The study showed that the levels of PAHs are 

generally low but the concentration ranged from 28 ng/g dry weight in Álftafjörður, 

Iceland, to the highest concentration of 480 ng/g dry weight in Ísafjörður, Iceland. 

Elevated levels were detected in Maarmorilik, Greenland, of 280 ng/g dry weight and 

in Brekka in Mjóifjörður, Iceland, of 370 ng/g dry weight. The results obtained for the 

level PAHs in mussels from Mjóifjörður in the background study carried out by 

Jörundsdóttir et al. 2014 are in similar range compared to the results from this sample 

site in this study.  

 

PAHs are one of the priority chemicals in the OSPAR agreement. For the monitoring 

years 2003-2007 the data are presented by assessment criteria into four groups, 

acceptable status (background status), acceptable status (little risk to the 

environment), uncertain status and unacceptable status. However, no assessment has 

been made for the Icelandic coastline, Sweden or Greenland.  For the Norwegian 

coastline and the Faroe Islands the status is classified as unacceptable for PAHs in 

biota. In Denmark the status of PAHs in biota is acceptable (little risk) (OSPAR, 

2010). 

 

The data presented in this study show that increased human activity, e.g. fish farming, 

increases the PAHs pollution load. It has been shown that fish in Icelandic harbors is 

more exposed to PAHs than fish from control harbors without industry (Stephensen, 

2000). Therefore, it can be predicted that fish from aquaculture could be a potential 

source of PAHs contamination and especially since the fish feed also seems to be a 
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potential source for this contamination (Tsapakis et al., 2010; Wang et al., 2010), 

along with the pollution load from increased human activity. These results show the 

importance of regular monitoring of the PAHs concentration in aquaculture-farmed 

seafood before the product is put on market. However, since recently, the European 

regulations (EC 1881/2006) do not include maximum concentration of PAHs in fresh 

fish, only in smoked fish and smoked bivalves. With knowledge about increased 

concentration of PAHs in seafood products from aquaculture, it is recommended to 

perform comprehensive risk assessment. If the results from the risk assessment 

conclude that it is necessary to implement maximum value of PAHs concentration of 

aquaculture seafood the present EU food regulation for PAHs concentration in 

seafood should be amended according to these findings.  

5.7 PAHs analytical method 
!
The measurement of trace concentration requires strict precautions to prevent 

contamination. Quality assurance factors like blanks, surrogate standards and 

reference samples make it possible to monitor the quality of the analysis. In the case 

of continued use of this method and measurements of PAHs, the quality assurance 

factors could facilitate improvement of the method. The method used in this project 

includes many steps and therefore the possibility of mistakes increases. The most 

complicated step was the nitrogen blow-down evaporation. The reason for low 

recovery standard can possibly, be due to the evaporation; the surrogate standard 

might evaporate along with the solvents. The extraction steps are important due to the 

fact that they can give different results between different methods used. This can be 

problematic when results between researches are compared but a large margin of error 

between labs are not unusual, and factors like different equipment used and 

experience play an important role. However, labs should use a method that gives a 

result close to the right value. Working with chemicals in low concentrations is 

complicated and requires a lot of practice and routine. This project taught me that 

even though the theory and the equations behind the method are quite simple, the 

practical side is not. In theory, theory and practice are the same. In practice they never 

are!  
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6. CONCLUSIONS 
 
 
The temporal trends of PAHs during the last two decades in the sample locations in 

Hvassahraun, Úlfsá and Mjóifjörður indicate that the background contamination is 

low to moderately polluted. This low concentration makes the Icelandic coastal 

environment and the surrounding area ideal for the utilization of natural resources for 

food production. However, the fish farming period and increased activity in 

Mjóifjörður increased the PAHs concentration to moderately to highly polluted. These 

results emphasize the importance of environmental monitoring that includes PAHs 

measurement before, during and after fish farming is carried out in open sea, to make 

it feasible to evaluate the environmental impact of off-shore aquaculture in Iceland. 

The increase in PAHs concentration also raises concerns about the food safety of 

seafood products where aquaculture is carried out, since both the fish feed and 

increased activity heightens the PAHs concentration. With increased knowledge about 

the PAHs concentration in seafood from aquaculture it is recommended to monitor 

the development of the concentration at other aquaculture sites and if necessary to 

perform a comprehensive risk assessment to evaluate the health risk for the consumer. 

This study provides an important baseline for monitoring future concentrations of 

PAHs in the Arctic and the sub-Arctic parts of the North Atlantic Ocean.  

 

 

 
 
 
 
 
!  



!

! 43 

!

7. REFERENCES 

(ATSDR) Agency for Toxic Substances and Disease Registry. (1995). Toxicological 
Profile for Polycylic Aromatic Hydrocarbons (PAHs). US Depertment of Health 
and Human Service: Atlanta. 

Atvinnuvega- og Nýsköpunarráðuneytið. (2014). Skýrsla nefndar um leyfisveitingar 
og eftirlit í fiskeldi. Retrieved from 
http://www.atvinnuvegaraduneyti.is/media/Skyrslur/Fiskeldisskyrsla-2014.pdf 

Baek, S. O., Field, R. A., Goldstone, M. E., Kirk, P. W., Lester, J. N., & Perry, R. 
(1991). A review of atmospheric polycyclic aromatic hydrocarbons: Sources, 
fate and behavior. Water, Air, and Soil Pollution, 60(3-4), 279–300. 
doi:10.1007/BF00282628 

Baumard, P., Budzinski, H., & Garrigues, P. (1998). Polycyclic aromatic 
hydrocarbons in sediments and mussels of the western Mediterranean sea. 
Environmental Toxicology and Chemistry, 17(5), 765–776. 
doi:10.1002/etc.5620170501 

Baumard, P., Budzinski, H., Garrigues, P., Dizer, H., & Hansen, P. (1999). Polycyclic 
aromatic hydrocarbons in recent sediments and mussels (Mytilus edulis) from 
the Western Baltic Sea: occurrence, bioavailability and seasonal variations. 
Marine Environmental Research, 47(1), 17–47. doi:10.1016/S0141-
1136(98)00105-6 

Baumard, P., Budzinski, H., Garrigues, P., Narbonne, J., Burgeot, T., Michel, X., & 
Bellocq, J. (1999). Polycyclic aromatic hydrocarbon (PAH) burden of mussels 
(Mytilus sp.) in different marine environments in relation with sediment PAH 
contamination, and bioavailability. Marine Environmental Research, 47(5), 415–
439. doi:10.1016/S0141-1136(98)00128-7 

Becher, G., & Bjørseth, A. (1983). Determination of exposure to polycyclic aromatic 
hydrocarbons by analysis of human urine. Cancer Letters, 17(3), 301–311. 
Retrieved from 
http://www.sciencedirect.com/science/article/pii/0304383583901684 

Bergeron, C., Carrier, D. J., & Ramaswamy, S. (Eds.). (2012). Biorefinery Co-
Products: Phytochemicals, Primary Metabolites and Value-Added Biomass 
Processing. United Kingdom: John Wiley & Sons. Retrieved from 
http://books.google.com/books?id=FmXhqr-GKO4C&pgis=1 

Bopp, S. K., & Lettieri, T. (2007). Gene regulation in the marine diatom Thalassiosira 
pseudonana upon exposure to polycyclic aromatic hydrocarbons (PAHs). Gene, 
396(2), 293–302. doi:10.1016/j.gene.2007.03.013 

Boström, C.-E., Gerde, P., Hanberg, A., Jernström, B., Johansson, C., Kyrklund, T., 
… Westerholm, R. (2002). Cancer risk assessment, indicators, and guidelines for 
polycyclic aromatic hydrocarbons in the ambient air. Environmental Health 
Perspectives, 110 Suppl , 451–88. Retrieved from 



!

! 44 

!

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1241197&tool=pmce
ntrez&rendertype 

Brey, T. (2008). Virutal handbook on population Dynamics!. Alfred Wagner Insitute: 
Bremerhaven. Retrieved from 
http://www.thomasbrey.de/science/virtualhandbook/intro/them.html 

(CEPA) Canadadian Environmental Protection Act. (1994). Polycylic Aromatic 
Hydrocarbons. Priority Substance List Assessment Report. Government of 
Canda. Retrieved from http://www.hc-sc.gc.ca/ewh-semt/alt_formats/hecs-
sesc/pdf/pubs/contaminants/psl1lsp1/hydrocarb_aromat_polycycl/hydrocarbons-
hydrocarbures-eng.pdf 

Chase, M. E., Jones, S. H., Hennigar, P., Sowles, J., Harding, G. C., Freeman, K., … 
Taylor, D. (2001). Gulfwatch: monitoring spatial and temporal patterns of trace 
metal and organic contaminants in the Gulf of Maine (1991-1997) with the blue 
mussel, Mytilus edulis L. Marine Pollution Bulletin, 42(6), 491–505. Retrieved 
from http://www.ncbi.nlm.nih.gov/pubmed/11468927 

Ciecierska, M., & Obiedziński, M. W. (2013). Polycyclic aromatic hydrocarbons in 
vegetable oils from unconventional sources. Food Control, 30(2), 556–562. 
doi:10.1016/j.foodcont.2012.07.046 

Commission Regulation (EC) No 1881/2006 of 19 December 2006 setting maximum 
levels for certain contaminants in foodstuffs [2006] OJ L364/5. 

Commission Regulation (EC) No 333/2007 of 28 March 2007 laying down the 
methods of sampling and analysis for the official control of the levels of lead, 
cadmium, mercury, inorganic tin, 3-MCPD and benzo(a)pyrene in foodstuffs 
[2007] OJ L88/29. 

Commission Regulation (EC) No 835/2011 of 19 August 2011 amending Regulation 
EC No 1881/2006 as regards maximum levels for polycylic aromatic 
hydrocarbons in foodstuffs [2011] OJ L215/4. 

Cortazar, E., Bartolomé, L., Arrasate, S., Usobiaga, A., Raposo, J. C., Zuloaga, O., & 
Etxebarria, N. (2008). Distribution and bioaccumulation of PAHs in the 
UNESCO protected natural reserve of Urdaibai, Bay of Biscay. Chemosphere, 
72(10), 1467–74. doi:10.1016/j.chemosphere.2008.05.006 

Dejmek, J., Solanský, I., Benes, I., Lenícek, J., & Srám, R. J. (2000). The impact of 
polycyclic aromatic hydrocarbons and fine particles on pregnancy outcome. 
Environmental Health Perspectives, 108(12), 1159–64. Retrieved from 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1240197&tool=pmce
ntrez&rendertype=abstract 

Delazar, A., Nahar, L., Hamedeyazdan, S., & Sarker, S. D. (2012). Microwave-
assisted extraction in natural products isolation. Methods in Molecular Biology 
(Clifton, N.J.), 864, 89–115. doi:10.1007/978-1-61779-624-1_5 



!

! 45 

!

Directive 2008/105/EC of the European Parliament and of the Council of 16 
December 2008 on environmental quality standards in the field of water policy, 
amending and subsequently repealing Council Directives 82/176/EEC, 
83/513/EEC, 84/156/EEC, 84/491/EEC, 86/280/EEC and amending Directive 
2000/60/EC of the European Parliament and of the Council [2008] L348/88. 

Dong, C.-D., Chen, C.-F., & Chen, C.-W. (2012). Determination of polycyclic 
aromatic hydrocarbons in industrial harbor sediments by GC-MS. International 
Journal of Environmental Research and Public Health, 9(6), 2175–88. 
doi:10.3390/ijerph9062175 

Douben, P. E. T. (Ed.). (2003). PAHs: An Ecotoxicological Perspective. West Sussex: 
John Wiley & Sons. doi:10.1002/0470867132 

(EFSA) European Food Safety Authority. (2008). Polycyic Aromatic Hydrocarbons in 
Food. Alexander, J., Benford, D., Cockburn, A., Cravedi J., Dogliotti, E., 
Domenico, A. Di, … Verner, P. (Ed). 1 Scientific Opinion of the Panel on 
Contaminants in the Food Chain Adopted on 9 June 2008, 1-114. 

(EPA) Environmental Protection Agency. (1998). Locating and estimating air 
emissions from sources of polycylic organic matter. EPA 454/R-98-014. United 
States Environmental Protection Agency: Washington, DC. 

(EPA) Environmental Protection Agency. (1987). Quality criteria for water. EPA 
440/5-86-001. United States Environmental Protection Agency: Washington, 
DC. 

Farhadian, A., Jinap, S., Hanifah, H. N., & Zaidul, I. S. (2011). Effects of meat 
preheating and wrapping on the levels of polycyclic aromatic hydrocarbons in 
charcoal-grilled meat. Food Chemistry, 124(1), 141–146. 
doi:10.1016/j.foodchem.2010.05.116 

Farrington, J. W., Goldberg, E. D., Risebrough, R. W., Martin, J. H., & Bowen, V. T. 
(1983). U.S. “Mussel Watch” 1976-1978: an overview of the trace-metal, DDE, 
PCB, hydrocarbon and artificial radionuclide data. Environmental Science & 
Technology, 17(8), 490–6. doi:10.1021/es00114a010 

Fetzer, J. C. (2000). Large (C = 24) Polycyclic Aromatic Hydrocarbons: Chemistry 
and Analysis. John Wiley & Sons. Retrieved from 
http://books.google.com/books?id=X6NpmLR5FnwC&pgis=1 

Fisheries and Oceans Canada. (2003). Profile of the Blue Mussel (Mytilus edulis): 
Gulf Region. New Brunswick, Canada. Retrieved from 
http://dfompo.gc.ca/Library/270029-e.pdf 

Goulletquer, P. (2004). Cultured Aquatic Species Information Programme Mytilus 
edulis (Linneaus, 1758). Retrieved from 
http://www.fao.org/fishery/culturedspecies/Mytilus_edulis/en 



!

! 46 

!

Guillén, M. D., Sopelana, P., & Partearroyo, M. A. (1997). Food as a source of 
polycyclic aromatic carcinogens. Reviews on Environmental Health, 12(3), 133–
46. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/9406285 

Harvey, R. G. (1991). Polycyclic Aromatic Hydrocarbons: Chemistry and 
Carcinogenicity (p. 396). CUP Archive. Retrieved from 
http://books.google.com/books?id=YahOAAAAIAAJ&pgis=1 

Hubschmann, H.-J. (2009). Handbook of GC/MS: Fundamentals and Applications (p. 
719). John Wiley & Sons. Retrieved from 
http://books.google.com/books?id=xnWg1uM94TEC&pgis=1 

IARC (The International Agency for Research on Cancer). (2014). Agents classified 
by the IRAC monographs, Volumes 1-110. Retrieved from 
http://monographs.iarc.fr/ENG/Classification/ 

 
IUPAC (International Union of Pure and Applied Chemistry). (1979). Nomenclature 

of Organic Chemistry, Sections A, B, C, D, E, F and H. Pergamon Press: Oxford.  

Jakszyn, P., Agudo, A., Ibanez, R., Garcia-Closas, R., Pera, G., Amiano, P., & 
Gonzalez, C. A. (2004). Development of a Food Database of Nitrosamines, 
Heterocyclic Amines, and Polycyclic Aromatic Hydrocarbons. J. Nutr., 134(8), 
2011–2014. Retrieved from http://jn.nutrition.org/content/134/8/2011.long 

Jörundsdóttir, H.Ó., Natasa, D., Ragnarsdóttir, Þ., & Gunnlaugsdóttir, H. (2013). 
Monitoring of the marine biosphere around Iceland 2011 and 2012. Retrieved 
from http://www.matis.is/media/matis/utgafa/22-13-AMSUM.pdf 

Jörundsdóttir, H. Ó., Jensen, S., Hylland, K., Holth, T. F., Gunnlaugsdóttir, H., 
Svavarsson, J., … Halldórsson, H. P. (2014). Pristine Arctic: Background 
mapping of PAHs, PAH metabolites and inorganic trace elements in the North-
Atlantic Arctic and sub-Arctic coastal environment. The Science of the Total 
Environment, 493C, 719–728. doi:10.1016/j.scitotenv.2014.06.030 

Kawamura, Y., Kamata, E., & Setagaya-ku, T. S. (1988). The Effect of Various Foods 
on the Intestinal Benzo ( a ) pyrene in Rats Absorption of. Journal of the Food 
and Hygine Society of Japan, 29(February), 21–25. 

Kim, D. (2008). The Environmental Fate of Polycyclic Aromatic Hydrocarbons 
Associated with Particles (p. 101). ProQuest. Retrieved from 
http://www.google.is/books?hl=en&lr=&id=cpd-gTHhcjQC&pgis=1 

Kimbrough, K. L., Johnson, W. E., Lauenstein, G. G., Christensen, J. D., & Apeti, D. 
A. (2008). An Assessment of Two Decades of Contaminant Monitoring in the 
Nation’s Coastal Zone. (pp. 1–118). 

Knecht, U., Bolm-Audorff, U., & Woitowitz, H. J. (1989). Atmospheric 
concentrations of polycyclic aromatic hydrocarbons during chimney sweeping. 
British Journal of Industrial Medicine, 46(7), 479–82. Retrieved from 



!

! 47 

!

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1009812&tool=pmce
ntrez&rendertype=abstract 

Korfmacher, W. A., Wehry, E. L., Mamantov, G., & Natusch, D. F. S. (1980). 
Resistance to photochemical decomposition of polycyclic aromatic hydrocarbons 
vapor-adsorbed on coal fly ash. Environmental Science & Technology, 14(9), 
1094–1099. doi:10.1021/es60169a019 

Kutcherhov, V. & Kolesnikow A (Eds). (2013). Hydrocarbon. InTech. doi: 
10.5772/2722 

Lam, P. K. S., & Gray, J. S. (2003). The use of biomarkers in environmental 
monitoring programmes. Marine Pollution Bulletin, 46(2), 182–6. Retrieved 
from http://www.ncbi.nlm.nih.gov/pubmed/12586113 

Lee, B.-K., & Vu, V. T. (2010). Air poullution: Sourches, Distribution and Toxicity of 
Polycyclic Aromatic Hydrocarbons (PAHs) in Particular Matter. (V. Vanda, 
Ed.). Sciyo. Retrieved from http://www.intechopen.com/books/air-pollution 

Lodovici, M., Dolara, P., Casalini, C., Ciappellano, S., & Testolin, G. (1995). 
Polycyclic aromatic hydrocarbon contamination in the Italian diet. Food 
Additives and Contaminants, 12(5), 703–13. doi:10.1080/02652039509374360 

Maliszewaska-Kordybac, B. (1999). Sources , Concentrations, Fate and Effects of 
Polycyclic Aromatic Hydrocarbons ( PAHs ) in the Environment . Part A: PAHs 
in Air. Polish Journal of Environmental Studies, 8(3), 131–136. Retrieved from 
http://www.pjoes.com/pdf/8.3/131-136.pdf 

Martorell, I., Perelló, G., Martí-Cid, R., Castell, V., Llobet, J. M., & Domingo, J. L. 
(2010). Polycyclic aromatic hydrocarbons (PAH) in foods and estimated PAH 
intake by the population of Catalonia, Spain: Temporal trend. Environment 
International, 36(5), 424–432. Retrieved from 
http://www.sciencedirect.com/science/article/pii/S016041201000036X 

Menzie, C. A., Potocki, B. B., & Santodonato, J. (1992). Exposure to carcinogenic 
PAHs in the environment. Environmental Science & Technology, 26(7), 1278–
1284. doi:10.1021/es00031a002 

Mumtaz, M., & George, J. (1995). Toxicological profile for polycylic aromatic 
hydrocarbons. Retrieved from http://www.atsdr.cdc.gov/toxprofiles/tp69.pdf 

National Research Council. (1983). Polycyclic Aromatic Hydrocarbons: Evaluation 
of Sources and Effects. The National Academics Press: Washington, DC. 

Newell, R. I. . (1989). Species profiles: life histories and environmental requirements 
of coastal fishes and invertibrates (North and Mid-Atlantic): blue mussel (Vol. 
82). Retrieved from http://www.nwrc.usgs.gov/wdb/pub/species_profiles/82_11-
102.pdf 



!

! 48 

!

OSPAR. (2009). Hazardous Substances series: Status and trend of marine chemical 
pollution. OSPAR Commission: London. 

 
OSPAR. (2010). Quality status report 2010. OSPAR Commission: London. 

Pawliszyn, J., Wenzl, T., Simon, R., Anklam, E., & Kleiner, J. (2006). Analytical 
methods for polycyclic aromatic hydrocarbons (PAHs) in food and the 
environment needed for new food legislation in the European Union. TrAC 
Trends in Analytical Chemistry, 25(7), 716–725. Retrieved from 
http://www.sciencedirect.com/science/article/pii/S0165993606001208 

Perera, F. P., Tang, D., Wang, S., Vishnevetsky, J., Zhang, B., Diaz, D., … Rauh, V. 
(2012). Prenatal polycyclic aromatic hydrocarbon (PAH) exposure and child 
behavior at age 6-7 years. Environmental Health Perspectives, 120(6), 921–6. 
doi:10.1289/ehp.1104315 

Phillips, D. H. (1999). Polycyclic aromatic hydrocarbons in the diet. Mutation 
Research/Genetic Toxicology and Environmental Mutagenesis, 443(1), 139–147. 
Retrieved from 
http://www.sciencedirect.com/science/article/pii/S1383574299000162 

Public Health England. (2008). Polycyclic Aromatic Hydrocarbons (Benzo(a)pyrene). 
Toxicological overview. Toxicological Department. Retrieved from 
http://www.hpa.org.uk/webc/hpawebfile/hpaweb_c/1227169968160 

Ramesh, A., Walker, S. A., Hood, D. B., Guillén, M. D., Schneider, K., & Weyand, E. 
H. (2004). Bioavailability and risk assessment of orally ingested polycyclic 
aromatic hydrocarbons. International Journal of Toxicology, 23(5), 301–33. 
doi:10.1080/10915810490517063 

Regulation (EC) NO 2065/2003 of the European Parliament and of the Council of 10 
November 2003 on smoke flavourings used or intended for use in or on 
foodstuffs [2003] OJ L309/1 

SEPA (Scottish Environment Protection Agency). (n.d.). Benzo(g,h,i)perylene. 
Retrieved from 
http://apps.sepa.org.uk/spripa/Pages/SubstanceInformation.aspx?pid=236 

Schmidt, W., Power, E., & Quinn, B. (2013). Seasonal variations of biomarker 
responses in the marine blue mussel (Mytilus spp.). Marine Pollution Bulletin, 
74(1), 50–5. doi:10.1016/j.marpolbul.2013.07.033 

Skarphéðinsdóttir, H., Ericson, G., Svavarsson, J., & Naes, K. (2007). DNA adducts 
and polycyclic aromatic hydrocarbon (PAH) tissue levels in blue mussels 
(Mytilus spp.) from Nordic coastal sites. Marine Environmental Research, 64(4), 
479–91. doi:10.1016/j.marenvres.2007.03.007 

Skupinska, K., Misiewicz, I., & Kasprzycka-Guttman, T. (2004). Polycyclic Aromatic 
Hydrocarbons: Physicochemical Properties, Environmental Apperance and 
Impact on Living Organisms. Acta Poloniae Pharmaceutica - Drug Reserach, 



!

! 49 

!

61(3), 233–240. Retrieved from 
http://www.ptfarm.pl/pub/File/Acta_Poloniae/2004/3/233.pdf 

Sparr Eskilsson, C., & Björklund, E. (2000). Analytical-scale microwave-assisted 
extraction. Journal of Chromatography A, 902(1), 227–250. doi:10.1016/S0021-
9673(00)00921-3 

Stephensen, E. (2000). Biochemical indicators of pollution exposure in shorthorn 
sculpin (Myoxocephalus scorpius), caught in four harbours on the southwest 
coast of Iceland. Aquatic Toxicology, 48(4), 431–442. doi:10.1016/S0166-
445X(99)00062-4 

Sturludóttir, E., Gunnlaugsdóttir H., Jörundsdóttir, H.Ó., Magnúsdóttir E.V., 
Ólafsdóttir, K. & Stefánsson G. (2013). Spatial and temporal trends of 
contaminants in mussel sampled around the Icelandic coastline. Science of The 
Total Environment, 454-455, 500-509. doi: 10.1016/j.scitotenv.2013.03.042 

Strickland, P., Kang, D., & Sithisarankul, P. (1996). Polycyclic aromatic hydrocarbon 
metabolites in urine as biomarkers of exposure and effect. Environmental Health 
Perspectives, 104 Suppl , 927–32. Retrieved from 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=1469694&tool=pmce
ntrez&rendertype=abstract 

Suess, M. J. (1976). The environmental load and cycle of polycyclic aromatic 
hydrocarbons. Science of The Total Environment, 6(3), 239–250. 
doi:10.1016/0048-9697(76)90033-4 

Umhverfisstofnun. (n.d.). Samherji, Mjóafirði. Retrieved from  
http://www.umhverfisstofnun.is/einstaklingar/mengandi-starfsemi/fiskeldi-og-
kraeklingaraekt/samherji-mjoafirdi 

Tsapakis, M., Dakanali, E., Stephanou, E. G., & Karakassis, I. (2010). PAHs and n-
alkanes in Mediterranean coastal marine sediments: aquaculture as a significant 
point source. Journal of Environmental Monitoring,12(4), 958–63. 
doi:10.1039/b922712a 

Wang, H.-S., Liang, P., Kang, Y., Shao, D.-D., Zheng, G. J., Wu, S.-C., … Wong, M. 
H. (2010). Enrichment of polycyclic aromatic hydrocarbons (PAHs) in 
mariculture sediments of Hong Kong. Environmental Pollution (Barking, Essex: 
1987), 158(10), 3298–308. doi:10.1016/j.envpol.2010.07.022 

Wetzel, D. L., & Van Vleet, E. S. (2004). Accumulation and distribution of petroleum 
hydrocarbons found in mussels (Mytilus galloprovincialis) in the canals of 
Venice, Italy. Marine Pollution Bulletin, 48(9-10), 927–36. 
doi:10.1016/j.marpolbul.2003.11.020 

Zwir-Ference, A., & Bziuk, M. (2006). Solid Phase Extraction Techniques - Trends, 
Opportunities and Aplications. Polish Journal of Environmental Studies. 
Retrieved from http://www.pjoes.com/pdf/15.5/677-690.pdf 



!

! 50 

!

Þórarinsdóttir, G. G. (1993). Kræklingur. Lífríki sjávar. Námsgagnastofnun/ 
Hafrannsóknarstofnun: Reykjavík. Retrieved from 
http://www.hafro.is/images/lifriki/kraeklingur.pdf 

WHO (World Health Organization). (2003). Polynuclear aromatic hydrocarbons in 
Drinking-water. Background document for development of WHO Guidelines for 
Drinking-water Quality. World Health Organization: Geneva. 

 
WHO/IPCS (World Health Organization/International Programme on Chemical 

Safety). (1998). Selected Non-heterocyclic Polycyclic Aromatic Hydrocarbons. 
Environmental Health Criteria 202. International Programme on Chemical 
Safety, World Health Organization: Geneva. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 


