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Abstract 
Persistent organic pollutant (POPs) are toxic compounds which typically consist of one or more 

groups of hydrocarbons that are aromatic or aliphatic as well as halogenated (chlorine, bromine, 

fluorine). POPs are normally characterized by low water-solubility and a lipophilic nature, hence 

they are susceptible for accumulation in fatty tissues. Usually, POPs are semi-volatile and 

persistent in both air as well as in other environmental media and therefore able to undergo long-

range atmospheric transport. POPs may therefore deposit in remote and pristine environments (i.e. 

the Arctic), far away from any point sources. The focus of this thesis is on selected POPs, which 

are regulated by international agreements.  

A specific aim of this thesis was to increase the understanding of the distribution of some legacy 

POPs in air, by use of a passive air sampling technique, active air samplers (AAS), and an 

atmospheric transport model (FLEXPART). Passive air samplers (PAS) were deployed at 86 

European background stations in 34 countries, mainly utilizing the established EMEP 

measurement network. The results document spatial variability of legacy POPs and their 

distribution largely reflects historical and contemporary source regions in Europe. Parallel to the 

European background site campaign, passive air samples were collected in rural Norwegian coastal 

zones with dietary advisories on seafood because of elevated levels of POPs. By combining results 

from these two campaigns, it was possible to evaluate whether local sources or long-range 

atmospheric transport mainly control the atmospheric POP burdens in contaminated coastal zones. 

The results documented that some Norwegian coastal zones are strongly influenced by local 

emission sources of regulated POPs. Furthermore, a model-based forecast system has been 

developed and evaluated, attempting to predict long-range atmospheric transport (LRAT) episodes 

to background areas. The forecast system was evaluated for PCBs (polychlorinated biphenyls) at 

Birkenes by carrying out targeted sampling under predicted LRAT episodes throughout a year 

(events with expected high concentrations). Measured concentrations in air from the targeted 

sampling revealed that the model system was largely able to predict LRAT episodes, in addition 

to identifying the main source areas affecting the site. The study illustrates that a model based 

forecast system has the potential to complement existing monitoring programmes for POPs in air. 

The thesis also assesses the occurrence and distribution of “newly regulated” POPs (i.e. 

pentachlorobenzene (PeCB), endosulfans and short-chain chlorinated paraffins (SCCPs)) in 
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environmental surface media. Soil samples were collected from background areas along a transect 

from England to Norway. The highest concentrations were found for SCCPs, followed by 

endosulfans and PeCB. The concentrations of SCCPs were highest near assumed source regions 

in southern areas, whereas endosulfans and PeCB were more evenly distributed along the transect. 

Furthermore, endosulfans and PeCB showed many similarities in their spatial pattern, and also 

with other legacy POPs as previously reported. Endosulfans often peaked in areas with elevated 

precipitation rates, whereas endosulfan sulfate was the predominant component within the group. 

PeCB correlated with black carbon in soils, and we therefore believe combustion processes is a 

key source of PeCB to the atmosphere. The soil survey furthermore illustrated how simple 

distribution and mobility maps may provide additional mechanistic information to assess the 

environmental fate and distribution in soils beyond the statistical analyses performed. 
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Norsk sammendrag  
Persistente organiske miljøgifter (POPs) er giftige forbindelser som typisk består av en eller flere 

grupper av hydrokarboner som ofte er både aromatiske samt halogenerte (klor, brom, fluor). POPs 

kombinerer gjerne lav vannløselighet med høy fettløselighet, og kan dermed akkumulere i fettrikt 

vev. Vanligvis er de også delvis flyktige og har lang levetid i både luft og andre medier, noe som 

medfører at de kan transporteres over lange avstander fra kildeområder til avsidesliggende 

områder, som for eksempel Arktis. Denne avhandlingen fokuserer i hovedsak på POPs som 

allerede er regulert gjennom internasjonale avtaleverk. 

Denne avhandlingen bidrar med å øke forståelsen rundt fordelingsmønstre av regulerte POPs i luft, 

ved bruk av både passive og aktive luftprøvetakingsteknikker (AAS), samt anvendelse av en 

atmosfærisk transportmodell (FLEXPART). Passive luftprøvetakere (PAS) ble utplassert på 86 

europeiske bakgrunnsstasjoner i 34 land, hovedsakelig basert på det etablerte målenettverket til 

EMEP. Resultatene dokumenterte romlig variasjon av POPs og utbredelsesmønsteret reflekterer 

både pågående og tidligere kilderegioner i Europa av POPs. Parallelt med den europeiske 

kampanjen ble det også tatt luftprøver i norske kystsoner som har kostholdsråd på sjømat, noe som 

gjorde det mulig å vurdere om det er lokale kilder eller langtransport som hovedsakelig 

kontrollerer den atmosfæriske belastningen av POPs på disse stedene. Resultatene fra 

kystsoneundersøkelsen dokumenterte at enkelte norske kystsoner er sterkt påvirket av lokale 

utslippskilder når det gjelder regulerte POPs. Videre ble et modellbasert varslingssystem utviklet 

for å evaluere hvorvidt det er mulig å forutsi langtransportepisoder til et bakgrunnsområde i Sør-

Norge. Varslingssystemet ble evaluert for PCB (polyklorerte bifenyler) på Birkenes ved å samle 

inn ekstra prøver under varslede episoder (forventede høye konsentrasjoner av PCB i luft) gjennom 

ett år. Resultatene viste at modellen i stor grad er i stand til å forutsi langtransportepisoder, samt 

identifisere kildeområdene til målestasjonen. Studien illustrerer også at et modellbasert 

varslingssystem har potensiale til å komplementere eksisterende overvåkningsprogrammer for 

POPs i luft. 

Avhandlingen omhandler også feltstudier av langtransportpotensiale samt fordeling av enkelte 

«nyere» regulerte POPs (PeCB, endosulfaner og kortkjedede klorparafiner). Jordprøver ble 

innsamlet fra bakgrunnsområder langs et transekt fra England til Norge. Klorparafiner ble funnet 

i de høyeste konsentrasjonene, etterfulgt av endosulfaner og PeCB. Konsentrasjonen av 
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klorparafiner var høyest nær antatte kildeområder i sør. Endosulfaner og PeCB utviste derimot 

større likheter i deres romlige fordeling, herunder tidligere regulerte POPs hvis forekomst har blitt 

rapportert tidligere. Endosulfaner viste seg å ha høyere konsentrasjoner i nedbørsrike områder, og 

endosulfansulfat dominerte innad i denne gruppen. Konsentrasjoner av PeCB i jord var korrelert 

med sot, og vi antar derfor at forbrenningsprosesser er en vesentlig utslippskilde til PeCB. 

Jordundersøkelsen illustrerte videre hvordan enkle fordelings- og mobilitetskart kan bidra med 

mekanistisk tilleggsinformasjon om miljøskjebne og fordeling i jord utover de statistiske analysene 

som ble utført. 

 



1 

 

1. Introduction 

1.1. Historical perspective  
Throughout history of mankind, air pollution has likely caused potential harmful effects on the 

environment. More than a century ago, Fridjof Nansen noted dark stains on the snow during his 

walk over the Polar Basin, questioning the effects this may have on the melting snow (Nansen, 

1924). During the sixties to eighties of the last century, acidic precipitation was of high concern in 

our Nordic region. During the 1970’s, a monitoring programme was therefore established to 

examine suspected long-range transport of air pollution in north-western Europe (Ottar, 1976, 

1977, 1978). By combining air and deposition measurements with emission inventories (Semb, 

1978) and calculated trajectory plots (Eliassen, 1978), transboundary air pollution was confirmed. 

Along with the historical emissions of inorganic compounds (e.g. sulphur dioxides, nitrogen 

oxides, and metals), an increasing number of organic chemicals have been intentionally produced 

and released to the environment over the last century. The book Silent Spring (Carson, 1962) was 

an alarming reminder of how the environment has been affected by some of these organic 

pollutants, notably selected organochlorine pesticides. DDTs (trichlorodiphenyltrichloroethanes 

and related compounds) is one group of these man-made chemicals which was documented to have 

caused harmful effects on the environment. The use of DDTs to mitigate diseases such as malaria 

and typhus (Ogata et al., 2009; Somerville and Liebens, 2011) was also proven to have damaging 

effects for wildlife and in particular birds, due to the thinning of the eggshells (Bouwman et al., 

2013). Increasing concerns about the potential negative effects of POPs like DDTs on 

environmental and human health resulted in various national and international regulatory measures 

in the decades to come. The DDTs is just one example of a compound group classified as persistent 

organic pollutants (POPs) today (see section 1.2).  

Figure 1 presents the timetable for relevant international and regional regulatory agreements. The 

1979 Convention (CLRTAP) is one of the regulatory agreements, which later came to include 

POPs, and which entered into force in 1983 (UNECE, 2004). The fundamental principle under the 

CLRTAP was to “limit and, as far possible, gradually reduce and prevent air pollution including 

long range trans-boundary air pollution“. In 1998, the Aarhus protocol on Persistent Organic 

Pollutants was established under CLRTAP (UNECE, 1998) and entered into force in October 
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2003. By September 2014 the Aarhus Protocol has been ratified by 33 parties, and signed by 36 

(UN, 2014) (see Fig. 1).  

 

Figure 1: Timeline for regulatory agreements on POPs. 

 

Under the CLRTAP, a long-term measurement programme, the Cooperative Programme for 

Monitoring and Evaluation of the Long-range Transmission of Air Pollutants in Europe (EMEP), 

which now also include POPs, has also been initiated (UNECE, 2010b) (Fig. 1). In addition to the 

CLRTAP, a global treaty on POPs was agreed upon in Stockholm in May 2001, i.e. the Stockholm 

Convention (SC) on Persistent Organic Pollutants, which entered into force in 2004 (UNEP, 

2009b). By September 2014, the SC has been signed by 152 countries and include 179 parties 

(UNEP, 2004). Under the SC a global monitoring plan (GMP) (UNEP, 2007) has been established 

in order to evaluate the effectiveness of this global agreement. Common for both the Aarhus 

Protocol and SC is the focus on organic chemicals which fulfil all four POPs criteria (persistent 

(P), bioaccumulative (B), toxic (T) and long-range transport (LRT) potential) (UNECE, 1998; 

UNEP, 2003), see section 1.2. Substances which are regulated under one or both of these two 

agreements, are referred to as (legacy) POPs in this thesis (see Table 1). Nonetheless, some POPs 

(e.g. DDTs for control of malaria) are still in use in some countries (Bogdal et al., 2013; Huang et 

al., 2014; Nyarango et al., 2006). Both conventions are continually revised, and the list of regulated 

POPs is growing (UNECE, 2010a; UNEP, 2009b) (see Fig. 1 and Table 1). 
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Table 1: Regulated compounds (legacy POPs) under the Stockholm Convention and the 1998 Aarhus Protocol 

1) Regulated under the SC in 2004, “dirty dozen” (UNEP, 2003) 

2) Regulated under the SC in 2009, “nasty nine” (UNEP, 2009a) 
3) Regulated under the SC in 2011, “evil endo” (UNEP, 2011) 
4) Under review for listing under the SC by the Persistent Organic Pollutants Review Committee (POPRC) (UNEP, 2012) 
5) Listed under the 1998 Aarhus Protocol (UNECE, 1998) 
6) Listed under 1998 Aarhus Protocol in 2009 (UNECE, 2010a) 
7) HBCD enter into force under the SC, 26 November 2014 (UNEP, 2013)

Regulated compounds The Stockholm Convention The 1998 Aarhus Protocol Included in this study 
Aldrin 1,5 X X - 

Chlordane 1,5 X X X 

Trichlorodiphenyltrichloroethane (DDT) 1,5 X X X 

Dieldrin 1,5 X X - 

Endrin 1,5 X X - 

Heptachlor 1,5 X X - 

Hexachlorbenzene (HCB) 1,5 X X X 

Mirex 1,5 X X - 

Toxaphene 1,5 X X - 

Polychlorinated biphenyls (PCBs) 1,5 X X X 

Polychlorinated dibenzo-p-dioxins 1,5 X X - 

Polychlorinated dibenzofurans 1,5 X X - 

α-hexachlorocyclohexane (α-HCH) 2,5 X X X 

β-hexachlorocyclohexane (β-HCH) 2,5 X X X 

Chlordecone 2,5 X X - 

Hexabromobiphenyl 2,5 X X - 

Hexabromodiphenyl ether and heptabromodiphenyl ether 

(octabromobiphenyl) 2,6  

X X - 

γ−hexachlorocyclohexane (Lindane) (γ-HCH) 2,6  X X X 

Pentachlorobenzene (PeCB) 2,6 X X X 

Perfluorooctane sulfonic acid, its salts and perfluorooctane 

sulfonyl fluoride 2,6 

X X - 

Technical endosulfan (α- and β-endosulfan) 3 X - X 

Tetrabromodiphenyl ether 2 X - - 

Pentabromodiphenyl ether 2,6 X X - 

Hexabromocyclododecane (HBCD) 4,6 X X - 

Short-chain chlorinated paraffins (SCCPs) 6,7 - X X 

Chlorinated naphtalenes 4,6 - X - 

Hexachlorobutadiene 4 - - - 

Pentachlorophenol 4 - - - 

Polycyclic aromatic hydrocarbons (PAHs) 5 - X X 
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While Table 1 lists regulated compounds within the SC and the Aarhus protocol, this dissertation 

focuses on selected polychlorinated biphenyls (PCBs), DDTs, hexachlorocyclohexanes (HCHs), 

hexachlorobenzene (HCB) and chlordanes. This thesis also include studies of polycyclic aromatic 

hydrocarbons (PAHs) which are regulated under the 1998 Aarhus Protocol only. Furthermore, the 

following newly regulated POPs have been studied; i.e. endosulfans, pentachlorobenzene (PeCB) 

and short-chain chlorinated paraffins (SCCPs). Table A1 provides more detailed information 

(name, CAS and IUPAC number, physical-chemical properties and structural formula) on the 

individual compound and compound groups investigated. Past and contemporary sources of 

investigated compounds are discussed in section 1.4. 

1.2. POPs criteria 
1.2.1. Persistence (P) 

Persistence is media-specific and typically reported as the time required for the concentration of a 

substance to be reduced to half of its original value with absence of additional inputs (UNECE, 

2010a; UNEP, 2009b). According to both the 1998 Aarhus protocol and SC, the persistence 

criterion is fulfilled when the half-lives of POPs in water is ≥ two months, and in soil and sediment 

≥ six months (UNECE, 2010a; UNEP, 2011). It should be noted that half-life is temperature 

dependent, and chemicals with shorter half-lives may exhibit extended persistence when entering 

the cold polar environments. An alleged indicator of persistence is the presence of a contaminant 

in remote areas such as the Arctic and the Antarctic (Riget et al., 2010; Webster et al., 1998). 

Additionally, the overall environmental persistence in a multimedia environment is dependent on 

mode of entry and environmental partitioning properties of the compounds of interest. Because 

overall persistence is difficult to determine empirically, overall multimedia half-lives are often 

estimated using modelling approaches (Webster et al., 1998). 

1.2.2. Bioaccumulation (B) 

POPs are typically both lipophilic and hydrophobic, i.e. fat-loving and water-hating, as reflected 

by a high octanol-water partition coefficient (KOW) (Mackay, 1991). Hence, they tend to favour 

organic matter at the expense of the aqueous phase (Jones and de Voogt, 1999), resulting in 

accumulation of POPs in lipid tissues within aquatic organisms. POPs are said to be potentially 

bio accumulative when the bioconcentration factor (BCF) is > 5000 or log KOW > 5 (McLachlan 

et al., 2011).  
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1.2.3. Toxicity (T) 

Toxic effects of POPs can be either (i) acute and/or (ii) chronic. A measurement of the toxicity is 

the lethal dose (LD), and is the level of concentration that will eliminate 50 % of a population 

either acute (LD50) or chronic (LC50). Several POPs are proven to have carcinogenic properties, 

immunological, hormonal and reproductive disrupting properties (e.g. AMAP, 1998; Consonni et 

al., 2008; Langer et al., 2008; Routti et al., 2010). 

1.2.4. Long range transport (LRT) potential 

POPs are finally characterized by their potential for long-range transport (LRT) (Vallack et al., 

1998). Although different definitions of long range transport (LRT) potential are debated, a half-

life in air of more than 2 days or monitoring data from a remote area would indicate that this 

criterion is fulfilled (UNEP, 2009b). The combination of persistence and favourable physical-

chemical properties may thus make POPs prone to LRT by air, water or through a combination of 

both. LRT of POPs by air is discussed in further detail in section 1.3.2.  

1.3. POPs behaviour 
The fate and behaviour of POPs in the environment will largely be dictated by persistence, the 

physical-chemical (PC) properties and reactivity of individual POPs. Of key significance are those 

PC properties which control their distribution between air, water and octanol, whereby the latter 

serve as a surrogate for organic carbon / lipids (Gouin and Wania, 2007).  

1.3.1. Physical-chemical properties 

Reliable and accurate PC properties are essential for sound estimation and evaluation of the 

environmental distribution and transport potential of a chemical (Gouin et al., 2000). The aqueous 

solubility (SW), octanol solubility (SO), vapour pressure (P), Henry`s law constant (H), partition 

coefficient between octanol and water (KOW), partition coefficient between octanol and air (KOA) 

and partition coefficient between the air and water (KAW) for each compound in question all offer 

useful information for a complete characterisation of environmental behaviour and fate (Li et al., 

2003; Ma et al., 2010; Shen and Wania, 2005; Xiao et al., 2004). The phase distribution of POPs 

can be plotted in a 2-dimensional chemical partitioning space map (Wong and Wania, 2011) like 

in Figure 2. Here, the relationship log KOW=log KOA+log KAW is used, whereby log KOW appear 

as diagonal bands of constant log KOW. The figure illustrates the phase partitioning of selected 

POPs included in this thesis, and further how POPs often have the ability to be present in several 
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environmental compartments. Therefore, they are often referred to as multimedia pollutants (see 

also Paper IV). 

 

Figure 2: Chemical partitioning space map, showing the equilibrium phase distribution for studied POPs. Data on 
physical-chemical properties for individual POPs (PCBs, HCB, HCHs, chlordanes, PAHs, DDTs, individual 
endosulfans, PeCB and SCCPs) were adapted from the literature (Gawor and Wania, 2013; Li et al., 2003; Ma et 
al., 2010; Shen et al., 2005; U.S. EPA, 2011; Xiao et al., 2004). 

 

POPs located in the upper left region are volatile (low KOA and high KAW) and have large potential 

to evaporate from environmental surface compartments like e.g. soil (Paper IV). Compounds 

located in upper right corner have strong affinity for octanol at the expense of water and are 

therefore hydrophobic. If present in soil, these compounds tend to sorb strongly to organic solids 

and are hence prone to erosion rather than leaching or evaporation (Paper IV). Substances with a 

high KOA, if present in the atmosphere, furthermore tend to attach strongly to particles. Compounds 

located in the lower left are more water-soluble and may be found in dissolved state if present in 

the water phase (low KOA, low KAW), and are more prone to leaching if present in soils.  

While Figure 2 displays PC properties determined at 25⁰C, it is important to note that PC properties 

typically are temperature dependent. Of particular note is the temperature dependency of vapour 

pressure, which increases at higher temperatures. Consequently, the partition coefficients between 
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air and water (KAW) and air and octanol (KOA) will be affected by a reduction in the temperature. 

While KOW is typically less temperature-dependent than KAW and KOA. The net result of a reduction 

in temperature from 25⁰C is that a specific chemical plotted in Figure 2 will move diagonally 

towards the lower right corner (i.e. become less “volatile”). As temperature is a significant 

parameter in order to evaluate the distribution of POPs in the environment, reliable estimates of 

temperature-dependent PC properties are needed for more realistic evaluations. However, 

available data on PC properties reported in the literature are often in conflict and uncertainties for 

specific parameters may range over several orders of magnitude (Shen and Wania, 2005). Great 

care is therefore required when selecting PC properties for various environmental assessments and 

modelling studies (Renner, 2002). Recognizing the often haphazard selection of PC properties seen 

in earlier studies, a number of more recent studies have attempted to provide more reliable, 

consistent and accurate data sets by exploiting the thermodynamic constraints to which organic 

chemicals are subject (Beyer et al., 2002). The data used to construct Figure 2 are reflecting so-

called final adjusted values from authoritative studies published over the last decade, taking into 

account all reliable empirical data published to date as well as adjusted to be in accordance with 

thermodynamic constraints.  

1.3.2. Long range atmospheric transport (LRAT) 

From the 1980s onwards, it was increasingly recognized that POPs also exhibited potential for 

long-range atmospheric transport (LRAT) to remote regions such as Nordic and Arctic regions 

(Oehme and Manø, 1984; Ottar, 1981; Pacyna and Oehme, 1988). A number of pioneering studies 

on the occurrence and LRAT behaviour of POPs in air were carried out in Scandinavia (Bidleman 

et al., 1981; Bidleman et al., 2004; Brorström-Lundén, 1996; Haugen et al., 1998; Wania and 

Haugen, 1999). These studies were often carried out at EMEP stations, contributing with data to 

national and international monitoring programs. The number of measurement sites for POPs has 

gradually increased in recent years, improving the spatial coverage in Europe. Through LRAT, 

POPs may also enter and exchange with surface media in various ecosystems, such as water, soil 

and vegetation (Armitage et al., 2009; Breivik and Wania, 2002; Hornbuckle et al., 2006; 

Sundqvist et al., 2010). Examples of field studies of POPs in this area, which have targeted multiple 

environmental compartments include, latitudinal transect studies from Southern UK to Northern 

Norway (Meijer et al., 2003a; Ockenden et al., 1998; Schuster et al., 2010). 
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Some POPs may be transported to higher latitudes by a series of evaporation and deposition steps, 

also called “grasshopping” (Wania and Mackay, 1996). Warmer regions will favour evaporation 

from environmental surface media, with subsequent transport/hopping to higher latitudes (Mackay 

and Wania, 1995). At lower temperatures, the vapour pressure of the substance will decrease and 

by this, the substance will obtain a higher affinity for sorption onto atmospheric particles 

(Bidleman, 1999). When absorbed onto particles, POPs become more prone to be removed from 

the atmosphere by dry particulate or wet deposition. Once deposited to a surface media (soil, water, 

snow or ice), POPs may either become retained or re-volatilized (Paper IV). The potential for re-

emission will be dependent on various factors, such as the affinity of the environmental surface 

medium for the chemical, it’s potential to degrade the chemical, the vapour-pressure of the 

compound and temperature (van Pul et al., 1998). Differences in PC-properties of a contaminant 

mixture during atmospheric transport may lead to global fractionation (Ockenden et al., 1998).  

Theoretical evaluations of LRT potential of POPs have more recently been carried out by 

modelling their characteristic travel distance (CTD) (analogue to half-life). CTD refers to the 

distance a compound may travel before the concentration is reduced to 1/e (37 %) of the original 

concentration and considers the concerted action of mode of emissions, degrading reactions and 

net atmospheric exchange with environmental surface media (“stickiness”) (Bennett et al., 1998; 

Beyer et al., 2000; Scheringer, 1997). In other words, LRAT of POPs is mitigated by atmospheric 

reaction and net atmospheric deposition, i.e. loss processes.  

The predominant degrading loss process of gaseous POPs in air is through chemical reaction with 

the highly reactive hydroxyl (OH) radicals (Atkinson, 1990), while major transformation processes 

in other environmental compartments like soil, sediment and water are photolysis and 

microbiological degradation (Sinkkonen and Paasivirta, 2000). Degrading reactions will typically 

be slower at lower temperatures, leading to prolonged environmental half-lives in cold 

environments (enhanced persistence). Typically, photolysis is reduced due to lower solar angle 

and biodegradation by microorganisms will also be reduced (Wania and Mackay, 1993).  

LRAT of POPs is also moderated by (net) atmospheric deposition to environmental surface media 

such as soils. Soils are considered to be important reservoirs and potential sinks for POPs (Meijer 

et al., 2003b). Boreal soils are of particular interest, due to the low ambient temperatures and high 

soil organic matter (SOM) content which enhance the storage capacity of POPs (Moeckel et al., 
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2008). Previous studies have reported data on the occurrence and distribution of many legacy POPs 

along expected pollution gradients for empirical evaluation of LRAT (e.g. Hassanin et al., 2004; 

Hassanin et al., 2005; Meijer et al., 2002; Schuster et al., 2011). Consequently, by assessing 

concentration gradients in soils from possible major source regions to more remote areas, empirical 

evaluation of the occurrence, distribution, fate and LRAT behaviour is feasible, which may 

complement and evaluate theoretical predictions (e.g. CTDs). 

1.3.2.1. Atmospheric transport models  

Several existing long-term monitoring programs are based on AAS techniques, such as EMEP 

(Aas and Breivik, 2009; Aas, 2008; Tørseth et al., 2012). In contrast to PAS, AAS is often non-

continuous and takes place at fixed time intervals (e.g. one day per week), hence current 

measurement strategies may overlook LRAT episodes with elevated concentrations (e.g. Yao et 

al., 2007) (Paper III). However, data from AAS may be particularly useful to evaluate predictions 

from atmospheric POP models, aiming to study source-receptor relationships for POPs. 

Atmospheric transport-oriented models for POPs can mainly be divided into two main categories; 

Eulerian models and Lagrangian models, which both typically have been adapted from classical 

air pollution dispersion models. Eulerian models simulate chemical transport and fate using a 

gridded structure (Hansen et al., 2006; Malanichev et al., 2004). In contrast, Lagrangian dispersion 

models rather follows plume parcels through the atmosphere (e.g. Eckhardt et al., 2009). 

Additionally, there are a number of multimedia box models, usually fugacity-based (Mackay, 

1991), which typically aim to describe the transport and fate of POPs within and across different 

environmental media. Fugacity-based models often contain simplified descriptions of chemical 

transport in air (and/or water), but they add complexity by targeting multiple environmental 

compartments.  

In this work, the Lagrangian particle dispersion model FLEXPART has been used (Stohl et al., 

2005; Stohl et al., 1998) (Papers I and III). FLEXPART calculates the movement of an air mass 

parcel over certain distances, which gives a more realistic understanding of the accompanying 

meteorology. The flows and reaction of POPs in the air masses are subjected to specific processes 

in the atmosphere, such as turbulence, convection, deposition and atmospheric reaction with 

hydroxyl (OH) radicals (Eckhardt et al., 2009; 2007). An advantage of the FLEXPART model in 
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the context of this work is the possibility to estimate trajectories of an air mass and trace it 

backward as well as forward in time (Eckhardt et al., 2007; Stohl et al., 1998) (Paper III).  

1.4. Sources and emissions 
Primary emissions of POPs can be divided into two main categories (i) primary emissions 

occurring as a result of the production, use and disposal of intentionally produced POPs, or (ii) 

primary emissions because of unintentionally formed POP by-products originating from various 

combustion or chemical/industrial processes. Intentionally produced POPs are often divided into 

two sub-groups; pesticides and industrial chemicals (Breivik et al., 2004). Some POPs belong to 

more than one category, e.g. HCB and PCBs. HCB has been used as a pesticide, in the chemical 

industry (e.g. paints, solvents), and may also be formed unintentionally as a by-product from the 

chemical industry or through combustion processes (Bailey, 2001; Lohmann et al., 2000). PCBs 

have been extensively used as an industrial chemical (Harrad et al., 1994), but may additionally 

be formed in various combustion processes (Lohmann et al., 2000). In addition to primary 

emissions, POPs may also be re-emitted from environmental reservoirs that have been 

contaminated in the past. These are called secondary emissions (Bidleman, 1999; Harrad et al., 

1994).  

1.4.1. Pesticides 

Environmental emissions of pesticides today may occur as results of primary emissions (e.g. 

remaining agricultural use of stockpiles) as well as secondary sources. Several pesticides are 

regulated under the 1998 Aarhus Protocol (UNECE, 1998) and the SC (UNEP, 2002) (Table 1). 

The 1998 Aarhus Protocol listed 11 pesticides among the initial 16 POPs, while the SC listed 9 

pesticides among the initial 12 legacy POPs, also known as the “dirty dozen” (UNEP, 2002) (Table 

1). The current study includes the following pesticides: chlordanes, DDTs, HCB, HCHs, PeCB 

and endosulfan (see Table 1). The chlordanes are listed as compounds for elimination under both 

conventions, while DDTs are listed as a substance with restrictions on emissions under both 

conventions. HCB has been used as a fungicide and is listed under elimination and restriction under 

the Aarhus protocol (UNECE, 1998) and the SC (UNEP, 2002). HCHs are insecticides which have 

been extensively used around the world (Breivik et al., 1999; Li, 1999). HCHs originate ultimately 

from production and usage of technical HCH (various HCH-isomers) or Lindane (> 99% γ-HCH) 

(Breivik et al., 1999). The major constituents in the technical mixtures of HCHs are α-, β- and γ-

HCH. While only γ-HCH inhibits insecticide properties, all three isomers in the technical mixture 
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have toxic effects (Li, 1999). Technical mixtures of HCHs are listed under elimination under the 

1998 Aarhus Protocol, while Lindane is listed under restricted use (UNECE, 2010a). Technical 

HCHs and production of Lindane are listed for elimination as one of nine new POPs under the SC 

in 2009 whereas use of Lindane is restricted (UNEP, 2009a). The technical endosulfan mixture 

contains two isomers (α- and β- endosulfan) (Weber et al., 2010) and was listed under the SC in 

2011 (UNEP, 2011). PeCB has been listed under the SC (UNEP, 2009b) and adopted under the 

Aarhus protocol (UNECE, 2010a). In addition to being a pesticide, PeCB is also emitted as an 

industrial chemical (Bailey et al., 2009).  

1.4.2. Industrial chemicals 

Industrial POPs have been produced for various uses, such as di-electrical and cutting fluids 

lubricants (Wang et al., 2010), flame retardants (Haukas et al., 2009), plasticizers (Kohler et al., 

2005). PCBs were first synthesised in the end of the 1920s, and the production peaked in the 1970s 

(Breivik et al., 2002). PCBs were produced as technical mixtures (U.S. EPA, 2013; Yum et al., 

2010), and have been used in a broad range of electrical equipment (e.g. transformers and 

capacitors) (Breivik et al., 2011), in paints (Ruus et al., 2006) and building materials (Andersson 

et al., 2004). PCBs are listed for elimination and reduction under the 1998 Aarhus protocol 

(UNECE, 1998) and the SC (UNEP, 2002). PeCB and SCCPs have been used as industrial 

chemicals for many decades. PeCB can be found in electrical fluids (UNECE, 2007). SCCPs are 

a complex mixture of polychlorinated n-alkanes (PCAs), and have been used in a broad range of 

materials such as paints, sealants and as flame retardants (UNECE ad hoc expert group on POPs, 

2003). SCCPs are still produced extensively in China (Zeng et al., 2011), while they are 

increasingly phased out in Europe.  

1.4.3. Unintentionally formed by-products 

Examples of emission sources of unintentionally formed POP by-products include waste 

incinerators, open burning of waste, industrial processes (e.g. metallurgic or chemical) (Mazur et 

al., 2010; Morf et al., 2007), and incomplete burning of fossil fuel (Halsall et al., 1994). 

Unintentionally formed POPs include dioxins and furans (PCDD/Fs) (Altarawneh et al., 2009; 

Lavric et al., 2004), PAHs (Kulik et al., 2006; Ravindra et al., 2008), HCB (Bailey, 2001; Barber 

et al., 2005), PeCB (Bailey et al., 2009) and PCBs (Liu et al., 2009). Emissions from major 

stationary sources of PAHs and PCDD/Fs, may be mitigated using best available techniques (BAT) 

(UNECE, 2009).  
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1.5. Active air samplers (AAS) 
Air measurements of semi-volatile organic contaminants (SVOCs) have historically been carried 

out using active air samplers (AAS). The air is drawn through a sampler module which consists of 

a filter (to collect particles and particle associated compounds) and a sorbent (to collect gas phase 

compounds) or occasionally only one of these two, reflecting sampling constraints and/or the target 

compound(s) considered. The sorbent varies depending on target compounds but common for 

semi-volatile organic compounds are polyurethane foam (PUF) or polystyrene divinylbenzene 

copolymer (XAD)-resin. Air is drawn through the sampler by a pump working at a controlled flow 

rate. This gives a known sample volume, which in turn enables concentrations in air to be obtained. 

A key advantage of AAS in the context of LRAT is the short time of sampling which in 

combination with appropriate modelling tools (e.g. trajectories) offers possibilities to study 

specific episodes (Paper III). Further, the large sample volume usually allows for excellent 

sensitivity and low detection limits. However, the need of electricity, trained field personnel and 

the high costs associated with these types of air samplers, limits their spatial coverage (Aas and 

Breivik, 2009; Hung et al., 2013). 

1.6. Passive air samplers (PAS) 
A complementary alternative to AAS is passive air sampling, which does not require a pump and 

electricity. This, in combination with their low cost and ease of handling, allows for both increased 

spatial and temporal coverage, both in indoor and outdoor environments (Bohlin et al., 2008). This 

work has further applied and evaluated the performance of one of the most commonly used passive 

air sampling technique for semi-volatile POPs (or SVOCs), i.e. PUF disks (Paper I, II). 

Different passive air sampling strategies are available. An example of a natural PAS is plant 

foliage. Needles and leaves have a large surface area and the waxy cuticle has high affinity for 

many organic pollutants (Muir et al., 1993), which means that SVOCs can be taken up from the 

atmosphere by the foliage. However, difficulties with reliable measurements due to environmental 

variability such as age, season, and species limit their utility (McLachlan et al., 1995). As a result, 

man-made PAS have been developed as an alternative. Examples include, but are not limited to, 

PUF disks (Harner et al., 2006; Jaward et al., 2004; Pozo et al., 2006), semi-permeable membrane 

devices (SPMDs) (Huckins et al., 2002), XAD-resin based samplers (Krogseth et al., 2013; Wania 
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et al., 2003), polymer coated glass (POG) (Harner et al., 2003), and solid phase micro extraction 

(SPME) (Wang et al., 2009). 

In order to collect measureable amounts, the PAS typically requires deployment for weeks/months 

or up to years, and as a result, PAS provide long-term time-averaged concentrations. Information 

on spatial and long-term temporal trends is achieved and thus appropriately complements AAS 

strategies. Passive air sampling is a semi-quantitative method since the sampled air volume is not 

known with a similar accuracy as for AAS. Instead, a fictive flow rate (i.e. the uptake rate) and 

sampling volume can be estimated from calibration studies against AAS, or by the use of 

performance reference compounds (PRCs). The concentrations in air are then calculated based on 

the estimated uptake rates and the amount of POPs accumulated in the sampling material. 

 

1.6.1. Introduction to theory of passive air sampling 

PAS techniques are based on free flow and molecular diffusion of pollutants from the air to a 

sampling medium (i.e. the PAS) which has a high retention capacity for the target pollutants. 

Differences in chemical potentials between the air and the sampling medium of the pollutant create 

a net flow into the PAS until equilibrium between the two phases has established. More detailed, 

the mass transfer of pollutants from the air to the PAS is described by individual transport 

processes across several boundary layers. If the PAS is deployed inside a chamber (e.g. PUF in a 

flying saucer/UFO design (Fig. 3)), the transport to the sampling material follows a three-step 

process; i) from outer air to the air inside the chamber, ii) from inside-air to the air-side boundary 

layer of the PAS, and iii) from the air-side boundary layer into the passive sampling medium 

(PSM) (Bartkow et al., 2005).  
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Figure 3: Deployed PAS on the Norwegian coast (Photo: Marianne Haukås) and fixed to a pole at the Zeppelin 
station, Ny-Ålesund (Photo:Anne Karine Halse) 

  

In theory, the transport into the sampler medium is mainly due to molecular diffusion, and the 

movement is described as a gradient flux (F) by Fick`s First Law (Bartkow et al., 2005). F is a 

function of the overall air-side mass transfer coefficient (kA) (which is the velocity of the pollutants 

across each boundary layer), the area of the passive sampling medium (APAS, m3) as well as the 

difference between the concentration in air (CAIR, pg/m3) and the concentration in the PAS (CPAS, 

pg/m3) (Mackay, 1991), together with the PAS-air partition coefficient (KPAS-AIR). KPAS-AIR is the 

ratio of the concentration in the air and the concentration in the PAS when the two are in 

equilibrium and describes the extent to which compounds are enriched in the PAS relative to in air 

(Bartkow et al., 2005). The final flux (F) or accumulation rate (pg/time unit) of pollutants can be 

described according to eq. 1. 

� � ������ �	�
� � 
���
��������

�                  (1) 

The accumulation of pollutants in the PAS is a balance of the rate of uptake minus the rate of loss. 

The compounds accumulate in the PAS through a linear, curvilinear and equilibrium phase as 

shown in Figure 4. At the beginning, the uptake is linear, airside controlled and a function of kA 

and CAIR, while the loss rate is negligible since (

���

��������
) is small, and the uptake is larger than the 

loss. The flux/transport is mainly directed into the PAS, illustrated by the bigger arrow downwards 

in Figure 4. This condition is ideal in field because under these conditions there is a direct 

relationship between number of days deployed and volume sampled, which represents the uptake 

rate (m3/day) (Shoeib and Harner, 2002). Along with the increased exposure time (number of days 
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or weeks) the levels of target compounds in the PAS increase and the loss fraction (

���

��������
) 

becomes larger, consequently the uptake is reduced and enters a curvilinear phase. As exposure 

time increases, the (

���

��������
) further increases and eventually becomes equal to CAIR, and the curve 

enters into equilibrium phase where uptake and loss rates are thought to be equal (i.e. no net-flux 

into the PUF) (Shoeib and Harner, 2002).  

 

Figure 4: Theoretical uptake curve for PAS, illustrating linear, curvilinear uptake phase, and approach to 
equilibrium (Bartkow et al., 2005; Shoeib and Harner, 2002).  

 

The time to reach equilibrium is dependent on sampler design as well as the KPAS-AIR. KPAS-AIR is 

compound- and sampler-specific, correlated to the KOA (see 1.3.1) of the compound, and thereby 

a function of temperature. As shown in Figure 5, the uptake (volume sampled) is linear within a 

longer time period for compounds with higher KOA values, and consequently higher KPAS-AIR values, 

while compounds with lower KOA will approach equilibrium faster (Pozo et al., 2004). See Table 

A1 for more information regarding KOA values for the selected compounds within this study. 

Further, Table A2 presents temperature-adjusted KOA values and theoretically estimated number 

of days until 25% (t25) and 95% (t95) of the equilibrium stage in the PUF-PAS has been reached 

(Shoeib and Harner, 2002).  
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Figure 5: Uptake curves for a range of octanol-air partition coefficients (KOA)(Farrar et al., 2005a). 

In order to estimate the volume of air sampled during the deployment period, the following 

relationship can be drawn (eq.2), 

���� � ������∆�                    (2) 

and where ���� � ����

�   

From this, kAAPAS  represents the passive air uptake rate Rs (m3/day), i.e. the volume of air passed 

through PAS per time period, and ∆t is the exposure period of the sample (Shoeib and Harner, 

2002). The uptake rate is obtained through i) calibration studies against AAS from the slope of the 

linear uptake phase (Fig. 5) or from Equation 3, ii) by using PRCs or by iii) modelling exercises. 

� � ����

�∆�                      (3) 

Air concentrations are then estimated according to 

	� � ����
�∆� 		                     (4) 

In this thesis (Paper I and II), the sample volumes and the concentrations of gas phase compounds 

were estimated by use of PRCs. The PRCs consist of isotope labelled or unlabelled non-native 

compounds exhibiting limited concentrations in the air. Ideally, the PRCs should cover a wide 
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range of physical-chemical properties (e.g. partition coefficients/volatilities) corresponding to the 

range for the native target SVOCs (Huckins et al., 2002). The loss of PRCs during the exposure 

period depends on the physical-chemical properties of the PRCs, the exposure time, and 

environmental conditions (such as wind speed) just as the uptake of target pollutants. The loss rate 

of the PRCs from the PAS is believed to be correlated to the uptake rate (Rs) of target compounds 

in the same PAS. For example, the thicker the boundary layer the slower the loss and the uptake, 

and vice versa. Consequently, site-specific environmental factors, such as wind-speed effects, can 

be accounted for in the estimates of air concentrations (Moeckel et al., 2009). In reality, PRCs do 

not cover the full-range of target SVOCs, and they are not applicable for particle-associated 

compounds and can therefore only be used to assess air concentrations of gas phase SVOCs. By 

use of PRCs, individual uptake rates can be calculated based on concentrations of each PRC (Eq. 

5),  
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Where (CPRC,t/CPRC,0) is the recovery of individual PRCs, APAS is the area of the PUF-disk, δFILM 

is the effective film thickness, ρPAS is the density of the PAS material (g/m3). KPAS-AIR is a function 

of KOA (i.e. log KPAS-AIR=0.6366*logKOA-3.1774 (Shoeib and Harner, 2002)) and is also 

temperature dependent, while t is the deployment time in days. An average Rs, based on the 

individual Rs, is then ultimately used. In order to back-calculate the volume of air sampled, it has 

been recommended to only use Rs based on PRCs where the loss (C/C0) ≥ 40 % during deployment 

(Pozo et al., 2009), but PRCs with losses in the range of 20-80 % may alternatively be applied 

(Huckins et al., 2002; Moeckel et al., 2009). 

1.6.1.1. Linear/kinetic passive air samplers 

PAS strategies usually target sampling during either the linear uptake phase or the equilibrium 

stage (Fig. 4). An important factor common for both is the challenge to sample adequately, i.e. 

sample quantifiable amounts while staying within the same uptake phase for all target compounds. 

As described above, compounds with low KOA will bypass the linear uptake phase faster than those 

with higher KOA (Fig. 5, Table A2) and it is important to make sure that the exposure time 

corresponds to the maximum length of the linear uptake phase or the minimum of the equilibrium 

phase.  
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Ideally, PAS targeting the linear uptake phase should therefore have large uptake capacity and fast 

uptake rates (Wania et al., 2003). The PUF-PAS design used in this thesis (Paper I, II) work as a 

linear/kinetic sampler. The PUF disks have high affinity and uptake capacity for SVOCs, including 

many POPs. The use of PUF as a PAS has already been explored in numerous studies on a local, 

regional and a global scale (Chaemfa et al., 2008; Harner et al., 2006; Harner et al., 2004; Jaward 

et al., 2004; Klanova et al., 2006; Motelay-Massei et al., 2005; Pozo et al., 2004; Pozo et al., 2006; 

Shoeib and Harner, 2002). The sampling material (PUF) is shielded by a stainless steel chamber 

(Fig. 3), where the PUF disk is centred in the middle on a metal rod. PUF-PAS in the field are 

often deployed at some distance above the ground, e.g. in a tree (Fig. 3), fence or lamppost. At 

exceptionally windy places, PAS may have to be placed in a fixed position using a support pole. 

However, deployment in a fixed position may reduce the dampening effect of the bowls and a 

higher uptake rate could be expected.  

Besides the PUF-disks, other linear uptake samplers are also available, e.g. the XAD-PAS and the 

triolein (lipid) containing semi permeable membrane device (SPMD). In the XAD-PAS, XAD-

resin is placed inside a wind-protecting chamber (Krogseth et al., 2013; Wania et al., 2003; Zhang 

et al., 2012). The sorbent has a higher sorption capacity to retain SVOCs in comparison to the 

PUF-disk and can therefore be deployed for longer periods before equilibrium is reached (i.e. 

months to years). Recently, XAD sorbent-impregnated polyurethane foam (SIP) disks (Koblizkova 

et al., 2012) have been developed and tested in order to increase the sorption capacity of the PUF-

disks and thereby to expand the sampling domain towards more volatile chemicals while still 

operating in the linear uptake phase.  

SPMDs consist of a solvent-filled polyethylene tube (Bartkow et al., 2005; Huckins et al., 2002; 

Ockenden et al., 2001; Ockenden et al., 1998), which can be used for both water and air sampling. 

SPMDs may also be used as equilibrium samplers (1.4.3.2). The solvent/sorbent inside the SPMDs 

can be switched to another organic sorbent such as a silicone or poly(dimethylsiloxane) (PDMS) 

material (Wennrich et al., 2002). Another linear passive air sampler using polyethylene is the low-

density polyethylene sheets (LPDS) (Bartkow et al., 2004; Khairy and Lohmann, 2013).  

1.6.1.2. Equilibrium passive air samplers 

An ideal equilibrium sampler has fast uptake rate and limited uptake capacity in order to achieve 

equilibrium without requiring extensive exposure times. However, the uptake capacity must also 
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be sufficiently high to accumulate enough chemical for analytical detection. An example of 

equilibrium PAS include polymer-coated glass cylinders (POG) which consist of a thin film of 

ethylene vinyl acetate (EVA) deployed on glass (Harner et al., 2003). Here, the compounds diffuse 

into the sampler media until equilibrium is reached (Farrar et al., 2005b; Wilcockson and Gobas, 

2001).  

1.6.1.3. Sampling artefacts 

The PUF-PAS technique is a semi-quantitative method. Uncertainties related to the uptake rates, 

whether the sampling occurs during the linear uptake phase, and the performance for PAS to 

sample particle-associated compounds may all introduce potential errors or lower the accuracy in 

estimated air concentrations. The performance of the PUF-PAS, and thereby also the end-point 

results, may also be affected by site specific environmental conditions such as wind speed, 

temperature and air concentrations (Chaemfa et al., 2009b; Harner et al., 2004; Klanova et al., 

2008; Tuduri et al., 2006).  

The uptake rate should, in theory, not vary by compound (Fig. 5) and a generic uptake rate is 

therefore often used to estimate air concentrations. Some studies have, however, shown large 

variations of uptake rates between individual SVOCs (Bohlin et al., 2014; Klanova et al., 2008; 

Melymuk et al., 2011). Hence, applying a generic uptake rate may introduce errors for some 

SVOCs, and applying various uptake rates to individual or grouped SVOCs may help to increase 

the accuracy. Whether one generic or various uptake rates should be used is still debated by the 

users of PUF-PAS. 

Most PAS designs are suspected to mainly sample gaseous volatile compounds, but the PUF-PAS 

has been shown to also accumulate particle-associated compounds to some extent (Klanova et al., 

2008). Its performance for particle-associated compounds is dubious. The particle fraction seems 

to be collected with lower uptake rates and accuracy and the accumulation may not follow the 

theoretical framework of the PUF-PAS (Klanova et al., 2008). This is a challenge for the use of 

PUF-PAS for SVOCs with high KOA. PRCs are not applicable for particle-associated compounds 

and can therefore only be used to assess air concentrations of gas phase SVOCs.  

Wind speed may influence the thickness of the boundary layer surrounding the PUF-PAS and 

thereby both the uptake rate and the duration of the linear uptake phase (i.e. time to equilibrium). 

High wind speeds reduce the thickness of the boundary layer, increase the uptake rate and shorten 
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the length of the linear uptake phase. Correspondingly, low wind speeds cause stagnant air around 

the PUF-disk and thereby reduce the uptake rate. Hence, in order to minimize wind speed effects, 

the PUF-disk is protected by a housing consisting of two stainless steel metal domes (i.e. flying 

saucer or UFO design, Fig. 3) (Tuduri et al., 2006). Additionally, by using PRCs, site-specific 

uptake rates can be achieved and wind-speed effects accounted for. 

Surrounding temperatures may affect the sampling by the PUF-disk, but the effect is complex and 

varies by compound. Generally, at higher temperature, the duration of the linear uptake phase may 

be shortened and the uptake rate is consequently affected (see Table A2), while at lower 

temperatures the semi-volatile compounds may be increasingly sorbed to airborne particles, which 

in turn may reduce the uptake in PUF-disk. These effects may not be captured by the use of PRCs. 

The PRCs and their temperature-dependent partition coefficients (KOA, KPSM-AIR) (Bartkow et al., 

2006; Melymuk et al., 2011) are based on meteorological modelled air temperatures and not on 

measured temperatures. Ambient conditions in the field may therefore not be captured.  

Another issue regarding PUF-PAS is the potential resistance within the sampling material, which 

may influence the Rs (eq.5). Recent studies suggest that compounds accumulate in the outer parts 

of the sampler in close contact to the air, resulting in higher Rs for shorter exposure times (e.g. 1-

3 weeks). This may be due to possible kinetic resistance within the PUF-disk (Bohlin et al., 2014; 

Zhang et al., 2012).  

Nevertheless, ongoing work with the PUF-PAS aim to quantify and control the sampling artifacts 

by detailed calibration studies, evaluation of sampler housing designs, and the use of PRCs. From 

a clear recognition of their major weaknesses and strengths, PAS is regarded to be a complimentary 

and useful method for air sampling in comparison to AAS (Paper I and II), see also (Chaemfa et 

al., 2009a; Gouin et al., 2008; Harner et al., 2013; Pozo et al., 2009). 

1.6.2. Application of passive samplers/spatial mapping 

The global monitoring plan (GMP) within the SC, as well as other international monitoring 

programmes for POPs in air, calls for comparable and consistent monitoring data to evaluate 

whether international agreements are efficient in terms of reducing environmental exposures 

(UNEP, 2007). For policy-makers interested in evaluation of potential future control strategies, it 

is furthermore vital to discriminate between emissions from primary and secondary sources (1.4). 

Finally, it is also beneficial for national authorities to be able to discriminate between LRAT from 
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neighbouring countries and domestic local sources (LS). PAS has the potential to contribute with 

useful data to address many relevant aspects in this regard. In this thesis, PAS are used to obtain a 

consistent and comprehensive dataset for evaluation of spatial patterns of POPs in European 

background air (Paper I) and this dataset is later explored with regard to its potential to 

discriminate between LRAT and LS in controlling atmospheric POPs burdens in Norway (Paper 

II). 

Paper I thus complements the current measurement programme for POPs in background air within 

EMEP, which is based on a limited station network based on conventional AAS, mainly located 

in the Central and North-Western part of Europe (Aas and Breivik, 2009; Nizzetto et al., 2014). 

The application of PAS thus has a significant potential in terms of providing a more complete 

picture of spatial distribution patterns e.g. (Pozo et al., 2009). Regions with higher population 

density (Jartun et al., 2009; Ruus et al., 2006) or industrial activity (Ishaq et al., 2009; Næs, 1998) 

are, in contrast to background areas, considered to be potential source regions for many POPs. 

Atmospheric burdens of selected POPs in contaminated areas is a key topic in Paper II, while 

Papers I and II both offer insights into the importance of LS vs LRAT and primary versus 

secondary sources in controlling concentrations in air. 



22 

 

2. OBJECTIVES 
 

The main objective of this doctoral thesis has been to study the occurrence, distribution and long-

range atmospheric transport of selected POPs, mainly in North Western Europe, by field studies 

of air and soil in combination with various modelling techniques. Specific objectives for the four 

papers that form the backbone of the thesis are as follows: 

Objective I (Paper I): The main goal is to improve the understanding of the occurrence and spatial 

patterns of POPs in background air across Europe, using passive air samplers in combination with 

an existing model (FLEXPART). 

 

Objective II (Paper II): The main goal is to assess the potential influence of local sources versus 

long-range atmospheric transport in controlling atmospheric burdens of selected POPs in 

Norwegian coastal zones with consumption advisories on seafood, using passive air samplers.  

 

Objective III (Paper III): The main goal is to develop, evaluate and apply a forecast system for 

predicting long-range atmospheric transport of selected PCBs to a monitoring site in southern 

Norway (Birkenes), using active air sampling in concert with an existing model (FLEXPART).  

 

Objective IV (Paper IV). The main goal of the final study is to obtain a mechanistic and 

quantitative understanding of the occurrence, fate and distribution of newly regulated POPs in 

background soils from UK and Norway by combining empirical data, statistical analysis and 

chemical space/mobility plots.  
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3. MATERIALS AND METHODS 
 

3.1. Field studies 
The two first studies (Paper I and II) utilized PAS, and sampling was coordinated to occur at the 

same time to facilitate comparison of results. In Paper I, PAS were deployed at background sites 

in a number of European countries, mainly using established EMEP measurement sites (Aas and 

Breivik, 2008). The samplers were exposed in the field for about 3 months during late summer of 

2006. The study region included 34 countries and 86 sites, located from Spitsbergen (78ºN) in the 

north to Cyprus (33ºN) in the south, and from Greenland (38ºW) in the west to Kazakhstan (75ºE) 

in the east (Paper I) (Fig. 6, blue dots). In the second study (Paper II), contaminated coastal zones 

were monitored using PAS in order to evaluate the contribution of possible LS versus LRAT in 

controlling concentrations of POPs in air. Similar to Paper I, PAS were deployed along the 

Norwegian coast for 3 months during late summer of 2006 (Fig. 6, red dots). The locations were 

selected on the basis of existing advisories on the consumption of seafood, caused by elevated 

levels of POPs (Økland, 2005). To achieve representative “background” concentrations in each 

coastal zone, areas close to major roads and industrial activities were avoided, while preference 

was given to parks and private properties to avoid interference. Moreover, in order to evaluate 

spatial variability within a coastal zone, two PAS devices were deployed at different sites in some 

selected coastal areas (N=5) (Paper II).  
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Figure 6: Overview over sampling sites included in the thesis. 

In order to identify major source regions and to monitor possible LRAT events to a specific site, 

the third study (Paper III) targeted one Norwegian EMEP background station, i.e. the Birkenes 

observatory in Southern Norway (N 58°23, E 08°15, 190 m.a.s.l) (Eckhardt et al., 2009). For this 

study, a model based forecast system was developed and evaluated using targeted atmospheric 

monitoring (AAS) under predicted LRAT events (Fig. 6, yellow dot).  

 

The fourth study (Paper IV) focused on deposition of newly regulated POPs to the terrestrial 

environment. Background surface soils along a UK-Norway transect, ranging from N 50°35, W 

4°31 to N 70°31, E 28°1, were collected in 2008 (Schuster et al., 2011). The 59 soil samples, 

collected from 39 sites, represented two different types of background soil, i.e. woodland 

(coniferous/deciduous) (WL) soil and grassland (GL) soil (Fig. 6). 
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3.2. Sampling (air and soil) 
Air sampling was mainly based on passive air sampling, using PUF-PAS. These campaigns were 

carried out using PAS alone (Paper II), or in combination with AAS at selected EMEP sites 

(Paper I).  

The PUF-disks were spiked with a PRC mixture (Huckins et al., 2002) prior to deployment. The 

loss rates of PRCs during deployment were used to back-calculate the air concentrations (Paper I 

and II) (sect. 1.6). In the field, the PUF-disks were placed between two stainless steel metal domes 

as sheltering device (Fig.3) (Wilford et al., 2004).  

Targeted air samples were collected by use of a high-volume active air sampling device (AAS) 

(Eckhardt et al., 2009), utilizing a modified pump (Paper III). This included both an on-line 

control of the sampling system and the possibility to apply a higher flow rate to achieve shorter 

sampling periods in order to better capture specific LRAT episodes.  

Soil samples, woodland (WL) and grassland (GL) soil were collected by use of a stainless steel 

hand-held corer and the targeted sampling depth was the upper layer (0-5 cm). Ten individual cores 

were taken within a plot of approximately 1 x 1 square meter and pooled as a composite sample 

from each site (Meijer et al., 2002). The pooled samples were stored in a freezer at ~-18 °C until 

further sample preparation (Paper IV). 

3.3. Modelling 
Modelling tools were applied for fate and transport assessments. In Paper I we utilized 

FLEXPART in order to evaluate source-receptor relationship for selected measurement sites. In 

Paper III, the FLEXPART model was run daily using meteorological forecast data to predict the 

concentration of PCB-28 one day ahead over a time period of about two years, starting in 2008. 

Based on these initial predictions, a threshold (> 95% percentile) for targeted sampling of predicted 

LRAT events was defined (Paper III). Targeted air sampling was carried out when the predicted 

concentrations exceeded the threshold. After completed targeted sampling, FLEXPART was run 

backward in time with meteorological analysed data for the targeted episodes, resulting in more 

accurate predictions of source-receptor relationships during specific episodes. 

3.4. Sample extraction and clean-up  
The extraction, clean-up and sample analysis was carried out at as described in Paper I to IV, and 

references therein, and only a brief introduction will be given here. After exposure, the air 
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samples/PUF-disks (field blank and deployed samples) from the first and second study, together 

with the PUF-plugs and glass fibre filters for the third study (Paper III), and the soil samples 

(Paper IV) were stored in a freezer (at~ - 18°C) until extraction and clean-up. The air samples 

were Soxhlet extracted, and the extracts were divided into two aliquots. One aliquot was treated 

with concentrated sulfuric acid (Paper I, II and III) prior to further clean-up by fractionation with 

a silica column. The other aliquot (PAH part) (Paper I and II) of the extract was cleaned on a 

silica column without any acid treatment.  

Soil samples (Paper IV) were dried, sieved and stored cold until extraction and clean-up. 

Extraction of the soil samples was carried out by using a Dionex, Accelerated Solvent Extraction 

(ASE) extraction unit. The soil organic matter (SOM) content was determined with loss of ignition 

(LOI) at 550 °C. In the same way as for the air samples, the soil extracts were also divided into 

two aliquots, i.e. one for the endosulfan fraction (α-endosulfan, β-endosulfan and endosulfan 

sulfate), and one for the PeCB and SCCPs, prior to the clean-up procedures. The aliquot for the 

determination of endosulfans was cleaned using a silica column only, while the aliquot for the 

determination of the PeCB and SCCPs was treated with sulfuric acid followed by a fractionation 

using a silica column (Paper IV). 

All extracts were reduced to 0.5 mL and solvent-changed. Further, the extracts were reduced to ~ 

100 µL by nitrogen blow-down and recovery standard was added. 

3.4.1. Selected target compounds  

While 209 PCB congeners exist, this study focuses on the 7 indicator PCBs, i.e. PCB-28,-52, -

101,-118,-153, and -180, collectively referred to as Σ7PCBs (Papers I-III). Regarding the HCHs, 

α-, β- and γ-HCH (Σ3HCHs) were included (Papers I, II), and trans-/ cis-chlordanes and trans-/ 

cis-nonachlor (Σ4chlordanes) represent the group of cyclodiene pesticides (Papers I, II). The 

DDTs include dichlorodiphenyltrichloroethane (o,p -́ and p,p-́DDTs), 

dichlorodiphenyldichloroethylene (p,p  ́-DDE) and dichlorodiphenyldichloroethane (p,p -́DDD), 

collectively referred to as Σ4DDTs (Papers I, II). The individual PAHs studied were fluorene, 

phenanthrene, anthracene, fluoranthene, pyrene, benz(a)anthracene, chrysene and benzo(a)pyrene, 

referred to as Σ8PAHs (Papers I, II). For the endosulfans, the study focused on α-endosulfan, β-

endosulfan and endosulfan sulfate (Σendosulfans) (Paper IV). A mixture of short-chain 

chlorinated paraffins (SCCPs, C10-C13) were studied in Paper IV. Additionally, both HCB (Papers 
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I, II, IV) and PeCB (IV) were studied. More information about the selected compounds is available 

in Table A1. 

3.5. Chemical analysis 
The final extracts were analysed on an Agilent 6890N gas chromatograph coupled to a Waters 

AutoSpec mass spectrometer (GC/HRMS) in electron impact (EI) mode. The different PCB 

congeners (PCB-28, -52, -101, -118, -138, -153, -180) and some PRCs (non-native PCBs: PCB-

23,-30,-32,-107,-198) (Paper I and II) were separated using a HT-8 fused silica capillary column 

(50 m length, 0.22 mm I.D., 0.15 µm film thickness). Separation of α-HCH, β-HCH, γ-HCH, p,p -́

DDE, p,p -́DDD, o,p -́DDT and p,p -́DDT, together with the PRCs (PCB-12,-14, 2H6-γ-HCH) 

compounds were done by use of a HP-1 (J&W Scientific) fused silica column (25 m length, 0.2 

mm I.D., 0.33 µm film thickness). Analysis of PAHs was carried out by a GC/LRMS on an Agilent 

6890N gas chromatograph coupled to an Agilent 5973 mass spectrometer in electron impact (EI) 

mode. Separation was carried out by use of fused silica capillary column from Zebron (ZB-5) (30 

m length, 0.25 mm I.D., 0.10 µm film thickness). Analysis of the pesticides (trans-chlordane, cis-

chlordan, trans-nonachlor, cis-nonachlor) was carried out by a low resolution Agilent 6890N gas 

chromatograph coupled to an Agilent 5973 mass spectrometer (GC/LRMS) in electron capture 

negative ion (ECNI) mode. Separation was done by an Ultra-2 (25 m length, 0.2 mm I.D., 0.11 

µm film thickness) fused silica capillary column (Papers I, II, III). 

Analysis of the endosulfans and SCCPs was carried out by a high resolution Agilent 6890N and 

HP 6890 gas chromatograph, respectively, coupled to an Agilent 5973 mass spectrometer 

(GC/HRMS) in ECNI mode. The endosulfan isomers were separated using an Ultra 2 (J&W 

Scientific) fused silica capillary column (25 m length, 0.2 mm I.D., 0.11 µm film thickness), while 

separation of the SCCPs were done by use of a Rxi®-5ms (Restek) fused silica capillary column 

(25 m length, 0.11 mm I.D., 0.11 µm film thickness). The PeCB was analysed with an Agilent 

6890N gas chromatograph coupled to high resolution mass spectrometry (Autospec-Ultima) 

(GC/HRMS) in electron impact (EI) mode. The column used was an Ultra 2 (J&W Scientific) 

fused silica capillary column (15 m length, 0.25 mm I.D., 0.25 µm film thickness) (Paper IV). All 

analyses were carried out by use of 13C labelled internal standards, and more information 

concerning the individual standards is given in the individual studies (Paper I-IV). 
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4. DISCUSSION OF FINDINGS 

4.1. Introductory remarks concerning the methods 

4.1.1. Quality assurance and uncertainty of analytical results  

Generally, for quality assurance and quality control, all analytical procedures were monitored by 

use of accredited routines (ISO/IEC 17025) together with regular analysis of a standard reference 

material (SRM). Uncertainty in chemical analysis can be influenced by various factors, e.g. loss 

of analyte during sample extraction and clean-up, possible contamination of samples, accuracy in 

the standards and instrumental parameters. To compensate for potential loss during clean-up and 

extraction procedures, the samples were initially added a mixture of 13C-labeled compounds 

(internal standard) which were quantified by a recovery standard added as the final step in the 

clean-up procedure (Papers I-IV). The recoveries of internal standards added to the air and soil 

samples prior to extraction, were generally lower for the more volatile compounds and higher for 

the less volatile POPs (Paper I, II, and IV). To monitor for possible contamination of the air 

samples, field and method blanks were prepared and analysed along with the exposed samples. 

Regarding the soil samples, diatomaceous earth (DE) was used as method blanks, while for the air 

samples unexposed PUF-disks were analysed in parallel to the exposed samples. Results from the 

blank samples showed minimal contamination for both air and soil samples. The overall estimate 

of the expanded uncertainty (95% confidence interval (CI)) in the chemical analysis is believed to 

accumulate up to ± 20-35% (Papers I-IV), depending on the compound of interest. The 

uncertainty in results for SCCPs is assumed to be higher (about ± 50%) due to the complexity of 

the group and incomplete peak separation, as well as the lack of a suitable 13C-labeled internal 

standard (Sverko et al., 2012).  

4.1.2. Uncertainties in back-calculated air concentrations 

For some of the passive air sampling sites, loss of PRCs during deployment was too small to 

estimate a site-specific uptake rate, and it was necessary to use a default value for the uptake rate 

(Paper II). The reason for the limited loss of PRCs may be due to low temperatures at these sites, 

as the number of individual PRCs experiencing a sufficient loss tended to decrease towards the 

Northern sites. This could indicate that the volatility range of our selected PRCs were less suitable 

at sites experiencing colder temperatures. In contrast, for sites experiencing higher temperatures, 

there is an increasing risk that the sampling bypassed the linear uptake phase for several 

compounds of interest. From theoretical assumptions (see Table A2), we therefore caution that 
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some of the more volatile substances (fluorene > HCB > α-HCH > phenanthrene ≈ γ -HCH ≈ 

anthracene > PCB-28 and to some extent PCB-52) may have started to approach equilibrium 

during the 3-month deployment period (Papers I and II). 

4.2. Spatial and temporal variability of POPs in air  

4.2.1. POPs in European background air 

The overall results from the European campaign are presented in Table 2. Within the group of 

target pesticides included in the study, the most abundant compounds/groups was HCB, followed 

by HCHs, DDTs and chlordanes (Paper I).  

HCB was detected in all samples and showed limited spatial variability across European 

background sites (Paper I). Overall, the lowest levels of the HCHs were found in Scandinavia and 

in the Arctic, while the highest levels were found in Central and Eastern parts of Europe (Paper 

I). α- and, γ- HCH were the most abundant within the group of HCHs, while β-HCH was 

sometimes below MDL. The large spatial variability of the β-isomer may be partly attributed to 

enhanced water solubility in comparison to α- and γ-HCH (Li et al., 2002) (Paper I). α- and β-

HCH were occasionally elevated in the south-eastern part of Europe, possibly reflecting a large 

historical usage of technical HCH which, unlike Lindane, contained significant amounts of these 

isomers (Paper I). α-HCH was more homogeneously distributed compared to γ- and β-HCH. The 

α-HCH isomer has also been shown to have a high LRAT potential (Beyer et al., 2000; Wania and 

Mackay, 1996), and relatively high levels were found in the Arctic (Paper I) which mirrors 

findings from other remote environments, e.g. the Antarctica (Kallenborn et al., 2013). γ-HCH in 

European background air is assumed to originate from usage of either Lindane or technical HCHs 

Paper I). Highest concentrations of γ-HCH were found in air across central parts of Europe, and 

may reflect historical usage of Lindane (Breivik et al., 1999). 
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Table 2: Concentrations of selected PCBs, HCHs, DDTs, chlordanes and HCB (pg/m3) and selected PAHs (ng/m3) at European 1 

background sites. 2 
     

Compounds Average±S.D. Median % above MDL Max/min ratio (MMR) 

PCB-28 5±4 4 100 34 

PCB-52 5±4 4 100 25 

PCB-101 4±5 3 100 84 

PCB-118 1.5±1.5 1.0 95 >55 

PCB-138 2.0±2.4 1.2 95 >102 

PCB-153 3±4 2 94 >87 

PCB-180 0.8±0.9 0.6 98 >122 

Σ7PCB 21±19 17  >55 

α-HCH 26±24 21 100 33 

β-HCH 2±7 1 85 >380 

γ-HCH 35±38 19 100 94 

Σ3HCHs 64±59 46  >36 

p,p’-DDE 21±47 6 74 >177 

p,p’-DDD 0.5±1.1 0.2 79 >169 

o,p’-DDT 4±7 2 87 >143 

p,p’-DDT 6±9 2 86 >240 

Σ4DDTs 32±62 10  >312 

Fluorene 1.7±1.8 1.0 98 >83 

Phenanthrene 3±3 2 95 >147 

Anthracene 0.07±0.1 0.03 88 >130 

Fluoranthene 0.7±0.8 0.4 95 >117 

Pyrene 0.4±0.4 0.2 99 >153 

Benz[a]anthracene 0.02±0.03 0.01 68 >49 

Chrysene 0.07±0.07 0.03 95 >58 

Benzo[a]pyrene 0.008±0.01 0.002 43 >15 

Σ8PAH 6±6 4  >205 

HCB 49±18 45 100 5 

trans-Chlordane 0.8±1.1 0.4 95 >104 

cis-Chlordane 1.2±0.7 1.2 98 >46 

trans-Nonachlor 1.3±1.0 1.2 98 >77 

cis-Nonachlor 0.16±0.1 0.15 87 >11 

Σchlordanes  3.5±2.7 3.2  >114 

3 
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Within the group of DDTs (sect. 3.4.1., Table A1), p,p -́DDE was most abundant followed by p,p -́

DDT, o,p -́DDT and p,p -́DDD (Paper I). The highest concentrations of Σ4DDTs were found in 

the Central and Eastern part of Europe, while the lowest levels were detected in the Northern part 

of Europe (Paper I). In order to evaluate possible recent use of technical DDTs, the p,p -́DDE/ 

p,p -́DDT ratio was estimated whereby a value < 1 may indicate fresh use of technical DDT (Pozo 

et al., 2006). For most sites, the signal was found to be weathered (>1), indicating old sources of 

DDTs. Another ratio, i.e. o,p -́DDT/ p,p -́DDT was determined in order to evaluate possible 

influence of dicofol. The latter is a miticide and contains ~10% of the o,p -́DDT isomer (Becker, 

2008; Gillespie et al., 1994). Several European countries utilize dicofol for agricultural usage 

(Gillespie et al., 1994; Turgut et al., 2009). The present study showed that one or more sites in 14 

European countries experienced a ratio >1, which may indicate fresh usage of dicofol (Paper I).  

The chlordanes were detected at lower concentrations compared to HCHs and DDTs. The 

predominant components within Σ4chlordanes were cis-chlordane and trans-nonachlor (Paper I). 

The highest concentrations of Σ4chlordanes were found in Central Europe (Paper I). The technical 

mixture of chlordane consists mostly of trans-chlordane, cis-chlordane and trans-nonachlor 

(Sovocool et al., 1977), with a trans-chlordane/cis-chlordane ratio 1.56 (Bidleman et al., 2002). 

The trans-chlordane isomer is more easily degraded in comparison to cis-chlordane, and a ratio > 

1.56 imply new input of technical chlordane. Some sites (n=4) with elevated ratio were found in 

Eastern and Central parts of Europe (Paper I). Lower levels of the Σ4chlordanes were found in the 

northern part of Europe. 

PCBs were detected at most background sites in Europe (Paper I). The more abundant PCBs 

within Σ7PCBs were PCB-28, -52, -101 and -153, of which 28, 52 and 101 were detected in all 

samples. The max/min ratio (MMR) of Σ7PCBs (Table 2) within the European background sites 

(Paper I) indicate that levels are not homogenous, which suggests that there may still be ongoing 

primary or secondary emissions influencing the various measurement sites. Further, the MMR 

tends to increase with the degree of chlorination, suggesting that lighter PCBs are more evenly 

distributed in European background air compared to the heavier PCBs. The LRAT potential of 

heavier PCBs may be more limited compared to lighter PCBs, causing larger variability in the air 

concentrations for the heavier substances (Wania and Daly, 2002) (Paper I). The spatial pattern 
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for Σ7PCBs clearly shows that the highest concentrations were related to more densely populated 

regions in central parts of Europe.  

The spatial distribution of PAHs revealed that the lighter compounds (phenanthrene, fluorene, 

fluoranthene) were most abundant within Σ8PAHs (Paper I). Concentrations of heavier PAHs, 

such as benzo(a)pyrene, benz(a)anthrene and chrysene were often below MDL. The latter may be 

caused by their temperature dependent partition coefficient (KOA). Substances with high KOA may 

be more easily sorbed to particles which the passive air sampler is not designed to capture (Klanova 

et al., 2008). The spatial pattern for PAHs revealed no clear trend across Europe. 

4.2.2. Local sources (LS) versus LRAT in contaminated coastal zones 

In the second study (Paper II), we wanted to carry out an assessment of the contribution of LS 

versus LRAT in controlling POP burdens in air within various contaminated coastal areas in 

Norway. This was performed by dividing the observed concentration found at individual coastal 

sites by the anticipated background concentration attributed to LRAT alone (Eq. 6). 

� � 
(./01�02	13�4)

(60.789/:;<)                     (6) 

Three corresponding ratios (Rn) were estimated, each based on three different background 

scenarios, i.e. n = RNW (Norwegian, N=5), RND (Nordic, N=12), REU (European, N=86). The 

uncertainty in these ratios (RNWmin, RNWmax, RNDmin, RNDmax) were furthermore estimated as detailed 

in Paper II. From these ratios, the coastal sites may be  classified as either predominantly 

influenced by LS (R≥2), influenced by LS (R≥1) or predominantly influenced by LRAT (R≤1). 

Figure 7 presents the ratios based on the Norwegian background scenario for selected substances 

(Paper II). Typically, more sites were classified as being affected by LS when the ratios were 

derived on the basis of either RNW or RND, compared with REU (Paper II). The latter implies locally 

elevated levels even when seen in a European background context.  

LS largely influenced the observed air concentration of Σ7PCBs in most coastal sites as RNW ≥2 

for 21 out 24 sites (Fig.7A). However, only about half of the coastal sites were considered as 

elevated due to LS when evaluated in a Nordic background context (RND≥2). Yet, five sites located 

in major urban areas (Bergen I, Kristansand II, Oslo, Tromsø I and Stavanger) remained as 

predominantly influenced by LS even when evaluated in a European context (REU≥2). From a more 
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detailed analysis of results for individual PCB congeners, it appeared that heavier PCBs are more 

prone to lead to locally elevated levels, presumably because lighter PCBs are more prone to LRAT.  

For PAHs, the analysis was restricted to Σ6PAHs (Paper II). Applying RNW, 23 out of 26 sites 

were recognized with RNW≥2. Using RNWmax, the number of sites ≥2 was reduced to 2 (see Fig. 

7B). This implies that it was difficult to obtain a reliable estimate of the anticipated background 

concentration of PAHs in air (Paper II). An interesting feature was the marked difference within 

the Σ6PAHs. For example, some of the more industrial sites experienced elevated concentrations 

by anthracene, fluroanthene, pyrene and chrysene. A site known to have been polluted by creosote 

in the past showed elevated levels of anthracene and fluorene (Paper II) (Fig. 7B). 

The concentration of α-HCH was fairly uniform in these coastal sites. 15 out of 27 sites were 

recognized with RNW ≥2, suggesting LS was dominating the measured levels (Fig. 7C). However, 

extensive emissions of technical HCH in about half of these coastal areas seems unlikely. Rather, 

we believe that the fairly homogeneous concentrations and the apparent influence by LS may be 

explained by the location of the samplers. They were all deployed close to the coast, and the locally 

elevated concentrations may have been due to secondary re-emission from the ocean (Dalla Valle 

et al., 2005; Shen et al., 2004). The background stations used to estimate contribution from LRAT, 

in contrast, were mainly located inland and far away from the ocean. γ-HCH was also found to be 

locally elevated at many coastal sites (Fig. 7D) (Paper II). However, γ-HCH is less prone to re-

volatilisation in comparison to α-HCH and some sites may have been affected by recent usage of 

Lindane.  

Results for the other substances that not included in Figure 7, i.e. HCB, DDTs and chlordanes are 

discussed in more detail in Paper II. Of note, strongly elevated levels of HCB was found at 

Kristiansand II, indicating that the sampler had been located close to a major hot spot. Likewise, 

elevated levels of both o,p -́DDT and p,p -́DDT was detected at a site in Bergen. When comparing 

results for duplicated PAS deployed at different sites within the same coastal zone, it was clear 

that the potential influence of LS within a given coastal zone may differ significantly. Any 

inferences made about the likely influence of LS in a specific coastal zone are therefore restricted 

to the specific site where the sample was collected as well as when it was exposed (Paper II) 
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4.2.3. PAS as a complementary technique to AAS 

An important goal of Paper I was to assess the potential of PAS to serve as a complimentary 

technique to AAS within the EMEP monitoring program. Duplicates of PAS were therefore co-

deployed with AAS at selected EMEP sites (Košetice (CZ), Pallas (FI), Råö (S), Birkenes (NO), 

Stórhöfdi (IS), Spitsbergen (NO) and Aspvreten (S)), in order to further evaluate the performance 

of the PAS technique (Paper I). However, the AAS strategies within EMEP vary both in terms of 

sampling duration and frequencies. Only Stórhöfdi and Råö stations are sampling continuously, 

while Košetice, Birkenes, Aspvreten, Pallas and Spitsbergen have sampling coverage less than 30 

% of the time (Paper I). Moreover, most of the AAS results were obtained from sampling and 

quantitative analysis done by different laboratories, except for the samples from Spitsbergen 

(Zeppelin station, Ny-Ålesund, Svalbard) and Birkenes, where preparation and analysis were done 

at NILU. Thus, differences in sample treatment and analytical procedures in different laboratories 

introduce additional uncertainty into the obtained results. Possible differences between PAS and 

AAS were estimated as (CPAS-CAAS)/CAAS. A positive deviation shows higher concentration in the 

PAS relative to the AAS. Results for the AAS were averaged over the same period of time (i.e. 3 

months) as the PAS to achieve comparability. The overall results for the various compound groups 

(PCBs, DDTs, HCHs, PAHs and HCB) revealed that the key factors leading to discrepancies were 

the sampling frequencies as well as the effect of analysis in different laboratories (Paper I). The 

latter effect could introduce variances of up to a factor of 2 (Su and Hung, 2010). 

For the Σ7PCBs, the ratio (CPAS-CAAS)/CAAS) varied from negative to positive relative deviation. 

The largest positive deviation was found for Košetice which operates the AAS one day per week. 

This means that the AAS was exposed to different air masses compared to the PAS (Paper I). As 

Košetice is also located close to major source regions in Europe, the effect of sampling different 

air masses could therefore be particularly significant.  

The comparison was also carried out for α-HCH and γ-HCH for all EMEP POPs sites mentioned 

above. Overall, both positive and negative deviations were observed (Paper I). A relatively high 

positive deviation of +318% was seen for α-HCH at Stórhöfdi, where air is sampled continuously. 

For Birkenes (air sampling one day/week) the relative deviation for both isomers was negative 

(CPAS < CAAS). As both AAS and PAS from Birkenes were analysed at the same laboratory, the 

more plausible explanation could be the differences in the sampling coverage between AAS and 

PAS.  
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For the Σ4DDTs, several results were below MDL for PAS and not reported for the AAS, and as a 

result only three sites were compared (Paper I). Similarly, comparison was only feasible for some 

PAHs at four sites (Paper I). The highest positive deviation for Σ4DDTs and PAHs was again seen 

for Košetice. For PAHs, the best agreement between PAS and AAS was found for Pallas and Råö. 

At the latter site, sampling is performed continuously, which means that both PAS and AAS were 

exposed to similar air masses.  

For HCB, data from four sites were available for comparison. The relative deviation was similar 

at all sites except for Stórhöfdi where CPAS exceeded CAAS by several orders of magnitude. The 

most plausible explanation is that AAS experienced loss of HCB due to breakthrough effects, 

which means that the more volatile POPs (e.g. HCB) have potential to be drawn through the 

sampling material and thereby to not be fully retained by the AAS sampling material.  

In summary, Paper I illustrates how coordinated PAS sampling campaigns may illuminate 

strengths and weaknesses with both PAS and AAS sampling techniques. The results also illustrate 

the inherent disadvantages of using inconsistent approaches (sampling frequencies and duration, 

analytical techniques) in monitoring programmes aiming to establish comparable and consistent 

measurement data. Nevertheless, the comparison was generally more favourable when both AAS 

and PAS were exposed to the “same” air masses and analysed in the same laboratory. 

4.2.4. Utilizing an atmospheric transport model (FLEXPART) 

The atmospheric transport model FLEXPART has been used in this thesis to explore differences 

in source-receptor relationships for PCB-28 at selected European PAS sites (Paper I) as well as 

to develop, apply and evaluate a forecast system for LRAT episodes of PCBs, using Birkenes as a 

case study (Paper III) (sect. 1.3.2.1). In the first study, we also wanted to evaluate whether the 

obtained PAS results were comparable with modelled air concentrations. In the third study, 

measured concentrations using AAS were compared to predicted concentrations. For both studies, 

PCB-28 was used as a tracer compound, since it has i) high potential for LRAT, and is solely 

present in the gaseous phase and ii ) spatially resolved emission inventories are available for PCB-

28 (Breivik et al., 2007) which is a key input to the model.  

In the first study, PAS-derived concentrations were compared to modelled concentrations at 17 

selected EMEP stations (Paper I), and Figure 8 presents the main results. The agreement between 

the measured concentrations using PAS and the modelled results was within a factor of three for 
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16 out of 17 sites (solid lines) and mostly within a factor of two (dashed lines). The model-derived 

results also compared favourably with data obtained on the basis of AAS (Paper I). However, the 

predicted concentrations were often higher than measured (both AAS and PAS), which may be 

due to overestimation in the emission inventory used to drive the model (Paper I). The 

FLEXPART model also considers primary emissions only, and caution should be applied for the 

comparison with empirically derived data, since possible secondary emissions of PCB-28 are not 

included. Nevertheless, it has been proposed that the occurrence of PCBs in background air is 

mainly dictated by primary emissions (Schuster et al., 2010). 

 

Figure 8: Modelled versus observed (PAS) air concentration for PCB-28 at selected sites. The dashed and solid 
lines represent agreement within a factor of 2 and 3, respectively. (Paper I). 

 

In the third study (Paper III) we evaluated the capability of the FLEXPART model to predict 

LRAT episodes to a specific measurement site employing AAS (Birkenes), as well as to trace the 

major source regions of PCBs which affect specific LRAT episodes. The predicted concentrations 

of PCB-28 from the targeted episodes were compared to results from 24-hour samples collected 

weekly as part of the regular monitoring programme (n=52) (Aas and Breivik, 2012). The results 

show that FLEXPART was able to single out LRAT episodes for PCBs as the measured 

concentrations in all targeted samples (E1-E3e, Fig. 9) exceeded the 75th percentile of the 

concentrations derived from the regular monitoring program. The targeted samples also included 

the highest measured concentrations of all samples collected. Overall, this indicates that we have 

a good understanding of the major source regions affecting concentrations in air of PCB-28 at this 
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measurement site (Paper III). Additionally, the results showed that the forecast system as 

developed for PCB-28 may also serve as a surrogate for individual PCBs within Σ7PCBs (see Fig. 

9). This finding implies that the major source regions for the seven individual PCBs are likely to 

be similar to PCB-28 (Paper III).  

However, the highest measured and modelled concentrations did not completely agree (Paper III). 

This indicates possible uncertainty in the spatial distribution of PCB emissions. Alternatively, the 

study illustrates how modelling and monitoring approaches combined may increase our 

understanding of POP sources. 

 

 

Figure 9: Modelled (FLEXPART-r) PCB-28 (a) and measured PCB concentrations (b-h) in units of pg/m3, for both 
the annual sampling program and the targeted samples. The box and whisker plots show the annual results (2011) 
for Birkenes, Southern Norway based on weekly samples. The line shows the median, while the box and whiskers 
delineates the 25 and 75 percentiles and the 5 and 95 percentiles, respectively. Targeted samples are additionally 
represented by colored dots. 
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4.3. Newly regulated POPs in background soils 
While the first studies evaluated the occurrence, spatial (Papers I and II), and temporal (Paper 

III) patterns of legacy POPs in air, the fourth study reports on environmental levels and 

distribution of selected newly regulated POPs in background soils along an expected pollution 

gradient (Paper IV). The fourth study thereby expands on the studies of air by targeting 

contaminant patterns in an environmental surface compartment impacted by atmospheric 

deposition, and by targeting newly regulated POPs. 

4.3.1. Endosulfans 

The average concentration of Σendosulfans in all soil samples was 2.6±3.2 ng/g SOM. The 

predominant compound within the Σendosulfan group in background soils was endosulfan 

sulfate, the major transformation product of the parent endosulfan compound in soil (Antonious 

et al., 1998; Walse et al., 2003). α-endosulfan is more volatile in comparison to both β-

endosulfan and endosulfan sulfate in soils (Fig. 2), and was detected at lower concentrations in 

the soil samples. Both α- and β-endosulfan were often below MDL, and the remaining 

discussion is therefore restricted to Σendosulfans. 

The average concentration of Σendosulfans in woodland (WL) soil was about three times higher 

than grassland (GL) soil, which may be explained by the forest filter effect (Wania and 

McLachlan, 2001) combined with the higher content of soil organic matter (SOM) in forest soil 

compared to GL soil (Paper IV). A high and significant correlation was found between SOM 

and Σendosulfans in soils (r=0.80, p<0.001). The latitudinal distribution of Σendosulfans 

peaked in regions typically experiencing elevated precipitation rates (Aamot et al., 1996; 

Becker et al., 2011).  

Data on newly regulated POPs was compared with previously reported data on several legacy 

POPs (Schuster et al., 2011). For all soils combined, significant correlations were found 

between the Σendosulfans and HCB (r=0.82, p<0.001), Σendosulfans and Σ31PCBs (r=0.73, 

p<0.001) as well as between Σendosulfans and PeCB (r=0.58, p<0.001) (Paper IV).  

4.3.2. Pentachlorobenzene  

The average concentration of PeCB in all soils was 1.1±1.1 ng/g SOM. PeCB also correlated 

with HCB (r=0.63, p<0.001) and Σ31PCBs (r=0.62, p<0.001). A high correlation was found 

between PeCB and SOM (r=0.70, p<0.001), and PeCB and black carbon (BC) (r=0.57, 

p<0.001). The latter correlation indicates that PeCB and BC may to some extent be co-emitted 
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from various combustion processes (Liu et al., 2013; Nie et al., 2011). The average 

concentration of PeCB in UK soil was about twice as high as in Norwegian soil (Paper IV). 

The average concentrations of PeCB in GL and WL soils were comparable. However, PeCB 

was significant correlated with BC for GL soil (r=0.66, p<0.01), but only to a smaller extent 

with BC in WL soil (r=0.41, p<0.05). The reason for this may be the lower and weaker 

correlation between BC and SOM in WL soil (r=0.42, p<0.05) compared to GL soil (r=0.79, 

p<0.001). We therefore suspect that BC in WL soils may be more easily diluted than in GL 

soils because of elevated inputs of organic matter to WL soils. SOM was furthermore found to 

be somehow more important in explaining the occurrence of PeCB in Norwegian soils 

compared with UK soils (Paper IV).  

4.3.3. Short-chain chlorinated paraffins 

The average concentration of SCCPs in all soil samples was 35±100 ng/g SOM. The highest 

concentrations of SCCPs were found in soil at lower latitudes, while several sites at higher 

latitudes experienced concentrations below MDL (Paper IV). SCCPs did not correlate with 

any POPs nor any site variables included in the soil study, which altogether indicate that SCCPs 

are comparatively less prone to LRAT. SCCPs thus appear to be more influenced by proximity 

to sources than by soil characteristics (Paper IV). Nevertheless, the results for SCCPs should 

be considered with a healthy scepticism as they are associated with large analytical uncertainties 

(section 4.1.1). 
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Conclusions 
A comprehensive picture of spatial variability of POPs in European background air have been 

obtained based on passive air sampling (PAS).  

• Generally, higher concentrations of PCBs were found in more densely populated parts 

of Europe.  

• The levels of γ-HCH were elevated in central parts of Europe, while concentrations of 

α-, β-HCH and DDTs were highest in the south-eastern part.  

• There was no clear spatial pattern for PAHs, suggesting that local sources rather than 

long range atmospheric transport (LRAT) affected their distribution. 

• Levels of HCB were evenly distributed across Europe, and concentrations of chlordanes 

were low.  

• Predicted concentrations of PCB-28, using FLEXPART, agreed within a factor of 3 with 

PAS measurements for 16 out of 17 sites. 

A nested PAS monitoring approach has been explored to assess the occurrence as well as the 

potential influence of local sources (LS) versus LRAT in controlling concentrations of POPs in 

Norwegian coastal zones with consumption advisories on seafood.  

• Concentrations of PCBs were typically elevated at sites in larger cities and up to ten 

times higher than anticipated from LRAT alone. 

• HCB and PAHs were occasionally locally elevated at sites in coastal zones with former 

or current industrial activities.  

• An urban site in Bergen was influenced by legacy organochlorine pesticides (technical 

DDTs and Lindane).  

• α-HCH was consistently elevated at coastal sites, attributed to volatilization from the 

sea. 

• While significant influence from LS was frequently detected, the extent of this influence 

was largely dependent on the scenario explored for the anticipated background 

concentration and restricted to the site in question.  

A forecast system for predicting long-range atmospheric transport of PCB-28 to a background 

monitoring site in southern Norway has been developed, evaluated and applied. 

• The FLEXPART model was successful in predicting LRAT events of PCB-28. 
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• Concentrations in targeted samples included the highest measured levels throughout the 

year, and all exceeded the 75th percentile of the concentrations obtained from the regular 

monitoring program. 

• The forecast system complements existing monitoring strategies, occurring at fixed 

intervals, and has potential to enhance our understanding of POP sources. 

Key factors affecting the occurrence and distribution of selected newly regulated POPs 

(Σendosulfans, PeCB and short-chain chlorinated paraffins (SCCPs)) in background soils from 

UK and Norway were identified and discussed.  

• The highest average concentration was found for SCCPs, followed by Σendosulfans and 

PeCB. 

• Unlike the SCCPs, Σendosulfans and PeCB exhibited many similarities with each other 

as well as with other legacy POPs previously reported.  

• Soil organic matter (SOM) and black carbon (BC) were important parameters 

explaining the distribution of Σendosulfans and PeCB in soils, respectively. 

• Concentrations of Σendosulfans peaked in areas experiencing elevated precipitation 

rates. 

• PeCB appears to be partly co-emitted with BC from combustion processes and partly 

retained in soils closer to source regions. 

• The occurrence and distribution of SCCPs in background soils seems largely controlled 

by proximity to source regions.
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Future perspectives 
Based on the aim of this thesis and the conclusions drawn, the following key suggestions and 

recommendations are identified:  

Further use of passive air samples (PAS) in existing monitoring programmes, such as EMEP, 

is encouraged, both to improve spatial and temporal coverage. Future coordinated PAS 

campaigns are encouraged as they may serve as an inter-comparison exercise both within and 

across existing monitoring networks, also complementing inter-laboratory comparison studies. 

However, PAS remain to be a semi-quantitative method for determining concentrations of POPs 

in air. Confidence in back-calculated concentrations based on PUF-PAS may increase in future 

studies by increasing the number and volatility range of depuration compounds beyond those 

used herein. The performance of other cost-efficient PAS strategies (e.g. equilibrium-based 

samplers, or XAD-samplers) require further evaluation in terms of their applicability to support 

relevant monitoring programmes like the EMEP programme.  

PAS also proved useful to screen for potential influence from local sources of legacy POPs in 

controlling atmospheric burdens in contaminated coastal areas. However, the current study was 

restricted to specific sites sampled during summer. Future studies expanding on this work 

should address potential seasonal and spatial variability within zones implicated as being 

affected by local sources of POPs in order to (i) evaluate potential seasonal differences in local 

sources versus LRAT, and (ii) verify and track the local emission source(s) using a denser 

network of samplers close to hot-spots. Future air sampling strategies should also be combined 

with sampling and analysis of additional environmental surface media to better assess 

contaminant pathways (influence from primary versus secondary emissions in controlling 

environmental burdens).  

The FLEXPART model proved to be a versatile and useful tool for attempts to forecast long-

range atmospheric transport of PCBs to a specific site. The targeted sampling strategy which 

proved to be a success for selected PCBs, may therefore add value to relevant air monitoring 

programmes, whereby sampling occurs at fixed intervals in a non-continuous fashion. Future 

work may want to try to expand these efforts towards other sites as well as other POPs. An 

interesting future application would be to evaluate the forecast system by targeting transport of 

POPs from a specific source region with highly uncertain or suspected emissions.  

Factors affecting levels of newly regulated POPs in background soils were identified. However, 

analytical results presented for SCCPs remain uncertain and further efforts to improve 
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analytical methods are needed. The soil study demonstrated that simple, yet mechanistically-

oriented, chemical distribution and mobility plots (chemical space maps) are useful as 

complementary tools to assess whether any inferences made from statistical analysis of 

observations are reasonable from a mechanistic standpoint. Further exploration of similar 

techniques, also for other environmental media, are therefore encouraged to assess whether 

correlations seen from empirical observations are fortuitous, rather than an indication of a 

causal relationship. 
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Appendix 
Table A1. Physical chemical data  

Trivial name CAS IUPAC log KOA
1 

log 

KAW
2* 

log 

KOW
3 

Reference
1,2,3 

Structural formula 

PCB-28 7012-37-5 2,4,4'-trichlorobiphenyl 7,85 -2,19 5,66 
(Li et al., 

2003) 

 

PCB-52 35693-99-3 2,2',5,5'-tetrachlorobiphenyl 8,22 -2,31 5,91 

 

PCB-101 37680-73-2 2,2',4,5,5'-pentachlorobiphenyl 8,73 -2,40 6,33 

 

PCB-118 31508-00-6 2,3', 4,4',5-pentachlorobiphenyl 9,36 -2,67 6,69 

 

PCB-138 35065-28-2 2,2',3,4,4',5'-hexachlorobiphenyl 9,66 -2,45 7,21 

 

PCB-153 35065-27-1 2,2',4,4',5,5'-hexachlorobiphenyl 9,44 -2,57 6,87 

 

PCB-180 35065-29-3 2,2',3,4,4',5,5'-heptachlorobiphenyl 10,16 -3,00 7,16 

 

Fluorene 86-73-7 2,2'-Methylenebiphenyl 6,85 -2,74 4,11 
 

 

 

 

 

 

 

(Ma et al., 

2010) 

 

 

 

 

 

 

Phenanthrene 85-01-8 - 7,64 -3,17 4,47 

 

Anthracene 120-12-7 
 

- 7,7 -3,13 4,57 
 

Fluoranthene 206-44-0 1,2-(1,8-Naphthylene)benzene 
 

8,81 -3,84 4,97 

 

Pyrene 129-00-0 Benzo[def]phenanthrene 
 

8,86 -3,85 5,01 
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Benzo[a]pyrene 50-32-8 3,4-Benz[a]pyrene 11,48 -5,43 6,05 

 

 

 

 

 

 

 

(Ma et al., 

2010) 

 

Benz[a]anthracene 56-55-3 1,2-Benz[a]anthracene 10,28 -4,45 5,83 

 

Chrysene 218-01-9 1,2-Benzophenanthrene 
 

10,3 -4,63 5,67 

 

p,p´-DDE 72-55-9 1,1-Dichloro-2,2-bis(4-chlorophenyl)ethene 9,7 -2,77 6,93 

(Shen and 

Wania, 

2005) 

 

p,p´-DDD 72-54-8 1,1-Dichloro-2,2-bis(4-chlorophenyl)ethane 10,03 -3,7 6,33 

 

o,p´-DDT 789-02-6 1,1,1-Trichloro-2-(2-chlorophenyl)-2-(4-chlorophenyl)ethane 
 

- - - 

 

p,p´-DDT 50-29-3 1,1,1-Trichloro-2,2-bis(4-chlorophenyl)ethane 9,73 -3,34 6,39 

 

HCB 118-74-1 1,2,3,4,5,6-hexachlorobenzene 7,21 -1,57 5,64 

 

α-HCH 319-84-6 

 

α-1,2,3,4,5,6-Hexachlorocyclohexane 
 

7,464 -3,524 3,94 

(Xiao et 

al., 2004) 

 

β-HCH 319-85-7 

 

β-1,2,3,4,5,6-Hexachlorocyclohexane 
 

8,74 -4,82 3,92 

 

γ-HCH 58-89-9 

 

1α,2α,3β,4α,5α,6β-Hexachlorocyclohexane 
 

7,74 -3,91 3,83 
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trans-Chlordane 39765-80-5 
1,2,3,4,5,6,7,8,8-nonachloro-2,3,3a,4,7,7a-hexahydro-, 

(1α,2β,3α,3aα,4β,7β,7aα)-4,7-Methano-1H-indene 
8,83 -2,56 6,27 

 

 

 

 

 

 

 

 

 

 

 

(Shen and 

Wania, 

2005) 

 

cis-Chlordane 57-74-9 
1,2,4,5,6,7,8,8-octachloro-2,3,3a,4,7,7a-hexahydro-4,7-

Methano-1H-indene 
8,83 -2,63 6,2 

 

trans-Nonachlor 39765-80-5 
1,2,3,4,5,6,7,8,8-nonachloro-2,3,3a,4,7,7a-hexahydro-, 

(1α,2β,3α,3aα,4β,7β,7aα)-4,7-Methano-1H-indene 
- - - 

 

cis-Nonachlor 5103-73-1 
1,2,3,4,5,6,7,8,8-nonachloro-2,3,3a,4,7,7a-hexahydro-, 

(1R,3S,3aR,4S,7R,7aS)-rel-4,7-Methano-1H-indene 
- - - 

 

PeCB 608-93-5 1,2,3,4,5-pentachlorobenzene 6,73 -1,54 5,19 

 

α-endosulfan 959-98-8 
6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-,3-oxide, 

(3α,5aβ,6α,9α,9aβ)-6,9-Methano-2,4,3-benzodioxathiepin 
8,49 -3,55 4,94 

 

β-endosulfan 33213-65-9 
6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-,3 oxide, 

3α,5aα,6β,9β,9aα)-6,9-Methano-2,4,3-benzodioxathiepin 
9,53 -4,75 4,78 

 

endosulfan sulfate 1031-07-8 
6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-,3,3-

dioxide-6,9-Methano-2,4,3-benzodioxathiepin  
8,537 -4,877 3,66 

(U.S. EPA, 

2011) 

 

SCCPs 

85535-84-8 

 

Alkanes, C10-13, chloro (C10Cl2) 4,86 0,37 5,23 

(Gawor 

and 

Wania, 

2013) 

 

SCCPs Alkanes, C10-13, chloro (C10Cl7) 7,71 -2,88 4,83 

SCCPs Alkanes, C10-13, chloro (C10Cl8) 8,72 -3,69 5,03 

SCCPs Alkanes, C10-13, chloro (C10Cl9) 9,86 -4,52 5,34 

SCCPs Alkanes, C10-13, chloro (C11Cl2) 5,46 0,29 5,75 

SCCPs Alkanes, C10-13, chloro (C11Cl3) 5,63 -0,17 5,46 
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SCCPs Alkanes, C10-13, chloro (C11Cl4) 5,99 -0,74 5,25 

SCCPs Alkanes, C10-13, chloro (C11Cl5) 6,51 -1,37 5,14 

SCCPs Alkanes, C10-13, chloro (C11Cl6) 7,18 -2,07 5,11 

SCCPs Alkanes, C10-13, chloro (C11Cl7) 7,99 -2,82 5,17 

SCCPs Alkanes, C10-13, chloro (C11Cl8) 8,93 -3,62 5,31 

SCCPs Alkanes, C10-13, chloro (C11Cl9) 9,99 -4,44 5,55 

SCCPs Alkanes, C10-13, chloro (C11Cl10) 11,13 -5,27 5,86 

SCCPs Alkanes, C10-13, chloro (C12Cl2) 6,06 0,21 6,27 

SCCPs Alkanes, C10-13, chloro (C12Cl3) 6,2 -0,24 5,96 

SCCPs Alkanes, C10-13, chloro (C12Cl4) 6,51 -0,78 5,73 

SCCPs Alkanes, C10-13, chloro (C12Cl5) 6,97 -1,38 5,59 

SCCPs Alkanes, C10-13, chloro (C12Cl6) 7,58 -2,06 5,52 

SCCPs Alkanes, C10-13, chloro (C12Cl7) 8,33 -2,79 5,54 

SCCPs Alkanes, C10-13, chloro (C12Cl8) 9,19 -3,56 5,63 

SCCPs Alkanes, C10-13, chloro (C12Cl9) 10,17 -4,36 5,81 

SCCPs Alkanes, C10-13, chloro (C12Cl10) 11,25 -5,19 6,06 

SCCPs Alkanes, C10-13, chloro (C12Cl11) 12,43 -6,03 6,4 

SCCPs Alkanes, C10-13, chloro (C13Cl3) 6,77 -0,3 6,47 

SCCPs Alkanes, C10-13, chloro (C13Cl4) 7,04 -0,82 6,22 

SCCPs Alkanes, C10-13, chloro (C13Cl5) 7,46 -1,41 6,05 

SCCPs Alkanes, C10-13, chloro (C13Cl6) 8,01 -2,06 5,95 

SCCPs Alkanes, C10-13, chloro (C13Cl7) 8,69 -2,76 5,93 

SCCPs Alkanes, C10-13, chloro (C13Cl8) 9,49 -3,51 5,98 

SCCPs Alkanes, C10-13, chloro (C13Cl9) 10,41 -4,31 6,1 

SCCPs Alkanes, C10-13, chloro (C13Cl10) 11,42 -5,11 6,31 

SCCPs Alkanes, C10-13, chloro (C13Cl11) 12,53 -5,95 6,58 

SCCPs Alkanes, C10-13, chloro (C13Cl12) 13,71 -6,78 6,93 

SCCPs 

- 

Alkanes, C10-13, chloro 9,07 -3,07 6 

(European 

Chemicals 

Bureau, 

2008) 
*) log KAW=log KOW-log KOA, all figures are obtained from:http://chem.sis.nlm.nih.gov/chemidplus/ 
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Table A2: Estimated log KOA, and number of days until 25% (t25) and 95% (t95)  of equilibrium stage has 

been reached (Shoeib and Harner, 2002), at 3 different air temperatures. 

  log KOA t25 (days) t95 (days) 

 Compounds 8°C 14°C 17°C 8°C 14°C 17°C 8°C 14°C 17°C 

HCB 8.01 7.71 7.57 30 20 16 312 204 166 

PCB-28 8.68 8.37 8.23 81 52 42 838 536 432 

PCB-52 9.08 8.76 8.61 146 92 73 1506 948 757 

PCB-101 9.62 9.29 9.13 319 199 158 3302 2054 1631 

PCB-118 10.30 9.96 9.79 877 528 413 9069 5466 4277 

PCB-138 10.57 10.24 10.07 1296 793 625 13409 8206 6469 

PCB-153 10.44 10.07 9.89 1062 623 481 10991 6442 4973 

PCB-180 11.15 10.79 10.61 3016 1779 1377 31200 18401 14248 

α-HCH 8.12 7.88 7.76 36 25 21 369 259 219 

γ-HCH 8.35 8.13 8.02 50 36 31 520 374 319 

p,p´-DDT 10.58 10.27 10.12 1308 830 666 13531 8583 6885 

p,p´-DDE 10.55 10.24 10.09 1252 794 637 12949 8214 6589 

p,p´-DDD 10.88 10.57 10.42 2030 1288 1033 21005 13324 10687 

trans-Chlordane 9.85 9.48 9.30 451 261 200 4667 2697 2067 

cis-Chlordane 9.87 9.49 9.30 464 265 202 4796 2743 2093 

Fluorene 7.59 7.29 7.14 16 11 8 170 109 88 

Phenanthrene 8.36 8.07 7.94 51 33 27 526 345 282 

Anthracene 8.43 8.16 8.03 56 38 31 578 391 324 

Fluoranthene 9.49 9.18 9.02 267 168 134 2760 1735 1385 

Pyrene 9.46 9.18 9.04 253 168 138 2615 1741 1429 

Benzo(a)pyrene 11.81 11.56 11.45 7920 5556 4680 81928 57480 48411 

Benz(a)anthracene 10.80 10.46 10.29 1821 1093 854 18841 11310 8832 

Chrysene 11.52 11.04 10.81 5219 2583 1837 53987 26722 19007 

Values in cursive are < the longest deployment period in this study, ~ 90 days (Papers I, II). 
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Abstract. Passive air samplers (PAS) were deployed at 86

European background sites during summer 2006 in order (i)

to gain further insight into spatial patterns of persistent or-

ganic pollutants (POPs) in European background air and, (ii)

to evaluate PAS as an alternative sampling technique under

EMEP (Co-operative programme for monitoring and evalua-

tion of the long-range transmissions of air pollutants in Eu-

rope). The samples were analyzed for selected PCBs, HCHs,

DDTs, HCB, PAHs and chlordanes, and air concentrations

were calculated on the basis of losses of performance refer-

ence compounds. Air concentrations of PCBs were generally

lowest in more remote areas of northern Europe with elevated

levels in more densely populated areas. γ -HCH was found at

elevated levels in more central parts of Europe, whereas α-

HCH, β-HCH and DDTs showed higher concentrations in

the south-eastern part. There was no clear spatial pattern

in the concentrations for PAHs, indicative of influence by

local sources, rather than long range atmospheric transport

(LRAT). HCB was evenly distributed across Europe, while

the concentrations of chlordanes were typically low or non-

detectable. A comparison of results obtained on the basis

of PAS and active air sampling (AAS) illustrated that co-

ordinated PAS campaigns have the potential serve as useful

inter-comparison exercises within and across existing mon-

itoring networks. The results also highlighted limitations

of the current EMEP measurement network with respect to

spatial coverage. We finally adopted an existing Lagrangian

transport model (FLEXPART) as recently modified to incor-

porate key processes relevant for POPs to evaluate potential

source regions affecting observed concentrations at selected

Correspondence to: K. Breivik

(kbr@nilu.no )

sites. Using PCB-28 as an example, the model predicted con-

centrations which agreed within a factor of 3 with PAS mea-

surements for all except 1 out of the 17 sites selected for this

analysis.

1 Introduction

Persistent organic pollutants (POPs) constitute a group of

organic chemicals that are semi-volatile, bio-accumulative,

persistent and toxic (e.g. Vallack et al., 1998). A key feature

of these chemicals is their intrinsic potential for long range

atmospheric transport (LRAT). Two international agreements

have come into effect in order to protect human health and

the environment from these substances. These are the global

Stockholm Convention on POPs (UNEP, 2003) and the re-

gional 1998 Aarhus Protocol on Persistent Organic Pollu-

tants under the 1979 Geneva Convention on Long-range

Transboundary Air Pollution (CLRTAP). The latter Protocol

entered into force in 2003, and its ultimate goal is to elimi-

nate any discharges, emissions and losses of POPs to the en-

vironment. The Aarhus Protocol initially focuses on 16 sub-

stances which include eleven pesticides, two industrial chem-

icals and three by-products/contaminants (UNECE, 1998).

Within EMEP (Co-operative programme for monitoring

and evaluation of the long-range transmissions of air pol-

lutants in Europe) the current measurement programme for

POPs in air is based on a limited network of conventional

active air samplers (AAS) at background sites, mainly lo-

cated in the north-western part of Europe (Aas and Breivik,

2009) (Fig. S1 in Supplement). The high costs associated

with AAS have in part motivated the development of pas-

sive air samplers (PAS). These samplers, which have become

Published by Copernicus Publications on behalf of the European Geosciences Union.
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increasingly popular over the last decade, have the poten-

tial to be used as a complimentary technique to conventional

AAS (e.g. Shoeib and Harner, 2002b; Jaward et al., 2004a;

Pozo et al., 2004; Harner et al., 2006b). Of key relevance to

this study are the first European campaign using PAS (Jaward

et al., 2004a, b) and the Global Atmospheric Passive Sam-

pling (GAPS) studies (e.g. Pozo et al., 2009) which have

measured POPs at both urban and rural sites on a European

and global scale, respectively.

An important objective of this study has been to improve

the knowledge of spatial patterns of POPs in background

air across Europe using PAS. Altogether 92 samplers were

deployed for ∼3 months at 86 sites in 34 European coun-

tries during the late summer of 2006. Unlike the former

European-wide survey carried out in 2002 (Jaward et al.

2004a,b), our main focus is on the occurrence of POPs across

Europe in the context of LRAT. This study therefore targets

background sites only. As PAS were mainly located at estab-

lished EMEP sites which additionally monitor POPs using

AAS on a regular basis, this study offered a unique oppor-

tunity to investigate similarities and differences in levels and

patterns on the basis of complementary air measurements.

The results of these investigations are also used to dis-

cuss limitations of the current EMEP measurement network

with respect to spatial coverage. These results may also

be used to evaluate LRAT models, both within EMEP (e.g.

Malanichev et al., 2004) and beyond. As an illustration, we

have also included an assessment of differences in predicted

source-receptor relationships at selected sites as exemplified

for PCB-28, using an existing model (Eckhardt et al., 2009).

2 Materials and methods

2.1 Theory

Polyurethane foam (PUF) disks have gained increasing use

as PAS (Shoeib and Harner, 2002b; Harner et al., 2004,

2006b; Jaward et al., 2004a; Pozo et al., 2004, 2006;

Motelay-Massei et al., 2005). These PUF disks have high

affinity and capacity to sorb organic chemicals. Accumula-

tion of a chemical during exposure is equivalent to the rate

of uptake minus rate of loss. Uptake of POPs is airside con-

trolled and is initially linear and a function of the mass trans-

fer coefficient (kA), the planar area of the sampling media

(APSM) and concentration of the compound in air (CA). Ide-

ally, these are the functioning conditions to the sampler out

in the field, but as the chemical builds up in the sampling

medium, the rate of uptake will be reduced and finally reach

equilibrium (Shoeib and Harner, 2002b). The duration of the

linear phase is dependent on the octanol-air partition coeffi-

cient (KOA), and chemicals with low KOA will reach equilib-

rium with the atmosphere faster than chemicals with higher

KOA (Harner et al., 2004). Uptake is also found to increase at

elevated wind speeds, as this causes an increase in the mass

transfer coefficient (kA) (Tuduri et al., 2006).

The PUF disk sampler typically contains a PUF foam disk

placed between two stainless steel metal domes in a so called

“flying saucer” design (Wilford et al., 2004). This design

aims to protect the foam disk from precipitation, sunlight,

wind speed effects and coarse particle deposition. Air flows

through a gap between the two domes (Pozo et al., 2004).

Different passive sampler housings have been tested, and a

relatively recent study (Tuduri et al., 2006), shows that the

“flying saucer” design dampens the wind speed effect ade-

quately. The specific housing design used in this study with

metal tubes inside the sampler, offers the additional advan-

tage that the width of the gap between the two domes is kept

identical from site to site.

The PUF disks were spiked with depuration compounds

(Performance Reference Compounds – PRCs) of different

volatility prior to exposure (Huckins et al., 2002), which

were either isotopically labelled or other non-native com-

pounds. The loss rate of PRCs experienced during deploy-

ment are in turn used to back-calculate air concentrations in

the PAS (e.g. Tuduri et al., 2006).

2.2 Deployment and sample preparation

Samplers were exposed in the field for about 3 months in

various European countries in a coordinated campaign dur-

ing late summer 2006. The study region included 34 coun-

tries and 86 sites, located from Spitsbergen (78◦ N) in the

north to Cyprus (33◦ N) in the south, and from Greenland

(38◦ W) in the west to Kazakhstan (75◦ E) in the east (see

Table S1). Most of the sites included in this study (N = 71)

are part of the EMEP measurement network (see e.g. Aas

and Breivik, 2008) although additional remote sites (N = 15)

were included to improve spatial coverage in certain regions.

PAS were additionally co-deployed with AAS at EMEP sites

(Fig. S1) where POPs are monitored under EMEP on a rou-

tine basis to evaluate possible differences in results, along

with duplicated PAS samplers and field blanks.

2.3 Analysis

In the following section, only a brief overview of the sample

treatment and analysis will be given. More detailed informa-

tion of the sample preparation, including pre-cleaning and

clean-up of the PUF disks and analysis is presented in the

Supplement.

The PUF disks were pre-cleaned by soxhlet extraction,

dried and spiked with PRCs prior deployment, and re-

turned to the laboratory for clean-up and analysis after

end of deployment (∼3 months) (Supplement S1.1). A

mixture of internal standards was added to the PUFs be-

fore Soxhlet extraction and further clean-up. The clean-

up procedure involves separation into two extracts, with

acid treatment and silica fractionation for analysis of the
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persistent compounds, and silica fractionation for the PAH

extract (Supplement S1.2). The extracts were further con-

centrated by a gentle stream of nitrogen to ∼50 µL and added

recovery standards (Supplement S1.3). Identification and

quantification of individual substances was carried out us-

ing a gas chromatograph coupled to a high resolution (PCBs,

HCHs, HCB, DDTs) and low resolution (PAHs, chlordanes)

mass spectrometer, with gas chromatograph conditions as ex-

plained in Supplement (Table S3, Supplement S1.3).

2.4 Deriving concentrations in air/effective air

sample volume

In order to back-calculate the actual air concentrations for

individual compounds in air, information on the PUF charac-

teristics, air temperature, measured loss of individual PRCs

and their temperature dependent KOA-values were used in

an initial step to calculate site-specific sampling rates (e.g.

Shoeib and Harner, 2002b; Pozo et al., 2004, 2009). The

average air temperatures at each site for the exposure pe-

riod are based on meteorological data from European Centre

for Medium-Range Weather Forecasts (ECMWF) to ensure

a consistent approach. Here, at 2 meter above ground level,

the temperature was averaged every 3 hour over the period

for which the respective sample was taken. The altitude for

each site (Table S1) was next compared against the model

altitude. For five high altitude sites where large differences

were noted (Jungfraujoch, Moussala, Zavizan, Chopok and

Longobucco), the ECMWF data were adjusted by assuming

a temperature decrease by altitude of −0.65 ◦C per 100 m.

Loss of PRCs from individual samples was estimated on the

basis of the ratio between the amount of PRCs in individ-

ual samples and the average amount of PRCs in the field

blanks. For PCBs (23, 30, 32, 107, 198), temperature depen-

dent KOA-values were derived on the basis of data reported

by Harner and Bidleman (1996) and relative retention times

from Harju et al. (1998). For PCB-12 and -14, we used data

from Li et al. (2003), and for D6 γ -HCH, information pre-

sented by Shoeib and Harner (2002a). Only PRCs which

experienced a loss of 40% or more were used to calculate an

average site-specific sampling rate (Pozo et al., 2009). The

resulting sampling rates and number of PRCs used in these

calculations are presented in Table S1. These sampling rates

were then used to convert measured values into air concen-

tration by dividing the amounts in the sampler by the effec-

tive air volumes as detailed by Shoeib and Harner (2002b).

For a few sites experiencing insufficient loss of the PRCs

(Nuuk, Summit, Spitsbergen, Sniezka), the default sampling

rate proposed by Harner et al. (2006c) was used to estimate

effective air volumes for individual substances. The result-

ing air concentrations for these sites should therefore be in-

terpreted with caution.

2.5 Model

Simulations of atmospheric POP transport were made using

the Lagrangian particle dispersion model FLEXPART (Stohl

et al., 1998, 2005; Stohl and Thomson, 1999). FLEX-

PART was driven with analyses from the European Centre

for Medium-Range Weather Forecasts (ECMWF, 1995) with

1◦×1◦ resolution (derived from T319 spectral truncation).

Analyses at 00:00, 06:00, 12:00 and 18:00 UTC, and 3-h

forecasts at 03:00, 09:00, 15:00 and 21:00 UTC were used.

There are 23 ECMWF model levels below 3000 m, and 91

in total. FLEXPART calculates the trajectories of so-called

tracer particles and accounts for turbulence, convection, de-

position (wet and dry) and atmospheric reaction by hydroxyl

(OH) radicals (Eckhardt et al., 2009). It was run in backward

mode, in order to identify the source regions of air pollu-

tants at a particular site (Stohl et al., 2003; Seibert and Frank,

2004). These were found by following all 4 million particles

equally released over the sample duration, 20 days backward

in time. These source regions are expressed as emission sen-

sitivities (ES) in the footprint layer (0–100 m above ground)

during each deployment period at different sites. The ES unit

is nanoseconds per cubic meter, which is the residence time

of air masses normalized by the volume. The ES maps for the

footprint layer thus illustrates were the air mass had the abil-

ity to collect pollutants from sources near the ground. Mul-

tiplying this ES with emission fluxes from the PCB-28 emis-

sion inventory (Breivik et al., 2007) yields the geographical

distribution of sources contributing to the simulated concen-

tration at the given measurement site. Emission contributions

(EC), which gives the simulated air concentration at the re-

ceptor, may then be obtained by areal integration. For further

details we refer to the original publications listed above.

3 Quality Assurance/Quality Control (QA/QC)

The analytical procedures were monitored using NS/EN

ISO/IEC 17025 accredited routines for quality assurance and

quality control. A calibration solution was injected after ev-

ery fourth sample, and was used to quantify the samples.

Regarding PCBs, HCHs, DDTs, HCB and the chlordanes,

a standard reference material (SRM 1588) from the National

Institute of Standards and Technology (NIST) containing or-

ganic compounds in cod liver oil was analyzed routinely. In

addition, for the quantification control, the retention for 12C-

labeled compound should not be more than 3 seconds later

than its corresponding 13C-labeled isomer. Furthermore the

isotope ratio based on a 3:1 relationship between 12C and
13C, for the two monitored masses, must be within ±20% of

the theoretical value. For the PAHs, the SRM solution, SRM

1491 (NIST) was analyzed during each run.
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Table 1. Concentrations of selected PCBs, HCHs, DDTs, chlordanes and HCB (pg m−3) and selected PAHs (ng m−3) at European back-

ground sites.

Measured range

Compounds Average Deployed % above Max/min

±S.D Median samples Blanks MDL MDL ratio (MMR)

PCB-28 5 ± 4 4 0.6–20 0.06–0.3 0.4 100 34

PCB-52 5 ± 4 4 0.8–20 0.05–0.3 0.3 100 25

PCB-101 4 ± 5 3 0.4–34 0.03–0.3 0.3 100 84

PCB-118 1.5 ± 1.5 1.0 0.2a–8.3 0.001b–0.2 0.2 95 > 55

PCB-138 2.0 ± 2.4 1.2 0.2a–18.3 0.001b–0.2 0.2 95 > 102

PCB-153 3 ± 4 2 0.3a–28 0.004b–0.3 0.3 94 > 87

PCB-180 0.8 ± 0.9 0.6 0.05a–6 0.001–0.04 0.05 98 > 122

67PCBs 21 ± 19 17 2–121 > 55

α-HCH 26 ± 24 21 5–156 0.1–0.8 1 100 33

β-HCH 2 ± 7 1 0.13a–49 0.01–0.2 0.13 85 > 380

γ -HCH 35 ± 38 19 1.8–170 0.1–1.3 1.3 100 94

63HCHs 64 ± 59 46 9–311 > 36

p,p′-DDE 21 ± 47 6 1.6a–281 0.06–2 1.6 74 > 177

p,p′–DDD 0.5 ± 1.1 0.2 0.06a–10 0.004b–0.07 0.06 79 > 169

o,p′-DDT 4 ± 7 2 0.3a–39 0.001b– 0.3d 0.3 87 > 143

p,p′-DDT 6 ± 9 2 0.2a–46 0.001b–0.2 0.2 86 > 240

64DDTs 32 ± 62 10 1.1–356 > 312

Fluorene 1.7 ± 1.8 1.0 0.1a–9.7 0.01b–0.1 0.1 98 > 83

Phenanthrene 3 ± 3 2 0.1a–20 0.01b–0.1 0.1 95 > 147

Anthracene 0.07 ± 0.1 0.03 0.007a–0.9 0.007c 0.007 88 > 130

Fluoranthene 0.7 ± 0.8 0.4 0.03a–3.5 0.01b–0.03 0.03 95 > 117

Pyrene 0.4 ± 0.4 0.2 0.02a–2.4 0.01b–0.02 0.02 99 > 153

Benz[a]anthracene 0.02 ± 0.03 0.01 0.004a–0.2 0.005c 0.004 68 > 49

Chrysene 0.07 ± 0.07 0.03 0.004a–0.3 0.004c 0.004 95 > 58

Benzo[a]pyrene 0.008 ± 0.01 0.002 0.004a–0.06 0.004c 0.004 43 > 15

68PAHs 6 ± 6 4 0.2–35 > 205

HCB 49 ± 18 45 23–115 0.2–3 3 100 5

trans-chlordane 0.8 ± 1.1 0.4 0.07a–7.3 0.003e–0.1 0.07 95 > 104

cis-chlordane 1.2 ± 0.7 1.2 0.1a–4.6 0.006e–0.1 0.1 98 > 46

trans-nonachlor 1.3 ± 1.0 1.2 0.1a–7.0 0.002e–0.08 0.1 98 > 77

cis-nonachlor 0.16 ± 0.1 0.15 0.05a–0.5 0.001e–0.04 0.05 87 > 11

64 chlordanes 3.5 ± 2.7 3.2 0.2–19.4 > 114

a MDL (method detection limit) b The lower limit is 1/2 of the IDL (instrument detection limit) c The component were not detected in the blanks d Interference in one of the blanks
e Lower and upper concentrations in the blanks were below IDL

3.1 Method and field blanks values

Method and field blanks consisted of pre-cleaned PUF disks

which were extracted and analyzed in the same way as the

exposed samples. Method blanks were only stored at NILU,

whereas field blanks were brought in field with the deployed

samples but not exposed. The field and method blank values

were converted into an air concentration by using the average

sampling rate (4.9 m3day−1), temperature (14 ◦C) and expo-

sure time (94 days). The method and field blank values had

similar values.

3.2 Method detection limit (MDL)

The method detection limit (MDL) was calculated as the av-

erage of the field and method blank concentrations (N = 18)

plus 3 times the standard deviations (SD) (Table 1).When

the target compound was not detected in the blanks (method

blank and field blank), an instrumental detection limit (IDL)

value derived from signal/noise values 3:1 divided by two,

was used to derive a MDL (Pozo et al., 2009). This was

not the case for the PAHs, where the lowest measured ranges

for air samples for the instrument were 0.01–0.02 ng m−3.
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For the components studied here (fluorene – benzo(a)pyrene)

only 0.01 ng m−3 was used. For values that fell below this

limit, half of this measured value was used. Furthermore,

when the target compound in the exposed samples fell be-

low the calculated method detection limit (MDL), half of the

MDL from the field and method blanks was used for statis-

tical treatment (Pozo et al., 2009). Table 1 provides more

information regarding the blanks.

3.3 Recoveries

Two types of recoveries were compiled, namely recovery of

the internal standards and of the PRCs. Quantification of

the analytes is based on the added 13C or 2D-labeled internal

standards and therefore the results must not be corrected for

low recoveries. Recovery rates are listed and discussed in the

Supplement (S1.4, S1.5 and Table S2).

The concentrations were not blank corrected due to both

low and not stable concentrations in the blanks, whereas they

were automatically corrected for the recoveries.

3.4 Uncertainties in the chemical analysis

Different factors influence the uncertainty in the chemical

analysis: loss during sample extraction and clean-up, ac-

curacy of the standard concentrations, instrumental param-

eters, in addition to interferences from other compounds and

possible sample contamination. To compensate for possible

loss of analytes due to sample clean-up, internal standards

were used in combination with a recovery standard. Field

blanks were used to evaluate possible contamination during

transport, and the method blanks to evaluate the laboratory

conditions (e.g. solvents, adsorbents) respectively. Different

approaches were applied to quantify these uncertainties, i.e.

performance of intra laboratory/inter laboratory experiments

and a critical step-by-step evaluation of all analytical steps.

Both approaches result in a similar estimate for the uncer-

tainty of the chemical analysis in the range of 20–35%, but

will vary for different compounds/groups.

3.5 Uncertainties in back-calculated PAS

air concentrations

The PAS results are converted into air concentrations, rather

than presented as sequestered amount per sampler, as this

is essential to facilitate a direct comparison with both AAS

results (4.2.1) and model outputs (4.4). The use of back-

calculated air concentrations introduces additional uncertain-

ties which are likely to exceed those that are associated with

the chemical analysis alone (3.4). Past evaluations has sug-

gested that the PAS method enables estimates of “true” air

concentrations within a factor of 2–3 (Gouin et al., 2005a;

Harner et al., 2006a; Klanova et al., 2008). Errors in esti-

mated air concentrations reflect in part uncertainties in input

parameters used to calculate uptake rates (e.g. Shoeib and

Harner, 2002a), such as octanol-air partition coefficients and

their temperature dependencies (e.g. Li et al., 2003), the use

of modeled rather than measured chamber air temperatures

(Kennedy et al., 2010), and in the selection/loss of PRCs

(e.g. Bartkow et al., 2006a; Moeckel et al., 2009). Further-

more, there are uncertainties associated with sampling per-

formance under variable environmental conditions, such as

elevated wind speeds (Tuduri et al., 2006; Chaemfa et al.,

2009b), sun-light intensity (Bartkow et al., 2006b), humid-

ity (Santiago and Cayetano, 2007), temperatures (Klanova

et al., 2008) and potential artifacts caused by inadvertent

particle-phase sampling of POPs (e.g. Klanova et al., 2008;

Chaemfa et al., 2009b). To further characterize uncertainties

associated with uptake rates, a range of different field studies

have previously been carried out whereby results obtained

on the basis of AAS and PAS have been compared and con-

trasted (e.g. Gouin et al., 2005a, 2008; Klanova et al., 2008;

Chaemfa et al., 2008, 2009a; Moeckel et al., 2009; Hayward

et al., 2010). We refer to these studies for a more detailed

account of uncertainties in uptake rates.

4 Results and discussion

4.1 Overall results

Table 1 shows the calculated air concentrations (average, me-

dian, range) of selected POPs at European background sites

(N = 86), while data for individual sites are included in the

Supplement. PCBs 28, 52, 101, α- and γ -HCH and HCB

were detected in all samples, while some samples were below

the method detection limit (MDL) for all other compounds.

The spatial variability in the overall results is initially eval-

uated by the ratio between maximum and minimum air con-

centrations (MMR). For samples with concentrations below

the MDL, the minimum concentration was replaced by the

MDL when calculating the MMR and set to 1/2 MDL for

the calculation of average, and median air concentrations in

Table 1.

PCBs

The average concentration of 67PCBs was 21 pg m−3

(SD ± 19 pg m−3). The most abundant PCBs were PCB-52,

−28, −101 and −153 which contributed 23%, 22%, 20%

and 15% to the average concentration of 67PCBs, respec-

tively. 67PCBs has a MMR of more than 55 which shows

that there is still a marked spatial variability, even across Eu-

ropean background sites. This may be interpreted as a contin-

uing influence of primary emissions on atmospheric levels.

Alternatively, it cannot be excluded that some of the sites

have been influenced by the presence of one or more local

emission sources. The range is anyhow smaller than previ-

ously reported for 629PCBs in a similar study across Europe

in 2002 (Jaward et al., 2004a). The former study reported a

variability of more than 2 orders of magnitude between the
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highest and lowest samples, but included a combination of

both urban areas as well as remote background sites. MMR

furthermore tended to increase with increasing chlorination

(Table 1), suggesting lighter PCBs to be more evenly dis-

tributed in European background air in comparison to their

heavier counterparts. This may in part be seen as a reflection

of a more limited long-range atmospheric transport potential

of heavier PCBs, causing larger variability in air concentra-

tions (and thus MMR) for these substances (Wania and Daly,

2002).

HCHs

The average concentration of 63HCHs (α, β, γ ) was

64 pg m−3 (SD ± 59 pg m−3). The concentration of 63HCHs

varied from 9–311 pg m−3, with γ -HCH and α-HCH con-

tributing on average 55% and 41%, respectively. β-HCH,

which was close to MDL in some samples (Table 1), was

less abundant and contributed only 4% on average. The me-

dian concentrations of γ -HCH and α-HCH were similar, al-

though the average concentration for γ -HCH (35 pg m−3)

was higher than for α-HCH (26 pg m−3). This illustrates a

more homogenous distribution of α-HCH in European back-

ground air in comparison to γ -HCH, as also illustrated by the

MMR for these two HCH isomers (Table 1). γ -HCH is less

volatile than α-HCH (Xiao et al., 2004), which in turn may

help to explain observed differences in air concentrations

and environmental fates between the two isomers (Breivik

and Wania, 2002). The results for β-HCH should be inter-

preted with caution as several samples (N = 13) were below

MDL (Table 1). However, the large spatial variability for this

isomer (MMR > 380) suggests a highly skewed distribution.

This is noteworthy and may in part be attributed to the fact

that β-HCH is much more water-soluble than the other two

isomers and hence more easily subject to wash-out by rain in

spite of a similar emission history to α-HCH (Li et al., 2002).

DDTs

The average concentration of 64DDTs was 32 pg m−3

(SD ± 62 pg m−3), and ranged from 1.1 pg m−3 to

356 pg m−3 with p,p′−DDE as the major contributing

isomer (67% on average). The second most prominent

isomer was p,p′−DDT with an average contribution of

18%. MMRs were all high within the group of DDTs and

ranged from >143 (o,p′−DDT) to >240 (p,p′−DDT).

PAHs

The average concentration of 68PAHs was 6 ng m−3

(SD ± 6 ng m−3) and ranged from 0.2–35 ng m−3. The

more abundant PAHs include phenanthrene and fluorene

which each contributed on average 49% and 29%, respec-

tively. As expected, the contribution from heavier PAHs,

such as benz(a)anthracene, chrysene and benzo(a)pyrene,

was typically low with average contributions of 0.35%.

1.2% and 0.14% to 68PAHs, respectively. This is also

consistent with earlier studies (e.g. Halsall et al., 1994;

Lohmann et al., 2000). MMR furthermore ranged from >15

(benzo(a)pyrene) to >153 (pyrene). The results for 68PAHs

compares favourably with similar results from the previ-

ous European campaign by Jaward et al. (2004b), which re-

ported a measured range between 0.004 and 26 ng m−3 for

the same PAHs and also noted that lighter PAHs tended to

dominate in the samples since they occur in the gas-phase

and hence have higher ability for transport, while heav-

ier PAHs (benzo(a)pyrene) are more related to the particle

phase (Lohmann et al., 2000).

HCB

HCB was detected in all samples with an average concentra-

tion of 49 pg m−3 (SD±18 pg m−3; range: 23-115 pg m−3).

The variability was limited with a MMR of 5, very similar

to what has been previously reported for Europe (Jaward

et al., 2004a). This has been interpreted as evidence of

the long atmospheric lifetime of this volatile compound,

combined with the absence of significant point sources of

HCB in Europe (Jaward et al., 2004a). However, simi-

lar studies in Asia have reported larger variability, indica-

tive of continuing emissions (Jaward et al., 2005). We also

note that the range in air concentrations reported here (23–

115 pg m−3) are higher than previously reported for Europe

(11–50 pg m−3) by Jaward et al. (2004a). Interestingly, a re-

cent study on levels and trends of POPs in Arctic air suggest

an increase in HCB in recent years, and attribute this to a

potential increase in worldwide usage of certain pesticides

contaminated with HCB (Hung et al., 2010).

Chlordanes

The average concentration for the 64chlordanes was

3.5 pg m−3 (SD ± 2.7 pg m−3). The concentrations varied

from 0.2 pg m−3 to 19.4 pg m−3, with trans-nonachlor and

cis-chlordane contributing 38% and 35%, respectively. The

least abundant compound was cis-nonachlor with 5%. Con-

centrations of individual chlordanes were typically low in

comparison to the other substances studied and MMR ranged

from >11 (cis-nonachlor) to >104 (trans-chlordane).

4.2 Duplicate passive air sampling and comparison with

active air sampling

Two passive air samplers were co-deployed close to each

other at each EMEP-site where POPs are monitored

on a regular basis using conventional AAS techniques
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Fig. 1. (a)–(f): Comparison of results obtained on the basis of PAS (average of two parallels) and AAS (see text for details).

(Košetice, Pallas, Stórhöfdi, Birkenes, Spitsbergen, Råö, As-

pvreten) (Aas and Breivik, 2008), see also Fig. S1. This was

done to gain further insights into the reproducibility of the

PAS method (e.g. Harner et al., 2006b) as further discussed in

the Supplement (Supplement S1.6), and to evaluate possible

differences between PAS and AAS results (e.g. Gouin et al.,

2005a, b; Mari et al., 2008). Regrettably, one of the samplers

from the Aspvreten site was lost. The comparison for this

EMEP AAS site is thus restricted to one PAS sample only.

4.2.1 Passive air sampling in comparison with active

air samplers

One of the objectives of this study has been to further as-

sess the potential of PAS as a complementary technique to

conventional AAS within the EMEP monitoring program.

For this purpose direct comparisons of results obtained on

the basis of AAS and PAS have been carried out. Although

such comparisons have been reported previously (Gouin et

al., 2005a; Mari et al., 2008), past evaluations of this kind

have typically been carried out on the basis of results ob-

tained at the same chemical laboratory. In this work, AAS

results are mainly obtained on the basis of results originating

from different chemical laboratories, hence both intra and in-

ter laboratory uncertainties must be taken into account. Ex-

ceptions to this are the samples from the two Norwegian sites

(Birkenes and Spitsbergen) which were both analyzed at the

NILU laboratories. We should further note that the AAS

monitoring strategies within EMEP vary in terms of both

sampling durations and frequencies and hence temporal cov-

erage (Table S5). Only Stórhöfdi and Råö collect samples on

a continuous basis, while Košetice, Birkenes, Aspvreten, Pal-

las and Spitsbergen have sampling coverage of less than 30%

(Table S5). A direct comparison between AAS and PAS for

the latter five EMEP sites is therefore difficult as the differ-

ent samplers have been exposed to different air masses. AAS

and PAS sampling strategies are also fundamentally differ-

ent as data obtained on the basis of AAS typically represent

the sum of the particulate and gaseous air concentrations. Fi-

nally, we note again that all results for Spitsbergen obtained

on the basis of PAS in this study may be questioned as they

rely on the default uptake rate (2.4).

Concentrations from the AAS were averaged over the

same sampling period (or as close as possible) as for the pas-

sive air samplers (i.e. 3 months). The average air concen-

trations for the two PAS parallels from each EMEP site were

used. Figure 1a–f illustrates the absolute differences between

PAS and AAS results. The error bars included in Fig. 1 rep-

resent an estimate of the cumulative uncertainty associated

with both the chemical analysis (±35%) plus the relative de-

viations between the two parallels (Table S4). However, the

latter source of uncertainty is not captured for Spitsbergen

as this site relies on the default sampling rate (Table S1) as

well as Aspvreten which is based on one PAS sample only.

Thus, whenever significant difference are observed in Fig. 1

(with the exception of the two sites noted), the more plau-

sible explanations may be that these differences are caused

by (i) sampling of different air masses, or (ii) analysis of the

samples by different laboratories.
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Relative deviations for individual substances, expressed

as (CPAS-CAAS)/CAAS, are additionally included in Table S5

whereby a positive deviation illustrates higher concentration

in the PAS, relative to the AAS.

PCBs

The percentage deviation relative to AAS results varied from

−59% (Pallas) up to +86% (Košetice) for 6nPCBs, where n

denotes the number of congeners (see Table S5). Larger rel-

ative deviations were observed for some congeners and sites,

such as PCBs 101 (+178%), 138 (257%) and 153 (193%) at

Košetice. One possible explanation for the large deviations

seen at the Košetice site is that the AAS is only operating one

day per week (Table S5) and hence the air masses sampled

deviate significantly between the AAS and the PAS. This ef-

fect may be particularly significant at Košetice as this site is

located close to major source regions in Europe (Breivik et

al., 2007). Air concentrations at this site may thus be ex-

pected to fluctuate significantly over time as the air masses

would be expected to be less well-mixed. This issue is fur-

ther explored for PCB-28 in Sect. 4.4. However, if differ-

ence in sampling coverage was the only factor to consider,

significant deviations would also be expected at those other

sites which do not operate the AAS on a continuous ba-

sis (Birkenes, Aspvreten, Pallas and Spitsbergen). The best

agreement between AAS and PAS for 6nPCBs was obtained

for Birkenes (−5%) (Table S5), which may be due to a com-

bination of air concentrations being well above MDL and the

fact that the samples being analyzed at the same chemical

laboratory. The latter may indeed represent an important fac-

tor to consider as it has recently been indicated that differ-

ences up to a factor of 2 can be expected for atmospheric

samples of semi-volatile organic compounds when compar-

ing results from different laboratories (Su and Hung, 2010).

It must be cautioned that this comparison is of limited signif-

icance for Spitsbergen and Pallas as some PAS results were

close to or below MDL (Table S5). For the latter site, a rel-

atively large difference in the estimated uptake rate between

the two PAS parallels was also noted (Supplement S1.6).

HCHs

α- and γ -HCH were reported for all sites (Fig. 1b,c). The

percentage deviation relative to AAS for the α- and γ -HCH

isomers ranged from −43% (Birkenes) to +318% (Stórhöfdi)

and from −48% (Birkenes) to +85% (Košetice) for these

two isomers, respectively (Table S5). With the exception of

Birkenes, Pallas and Stórhöfdi (latter only for γ -HCH), pos-

itive deviations (CPAS > CAAS) were typically observed for

these two isomers. For the α-HCH isomer, minor deviations

were seen for Råö (+19%), Spitsbergen (+23%) and Pallas

(−17%). Likewise, good agreement for γ -HCH was found

for Stórhöfdi (−8%), Spitsbergen (+22%) and Råö (24%).

Given that the AAS at Stórhöfdi operates on a continuous

basis (Table S5) it is difficult to offer an explanation for the

large differences seen for α-HCH at but not for γ -HCH at

this site. It is interesting to note that there are significant dif-

ferences for both HCHs at Birkenes in spite of both AAS and

PAS being analyzed at the same laboratory. Again, a plausi-

ble explanation is that differences between AAS and PAS are

caused by differences in sampling coverage as the sampling

frequency at Birkenes is only one day per week (Table S5).

DDTs

As several DDTs were either not reported by AAS, or be-

cause several results from PAS were found to be below

MDL (Table S5, Fig. 1d), a comparison was only possible

for Košetice, Råö and Aspvreten. The percentage devia-

tion for 6nDDTs varies from −34% (Aspvreten) to +282%

(Košetice).

PAHs

For the same reasons as for the DDTs, the comparison

for PAHs had to be carried out for a variable number of

compounds (phenanthrene, anthracene, fluorathene, pyrene,

benzo(a)pyrene, benz(a)anthracene) and limited to four sta-

tions (Košetice, Råö, Aspvreten and Pallas), see Fig. 1e.

The percentage deviations relative to AAS for 6nPAHs (Ta-

ble S5) ranged from +45% (Råö) to +216% (Košetice). The

relative deviations for the individual PAHs were mostly pos-

itive, except pyrene and benz(a)anthracene at Aspvreten, and

benzo(a)pyrene at Košetice. The best agreement between the

two air sampling techniques was found for Råö and Pallas

(+45% and +52% for 6nPAHs, respectively).

HCB

Results for HCB obtained on the basis of AAS are only

available for Košetice, Birkenes, Spitsbergen and Stórhöfdi

(Fig. 1f). For all these sites, except for the latter, the relative

deviation was between +36% and −31% (Table S5). This

is in striking contrast to Stórhöfdi for which CPAS exceeded

CAAS by as much as +1540%. Hung et al. (2010) recently

pointed out that all Arctic monitoring stations showed sim-

ilar air concentrations after year 2000 with annual average

air HCB concentrations between 29 and 76 pg m−3, while

Stórhöfdi had much lower concentrations (2 to 6.8 pg m−3).

As the PAS results for the other sites compare favourably

with AAS results, the large discrepancy for HCB at Stórhöfdi

merits further investigation. This example also illustrates

how coordinated PAS campaigns has the potential to serve

as an inter-comparison exercise within and across existing

monitoring programs, which could complement other rele-

vant efforts, e.g. inter laboratory comparisons.
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Fig. 2. (a)–(f): Spatial patterns of 67PCBs, 63HCHs, 64DDTs, 68PAHs, HCB and 64chlordanes in European background air.

4.3 Spatial patterns

As most EMEP monitoring stations reporting POPs in air are

mainly located in the northwestern part of Europe (Aas and

Breivik, 2008), an additional objective of this study was to

evaluate potential limitations in the current EMEP measure-

ment network with respect to spatial coverage. Improved

spatial coverage is not only considered important to support

relevant modelling activities within EMEP (e.g. Malanichev

et al., 2004) and beyond, but it may also provide useful in-

formation for future monitoring strategies within EMEP.

PCBs

Figure 2a shows the results for 67PCBs while Fig. S3a–g

presents the spatial patterns of individual PCB congeners

across Europe. Similar to past studies, elevated levels of

PCBs were typically found in more densely populated areas

in central parts of Europe (Jaward et al., 2004a). Lower lev-

els of PCBs tended to occur along the western coast of Scan-

dinavia, the British Isles and to some extent Spain/Portugal,

which may be explained by the prevailing wind regimes with

transport from west to east. Elevated levels of 67PCBs
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(>50 pg m−3) were detected at sites in Belgium, Germany,

Italy, the Netherland and Ukraine, while the highest concen-

trations were observed at a site in Denmark (121 pg m−3).

Whenever significantly elevated levels are measured at a spe-

cific site, this may indicate an influence from one or more

nearby sources as may be the case with the elevated levels

seen at the Danish site.

HCHs

The spatial patterns for 63HCHs and individual HCHs

across Europe are shown in Fig. 2b) and Fig. S4(a–c), re-

spectively. HCHs are insecticides which have been exten-

sively used in Europe (Breivik et al., 1999) and the rest

of the world (e.g. Li et al., 1996, 1999). The results for

63HCHs shows a fairly consistent pattern with low levels

(<20 pg m−3) at most Scandinavian and Arctic sites. Ele-

vated levels (>200 pg m−3) were recorded at certain sites in

France, Moldova and Ukraine. HCHs ultimately originate

from the production and use of technical HCH (55–80% α-

HCH, 2–16% β-HCH, 8–15% γ -HCH) or lindane (>99% γ -

HCH) (Breivik et al., 1999). Hence, while the occurrence of

γ -HCH may be attributed to either technical HCH or lindane,

α- and β-HCH were only major constituents in the technical

mixture. In general terms, lindane usage tended to dominate

in the western part of Europe, while technical HCH tended to

dominate in the eastern part (Breivik et al., 1999). This pat-

tern is also reflected in the results, whereby elevated levels of

α- and β-HCH are mainly seen at some sites in the southeast-

ern areas of Europe (Fig. S4a,b). As β-HCH is more easily

washed out by rain than α-HCH, elevated atmospheric con-

centrations of β-HCH may hence be a more useful indicator

to identify proximity to regions or areas that are affected by

ongoing or past historical usage of technical HCH. Elevated

levels of γ -HCH tend to occur across central parts of Europe

(Fig. S4c). Given the remoteness from key source areas, rel-

atively high levels of α-HCH are also observed at the sites in

Iceland, Greenland and Spitsbergen, which may be seen as

a reflection of the elevated long-range atmospheric transport

potential of this isomer (Li et al., 2002; Wania and Mackay,

1996; Beyer et al., 2000).

DDTs

The spatial patterns of 64DDTs and individual DDTs

are presented in Fig. 2c and Fig. S5a–d), respectively.

The technical mixture of DDT contains up to 80–85%

of the p,p′−DDT isomer and only small amounts of the

o,p′−DDT isomer (15–20%) (Motelay-Massei et al., 2005)

and was banned in European countries during the 1970s

and 1980s (Pacyna et al., 2003). Levels of 64DDTs were

generally low and frequently below the MDL in North-

ern Europe but with increasing air concentrations towards

Central and Eastern Europe (Fig. 2c). Concentrations of

64DDTs above 100 pg m−3 occurred at sites in the Czech

Republic, Greece, Hungary, Moldova, Poland and Ukraine

(Fig. 2c). The spatial pattern for individual isomers (Fig. S5)

generally reflected that of 64DDTs, although absolute air

concentrations varied. A p,p′−DDE/p,p′−DDT ratio

lower than 1 has been proposed as an indication of fresh

use of technical DDT (Pozo et al., 2006). This ratio is

shown in Fig. S5e). Jaward (2004a) previously noted low

p,p′−DDE/p,p′−DDT ratios in European air, which sug-

gest a fresh p,p′−DDT signal. This is in contrast to

our results four years later, which indicates a more weath-

ered signal with an average ratio of 3.8 (range 0.9–8.5)

(Fig. S5e). A ratio higher than 1 is also in better accordance

with observations based on AAS from various EMEP sites

(Košetice, Pallas, Stórhöfdi, Spitsbergen and Råö) which

show a mean value for this ratio in the range between 1.3

and 10.9 during 2006 (Aas and Breivik, 2008). The ra-

tio o,p′−DDT/p,p′−DDT (Fig. S5f) has previously been

used to evaluate possible influence from dicofol, a miti-

cide which contains 10% of the o,p′−DDT isomer (Becker,

2008; Gillespie et al., 1994; Qiu et al., 2005). Several

countries in Europe (e.g. Italy, United Kingdom, Spain and

Turkey) utilize dicofol in agriculture (Gillespie et al., 1994;

Turgut et al., 2009). This study confirms several sites which

had higher values for the o,p′−DDT isomer in compari-

son to the p,p′−DDT isomer. The average ratio (±SD)

was 0.86 ± 0.26 and spanned from 0.3–1.6 which may sug-

gest some influence from dicofol at certain sites. A ratio

higher than 1 was found at sites in Austria, Denmark, Fin-

land, France, Ireland, Italy, Kazakhstan, Lithuania, Moldova,

the Netherlands, Norway, Poland, Sweden and United King-

dom (Fig. S5f).

PAHs

Figure 2d shows the spatial pattern for 68PAHs across

Europe (see also Fig. S6). PAHs are by-products from

incomplete combustion processes with many different

sources (Lohmann et al., 2000). No clear trend in spatial pat-

terns could be found, and it seems likely that the sites which

are experiencing elevated concentrations are mainly affected

by local sources. Hence, many of the sites included may not

be considered true background sites with respect to PAHs.

Elevated concentrations of 68PAHs (>20 ng m−3) where ob-

served at sites in Finland, Greece, the Netherlands and Spain

(Fig. 2d).

HCB

The spatial pattern for HCB is presented in Fig. 2e. HCB

is highly volatile, persistent in air and expected to be exten-

sively re-emitted from secondary sources like soil and veg-

etation (Bailey, 2001; Barber et al., 2005). As previously

recognized in this study (Table 1) and elsewhere (Jaward et
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al., 2004a) concentrations are relatively uniform across Eu-

rope. Elevated air concentrations (>100 pg m−3) occurred at

four sites, two of which are found at high elevation (Sum-

mit, Spitsbergen). Yet, as the uptake rate for these two sites

rely on the default value, we suspect air concentrations may

have been overestimated as the true uptake rates at these ex-

posed sites may have been underestimated due to wind speed

effects (Tuduri et al., 2006).

Chlordanes

The spatial pattern for 64 chlordanes is presented in Fig. 2f),

and for individual compounds in Fig. S7. The technical

mixture of chlordane consists mainly of trans-chlordane,

cis-chlordane and trans-nonachlor (Sovocool et al., 1977;

Dearth and Hites, 1990). Chlordane were formerly used in

agriculture as an insecticide and termiticide up to the mid

1980s (Bidleman et al., 2002). The levels of the individual

chlordanes were typically low and several sites were below

MDL. The predominating compounds were trans-chlordane

and trans-nonachlor, while cis-nonachlor were found at low-

est levels. Elevated levels of 64chlordanes (>10 pg m−3)

were found at sites in Belgium, Greece and the Nether-

lands. The trans-chlordane/cis-chlordane (TC/CC) ratio is

1.56 in the technical chlordane mixture (Bidleman et al.,

2002). trans-chlordane is more easily degraded than cis-

chlordane in the environment and ratio values for TC/CC

close to 1 implies a weathered signal. Consequently elevated

ratios may indicate fresh usage of technical chlordane (Pozo

et al., 2004). The average ratio (±SD) was 0.5 ± 0.4 and

spanned from 0.03–2.6. Sites with a ratio >1.56 were found

in Moldova (1.57), the Netherlands (1.61, 1.63) and Malta

(2.58).

4.4 Model evaluations

The atmospheric transport model FLEXPART was used in

a time-reverse mode to identify the source regions respon-

sible for the PCB-28 loading at the respective sampling site

in addition the meteorological parameters driving the trans-

port. In contrast to classical trajectory calculations (Gouin

et al., 2005a) turbulence, convection and removal processes

(dry and wet deposition, reaction with OH) are taken into

account. In this manner the source regions for each sample

can be identified and an emission sensitivity (ES) map can be

derived. Combining this information with the PCB-28 emis-

sion inventory (Breivik et al., 2007) a concentration for each

receptor can be predicted, resulting in a emission contribu-

tion (EC) map. We selected PCB-28 to illustrate the model

approach as (a) unlike several compounds included in this

study, PCB-28 exists solely in the gaseous state in the at-

mosphere, and (b) a spatially resolved emission inventory is

available which is essential as model input. The model was

run for 17 of the sites included in this study, including all
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Fig. 3. Modelled versus observed (PAS) air concentrations for PCB-

28 at selected sites. The dashed and solid lines represent agreement

within a factor of 2 and 3, respectively.

EMEP AAS to also facilitate a comparison between model

and measurements derived using on the basis of both AAS

and PAS. Table S6 presents the sites along with predicted

and observed concentrations, including percentage deviation

between model and PAS measurement results, while Fig. 3

shows the modelled versus observed air concentrations, both

expressed on a logarithmic basis. The agreement between

PAS and model results were found to be within a factor of

3 for 16 out of 17 sites (solid black lines), with most re-

sults within a factor of 2 (dashed lines). It is possible that

the overestimation of the model is caused by too high emis-

sions in the inventory. The overall results also show that the

model predicted values in comparison to AAS results which

were ∼2–3 times higher at four out of seven sites (Košetice,

Birkenes, Råö, Aspvreten) and ∼2–12 times lower for the

other sites (Pallas, Stórhöfdi, Spitsbergen) (Table S6).

The results for PCB-28 also allow us to explore whether

it is likely that the air masses sampled by PAS and AAS

differed during the campaign and hence could have led to

some of the discrepancies observed (Fig. 1 and Table S5).

This was explored for the two sites where sampling cover-

age were most different (Košetice and Birkenes) by averag-

ing the model predicted air concentration corresponding to

the AAS sampling times at each of the sites. While the av-

erage PAS concentration at Košetice was 69% higher than

the air concentration derived on the basis of AAS, the av-

erage PAS concentration at Birkenes was 4% lower than re-

sults obtained on the basis of AAS (Table S5). Contrary to

what would be expected if differences in air masses sampled

would be the main reason for difference noted (Table S5), the

model results for Košetice corresponding to the AAS sam-

pling period alone was 93% (12.6 pg m−3) compared with

the air concentration derived over the entire PAS sampling

period (Table S6). Similarly, air concentrations at Birkenes

for the AAS sampling period alone represented only 64%
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Fig. 4. (a-d): Maps of Footprint ES (emission sensitivity) (a), (b) and EC (emission contribution) (c), (d) for PCB-28 for the PAS sampling

period at Birkenes (a), (c) and Košetice (b), (d) (see text for details).

(2.98 pg m−3) of the average air concentration derived for the

PAS deployment period. For Košetice it thus seems likely

that some of the discrepancy may be better explained by

other factors, such as a tendency for the model to overesti-

mate air concentrations as noted above and/or due to inter-

laboratory differences. The latter explanation cannot be the

reason for Birkenes as both AAS and PAS were analyzed at

the same laboratory.

In a recent study by Eckhardt et al. (2009) the same

method was used in order to identify source regions con-

tributing to the loadings of PCB-28 at the Birkenes site

(for sampling times of 24 h). Again, Košetice and Birkenes

(Fig. 4), where chosen for further discussion of the model

results, while additional model results can be found in the

Supplement (Figs. S8 to S22). As the air masses controlling

observed air concentrations are expected to differ between

PAS and AAS results, we have additionally included results

representing AAS sampling times alone for the Košetice and

Birkenes sites in Figs. S23–S24. Yet, these results were

rather similar to the results obtained for the entire PAS cam-

paign (Fig. 4) and are thus not discussed any further. The ES

maps in Fig. 4a,b) shows the residence time of the air masses

in the so called the footprint layer (0–100 m a.g.l.) where

potential uptake of emissions can take place. Looking at the

source regions of the air masses influencing the two sites (up-

per row) it can be seen for both that the local influence gives

the greatest contribution and the prevailing westerly winds

extend the source region towards North America. Air masses

flow in both cases over the British Isles. For Košetice, also

Southern and Eastern Europe is an important influence. This

can be seen when looking at the EC-maps (Fig. 4c,d), where

emission fluxes (Breivik et al., 2007) are incorporated. Inte-

grating over the maps shown in the lower row of Fig. 4 yields

an estimated concentration of 4.7 pg m−3 and 13.6 pg m−3

for Birkenes and Košetice respectively (Table S6). The influ-

ence of Southern and Eastern Europe is larger for Košetice

than for Birkenes. We caution, however, that these model

results rest on the critical assumption that air concentrations
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of PCB-28 are controlled by primary emissions alone. This

assumption may be criticized as it is well established that

PCBs have the potential to undergo reversible atmospheric

deposition. For example, soils have a large capacity to re-

tain PCBs (Meijer et al., 2003) and several recent studies

have indicated that lower molecular weight PCBs may be

subject to significant re-volatilization from urban and indus-

trial soils, following reductions in primary emissions (Li et

al., 2010; Ruzickova et al., 2008). At the same time, Li et

al. (2010) also conclude that air concentrations at remote and

background sites were mostly influenced by primary sources,

which is both in agreement with long-term time trends of

PCBs in European background air (Schuster et al., 2010) and

in line with the model assumptions made herein.

5 Conclusions

This study presents new data on the spatial pattern of selected

POPs in European background air. As illustrated for PCB-28,

these data are expected to be of significant value for future

attempts to evaluate relevant atmospheric fate and transport

models for Europe, both within EMEP and beyond. The re-

sults combined further illustrates that PAS may complement

future monitoring strategies within the EMEP program. The

observed spatial variability of POPs in air also highlighted

limitations of the current EMEP measurement network with

respect to spatial coverage. Finally, we conclude that co-

ordinated PAS campaigns may have the potential to serve

as useful inter-comparison exercises within and across ex-

isting monitoring networks which could complement inter-

laboratory comparison studies.

Supplementary material related to this

article is available online at:

http://www.atmos-chem-phys.net/11/1549/2011/

acp-11-1549-2011-supplement.zip.
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Tables 
Table S1 Site description and details. 

Country EMEP sites Station name Latitude Longitude M.a.s.l
5) 

Sample start Sample end Sampling rate (m
3
day

-1
)

 
PRCs

1)
  

Austria X Illmitz N 47°46 E 16°46 117 27.07.06 02.11.06 4.93 5 

Austria X Vorhegg N 46°40 E 12°58 1020 18.07.06 23.10.06 4.69 5 

Belgium  - Koksijde N 51°07 E 02°29 7 04.07.06 03.10.06 3.48 6 

Bulgaria  - Moussala N 42°11 E 23°35 2925 06.07.06 05.10.06 11.07
3) 

5 

Croatia X Zavizan N 44°49 E 14°59 1594 10.07.06 10.10.06 17.88
3) 

6 

Cyprus  - Ayia Marina N 33°02 E 33°03 532 29.06.06 02.10.06 5.30 6 

Czech Rep X Košetice N 49°35 E 15°05 534 12.07.06 12.10.06 3.59/3.97
4) 

5/5
4)

 

Czech Rep X Svratouch N 49°44 E 16°02 737 13.07.06 13.10.06 3.72 5 

Denmark X Tange N 56°21 E 09°36 13 07.07.06 06.10.06 3.03 5 

Denmark X Keldsnor N 54°44 E 10°44 10 11.07.06 19.10.06 3.12 6 

Denmark X Anholt N 56°43 E 11°31 40 06.07.06 06.10.06 4.52 6 

Denmark X Lille Valby N 55°41 E 12°08 10 13.07.06 13.10.06 4.32 6 

Estonia X Laheema N 59°30 E 25°54 32 06.07.06 10.10.06 3.83 6 

Färoe Islands  - Norðuri á Fossum N 62°11 W 07°12 ~300 01.07.06 02.10.06 4.61 3 

Finland X Pallas  N 67°58 E 24°07 566 19.07.06 19.10.06 2.80/4.45
4) 

2/4
4) 

Finland X Ähtari N 62°33 E 24°13 162 01.07.06 02.10.06 3.78 6 

Finland X Utö N 59°47 E 21°23 7 30.06.06 02.10.06 8.10 6 

Finland X Virolahti  N 60°31 E 27°41 4 01.07.06 01.10.06 4.51 6 

Finland X Oulanka N 66°19 E 29°24 310 30.06.06 30.09.06 4.18 5 

Finland X Hailuoto  N 65°00 E 24°41 4 04.07.06 03.10.06 4.19 6 

France X Donon N 48°30 E 07°08 775 05.07.06 05.10.06 3.95 6 

France X Peyrusse Vieille N 47°37 E 00°11 236 11.07.06 10.10.06 4.23 6 

France X La Tardiere N 46°39 W 00°45 133 04.07.06 03.10.06 4.03 6 

France X Le Casset N 45°00 E 06°28 1750 04.07.06 03.10.06 3.96 5 

France X Porspoder N 48°31 E 04°45 50 10.07.06 16.10.06 7.31 6 

Germany X Westerland N 54°56 E 08°19 12 07.07.06 09.10.06 5.01 6 

Germany X Schmücke N 50°39 E 10°46 937 10.07.06 10.10.06 2.99 4 
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Germany X Zingst N54°26 E 12°44 1 10.07.06 09.10.06 4.01 6 

Germany X Schauinsland N 47°54 E 07°54 1205 10.07.06 10.10.06 3.75 5 

Germany X Neuglobsow N 53°09 E 13°02 62 24.07.06 24.10.06 3.29 6 

Greece X Aliartos N 38°22 E 23°05 110 11.07.06 12.10.06 3.42 6 

Greenland  - Nuuk  N 64°11 W 51°44 ~5 04.07.06 08.10.06 3.50
2) 

- 

Greenland  - Summit N 72°52 W 38°46 3250 28.07.06 20.10.06 3.50
2) 

- 

Hungary X K-puszta N 46°58 E 19°35 125 18.07.06 19.10.06 3.45 5 

Iceland X Stórhöfdi N 63°27 W 20°15 118 11.07.06 08.10.06 11.53/10.90 6/6 

Ireland X Mace Head N 53°20 W 09°54 25 10.07.06 18.10.06 7.90 6 

Ireland  - Malin Head N 55°22 W 07°20 22 06.07.06 08.10.06 5.86 6 

Ireland  - Carnsore Point N 52°11 W 06°22 9 19.07.06 11.10.06 9.51 6 

Italy X Ispra N 45°48 E 08°38 209 07.09.06 04.12.06 4.13 2 

Italy X Montelibretti N 42°06 E 12°38 48 03.07.06 20.09.06 3.63 6 

Italy  - Longobucco N 39°39 E 16°61 1379 28.07.06 07.11.06 3.02
3) 

4 

Italy  - San Lucido N 39°19 E 16°02 49 27.07.06 13.11.06 2.88 6 

Kazakhstan  - Borovoye N 44°08 E 75°51 ~300 15.08.06 17.11.06 2.07 2 

Latvia X Rucava N 56°13 E 21°13 18 17.07.06 17.10.06 3.55 5 

Latvia X Zoseni N 57°08 E 25°55 183 17.07.06 17.10.06 3.49 5 

Lithuania X Preila N 55°21 E 21°04 5 22.07.06 01.10.06 4.91 6 

Lithuania  - Rugsteliskis N 55°26 E 26°04 120 15.07.06 30.09.06 2.56 2 

Malta X Giordan lighthouse N 36°06 E 14°12 160 02.08.06 07.11.06 6.90 6 

Moldova X Leovo N 46°30 E 28°16 156 10.07.06 10.10.06 4.60 4 

Netherlands X Kollumerwaard N 53°20 E 06°17 0 26.07.06 22.11.06 5.77 6 

Netherlands X Vredepeel N 51°32 E 05°51 28 25.07.06 21.11.06 5.69 5 

Norway X Birkenes N 58°23 E 08°15 190 02.07.06 01.10.06 3.03/3.58
4) 

5/6
4)

 

Norway X Tustervatn N 65°50 E 13°55 439 28.06.06 09.10.06 4.03 4 

Norway X Kårvatn N 62°47 E 08°53 210 29.06.06 10.10.06 3.88 6 

Norway X Spitsbergen N 78°54 E 11°53 474 14.07.06 26.09.06 3.50/3.50
2) 

-/-
4) 

Norway X Hurdal N 60°22 E 11°04 300 01.07.06 02.10.06 3.59 5 

Norway X Karasjok N 69°28 E 25°13 333 26.06.06 29.09.06 4.34 6 

Poland X Diabla Gora N 54°09 E 22°04 157 06.07.06 06.10.06 4.92 5 

Poland X Jarczew N 51°19 E 21°59 180 01.07.06 02.10.06 4.05 6 



4 

 

Poland X Sniezka N 50°44 E 15°44 1604 10.07.06 10.10.06 3.50
2)

 - 

Poland X Leba N 54°45 E 17°32 2 13.07.06 13.10.06 4.40 6 

Portugal X Bragança N 41°49 W 06°46 691 19.07.06 19.10.06 4.44 6 

Portugal X Monte Velho N 38°05 W 08°48 43 19.07.06 19.10.06 3.29 6 

Slovakia X Chopok N 48°56 E 19°35 2008 02.07.06 03.10.06 19.18
3) 

5 

Slovakia X Starina N 49°03 E 22°16 345 04.07.06 04.10.06 4.23 5 

Slovenia X Iskrba N 45°34 E 14°52 520 07.07.06 06.10.06 3.53 5 

Spain X Víznar N 37°14 W 03°32 1265 14.07.06 14.10.06 4.34 6 

Spain X Niembro N 43°27 W 04°51 134 12.07.06 12.10.06 5.63 6 

Spain X Els Torms N 41°24 E 00°43 470 15.07.06 15.10.06 3.55 6 

Spain X Risco Llamo N 39°31 W 04°21 1241 13.07.06 13.10.06 3.63 6 

Sweden X Råö N 57°24 E 11°55 5 04.07.06 02.10.06 8.33/6.24
4)

 6/6
4)

 

Sweden X Aspvreten N 58°48 E 17°23 20 06.07.06 06.10.06 1.66 2 

Sweden X Vavihill N 56°01 E 13°09 172 11.07.06 08.10.06 3.47 5 

Sweden X Bredkälen N 63°51 E 15°20 404 06.06.06 06.09.06 2.56 3 

Sweden X Hoburg N 56°55 E 18°09 58 30.06.06 03.10.06 6.71 6 

Sweden  - Abisko N 68°21 E 18°49 ~385 06.07.06 11.10.06 6.11 6 

Sweden X Vindeln N 64°15 E 19°46 225 28.06.06 28.09.06 3.41 6 

Switzerland X Jungfraujoch N 46°33 E 07°59 3573 06.07.06 13.10.06 8.0
3) 

5 

Switzerland X Payerne N 46°48 E 06°57 510 05.07.06 11.10.06 3.42 5 

Ukraine  - Zmeiny Island N 45°15 E 30°12 n.a. 17.07.06 08.11.06 7.58 5 

United Kingdom X Harwell N 51°34 W 01°19 137 05.07.06 09.10.06 3.92 6 

United Kingdom  - Auchencorth Moss N 55°80 W 03°20 255 03.07.06 13.10.06 3.75 4 

United Kingdom X Lough Navar N 54°26 W 07°54 126 03.07.06 11.10.06 3.97 6 

United Kingdom X Yarner Wood N 50°36 W 03°43 119 30.06.06 02.10.06 3.90 6 

United Kingdom X High Muffles  N 54°20 W 00°48 267 05.07.06 04.10.06 2.89 4 

United Kingdom X Strath Vaich Dam N 57°44 W 04°46 270 30.06.06 02.10.06 4.25 6 

1) Number of PRCs with more than 40 % loss during deployment. 2) No significant loss of PRCs, default value used. 3) Adjusted 

temperature as detailed in section 2. 4) Results for two PAS parallels: Sample A / Sample B. 5) Meters above sea level. 
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Table S2  Range in recoveries for the internal standard for exposed samples, field blanks, method blanks as well as PRCs for field and 

method blanks, respectively (in %). 

  

 

Range 

 Internal standards and PRCs Exposed samples Field blank Method blank 

Metylnaphtalene-d10 24-45 29-40 31-40 

Acenaphtene- d10 34-77 33-44 33-61 

Antracene- d10 40-78 52-64 34-69 

Pyrene- d10 49-91 61-71 51-83 

Benz(a)antracene- d12 53-137 75-93 27-111 

Benz(e)pyrene- d12 54-126 76-85 66-96 

Benzo(ghi)perylene- d12 50-114 64-81 41-96 
13C-PeCB 21-49 22-31 23-37 
13C-PCB (28) 48-89 55-72 62-79 
13C -PCB (52) 48-89 58-78 65-82 
13C -PCB (101) 59-104 74-90 80-97 
13C -PCB (105) 69-127 90-112 98-115 
13C -PCB (114) 66-124 85-105 90-110 
13C -PCB (118) 68-119 86-108 92-114 
13C -PCB (123) 64-127 88-108 92-112 
13C -PCB (153) 70-119 86-107 87-114 
13C -PCB (138) 74-125 93-115 100-116 
13C -PCB (167) 72-136 96-122 104-127 
13C -PCB (156) 73-137 103-124 107-129 
13C -PCB (157) 74-140 103-123 108-130 
13C -PCB (180) 76-129 99-120 100-125 
13C -PCB (189) 81-132 108-124 108-128 
13C -PCB (209) 76-129 102-119 107-127 
13C –HCB 30-63 27-37 34-47 
13C -p,p'-DDE 55-139 78-119 68-115 
13C -p,p'-DDT 32-2181) 85-1981) 77-119 
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13C -α-HCH 32-118 31-48 35-67 
13C -β-HCH 19-117 45-76 61-88 
13C -γ-HCH 44-136 51-75 57-88 
13C -trans-Chlordane 42-122 70-94 71-1222) 

13C -trans-Nonachlor 29-121 33-44 43-1212) 

13C Mirex 11-132 74-116 73-1602) 

PRCs 

   d6-γ-HCH - 86-103 72-106 

PCB-12 - 73-94 76-107 

PCB-14 - 61-80 69-100 

PCB-23 - 72-85 74-103 

PCB-30  - 57-74 66-90 

PCB-32  - 78-91 81-105 

PCB-107  - 87-100 75-110 

PCB-198 - 80-93 75-116 
1) Two sites showed higher recovery. Highest % recovery for the deployed samples was for one of the parallels at the Spitsbergen site, while the highest % recovery for 

the field blanks occurred for the Košetice site. 

2) The higher recovery originates from one method blank 
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Table S3 Instrumental parameters for analysis of the compound groups. 

Compound 

groups Type of instrument Type of column 

  Operational parameters 

Column size Carrier gas Temp.interv. Target ion 

PCBs & HCB 

GC/HRMS in EI mode 

(Agilent6890 GC coupled 
to Waters AutoSpec) 

Fused silica 

capillary 

column from 
SGE 

HT-8, 50 m length, 

0.22 mm I.D, 0.15 
mm film thickness 

Helium 

Start (°C): 90 (2 min.) 

[M] + 
Intervall 1: 25°C/min to 170°C 

Intervall 2: 308°C by 3°C/min 

Injector temp. (°C): 280 

HCHs & 

DDTs 

GC/HRMS in EI mode 

(Agilent6890 GC coupled 

to Micromass AutoSpec). 

Fused silica 

capillary 

column from 

J&W Scientific 

HP-1, 25 m length, 

0.2 mm I.D, 0.33 mm 

film thickness 

Helium 

Start (°C): 95 (1.5 min.) 

[M] + Intervall: 280°C by 20°C/min (5 min.) 

Injector temp. (°C):  220 

PAHs GC/LRMS in EI mode 

(Agilent6890 GC coupled 

to Agilent5973 MSD) 

Fused silica 

capillary 

column from 

Zebron 

ZB-5, 30 m length, 

0.25 mm I.D, 0.10 

mm film thickness 

Helium 

Start (°C):50 

[M] + Intervall 1: 100°C/min by 20°C/min. 

Intervall 2: 320°C by 5°C/min 

Injector temp. (°C): 300 

Chlordanes  
GC/LRMS in ENCI mode, 

(Agilent6890 GC coupled 

to a Agilent5973 MSD) 

Fused silica 

capillary 

column from 

J&W Scientific 

Ultra 2, 25 m length, 
0.2 mm I.D, 0.11 mm 

film thickness 
Helium 

Start (°C):  90 (2 min.) 

[M-Cl]- 

and [M-

2Cl]-  
Intervall 1: 170°C by 20°C/min (3 min) 

Intervall 2: 235°C by 5°C/min (2 min.) 

      Injector temp. (°C):  260 
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Table S4 Relative deviations from the average value of two parallel PAS. 

Compounds/compound- groups Košetice CZ 0003R Pallas FI 0096G Stórhöfdi IS 0019R Birkenes NO 0001R Spitsbergen NO 0042G Råö SE 0014R 

PCB-28 ±1 ±23 ±8 ±8 ±46 ±27 

PCB-52 ±1 ±26 ±7 ±9 ±19 ±20 

PCB-101 ±6 ±27 ±5 ±8 ±10 ±6 

PCB-118 ±7 ±24 ±1 ±9 n.d. ±3 

PCB-138 ±7 ±32 ±1 ±8 n.d. ±0,3 

PCB-153 ±8 n.d. ±3 ±9 n.d. ±1 

PCB-180 ±12 ±38 ±12 ±8 n.d. ±4 

SnPCBs ±4 ±26 (n=6)
 1)

 ±4 ±8 ±30 (n=3)
 1)

 ±8 

a-HCH ±7 ±13 ±1 ±13 ±6 ±12 

g-HCH ±7 ±15 ±6 ±13 ±2 ±18 

p,p’-DDE ±9 n.d. n.d. n.d. n.d. ±35 

p,p’-DDD ±9 n.d. n.d. n.d. n.d. ±23 

o,p’-DDT ±6 n.d. n.d. ±18 n.d. ±8 

p,p’-DDT ±5 n.d. n.d. ±13 n.d. ±24 

SnDDTs ±8 n.d. n.d. ±15 (n= 2)
 1)

 n.d. ±26 

Fluorene ±9 ±20 n.d. ±10 n.d. ±11 

Phenanthrene ±2 ±26 n.d. ±13 n.d. ±9 

Anthracene ±0.02 n.d. n.d. n.d. n.d. n.d. 

Fluoranthene ±8 ±31 n.d. ±14 n.d. ±8 

Pyrene ±8 ±31 ±15 ±20 n.d. ±6 

Benzo[a]pyrene ±12 n.d. n.d. n.d. n.d. n.d. 

Benz[a]anthracene ±14 n.d. n.d. n.d. n.d. n.d. 

Chrysene ±11 ±36 n.d. ±8 n.d. ±10 

SnPAH ±2 ±25 (n=5)
 1)

 ±15 (n=1)
 1)

 ±12 (n=5)
 1)

 n.d. ±9 (n=5)
 1)

 

HCB ±2 ±19 ±1 ±4 ±22 ±8 

n.d.: one or both samples below MDL 
1)

  Sum PCBs, DDTs and PAHs only include the sum of substances where both samples are above MDL (number in parantheses). 



9 

 

Table S5 Percentage deviation between PAS and AAS at EMEP sites [(CPAS-CAAS)/CAAS]. A positive deviation indicates higher concentrations in 

the PAS. 

Compound/compound 

group Košetice CZ CZ0003R Råö SE 0014R 

Birkenes NO 

0001R Aspvreten SE 0012 
1)

R 

Stórhöfdi IS 

0019R Pallas FI 0096G 

Spitsbergen NO 

0042G 

PCB-28 69 49 -4 102 -77 -70 -54 

PCB-52 48 39 5 64 -48 -62 22 

PCB-101 178 40 24 -22 -37 -34 111 

PCB-118 56 47 -12 -30 50 -5 n.d. 

PCB-138 257 33 -13 4 11 -26 n.d. 

PCB-153 193 65 -24 34 35 n.d. n.d. 

PCB-180 -27 66 -53 64 9 41 n.d. 

SnPCB 86 47 -5 25 -51 -59 (n=6) -35 (n=3) 

a-HCH 98 19 -43 154 318 -17 23 

g-HCH 85 24 -48 54 -8 -30 22 

p,p'-DDE 264 63 n.a. -34 n.d. n.d. n.d. 

p,p'-DDD -39 -24 n.a. n.a. n.d. n.d. n.d. 

p,p'-DDT 577 10 n.a. n.a. n.d. n.d. n.d. 

SnDDTs 282 (n=3) 40 (n=3) n.a. -34 (n=1) n.d. n.d. n.d. 

Phenanthrene 211 52 n.a. 109 n.a. 51 n.d. 

Anthracene 137 n.d. n.a. 512 n.a. n.d. n.d. 

Fluoranthene 270 46 n.a. 13 n.a. 71 n.d. 

Pyrene 240 5 n.a. -16 n.a. 32 n.d. 

Benzo[a]pyrene -49 n.d. n.a. n.d. n.a. n.d. n.d. 

Benz[a]anthracene 73 n.d. n.a. -47 n.a. n.d. n.d. 

SnPAH 216 (n=6) 45 (n=3) n.a. 76 (n=5) n.a. 52 (n=3) n.d. 

HCB 36 n.a -31 n.a. 1540 n.a. 34 

Sampling duration 

Sampling frequency 

1 day 

1x week 

2 weeks 

2x month 

1 day 

1x week 

1 week 

1x month 

2 weeks 

2x month 

1 week 

1x month 

2 days 

1x week 

Sampling coverage (%) ~14 ~100 ~14 ~25 ~100 ~25 ~29 

1) Only one PAS sample available for this site. 

n.d. : Values below MDL in PAS.
 
     n.a. : no available data for the AAS

 



10 

 

Table S6 Concentrations (pg/m3) of PCB-28 derived from AAS, PAS and the FLEXPART model for 

selected sites.  

          % deviation 

(Model/PAS) Country Sites AAS PAS
 

Model
 

Czech Republic Košetice 6.51 10.981) 13.57 24 

Finland Pallas 4.12 1.251) 2.74 119 

Iceland Stórhöfdi 4.22 0.961) 0.79 -18 

Norway 

Norway 

Birkenes 2.13 2.041) 4.69 130 

Spitsbergen 3.19 1.481) 0.26 -82 

Sweden 

Sweden 

Råö 3.15 4.681) 6.69 43 

Aspvreten 1.66 3.34 5.81 74 

Ireland 

Ireland 

Mace Head n.d. 1.15 2.28 98 

Malin Head n.d. 1.22 2.02 66 

Italy Longobucco n.d. 1.58 10.36 556 

Kazakhstan Borovoye n.d. 8.79 4.43 -50 

Malta Giordan lighthouse n.d. 5.35 6.33 18 

Poland 

Poland 

Jarczew n.d. 6.85 9.81 43 

Leba n.d. 4.96 8.59 73 

Spain 

Spain 

Víznar n.d. 2.28 6.24 174 

Els Torms n.d. 2.67 7.11 166 

United Kingdom Strath Vaich Dam n.d. 0.96 2.42 152 
1) Average of two PAS 
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Text 1 

 2 

S 1.1  Deployment and sample preparation 3 

In the following, the solvents and sulfuric acid used for sample preparation and clean-up were of 4 

pesticide grade from Merck (Darmstadt, Germany), except diethyl ether which was purchased 5 

from Rathburn (Walkerburn, Scotland). Anhydrous sodium sulfate and silica gel were purchased 6 

from Merck (Darmstadt, Germany). 7 

Prior to deployment, the PUF disks (14 cm in diameter, 1.35 cm thick, surface area 0.0364 m
2
, 8 

density 2.47 10
-2

 g/m
3
; Sunde Søm & Skumplast A/S, Gan, Norway) were pre-cleaned using 9 

Soxhlet extraction with toluene for 24 hours, with acetone for 8 hours and finally with toluene 10 

for new 8 hours. The PUF disks were then dried in desiccators at 40°C under vacuum until they 11 

were completely dry. The PUF disks were spiked with the following PRC mixture (PCBs 12, 14, 12 

23, 30, 32, 107, 198 and d6 γ-HCH) by adding 25 µL PRC mixture, with the respective 13 

concentrations;189.4, 188.4, 188.4, 188.3, 193.6, 189.0, 187.9, 186.7 pg/µL, in 10 mL of pentane 14 

in a small vial. This solution was applied evenly on both sides of the PUF disk using a Pasteur 15 

pipette in a clean laboratory environment (class 100000 part/m
3
/ft). The PUF disks were placed 16 

on 3 short metal tubes to minimize the contact area during spiking. The spiked PUFs were next 17 

wrapped in double layers of alumina foil, double zip-lock bags and stored in a freezer until 18 

shipment. Pre-cleaning of the sampling chambers prior to shipment was carried out by soaking 19 

all the parts in soap solution over night, followed by rinsing in tap water and acetone. Each 20 

sampling kit was then packed in sealed plastic bags to avoid contamination during shipment.  21 

 22 

S 1.2  Clean-up 23 

In order to reduce sample contamination all laboratory equipment was rinsed with n-hexane 24 

immediately before use. The exposed PUF disks and field blanks were stored in a freezer until 25 

extraction and clean-up. Prior to extraction, the PUF disk were unwrapped in a clean-room 26 

laboratory environment, spiked with internal standards (see S 1.3), and placed in a Soxhlet 27 
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extractor. The disks were Soxhlet extracted for 8-10 hours in approximately 250 mL of n-hexane. 28 

Extracts were concentrated to about 0.5 mL on a TurboVap 500 System (Zymark, Hopkinton, 29 

MA, USA), and transferred to a graduated cylinder. Further sample treatment was done 30 

separately and the extracts were therefore divided into two identical aliquots.  31 

The acid resistant part (PCBs, HCHs, DDTs, HCB, pesticides (trans-chlordane, cis-chlordane, 32 

trans-nonachlor, cis-nonachlor) of the extract was transferred to a centrifuge tube, adjusted to 2 33 

mL, and treated with 2 mL concentrated sulfuric acid for mixing by vigorous whirling on a whirl 34 

mixer. During this treatment the extract turns color to dark yellow. The treatment was repeated 35 

until no more color change was visible (2-3 times). The extract was then transferred to an 36 

evaporation unit and reduced to 0.5 mL for further clean-up by fractionation with a silica column 37 

(15 mm in diameter and 200 mm in length). The column consists of 4 g of activated silica (Silica 38 

gel 60 Merck nr. 7734 0.063 – 0.200 mm pretreated 8 h at 550°C) topped with 1 cm anhydrous 39 

sodium sulfate (pretreated 12 h at 600°C). The column was prewashed with 30 mL n- hexane. 40 

The samples were eluted with 30 mL n-hexane/10 % diethyl ether. Extracts were reduced to 0.5 41 

mL by evaporation and solvent exchanged into iso-octane and transferred to a small vial with a 42 

screw-cap.  43 

The PAH part of the extract was solvent exchanged to cyclohexane and cleaned on a silica 44 

column (15 mm in diameter and 200 mm in length). This column consists of a slurry of 5 g 45 

deactivated silica (deactivated with 8% MilliQ water) and 15 mL cyclohexane overlaid with 1 46 

cm anhydrous sodium sulfate. The column was prewashed with 40 mL cyclohexane. The sample 47 

was eluted with 100 mL cyclohexane, and the extract was reduced to 0.5 mL by evaporation and 48 

transferred to a small vial with a screw-cap.  49 

Prior to analyses all extracts were further reduced to approximately 50 µL by a gentle stream of 50 

nitrogen. 51 

 52 

S 1.3 Analyses 53 

In order to monitor recovery rates for the extraction and clean-up procedures, the PUF disk were 54 

added a mixture containing 20 µL of each internal standard prior to extraction and clean-up. This 55 
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standards consist of a range of 
13

C – labeled polychlorinated biphenyls (PCB) congeners (
13

C 56 

PCB-28,-52,-101,-105,-114,-118,-123,-138,-153,-156,-157,-167,-180,-189, -209) and 57 

organochlorine pesticides (OCPs) (
13

C α, β, γ- hexachlorocyclohexane (HCH), 
13

C-58 

hexachlorobenzene (HCB), 
13

C p,p’- dichlorodiphenyldichloroethylene (DDE) and 
13

C p,p’-59 

dichlorobiphenyldichloroethane (DDT), 
13

C trans-nonachlor, 
13

C trans-chlordane, 
13

C dieldrine 60 

and 
13

C Mirex). For the PAHs, a mixture of deuterium labeled polyaromatic hydrocarbons 61 

(PAH) congeners (2-methylnaphtalene- d10, acenaphtene- d10, anthracene- d10, pyrene- d10, 62 

benz(a)anthracene- d12, benz(e)pyrene- d12, benz(ghi)perylene- d12), were added. All standards 63 

were purchased from LGC, formerly Promochem AB (Borås, Sweden). In order to quantify the 64 

recovery of the internal standards, the extracts were added recovery standards. 10 µL of recovery 65 

standard consisting of deuterated PAHs (biphenyl-d10, fluorantene-d10 and perylene-d12) were 66 

added to the PAH extracts, while 20 µL of a recovery standard (1.2.3.4-tetrachloronaphtalene) 67 

were added to the acid resistant extracts.  68 

Analysis of the PCB congeners, a-HCH, β-HCH, g-HCH, p,p’-DDE, p,p’-DDD, o,p’-DDT and 69 

p,p’-DDT, HCB, together with the PRC compounds were performed with GC/HRMS on an 70 

Agilent 6890N gas chromatograph coupled to a Waters AutoSpec mass spectrometer in electron 71 

impact (EI) mode (Table S3). The different PCB congeners and some of the PRCs (PCB-23,-30,-72 

32,-107,-198) were separated using a HT-8 (50 m×0.22 mm inner diameter (SGE)) fused silica 73 

capillary column (Table S3). The GC was operating in splitless mode with helium as a carrier 74 

gas. 1 µL was injected at an injector temperature on 280°C. See Table S3 for more detailed 75 

information concerning the temperature program. Separation of a-HCH, β-HCH, g-HCH, p,p’-76 

DDE, p,p’-DDD, o,p’-DDT and p,p’-DDT, together with the PRCs (PCB-12,-14, D6 γ-HCH) 77 

compounds were done by use of a HP-1 (25 m×0.2 mm inner diameter (J&W Scientific)) fused 78 

silica column. 1 µL was injected by an autosampler on the split/splitless injection port in splitless 79 

mode with helium as a carrier gas (flow rate 1 mL/min). See Table S3 for detailed specification 80 

for the temperature program. During the GC run, p,p’-DDT could be thermally converted to p,p’-81 

DDD and p,p’-DDE. This is eluded due to use of 
13

C labeled p,p’-DDT as an internal standard. 82 

13
C p,p’-DDT may format to 

13
C-DDD/DDE, which are compounds that are not included in the 83 

internal standard. If the peak area of 
13

C-DDD/DDE >5% of the peak area of 13C p,p’-DDT, that 84 

result will be rejected. 85 
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Analysis of PAHs was carried out by a GC/LRMS on an Agilent 6890N gas chromatograph 86 

coupled to an Agilent 5973 mass spectrometer in an electron impact (EI) mode (Table S3). 1 µL 87 

was injected by an auto sampler on the split/splitless injection port in splitless mode with helium 88 

as a carrier gas (flow rate ~1 mL/min), with a temperature program as detailed in Table S3. 89 

Analysis of the pesticides (trans-chlordane, cis-chlordan, trans-nonachlor, cis-nonachlor) was 90 

carried out by a GC/LRMS on a Agilent 6890N gas chromatograph coupled to a Agilent 5973 91 

mass spectrometer in a electron capture negative ion (ENCI) mode. 1 µL was injected by an auto 92 

sampler on the split/splitless injection port in splitless mode with helium as a carrier gas (flow 93 

rate 1 mL/min). See Table S3 for the temperature program. 94 

 95 

S 1.4  Internal standard recoveries 96 

The internal standard recoveries for the deployed samples, field and method blanks, were to a 97 

large extent at the same level (Table S2), which address minimal matrix interferences from the 98 

deployed samples governed due to exposure. Nonetheless, some sites are experiencing higher 99 

recoveries for some of the internal standards. One of the parallels at the Spitsbergen site had a 100 

high percentage recovery for 
13

C p,p’-DDE. High recovery was also found for the field blank 101 

from Košetice for this internal standard.  102 

 103 

S 1.5  PRC recoveries 104 

The second recovery values were for the added mixture of PRCs. These values lie in the range of 105 

57-116 % The range in percentage recovery is governed from each PRC (8) in the field and 106 

method blank individually (Table S2).The lower values in the range originates from PCB-30, 107 

which had to be corrected towards two internal standards (
13

C HCB and 
13

C PCB-28). The higher 108 

recovery values for one of the method blanks may be caused by adding too much of the PRC 109 

solution to the PUF-disk. i.e. when comparing the recoveries from the different compounds in 110 

the same sample, it seems to be over all a high compound recovery for this sample.  111 

 112 
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S 1.6 Duplicate passive air samplers at selected sites  113 

Figure S2 (a-f) compares selected results for the six EMEP POPs sites where two samplers were 114 

co-located (Fig S1), while Table S4 additionally lists relative deviations, expressed as the 115 

percentage deviation from the average of these two parallels. The error bars in Fig. S2 are 116 

included to illustrate the uncertainty associated with the chemical analysis alone, which was 117 

estimated to be ~35 % (Section 3.4).  118 

The relative deviation for PCBs between the two replicates was less than 10 % at four out of six 119 

sites and ranged from 4 % (Košetice, Stórhöfdi) to 30 % for ΣnPCBs (Spitsbergen) (Table S4). 120 

Among individual PCBs, larger differences tended to occur for substances and sites experiencing 121 

lower concentrations (Spitsbergen, Pallas). However, differences of 20% or more were also seen 122 

for PCB-28 and 52 at the Råö site (Table S4) in spite of the relatively high air concentrations at 123 

this site (Fig S2a). Differences in wind speed experienced between the two replicates may have 124 

contributed to some of the deviations observed (Tuduri et al., 2006). If the two parallels were 125 

subject to different effective windspeeds, then this would lead to differences in loss of PRCs and 126 

hence estimated sampling rates. The resulting site-specific sampling rates and ranges which 127 

could be determined for 5 out of 6 sites were: Košetice (3.78 m
3
 day

-1
 ±5.0%); Pallas (3.63 m

3
 128 

day
-1

 ±22.8%); Stórhöfdi (11.22 m
3
 day

-1
 ±2.8%); Birkenes (3.31 m

3
 day

-1
 ±8.3%) and Råö (7.29 129 

m
3
 day

-1
 ±14.3%) (Table S1). Furthermore, sample A had a higher sampling rate than sample B 130 

for Stórhöfdi and Råö, while sample B was higher than sample A for Košetice, Pallas and Råö. 131 

Among the sites for which site-specific sampling rates could be determined, larger differences in 132 

loss of PRCs were found at Pallas and Råö. Yet, while loss of 6 PRCs were used to estimate the 133 

sampling rate for both samples from Råö, only 2 and 4 PRCs were used for Pallas. Hence, we are 134 

less confident about the estimated sampling rate for Sample A from Pallas (Table S1) which, in 135 

turn, makes it difficult to conclude that the two parallels at Pallas were subject to significantly 136 

different windspeeds. The results for Råö rather suggest that the differences observed between 137 

the two parallels are more of an analytical character as sample A had a higher sampling rate in 138 

comparison to sample B while estimated air concentrations were consistently higher for sample 139 

A (Fig S2). Figure S2 (b,c) show results for α-HCH and γ-HCH. The relative deviations for α-140 

and γ-HCH were always less than 20 % and ranged from 1 to 13 % and 2 to 18 %, respectively 141 

(Table S4). Figure S2d) shows the results for ΣnDDTs where n varies between the sites. Both 142 
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replicates at Stórhöfdi and Spitsbergen had concentrations below the MDL for all DDTs and are 143 

therefore not included in Fig. S2d). Concentrations under the MDL were also experienced at 144 

Birkenes and Pallas and hence a comparison for all four DDT isomers was only possible for 145 

Košetice and Råö. The larger deviations among the latter two sites were found for Råö where 146 

both the relative difference in sampling rates were larger and air concentrations much lower in 147 

comparison to Košetice (Fig. S2d). Figure S2e) shows the results for ΣnPAHs, where n varies 148 

from 1 (Stórhöfdi) to 8 (Košetice), while no comparison could be made for Spitsbergen. The 149 

relative deviation between the replicates ranged from 2 % (Košetice) to 25 % (Pallas) for 150 

ΣnPAHs. The better agreement found for the Košetice (2 %) site (Table S4) may be attributed to 151 

the higher concentration of PAHs experienced at this site (Fig. S2e) in combination with a 152 

limited difference in sampling rates compared to Pallas. Figure S2f) shows the results for HCB. 153 

The difference between the two parallels ranged from 1 to 22 %. A very good agreement was 154 

found at Stórhöfdi, Košetice, Birkenes and Råö with 1, 2, 4 and 8 % respectively, while larger 155 

discrepancies (~20 %) were observed at the northern sites at Pallas and Spitsbergen. In general, 156 

we conclude that there is a reasonable agreement between the two replicates for most substances, 157 

with a tendency for better agreement for those substances (e.g. HCHs, HCB) and sites (e.g. 158 

Košetice) which tend to experience higher concentrations in air. 159 
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Figures 

Figure S1 EMEP POP measurement network, showing sites for which both air and 

precipitation measurements are carried out. Sites presented with names are localities for 

which POPs were monitored in air using AAS in 2006. 
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Figure S2 Comparison of selected PAS results for two parallels at six EMEP sites. Note that all results are expressed on a 

logarithmic scale due to large variability across sites. Secondly, the sum of PCBs, DDTs and PAHs only includes those substances (n) 

for which both samples at a given site were found to be above MDL. The error bars indicates an estimated uncertainty of +/-35% 

associated with the chemical analysis alone.  
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Figure S3 Spatial pattern of individual PCBs in European background air. 
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Figure S4 Spatial pattern of individual HCHs in European background air. 

a-HCH (pg/m3)

Figure S4a) Figure S4b)

b-HCH (pg/m3)

Figure S4c)

g-HCH (pg/m3)



23 

 

Figure S5 Spatial pattern of individual DDTs in addition to p,p’-DDT/ p,p’ -DDE and o,p’-DDT/ p,p’-

DDT ratios in European background air. 

 

 

Figure S5e)

p,p’-DDE/p,p’ -DDT ratio

Figure S5f)

o,p’-DDT/p,p’ –DDT ratio

p,p´-DDE (pg/m3)

Figure S5a) Figure S5b)

p,p´-DDD(pg/m3)

Figure S5c)

o,p´-DDT(pg/m3)

Figure S5d)

p,p´-DDT (pg/m3)



24 

 

Figure S6 Spatial pattern of individual PAHs in European background air. 
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Figure S7 Spatial pattern of individual chlordanes in European background air. 
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Figures S8-S22: Maps of Footprint ES (emission sensitivity) (a) and EC (emission contribution) (b) for PCB-

28 for the PAS sampling period (see text) at selected sites. 
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ES map [ns/m3] Jarczew 

EC map 1E-12 [pg/m5] Jarczew 

ES map [ns/m3] Leba

EC map 1E-12 [pg/m5] Leba

Figure S18b) Figure S19b) 

Figure S18a) Figure S19a) 



33 

 

ES map [ns/m3] Viznar

EC map 1E-12 [pg/m5] Viznar

ES map [ns/m3] Els Torms

EC map 1E-12 [pg/m5] Els Torms

Figure S20b) Figure S21b) 

Figure S20a) Figure S21a) 



34 

 

ES map [ns/m3] Strath Vaich Dam EC map 1E-12 [pg/m5] Strath Vaich Dam 

Figure S22a) Figure S22b) 



35 

 

Figure S23-S24 Maps of Footprint ES (emission sensitivity) (a) and EC (emission contribution) (b) 

for PCB-28 for the AAS sampling period (see text) at Birkenes (23) and Košetice (24) respectively.  
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Passive air samplers (PAS) are cost-efficient tools suitable for spatial mapping of atmospheric

concentrations of persistent organic pollutants (POPs). The objective of this study was to use PAS to (i)

determine atmospheric concentrations of selected POPs in Norwegian coastal zones with consumption

advisories on seafood (N ¼ 22), and (ii) evaluate a simple nested monitoring approach to assess the

relative influence of local vs. long-range atmospheric transport (LRAT) at coastal sites. The latter was

facilitated by comparison with data from a coordinated European-wide campaign in which an identical

sampling and analytical approach was followed. Air concentrations were calculated based on the loss of

performance reference compounds (PRCs), and results are presented for selected polychlorinated

biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs), hexachlorocyclohexanes (HCHs),

hexachlorobenzene (HCB), dichlorodiphenyltrichloroethanes (DDTs) and chlordanes. Air

concentrations of PCBs were generally highest at sites within larger cities and up to about an order of

magnitude higher than anticipated on the basis of LRAT alone. The distribution of PAHs and HCB

occasionally showed elevated concentrations at coastal sites with ongoing or former industrial activity,

while an urban site was significantly influenced by banned insecticides (technical DDT and lindane).

Coastal sites were also elevated in a-HCH beyond the anticipated LRAT contribution, which we

attribute to volatilization from the sea. We conclude that a simple nested PAS monitoring approach

provides useful information for screening efforts aiming to assess both atmospheric burdens as well as

the relative significance of local sources in controlling these burdens at sites in contaminated areas.

1. Introduction

Humans may be significantly exposed to various persistent

organic pollutants (POPs) through consumption of fish and

seafood from aquatic environments e.g. ref. 1 and 2. Any

attempts to mitigate further human exposure through this

pathway without changing dietary habits would ultimately call

for knowledge about sources and pathways of contaminants that

are affecting concentrations in fish. Several studies have indi-

cated that the atmosphere constitutes an important pathway

through which POPs enter and exchange with aquatic ecosys-

tems. Examples include PCBs in the Great Lakes3 and the Inner

Oslofjord4 as well as HCHs5 and dioxins (PCDD/Fs)6,7 in the

Baltic Sea. This calls for further studies aimed at identifying the

main sources affecting atmospheric concentrations close to

contaminated aquatic environments where high levels of POPs
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bLancaster Environment Centre, Lancaster University, Lancaster, LA1
4YQ, UK
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Environmental impact

Passive air samplers (PAS) are particularly suitable for spatial mapping of concentrations of persistent organic pollutants in air. In

this study, we have applied PAS with the objective of evaluating the influence of local sources versus long-range atmospheric

transport (LRAT) in controlling concentrations in air in contaminated areas, using Norwegian coastal zones with consumption

advisories on seafood as case studies. Assessment of contributions of LRAT was facilitated by comparison with consistent data from

a coordinated European-wide campaign. The study area is considered particularly interesting in the context of our objective as it is

located within an urban–remote transect along an expected pollution gradient frommore densely populated areas of Europe towards

the Norwegian Arctic.
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are of concern. Relevant cases in Norway include various coastal

zones and fjords for which consumption advisories on fish and

seafood exist8 due to elevated concentrations of PCBs, PCDD/Fs

and/or PAHs.9

A key feature of POPs is their ability to undergo LRAT from

global source regions to remote areas.10,11 As the population

density in Norway is relatively low compared to other parts of

Europe, LRAT is therefore expected to exhibit a significant

influence on concentrations of POPs in air for Norway as a

whole. Thus, LRAT could also play a significant role in

controlling atmospheric burdens along the Norwegian coast.12–14

Indeed, past studies on the occurrence of POPs in air within

Norway have mainly been carried out in the context of LRAT

and most data are available for background sites e.g. ref. 15 and

16. However, the atmospheric burden in coastal zones with

consumption advisories on seafood typically coincides with areas

with a higher population density in Norway. Concentrations of

POPs in air in these coastal zones may therefore additionally be

influenced and potentially enhanced by atmospheric emissions of

POPs from Local Sources (LS). Examples are emissions of PAHs

and PCDD/Fs from e.g. industrial activities,17,18 and PCBs from

e.g. building materials.19–22 Additionally, as our contaminated

coastal zones are located within an interesting urban–remote

transect along an expected pollution gradient from more densely

populated areas of Europe towards the Norwegian Arctic e.g.

ref. 15 and 16, this makes the study region an interesting area for

studying LS vs. LRAT in controlling concentrations of POPs in

air. Furthermore, specific topographic features in some coastal

zones (e.g. narrow fjords surrounded by steep mountains) may

cause local emissions to be ‘‘trapped’’ due to limited atmospheric

circulation,23 leading to locally elevated air concentrations.

Taken together, the atmospheric burden of POPs in contami-

nated coastal zones of Norway may thus in part be controlled by

LS and in part by LRAT. So far, no study has been carried out to

assess the relative importance of these two sources within these

coastal zones. Yet, being able to discriminate between these two

sources is of immediate relevance for the assessment of potential

control strategies, including relevant monitoring efforts in

support of the StockholmConvention on POPs (SC). The relative

importance of the two could furthermore be anticipated to differ,

depending on the contaminant in question. As the key goal of the

SC is to protect human health and the environment from these

substances by reducing or eliminating releases to the environ-

ment, it becomes important to carry out further studies to help

assess whether POPs are actually becoming reduced or elimi-

nated, or whether there are sources which remain active. The

Global Monitoring Plan (GMP) for POPs specifically requests

comparable monitoring data to support evaluations assessing

whether the goal of the SC is reached, and highlights the use of

passive air samplers for spatial and temporal trends assessment.24

The objective of this study was to carry out a passive air

sampling campaign (PAS) to (i) determine atmospheric concen-

trations of selected POPs in Norwegian coastal zones and fjords

where consumption advisories on seafood exist, and (ii) gain

insights into the relative importance of LRAT and LS for indi-

vidual sites. The latter was made possible as this campaign was

coordinated in time with a comprehensive PAS campaign across

European background sites,25 which in turn facilitates empirical

estimates of the anticipated background concentration as

attributed to LRAT alone. Finally, we conclude by discussing the

merits and limitations of the PAS approach to assess LRAT versus

LS in contaminated areas as well as remaining knowledge gaps.

2. Materials and methods

2.1. Theory

The air samples were collected by passive air samplers (PAS)

using polyurethane (PUF) disks. We refer to the literature for a

detailed account of this method and its application e.g.

ref. 26–30. In brief, the PUF disk has a high ability to sorb semi-

volatile organic compounds in air. During exposure, the chem-

icals will accumulate in the sampling material, and the amount

on the PUF disk is equivalent to the rate of uptake minus the rate

of loss. The uptake is airside controlled and a function of the

planar area (APUF) of the disks, the mass transfer coefficient (kA)

and the concentration in air (CA). The uptake is initially linear,

but will reach equilibrium in time.26 Depending on the octanol–

air partition coefficient (KOA) of individual compounds, the

duration of the linear phase will vary and the more volatile

compounds (i.e. low KOA) will reach equilibrium faster than the

less volatile compounds.29 The PUF disk is placed between two

stainless steel metal domes31 which protect the sampling media

from precipitation, particle deposition, sunlight and shields

against wind speed effects (e.g. Tuduri et al.32).

2.2. Sampling

Air samples were collected using PAS deployed along the

Norwegian coast for three months during late summer 2006, see

Fig. 1. The 22 coastal sites were selected on the basis of advisories

on the consumption of seafood caused by elevated levels of

POPs,8 see Table S1 in the ESI.† Additionally, two samplers were

deployed in a few coastal sites (Kristiansand, Bergen, Trond-

heim, Tromsø, Narvik and Bergen) to evaluate spatial variability

within contaminated coastal zones. All PAS samplers were

deployed at least 1.5 meters above the ground in close vicinity to

the sea. Areas close to major roads and industrial activity were

avoided, while preference was given to parks and private prop-

erties in an attempt to aim for representative ‘‘background’’

concentrations in each coastal zone.

During the same period, a coordinated PAS campaign was

carried out at 86 background sites across 34 European countries.25

Site details for the Norwegian (N ¼ 5) and Swedish (N ¼ 7)

background sites which were included in the European campaign

and used to assess contribution from LRAT in this study (see

Section 2.5) are additionally listed in Table S1† (see also Fig. 1).

2.3. Sample preparation, clean-up and analysis

Details involving solvents used, sample preparation, clean-up

and analysis are previously described by Halse et al.,25 and only a

brief summary is presented here. The PUF disks were pre-

cleaned, spiked with performance reference compounds

(PRCs),33 wrapped in double layer of alumina foil and stored in

zip-lock bags prior to deployment. After exposure, the air

samples together with field and method blanks were added a

mixture of internal standards and Soxhlet extracted using n-

hexane as a solvent. The air samples were analyzed for
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polychlorinated biphenyls (PCBs) (PCB-28, -52, -101, -118, -138,

-153, -180), polycyclic aromatic hydrocarbons (PAHs) (fluorene,

phenanthrene, anthracene, fluoranthene, pyrene, benzo(a)pyr-

ene, benz(a)anthracene, chrysene), hexachlorocyclohexanes

(HCHs) (a-, b- and g-HCH), hexachlorobenzene (HCB),

dichlorodiphenyltrichloroethanes (DDTs) (p,p0-DDE, p,p0-

DDD, o,p0-DDT, p,p0-DDT) and chlordanes (trans-Chlordane,

cis-Chlordane, trans-nonachlor, cis-nonachlor). The extracts

were divided into two aliquots prior to the clean-up procedures.

One aliquot for the determination of the acid stable compounds

(S7PCBs, S3HCHs, S4DDTs, HCB, S4Chlordanes) was treated

with sulphuric acid followed by a fractionation using a silica

column. The other aliquot for the determination of PAHs was

cleaned using a deactivated silica column. After the clean-up

procedures, both aliquots were reduced to #50 ml by a gentle

stream of nitrogen and recovery standards were added. PCBs,

HCHs, DDTs, HCB and PRCs (d6-g-HCH and selected PCBs,

see the ESI†) were analyzed using gas chromatography coupled

to high resolution mass spectrometry in an electron impact (EI)

mode (GC/HRMS). PAHs were analyzed using gas chromatog-

raphy coupled to low resolution mass spectrometry (GC/

LRMS), while the chlordanes were analyzed using low resolution

gas chromatography coupled to mass spectrometry in an electron

capture negative ion mode (GC/ENCI-MS).25

Fig. 1 Map showing the locations for coastal sites (this study), and Norwegian andNordic background sites.25 (1) Oslo, (2) Holmestrand, (3) Tønsberg,

(4) Nøtterøy, (5) Kragerø, (6) Arendal, (7a, b) Kristiansand I, II, (8) Farsund, (9) Fedafjorden, (10) Flekkefjord, (11) Stavanger, (12) Sauda, (13a, b)

Bergen I, II, (14) Sunndalsøra, (15a, b) Trondhjem I, II, (16) Hommelvika, (17) Brønnøysund, (18) Mo i Rana, (19a, b) Narvik I, II, (20) Ramsundet,

(21) Harstad, (22a, b) Tromsø I, II, (I) Birkenes, (II) Hurdal, (III) K!arvatn, (IV) Tustervatn, (V) Karasjok, (VI) Vavihill, (VII) R!a€o, (VIII) Hoburgen,

(IX) Aspvreten, (X) Bredk€alen, (XI) Vindeln, (XII) Abisko.
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2.4. Deriving air concentrations

An estimate of the sampled volume of air is needed in order to

back-calculate air concentrations for individual compounds. For

these calculations, information on PUF characteristics, air

temperature, measured loss of PRCs and their temperature-

dependent KOA values were used to calculate site specific

sampling rates e.g. ref. 26, 28, 33 and 34. The air temperatures

used for these estimations were derived from the Norwegian

Meteorological Institute,35 except for Birkenes and Hurdal where

temperatures are measured by NILU. A detailed description of

the estimation of air concentrations is given by Halse et al.25 and

references therein. The site-specific sampling rates and number of

PRCs characterized by a sufficient loss for each site (>40%) are

presented in Table S1.† For sites experiencing an insufficient loss

of PRCs (<40%),34 the default sampling rate of 3.5 m3 d$1

proposed by Harner et al.36 was used for calculating the effective

volume of air sampled.

2.5. Quality assurance and quality control (QA/QC)

For assessments of the quality assurance and quality control, the

analytical procedures were monitored using NS/EN ISO/IEC

17025 accredited routines. For quantification, a calibration/

quantification solution was injected for every fourth sample. A

standard reference material (SRM 1588) from the National

Institute of Standards and Technology (NIST), containing

organic compounds in cod liver oil was analyzed routinely for

PCBs, HCHs, DDTs, HCB and chlordanes. For PAHs, a dilu-

tion of a PAHmixture containing 16 compounds (NE 1378) from

Promochem GmGH was analyzed for each run. To furthermore

verify the quantification, the retention time for the 12C-labeled

compound should not be more than 3 seconds later than its

corresponding 13C-labeled isomer. In addition, the 3 : 1 isotope

ratio between 12C and 13C isomers must be within 20% of the

theoretical value for the two monitoring masses.

2.5.1. Field and method blanks. Field (N ¼ 5) and method

blanks (N ¼ 5) consisting of pre-cleaned spiked PUF disks were

extracted and analyzed in the same way as the exposed samples.

Field blanks were prepared to discover possible contamination

during general handling and transport, while the method blanks

focus more on laboratory conditions (e.g. solvents, equipment,

and adsorbents). The blank values were converted into concen-

trations by the use of averaged values for the sampling rate

(4.08 m3 d$1), temperature (14 %C) and deployment time

(92 days) from the deployed coastal samples.

2.5.2. Method detection limit (MDL). The method detection

limits (MDLs) (Table 1) were calculated for the individual

compounds as the average blank (field and method) concentra-

tion (N ¼ 10) plus 3 times the standard deviation (SD) (Table 1).

The field and method blanks had similar values. When the target

compound was not identified in the blanks, an instrumental

detection limit (IDL, signal/noise 3 : 1) divided by two was used

instead to estimate a MDL.34 A different approach was used for

PAHs, where the lowest measured range for air samples for the

instrument was 0.01–0.02 ng m$3. For individual PAHs only

0.01 ng m$3 was used, while half of this measured value was used

for samples below this value.25 When the target compound was

absent in the exposed samples, ½MDL was used for statistical

treatment. The concentrations were not blank corrected as the

blanks had both low and stable values.

2.5.3. Recoveries. Recoveries were compiled for both the

internal standards and for the PRCs, where the latter were

provided from the field and method blanks as detailed in the ESI

(S1.1, S1.2) and Table S2.† Quantification was based on the

added 13C or 2D-labeled internal standards, hence the sample

concentrations are automatically corrected for recovery.

2.5.4. Uncertainties. There are recognized uncertainties

associated with procedures used to back-calculate air concen-

trations from PAS e.g. ref. 37–39 and as also discussed by Halse

et al.25 Different factors during the chemical analysis will

furthermore influence the uncertainty in the air concentrations,

e.g. sample clean-up, accuracy in the standards and instrumental

conditions. The overall uncertainty associated with the chemical

analysis was estimated to be &35%.25 Internal and recovery

standards were used to compensate for possible loss during

sample clean-up; field blanks were furthermore included to

evaluate possible contamination during transport and general

handling. The method blanks were used to assess laboratory

conditions. More information on the quantification of these

uncertainties is provided by Halse et al.25

2.6. Estimating the contribution from LS vs. LRAT

The availability of comparable and consistent data for European

background air enables empirical estimates of the expected

contribution attributed to LRAT alone. Specifically, the ratio

(R) of observed concentrations at individual coastal sites divided

by the anticipated ‘‘background’’ concentration attributed to

LRAT alone provides insights into the significance of LS versus

LRAT (eqn (1)):

R ¼
Cðcoastal siteÞ

CðbackgroundÞ
(1)

Thus, R > 1 would indicate the influence of LS; R > 2 would

indicate the predominance of LS, while R# 1 would indicate the

predominance of LRAT. The latter would also indicate that the

LRAT contribution is overestimated for a given compound/

compound group at a specific coastal site.

This approach thus requires an estimate of the background

concentration attributed to LRAT alone. As both campaigns

were carried out at the same time, temporal variability can be

ignored. However, there is an expected and observed spatial

variability in European background air,25 which merit consid-

eration. For this work, three scenarios for the background

concentration were therefore explored: (i) a Norwegian back-

ground, defined as the median air concentration for the

Norwegian background sites (N ¼ 5, Fig. 1), (ii) a Nordic

background, defined as the median air concentration for all

background stations in two Nordic countries (Sweden and

Norway) combined (N ¼ 12, Fig. 1), and finally (iii) a European

background, defined as the median air concentration from all

European background sites (N ¼ 86).25 Consequently, three
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corresponding ratios were calculated: RNW (Norwegian back-

ground), RND (Nordic background) and REU (Europe). Each of

these background estimates has its own merits and limitations,

which make it interesting to explore the impact of different

predicted LRAT contributions on the overall results. In brief,

while the former two estimates have a more limited empirical

basis (N ¼ 5 and 12) than the latter (N ¼ 86), the European

estimate is considered less representative for the expected ‘‘true’’

background air concentrations in Norway. To further assess the

spatial variability in estimated background air concentrations

(LRAT contributions), we used the maximum (max) and

minimum (min) observed background air concentration within

both the Norwegian and Nordic datasets to derive an estimate of

the uncertainty in R. This approach was not considered appro-

priate for the European dataset due to a much larger spatial

variability,25 i.e. the higher concentrations observed across

European background sites would typically be expected to

significantly overestimate the true background in Norway.

Finally, the analytical uncertainty previously estimated to be

#&35%25 was additionally incorporated by adding and sub-

tracting 35% from the maximum and minimum background air

concentrations for the three reference scenarios, respectively.

Taken together, this resulted in nine different Rs with median

(default), maximum and minimum estimates for RNW, RND and

REU. Additional uncertainties associated with back-calculating

air concentrations on the basis of PAS37,39 were not considered as

these errors were assumed to be of a more systematic rather than

random character, e.g. as caused by uncertainties in KOA.

Finally, any data below theMDLwas omitted from this analysis.

3. Results and discussion

3.1. Introductory remarks

Table 1 shows the overall results in terms of calculated air

concentrations for both exposed samples from the coastal sites

and the blanks (average, median, range), while Tables S3a–S6a†

present results for individual compounds and compound groups

at each coastal site. Three sites (Oslo, Ramsundet and Tromsø II)

experienced an insufficient loss of all PRCs (<40%). The esti-

mated air concentrations derived for these three sites critically

rely on the default sampling rate and the results should therefore

be interpreted with caution. Although the exact reason why these

sites experienced an insufficient loss cannot be explained

unequivocally, we note that the number of individual PRCs

experiencing a sufficient loss tended to decrease towards the

northern sites (Table S1†), which could indicate that the vola-

tility range of our selected PRCs was less suitable at sites expe-

riencing colder temperatures. From theoretical considerations,26

we also caution that some of the more volatile substances

Table 1 Concentrations of selected PCBs, HCHs, DDTs, HCB, chlordanes (pg m$3) and selected PAHs (ng m$3) in air from coastal sites in Norway

Compounds Average & S.D Median

Measured range

MDL % above MDL Max/min ratio (MMR)Deployed samples Blanks

PCB-28 5 & 3 4 1.0–10 0.09–0.3 0.4 100 10
PCB-52 6 & 5 5 1.2–21 0.07–0.5 0.6 100 18
PCB-101 5 & 5 3 0.9–19 0.06–0.6 0.7 100 21
PCB-118 1.7 & 1.8 1 0.2a–7.3 0.04–0.3 0.4 93 >18
PCB-138 1.7 & 1.4 1 0.3a–6.2 0.05–0.5 0.5 93 >12
PCB-153 2.5 & 2 2 0.5a–8.7 0.08–0.8 0.9 88 >9
PCB-180 0.5 & 0.4 0.4 0.09a–1.6 0.02–0.1 0.2 93 >9
S7PCBs 21 & 17 17 4.5–72 >16
Fluorene 4 & 6 2 0.4–32 0.006–0.03 0.04 100 74
Phenanthrene 6 & 7 5 0.6–41 0.01–0.07 0.1 100 72
Anthracene 0.2 & 0.3 0.1 0.007a–1.5 0.001–0.008 0.01 96 >108
Fluoranthene 1.4 & 1.6 0.9 0.1–6.5 0.003–0.02 0.03 100 54
Pyrene 0.8 & 0.9 0.5 0.07–3.9 0.003–0.02 0.02 100 55
Benz[a]anthracene 0.03 & 0.03 0.02 0.005a–0.2 0.005c 0.01 85 >15
Chrysene 0.08 & 0.06 0.06 0.02–0.3 0.005c 0.006 100 14
Benzo[a]pyrene 0.006 & 0.002 0.005 0.005a–0.01 0.005c 0.01 11 >1
S8PAHs 13 & 16 9.5 1–84 >68
a-HCH 16 & 3 15 11–22 0.1–0.9 1 100 2
b-HCH 0.3 & 0.2 0.3 0.1a–0.8 0.003d–0.2 0.2 70 >4
g-HCH 18 & 21 15 4.5–115 0.1–1.0 1 100 26
S3HCHs 34 & 22 31 19–133 >7
HCB 58 & 50 47 42–305 0.4–1.1 1 100 7
p,p0-DDE 3 & 2 1 1.3a–7.8 0.1–2.4 3 48 >3
p,p0-DDD 0.2 & 0.2 0.1 0.04b–1.0 0.001d–0.2 0.2 33 >4
o,p0-DDT 1.4 & 2.04 0.9 0.2a–11 0.002d–0.4e 0.4 93 >28
p,p0-DDT 2.1 & 4.8 1.0 0.2a–26 0.005d–0.3 0.3 85 >86
S4DDTs 6.5 & 8.4 3.4 1.8–45 >26
trans-Chlordane 0.9 & 1.0 0.5 0.02a–3.9 0.004d–0.03 0.04 96 >91
cis-Chlordane 1.4 & 0.8 1.2 0.5–4.0 f0.006–0.1 0.1 100 8
trans-Nonachlor 1.3 & 0.7 1.1 0.4–3.4 0.002d–0.06 0.09 100 10
cis-Nonachlor 0.2 & 0.2 0.2 0.02a–0.7 0.002d–0.02 0.03 96 >20
S4Chlordanes 3.8 & 2.6 3.1 1.1–11 >11

a The lower limit is ½MDL. b The lower limit was influenced by interference. c The component was not detected in the blanks and ½IDL (instrument
detection limit) value was used. d The lower limit is ½IDL. e The upper limit was influenced by interference. f Lower and upper values were below IDL.
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(fluorene > HCB > a-HCH > phenanthrene z g-HCH z

anthracene > PCB-28 and to some extent PCB-52) may have

started to approach equilibrium during the 3-month deployment

period as discussed in the ESI (S 1.3),† and as also can be seen

from the effective air volumes derived for individual substances

and compounds (Tables S3b–S6b†).

PCB-28, 52 and 101, a- and g-HCH, HCB, cis-Chlordane and

trans-nonachlor were detected in all samples. Among the PAHs,

fluorene, phenanthrene, fluoranthene, pyrene together with

chrysene were also detected in all samples. The spatial variability

across the coastal sites is expressed by the ratio between

maximum and minimum air concentrations (MMR) in Table 1.

When the minimum concentration was below the MDL, the

MDL value was used when calculating the MMR, which implies

that only a minimum estimate of spatial variability can be

provided. The estimated influence of LS at each coastal site is

explored by analyzing the ratios of observed concentrations at

each coastal site, divided by the different scenarios for the esti-

mated concentration attributed to LRAT alone (Rs; eqn (1)).

Only results for selected substances and substance groups using

the Norwegian background scenario (RNW) are included in

Fig. 2. Additional results are included in the ESI, Tables S7–S9,†

which compare and contrast the predicted influence of LS for

individual compounds and compound groups for each of the

three background scenarios (RNW (Table S7†), RND (Table S8†)

and REU (Table S9†)), including median (Tables S7a, S8a and

S9a†), maximum (Tables S7b, S8b and S9b†) and minimum

(Tables S7c, S8c and S9c†) estimates. In Tables S7–S9,† Rs based

on concentrations at coastal sites below the MDL are listed as

NQ (not quantified) while Rs using background concentrations

below the MDL are tabulated as ND (not detected).

Tables S10a–c† likewise summarize the number of coastal sites

for which the Rs are $2, $1 and >MDL for the 9 different

background scenarios. An overview of the median background

air concentrations for the three background scenarios is finally

included in Table 2.

3.2. PCBs

The average concentration ofS7PCBs was 21 pgm
$3 (SD& 17 pg

m$3), with a range from 4.5 to 72 pg m$3 (Table 1). The more

abundant PCBs were PCB-52, -101, -28 and -153, each of which

contributed 29%, 24%, 22% and 12% to the average concentra-

tion of S7PCBs, respectively. MMRs for individual PCBs varied

by about an order of magnitude or more, i.e. >9 (PCB-153 and

PCB-180) to 21 for PCB-101. The highest concentrations of

S7PCBs were found in Bergen I, Kristiansand II and Oslo with

72, 59 and 51 pg m$3, respectively. These sites were all located

within major cities in Norway, while the lowest concentrations

were observed in Narvik II, Ramsundet and Sunndalsøra with

5.8, 4.8 and 4.5 pg m$3, respectively (see Table S3a†).

Fig. 2a shows the estimated contribution from LS (RNW) for

S7PCBs (see also Table S7a†). RNW falls between 1.5 and 13.6,

which strongly suggests that LS likely contributes (RNW $ 1) or

dominates (RNW $ 2) the observed air concentrations of PCBs at

most coastal sites. The same pattern is also evident for RNWmax

(using maximum background concentrations) but the values are

lower (0.6–5.3), indicating less influence of LS (Table S7b†). Also

Fig. 2 (a–d) Estimated contribution from local sources, expressed as the ratio (RNW) of measured air concentrations divided by the anticipated

contribution from long-range atmospheric transport alone (Norwegian background scenario). The uncertainty in this ratio (RNWmax, RNWmin) is

estimated as detailed in the text.
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note that RNWmin is not included in Fig. 2a as a few congeners

were below the MDL at Norwegian background sites.25 The

highest contribution from LS is estimated for sites located in

larger cities, e.g. Bergen I (13.6: 5.3-ND), Kristiansand II (11.1;

4.3-ND) and Oslo (9.7: 3.7-ND) (Tables S7a–c†).

It is noteworthy that RNW $ 2 at 21 out of 24 sites, indicating

that LS dominates the atmospheric burden (Table S10a†). When

consideringRNWmax (Table S7b†), the number is reduced to 6 out

of 24 forRNWmax > 2 (Table S10b†). Still, even when applying the

more conservative approach with respect to possible influence of

LS (Table S7b†), as much as 15 sites experienced some influence

of LS (i.e. RNWmax $ 1; Table S10b†). When comparing results

for the two parallels deployed at different locations, yet within

the same coastal zone, such as Bergen, Tromsø and Kristiansand

(Fig. 1), it is also evident that our method and results are not

applicable beyond a specific site alone. Thus, spatial variability in

air concentrations of S7PCBs (and hence the potential influence

of LS) within a given coastal zone may differ significantly and

any inferences made about the likely influence of LS in a specific

coastal zone are restricted to the specific site where the sample

was collected as well as when it was exposed.

When considering the Nordic background (RND) as our

reference scenario (Table S8a–c†), the overall results indicate less

influence of LS as the Nordic background concentrations are

higher than the Norwegian background concentrations (Table

2). This ratio ranges from 0.9–8.2 and 0.2–1.5 for S7PCBs

applying RND (Table S8a†) and RNDmax (Table S8b†), respec-

tively. Moreover, the number of sites which are predominantly

controlled by LS (RND $ 2) drops down to 13 out of 24

(Table S10a†). In other words, only about half of the coastal sites

are seen as elevated by LS when assessed in the context of Nordic

background concentrations. However, when applying the

European background scenario (Table S9a–c†), REU falls below

1 for about half of the sites (Table S9a†) and only five sites,

Bergen I (4.7: 3.5–7.3), Kristiansand II (3.9: 2.9–5.9), Oslo (3.4:

2.5–5.2), Tromsø I (2.9: 2.1–4.4) and Stavanger (2.7: 2.0–4.2) still

stand out with REU $ 2 (Table S10†). Clearly, whenever REU is

$2 (Table S9a–c†), it strongly suggests that a significant influ-

ence of LS at a particular coastal site is likely. Hence, possible

control strategies should emphasize local control measures if

further reductions in atmospheric burdens of PCBs are to be

achieved at these sites.

The median background air concentrations for S7PCBs for the

Nordic and European scenarios are, respectively, 1.7 and 2.9

times higher than that of the Norwegian background scenario

(Table 2). The difference tends to increase with increasing chlo-

rination, which is seen as a reflection of lighter PCBs being more

prone to LRAT.40 Hence, the relative influence of LRAT at

Table 2 Median background concentrations in air for the Norwegian, Nordic and European scenario for selected PCBs, HCHs, DDTs, HCB,
chlordanes (pg m$3) and selected PAHs (ng m$3). All data from Halse et al.25

Compound/groups

Norwegian background Nordic

European median

Ratio (median values)

Median Range (min–max) Median Range (min–max) Nordic/Norwegian European/Norwegian

PCB-28 1.5 0.9–2.1 1.9 0.9–4.7 3.8 1.3 2.5
PCB-52 1.6 1.1–2.3 2.1 1.1–5.7 4.2 1.3 2.6
PCB-101 1.0 0.6–1.9 1.7 0.6–8.7 2.5 1.8 2.7
PCB-118 0.3 0.2–0.6 0.5 0.2–3.3 1.0 1.6 3.0
PCB-138 0.3 0.2–1.1 0.9 0.2–4.7 1.2 2.8 3.9
PCB-153 0.5 0.3–1.6 1.4 0.3–6.8 2.0 2.9 4.2
PCB-180 0.1 0.1–0.6 0.3 0.1–2.1 0.6 2.9 5.5
S7PCBs 5.3 3.4–10.2 8.7 3.4–32.4 15.3 1.7 2.9
Fluorene 0.7 0.3–4.5 0.7 0.3–4.5 1.0 1.06 1.3
Phenanthrene 1.2 0.6–5.0 1.5 0.5–5.0 1.9 1.3 1.6
Anthracene 0.01 0.01–0.1 0.01 N.Da–0.08 0.03 1.1 1.9
Fluoranthene 0.2 0.1–0.7 0.3 0.1–1.1 0.4 1.6 2.5
Pyrene 0.1 0.1–0.2 0.1 0.1–0.5 0.2 1.5 2.76
Benzo[a]pyrene 0.005 N.Da N.Da N.Da–0.06 N.Da N.Da N.Da

Benz[a]anthracene N.Da N.Da–0.04 N.Da N.Da–0.04 0.01 N.Da N.Da

Chrysene 0.01 0.009–0.01 0.01 0.01–0.1 0.03 1.2 3.2
S6PAHb 2.2 1.1–10.5 2.6 1.0–11.2 3.6 1.2 1.6
a-HCH 7.6 7.1–8.9 8.6 6.8–12.7 20.6 1.13 2.7
b-HCH N.Da N.Da–0.2 N.Da N.Da–1.1 0.7 N.Da N.Da

g-HCH 4.3 2.3–5.9 5.0 2.3–11.6 19.5 1.2 4.5
S2HCHsc 11.9 9.4–14.8 13.6 9.2–24.3 40.1 1.1 3.4
HCB 41.5 39.0–46.9 41.8 38.4–58.7 45.1 1.0 1.1
p,p0-DDE N.Da N.Da N.Da N.Da–8.0 N.Da N.Da N.Da

p,p0-DDD N.Da N.Da N.Da N.Da–0.2 N.Da N.Da N.Da

o,p0-DDT N.Da N.Da–0.6 0.4 N.Da–2.3 1.8 N.Da N.Da

p,p0-DDT N.Da N.Da–0.8 0.3 N.Da–3.0 2.0 N.Da N.Da

S2DDTsd N.Da N.Da–1.4 0.7 N.Da–5.3 3.8 N.Da N.Da

trans-Chlordane 0.4 0.2–0.6 0.3 N.Da–0.6 0.4 1.0 1.2
cis-Chlordane 0.7 0.6–1.1 0.8 0.4–1.3 1.2 1.0 1.6
trans-Nonachlor 0.8 0.7–1.5 0.8 0.4–1.5 1.2 1.0 1.5
cis-Nonachlor 0.1 0.1–0.2 0.1 N.Da–0.3 0.1 0.9 1.4
S4Chlordanes 2.0 1.6–3.4 2.0 0.9e–3.7 3.0 1.0 1.5

a Concentration <MDL.25 b Fluorene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene. c a-HCH and g-HCH. d o,p0-DDT and p,p0-DDT.
e Lower range, trans-Chlordane and cis-Chlordane < MDL.25
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background sites may be higher for lighter PCBs compared with

their heavier counterparts, which is in line with previous studies

on the latitudinal distribution of PCBs in background air within

Norway.41 This may explain why coastal sites seem to be

increasingly controlled by LS for heavier PCBs (RNW $ 2; Table

S10a†). Interestingly, the opposite trend across congeners is seen

in comparison to the Nordic background (Table S10a†), which

may be seen as a reflection of the Swedish background sites being

more influenced by heavier PCBs (Table 2).

3.3. PAHs

The average concentration of S8PAHs was 13 ng m$3 (SD &

16 ng m$3), and ranged from 1 to 84 ng m$3 (Table 1). The

lighter PAHs, such as phenanthrene, fluorene and fluoranthene

were more abundant and each contributed 49%, 31% and 11% on

average, respectively. The MMR ranged from >1 (benzo(a)pyr-

ene) to >108 (anthracene) which illustrates a marked spatial

variability for some PAHs (Table 1). At decreasing temperatures,

substances with a high KOA like benzo(a)pyrene may be

increasingly sorbed to atmospheric particles, for which the PAS

methods are not designed to capture. While the average air

temperature at the coastal sites varied from 8 %C to 17 %C in our

study (Table S1†), Klanova et al.37 previously predicted that

benzo(a)pyrene will remain 80–90% particle-bound at 22 %C. In

comparison, a calibration study in Toronto found that the

particle-bound fraction of benzo(a)pyrene decreased from 77%

at $4 %C down to 23% at 16 %C.42 Sorption onto particles may

thus help in explaining why most samples were below the

detection limit for this substance (Table S4a†). Sites with

elevated air concentration of S8PAHs were found at Hommel-

vika, Fedafjorden and Sauda with 84, 33 and 19 ng m$3

respectively. Furthermore, Hommelvika had the highest

concentrations of phenanthrene and fluorene with 41 and 32 ng

m$3, respectively. The lowest concentrations of S8PAHs were

found at Kragerø, Harstad, Ramsundet with 3.8, 3.5 and 1.2 ng

m$3, respectively (Table S4a†).

As the concentration of benzo(a)pyrene and sometimes also

benz(a)anthracene often were below the MDL, the following

discussion will be restricted to S6PAHs. As shown in Fig. 2b,

RNW for S6PAHs varied between 1.6 and 38.9. The highest

influence of LS was found at Hommelvika, Fedafjorden and

Sauda with 38.9 (5.9-ND), 15.3 (2.3-ND) and 8.9 (1.4-ND),

respectively (Table S7a–c†). Furthermore, 23 out of 26 sites had

RNW$ 2 (Table S10a†), indicating LS to be more influential than

LRAT at most of the sites. This number was reduced to 2 (out of

26) when instead applying RNWmax (Table S10b†). This implies

that there are significant difficulties in defining a reliable estimate

of the atmospheric burden which may be attributed to LRAT

alone for S6PAHs, attributed to spatial variability in back-

ground air concentrations. This, in turn, indicates that the ‘‘true’’

LRAT contribution may possibly overestimated using median

background concentrations. Another interesting aspect is the

striking variations within S6PAHs (Tables S7–S9†) as also noted

from the individual MMRs (Table 1). Thus, an assessment of the

RNW for individual PAHs (Table S7a†) may provide clues about

potential differences in sources. For example, both Fedafjorden

and Saudafjorden have an industrial history and both exhibit

elevated RNWs for anthracene, fluoranthene, pyrene and

chrysene in excess of RNW for S6PAHs (Table S7a†). This

pattern is different from that of Hommelvika, a locality known

to have been polluted by creosote in the past, which is seen as

elevated by anthracene and fluorene in particular. For all these

sites, PAHs are also among the pollutants which have caused

measures on the consumption of seafood.43

The median Nordic and European background air concen-

trations for S6PAHs were 1.2 and 1.6 higher than the Norwegian

median background (Table 2). Hence, the relative influence of LS

does not decrease markedly dependent on the actual background

reference. For RND, 23 out of 26 sites are still implicated as

predominantly controlled by LS for S6PAHs (RND $ 2), while

this number is reduced to 17 for REU (Table S10a†). Results from

the coastal sites with duplicated PAS deployed indicate only a

relatively minor difference in measured concentrations of

S6PAHs, up to a factor of #2 (Narvik I vs. II).

3.4. HCHs

The average concentration for S3HCHs (a, b, g) was 34 pg m$3

(SD & 22 pg m$3), and varied from 19 to 133 pg m$3 (Table 1).

The a- and g-isomers were detected in all samples, and each

contributed 46% and 53% on average, respectively. The b-isomer

contributed only #1% on average. b-HCH is more water-soluble

than a- and g-isomers,44 and hence more easily washed out from

the atmosphere and thus considered less prone to LRAT. The

spatial variability as expressed by MMR appears limited for

S3HCHs, a-HCH and b-HCH with values of >7, 2 and >4,

respectively. This is in striking contrast to g-HCH which has a

MMR of 26. Taken together, this indicates that there are coastal

sites which possibly have been affected by past or contemporary

lindane usage (>99% g-HCH) as opposed to technical HCH

which contains 55–80% a-HCH, 8–15% g-HCH and 5–14% b-

HCH.45 This result is somehow surprising given that lindane

usage has been banned in Norway since 1992.45 The highest

concentration of g-HCH was found for Bergen I with 115 pg

m$3. Other sites with elevated air concentrations of g-HCH were

Holmestrand and Stavanger with 37 pg m$3 and 28 pg m$3,

respectively (Table S5a†).

Fig. 2c and d display RNW for individual HCHs (a and g)

evaluated against the Norwegian background (see also Tables

S7a–c†). RNW for a-HCH reveals a relatively uniform pattern,

with estimates ranging from 1.5–2.9 (Table S7a†). The limited

spatial variability in air concentrations of a-HCH in these coastal

sites suggests that air concentrations are better explained by

LRAT, rather than LS. At the same time, RNW is $2 for 15 out

of 27 sites, which in contrast suggests an influence of LS on the

concentration of a-HCH measured at the coastal sites

(Table S10a†). Furthermore, RNWs were $1 at all sites, indi-

cating some influence of LS (Table S10a†). Instead, when

assessing RNWmax (Table S7b†), the number of sites with values

$2 was reduced to zero (Table S10b†). However, we believe this

apparent inconsistency could have something to do with

Norwegian background sites being located at some distance from

the coast, which makes it appear that coastal sites have higher

background air concentrations of a-HCH than inland stations.

Dalla Valle et al.46 have previously discussed how net ocean–land

transfers of POPs via the atmosphere may occur in some areas,

because of sharp gradients in the storage capacities of terrestrial
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and aquatic environments. Thus, we hypothesize, given the fairly

homogenous air concentrations observed at coastal sites, that

our coastal air measurements to a large extent may reflect

secondary re-emissions from the sea. Similar findings have

previously been noted by e.g. Shen et al.47 in a study on HCHs in

air across Northern America, whereby passive air sampling

combined with chiral analysis suggested that a-HCH was evap-

orating from the Labrador Current.

Fig. 2d similarly displays results for g-HCH. RNW for g-HCH

ranged from 1.0 to 26.6, and the highest influences from LS were

found at Bergen I (26.6: 14.5–76.7), Holmestrand (8.5: 4.6–24.5)

and Stavanger (6.6: 3.6–18.9) (Tables S7a–c†). A predominant

influence of LS was estimated for 20 out of 27 sites (RNW $ 2)

(Table S10a†). Furthermore, 10 out of 27 sites had RNWmax $ 2

and 21 out of 27 had RNWmax $ 1 (Table S10b†). These results

clearly show some influence of LS, and more probably from

lindane, rather than technical HCH. As g-HCH appears less

prone to re-volatilization compared to a-HCH,5 it is not unlikely

that the sample from Bergen I might have been affected by recent

usage of lindane.

RNW for S2HCHs (a-HCH + g-HCH) varied between 1.6 and

11.1.RNW andRNWmaxwere$2 for 20 out of 27 sites and 4 out of

27 sites, respectively (Tables S10a and b†). The median Nordic

and European background concentrations for S2HCHs are 1.1

and 3.4 higher than the Norwegian background, respectively

(Table 2). For RND, 17 out of 27 sites had ratios$2 for S2HCHs,

and 27 out of 27 sites had ratios $1, while only 1 out of 27 sites

had REU $ 2 (Bergen I) (Table S10a†).

3.5. HCB

This compound was detected in all samples and concentrations

varied from 42 to 305 pg m$3 (Table 1). The average concen-

tration was 58 pg m$3 with a relatively high SD (&50 pg m$3).

At the same time, the low MMR (7) illustrates a limited spatial

variability. HCB is a volatile compound with a high potential

for long-range atmospheric transport.48 Fairly uniform

concentrations were also seen in European background air25

which in part is attributed to a significant influence of secondary

emissions in controlling contemporary air concentrations.49

Still, elevated concentrations of HCB were found at Kris-

tiansand II and, to a lesser extent Narvik II, with 305 pg m$3

and 70 pg m$3, respectively (Table S5a†). However, if Kris-

tiansand II was excluded from the dataset, the MMR would be

only 2.

RNW varied from 1.0 to 7.3 (Table S7a†). Only 1 out of 27 sites

had RNW $ 2 (Table S10a†), indicating that the influence of LS

was dominant in the observed air concentration of HCB at

Kristiansand II only (7.3: 4.8–12.0). In contrast, Kristiansand I

experienced a RNW of 1.2 only, which suggests that the suspected

source close to Kristiansand II did not significantly affect the

atmospheric burden across the coastal zone as a whole. It is

particularly noteworthy that Kristiansand II really stands out as

primarily controlled by LS, even in a Nordic (Table S8;† RND ¼

7.3: 3.8–12.2) and European (Table S9;† REU ¼ 6.8: 5.0–10.4)

context. Further monitoring efforts to potentially identify or

disconfirm the suspected hot-spot at Kristiansand II might

therefore be desirable.

3.6. DDTs

The average concentration for S4DDTs was 6.5 pg m$3 (SD &

8.4 pg m$3), and ranged from 1.8 pg m$3 to 45 pg m$3 (Table 1).

p,p0-DDE was on average the major contributing isomer (44%),

followed by p,p0-DDT (32%) and o,p0-DDT (22%) (Table 1). The

technical mixture of DDTs contains up to 80–85% of the p,p0-

DDT isomer and only small amounts of the o,p0-DDT isomer

(15–20%).50 The MMRs for individual isomers varied from >3

(p,p0-DDE) to >86 (p,p0-DDT). The high variability in detected

concentrations of DDT is noteworthy since usage of technical

DDT has been severely restricted in Norway after 1980 and

banned since 1989.51 The highest concentration of S4DDTs was

found at Bergen I, with 26 pg m$3, 11 pg m$3 and 7.8 pg m$3 for

the p,p0-DDT, o,p0-DDT and p,p0-DDE isomers, respectively

(Table S6a†).

As median background air concentrations were below the

MDL for all four isomers in Norway and for two isomers in the

Nordic region (Table 2), the discussion on the relative influence of

LS is restricted to S2DDTs (o,p0-DDT and p,p0-DDT)

(Table S8a†). For the sum of these two isomers,RNDwas$2 at 18

out of 22 sites (Table S10a†). Sites that were most influenced by

LS were Bergen I (55.4: 5.1–N.D), Kristiansand II (8.7: 0.8–N.D)

and Tønsberg (7.0: 0.6–N.D) (Table S8a–c†). RND for individual

isomers for Bergen I varied from 31 (3.6–N.D) for o,p0-DDT and

83.9 (6.3–ND) for p,p0-DDT. Also Kristiansand II had somewhat

higher RND for the o,p0-DDT and p,p0-DDT isomers, with

7.4 (0.8–N.D.) and 10.3 (0.8–N.D.), respectively (Table S8a†). In

contrast, when applying RNDmax, only Bergen I remained mainly

influenced by LS for S2DDTs (Table S8b†). Thus, the large

spatial variability in observed background air concentrations

makes it difficult to firmly conclude whether most sites or merely

one (Bergen I) is mainly controlled by LS. However, it is note-

worthy that it is p,p0-DDTwhich appears elevated at Bergen I and

some other sites, which may imply the recent use of technical

DDTs. Yet, a comparison of results from the two sites in Bergen

reveals that only Bergen I is strongly elevated by this unknown

local source(s) (Table S6a†). Even when assessed in a European

background context, the atmospheric concentrations at Bergen I

is seen as strikingly elevated. The correspondingREU remains$2

for S2DDTs (9.6: 7.1–14.7) o,p0-DDT (6.1: 4.6–9.5) and p,p0-

DDT (12.6: 9.3–19.4) (Table S9a–c†).

3.7. Chlordanes

The average concentration of S4Chlordanes was 3.8 pg m$3 (SD

& 2.6 pg m$3), and ranged from 1.1 pg m$3 to 11 pg m$3 (Table

1). cis-Chlordane and trans-nonachlor were the major compo-

nents, each contributing 37% and 33% on average, respectively.

The spatial variability expressed using MMRs varied from >91

for trans-Chlordane to 8 for cis-Chlordane (Table 1).

Table S7a† shows RNW for S4Chlordanes. RNW varied from

0.5 (0.2–1.0) at Harstad to 5.7 (2.5–11.2) at Nøtterøy. 9 out of 22

sites had RNW $ 2 (predominantly influenced by LS) and 18 out

of 22 sites had RNW $ 1 (some influence by LS) (Table S10a†).

When using RNWmax, the number of sites with values $2 and$1

is reduced to 2 and 5 sites, respectively (Table S10b†) with only

Nøtterøy (5.7: 2.5–11.2) and Kragerø (5.2: 2.2–10.2) still sus-

pected of being mainly influenced by LS. The same overall
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conclusion applies when considering RND (Table S8†) as the

estimated Nordic and Norwegian background concentrations

are virtually identical (Table 2).

When applying the European background scenario

(Table S9a†), the number of sites with REU $ 2 was limited to

4 (Table S10a†), i.e.Nøtterøy (3.8), Kragerø (3.5), Tønsberg (2.1)

and Kristiansand II (2.0). Whilst all these sites are located in the

south-eastern part of Norway (Fig. 1) and thus closer to regions

showing elevated air concentrations in mainland Europe,25 any

inferences about LS should be interpreted with caution.

4. Summary and conclusions

This study has derived new data on air concentrations of selected

POPs in contaminated coastal zones in Norway using passive air

samplers. When compared and contrasted with different esti-

mates of background air concentrations (as assumed attributed

to LRAT alone), the results demonstrate that several legacy

POPs are occasionally still elevated by local atmospheric emis-

sions. However, the extent of influence of LS critically depends

on the accuracy of the estimated contribution from LRAT alone.

While the empirical basis is somehow limited for the Norwegian

and Nordic background scenarios which makes it difficult to

infer reliable conclusions for substances exhibiting a high spatial

variability in background air (e.g. PAHs), the European back-

ground estimate is considered more robust, due to the enhanced

number of stations (N ¼ 86). While both the number of sites and

extent of LS influence will vary dependent on the selection of

actual background scenario, we believe that a simple nested

approach could be useful for screening exercises to assess the

potential influence of LS in other contaminated sites and areas.

It should also be kept in mind that the number of samplers

deployed within each coastal zone was limited to one or two.

Hence, more detailed follow-up studies in contaminated zones,

e.g. by deploying a larger number of PASmay be warranted to (i)

potentially confirm the presence of suspected hot-spots, and (ii)

identify more specific source areas and/or sources leading to

locally elevated air concentrations, e.g. using a denser network of

samplers, and (iii) evaluate the impact of LS on contaminant

burdens on the surroundings, including additional environ-

mental surface media and contaminant exchange with the marine

environment.

While the samples reported herein were all deployed during

summer, we caution that there might be seasonal variability in

both local emissions and influence of LRAT for some substances

(e.g. PAHs from domestic heating). Hence, the relative influence

of LS and LRAT may also vary seasonally. We finally caution

that our method is not able to discriminate between primary

anthropogenic emissions and secondary emissions from envi-

ronmental compartments as contaminated in the past. An

interesting finding in this context is the observation that coastal

sites seem to be elevated in a-HCH in comparison to the esti-

mated background concentrations, which we hypothesize could

be due to volatilization from coastal waters.
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Tables 

Table S1: Site description and details. 

Country Number Name Latitude Longitude Start End 
Average sampling rate 

(m
3
 day

-1
) 

PRCs
1) Deployment 

days 

Temperature 

(°C) 

Norway 1. Oslo
4) 

N 59°55 E 10°44 03.07 03.10 3.50
2) 

- 92 17 

Norway 2. Holmestrand N 59°28 E 10°19 08.07 09.10 3.52 6 93 16 

Norway 3. Tønsberg N 59°15 E 10°23 08.07 09.10 4.85 6 93 16 

Norway 4. Nøtterøy N 59°10 E 10°23 08.07 09.10 3.49 6 93 16 

Norway 5. Kragerø N 58°51 E 09°25 09.07 10.10 4.33 6 93 15 

Norway 6. Arendal N 58°29 E 08°50 09.07 10.10 4.26 3 93 15 

Norway 7a. Kristiansand I N 58°08 E 08°04 10.07 10.10 4.56 5 92 16 

Norway 7b. Kristiansand II N 58°08 E 07°58 10.07 10.10 4.25 4 92 16 

Norway 8. Farsund N 58°09 E 06°48 10.07 11.10 3.21 4 93 16 

Norway 9. Fedafjorden N 58°16 E 06°52 10.07 11.10 3.19 5 93 16 

Norway 10. Flekkefjord N 58°16 E 06°38 10.07 11.10 3.46 3 93 16 

Norway 11. Stavanger N 58°58 E 05°44 11.07 11.10 3.86 5 92 16 

Norway 12. Sauda N 59°38 E 06°19 13.07 12.10 3.95 3 91 15 

Norway 13a. Bergen I N 60°24 E 05°18 14.07 13.10 3.78 4 91 16 

Norway 13b. Bergen II N 60°23 E 05°07 14.07 13.10 4.41 3 91 15 

Norway 14. Sunndalsøra N 62°43 E 08°26 15.07 14.10 3.04 3 91 15 

Norway 15a. Trondheim I N 63°26 E 10°21 16.07 16.10 3.31 2 92 14 

Norway 15b. Trondheim II N 63°26 E 10°25 16.07 16.10 3.48 4 92 14 

Norway 16. Hommelvik N 63°25 E 10°48 16.07 17.10 3.50 3 93 14 

Norway 17. Brønnøysund N 65°28 E 12°11 18.07 17.10 6.08 3 91 13 

Norway 18. Mo i Rana N 66°19 E 14°05 19.07 18.10 3.99 2 91 12 

Norway 19a. Narvik I N 68°24 E 17°24 20.07 19.10 4.50 3 91 10 

Norway 19b. Narvik II N 68°22 E 17°35 20.07 19.10 2.72 2 91 10 

Norway 20. Ramsundet N 68°30 E 16°26 21.07 20.10 3.50
2) 

- 91 10 

Norway 21. Harstad N 68°48 E 16°32 21.07 20.10 7.66 1 91 10 
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Country Number Name Latitude Longitude Start End 
Average sampling rate 

(m
3
 day

-1
) 

PRCs
1) Deployment 

days 

Temperature 

(°C) 

Norway 22a. Tromsø I N 69°39 E 18°56 04.07 04.10 5.56 3 92 8 

Norway 22b. Tromsø II N 69°40 E 18°57 04.07 04.10 3.50
2) 

- 92 8 

Norway I. Birkenes 
3), 4)

 N 58°23 E 08°15 02.07 01.10 3.83 5/6 91 14 

Norway II. Hurdal 
4) 

N 60°22 E 11°04 01.07 02.10 3.93 5 93 13 

Norway III. Kårvatn 
4) 

N 62°47 E 08°53 29.06 10.10 2.92 6 103 15 

Norway IV. Tustervatn 
4)

 N 65°50 E 13°55 28.06 09.10 3.39 4 103 9 

Norway V. Karasjok 
4) 

N 69°28 E 25°13 26.06 29.09 4.41 6 95 10 

Sweden VI. Vavihill 
4) N 56°01 E 13°09 11.07 08.10 3.47 5 89 16 

Sweden VII. Råö 
3), 4)

 N 57°24 E 11°55 04.07 02.10 7.29 6 89 17 

Sweden VIII. Hoburgen 
4) 

N 56°55 E 18°09 30.06 03.10 6.71 6 95 17 

Sweden IX. Aspvreten 
4) N 58°48 E 17°23 06.07 06.10 1.66 2 92 16 

Sweden X. Bredkälen 
4) 

N 63°51 E 15°20 06.06 06.09 2.56 3 92 13 

Sweden XI. Vindeln 
4) 

N 64°15 E 19°46 28.06 28.09 3.41 6 92 15 

Sweden XII. Abisko 
4) 

N 68°21 E 18°49 06.07 11.10 6.11 6 97 5 
1)

 Number of PRCs with more than 40 % loss during deployment 
2)

 No significant loss of PRCs, default value used 
3)

 Two samplers co-deployed at this site 
4) 

Part of the European campaign, and is a background site 
1
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Table S2: Range in recoveries for the internal standards for exposed samples, field and method blanks, as well as PRCs for field and 

method blanks respectively in %. 

  

RANGE 

 Internal standards Exposed samples Field blank Method blank 
13

C-PeCB 25-48 33-45 27-37 
13

C-PCB (28) 59-97 74-91 67-79 
13

C-PCB (52) 55-92 75-82 69-82 
13

C-PCB (101) 62-114 86-106 80-95 
13

C-PCB (105) 67-127 101-122 106-115 
13

C-PCB (114) 67-128 98-120 101-110 
13

C-PCB (118) 68-131 99-123 93-109 
13

C-PCB (123) 69-132 100-121 101-111 
13

C-PCB (153) 66-124 100-130 97-114 
13

C-PCB (138) 71-137 106-121 107-115 
13

C-PCB (167) 73-135 111-136 114-127 
13

C-PCB (156) 74-130 116-141 115-129 
13

C-PCB (157) 72-134 117-134 117-130 
13

C-PCB (180) 71-120 108-131 105-125 
13

C-PCB (189) 75-147 119-147 121-128 
13

C-PCB (209) 63-131 116-126 110-127 

2-Methylnaftalene-d10 19-52 34-48 32-40 

Acenaphtene-d10 23-65 40-55 39-61 

Antracene-d10 29-96 45-62 53-60 

Pyrene-d10 35-110 56-78 71-76 

Benz(a)antrachene-d12 40-122 70-93 88-111 

Benz(e)pyrene-d12 39-128 66-92 80-91 

Benzo(ghi)perylene-d12 45-116 64-94 82-96 
13

C-a-HCH 36-117 59-65 41-67 
13

C-b-HCH 45-150 75-83 65-88 
13

C-g-HCH 54-120 69-78 69-81 
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RANGE 

 Internal standards Exposed samples Field blank Method blank 
13

C-HCB 37-62 42-57 38-47 
13

C-p,p'-DDE 60-136 92-101 68-103 
13

C-p,p'-DDT 64-197
1) 

95-119 83-119 
13

C-trans-chlordane 29-105 64-111 71-105 
13

C-trans-nonachlor 20-117 53-108 64-102 
13

C Mirex 12-124 51-113 73-131 

PRCs 

   d6-g-HCH - 92-116 82-106 

PCB-12 - 83-101 80-107 

PCB-14 - 77-91 74-100 

PCB-23 - 83-106 86-103 

PCB-30 - 70-84 67-90 

PCB-32 - 82-110 86-105 

PCB-107 - 92-112 87-110 

PCB-198 - 80-117 90-116 
1)

 One of the samples experienced an elevated % recovery, due to an instrumental problem.  
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Table S3a): Concentrations of PCBs at coastal sites (pg/m3). 

Sites PCB-28 PCB-52 PCB-101 PCB-118 PCB-138 PCB-153 PCB-180 S7PCBs 

Oslo 9.8 16.5 13.1 3.7 3.1 4.7 0.8 51.5 

Holmestrand 4.9 6.1 4.5 1.8 1.8 2.5 0.6 22.3 

Tønsberg 3.9 5.0 3.7 1.2 1.5 2.3 0.6 18.1 

Nøtterøy 3.9 6.1 4.8 2.1 2.1 2.7 0.5 22.2 

Kragerø 7.8 7.5 4.2 1.4 1.9 2.9 0.9 26.7 

Arendal 3.3 3.1 2.1 0.7 0.9 1.7 0.4 12.1 

Kristiansand I 2.8 3.9 2.8 1.0 1.1 1.6 0.4 13.6 

Kristiansand II 8.5 14.6 15.2 7.3 5.1 6.6 1.3 58.7 

Farsund 2.0 2.4 1.9 0.6 0.8 1.4 0.3 9.3 

Fedafjorden 10.1 5.7 3.1 0.9 1.0 1.6 0.4 22.9 

Flekkefjord 1.9 2.2 1.7 0.4 0.6 1.0 0.2 7.9 

Stavanger 6.8 12.2 10.1 3.5 3.4 4.9 1.0 41.9 

Sauda 2.8 5.2 5.5 2.6 1.7 2.1 0.3 20.1 

Bergen I 9.2 21.1 19.0 6.7 6.2 8.6 1.5 72.3 

Bergen II 3.5 6.8 3.1 1.1 0.9 1.3 0.3 17.0 

Sunndalsøra 1.3 1.2 0.9 0.2 0.3 0.5 0.1 4.5 

Trondheim I 2.8 7.0 6.4 1.9 1.8 2.5 0.5 22.9 

Trondheim II 7.7 6.9 5.5 1.8 2.0 3.0 0.7 27.6 

Hommelvik 2.6 2.7 2.3 0.8 1.4 2.0 0.5 12.3 

Brønnøysund 2.4 2.5 2.3 0.7 1.1 2.0 0.5 11.5 

Mo i Rana 5.1 3.3 2.1 0.8 0.9 1.3 0.3 13.7 

Narvik I 4.4 4.6 3.3 1.1 1.0 1.4 0.2 16.0 

Narvik II 1.5 1.7 1.3 0.4 0.3 0.5 0.1 5.8 

Ramsundet 1.0 1.2 1.1 0.2 0.6 0.5 0.2 4.8 

Harstad 1.7 2.2 1.4 0.5 0.7 1.0 0.2 7.7 

Tromsø I 8.7 9.7 12.2 2.3 3.8 6.0 1.3 44.0 

Tromsø II 2.9 3.4 2.6 0.7 0.7 1.2 0.2 11.6 

Numbers in bold red: Less than MDL. Number given is ½ MDL. 
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Table S3b): Effective air volumes for the PCBs (m3). 

Sites PCB-28 PCB-52 PCB-101 PCB-118 PCB-138 PCB-153 PCB-180 

Oslo 261 282 309 318 319 318 321 

Holmestrand 268 289 315 324 325 323 326 

Tønsberg 344 381 428 444 446 443 449 

Nøtterøy 267 287 313 321 322 321 324 

Kragerø 320 349 385 397 399 397 401 

Arendal  313 342 378 391 392 390 395 

Kristiansand I 325 357 399 413 415 413 418 

Kristiansand II 308 337 373 385 387 385 389 

Farsund 249 266 288 295 296 295 298 

Fedafjorden 247 265 286 294 294 293 296 

Flekkefjord 264 285 310 318 319 318 321 

Stavanger 286 310 340 351 352 350 354 

Sauda 290 314 345 355 356 355 358 

Bergen I 278 301 330 339 341 339 343 

Bergen II 317 346 383 396 397 396 400 

Sunndalsøra 236 251 269 274 275 274 276 

Trondheim I 257 274 294 301 302 301 303 

Trondheim II 268 286 309 317 317 316 319 

Hommelvik 272 291 314 322 323 322 324 

Brønnøysund 418 464 524 544 547 544 551 

Mo i Rana 306 327 352 360 361 360 362 

Narvik I 345 369 397 406 407 406 409 

Narvik II 223 232 243 246 247 246 247 

Ramsundet 279 293 311 316 317 316 318 

Harstad  524 584 660 686 689 685 694 

Tromsø I 421 453 493 506 507 505 510 

Tromsø II 284 298 315 320 321 320 322 

Values in italics: volumes are based on the default value (3.5 m
3
/day)
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Table S4a): Concentrations of PAHs at coastal sites (ng/m3).  

Sites Fluorene Phenanthrene Anthracene Fluoranthene Pyrene Benz[a]anthracene Chrysene Benzo[a]pyrene S8PAH 

Oslo 2.3 6.3 0.07 0.6 0.3 0.01 0.05 0.005 9.5 

Holmestrand 2.2 3.7 0.07 0.8 0.5 0.01 0.05 0.005 7.2 

Tønsberg 1.7 3.0 0.07 0.6 0.4 0.02 0.06 0.005 5.8 

Nøtterøy 1.8 3.0 0.05 0.5 0.3 0.01 0.04 0.005 5.7 

Kragerø 1.2 1.9 0.05 0.4 0.2 0.01 0.03 0.005 3.8 

Arendal 5.4 4.4 0.5 0.9 0.6 0.04 0.07 0.005 12.0 

Kristiansand I 1.6 3.0 0.06 0.7 0.4 0.02 0.09 0.005 5.9 

Kristiansand II 3.4 5.2 0.2 1.5 1.0 0.06 0.2 0.01 11.6 

Farsund 1.2 2.1 0.03 0.6 0.3 0.01 0.07 0.005 4.3 

Fedafjorden 5.7 15.9 0.8 6.5 3.9 0.1 0.3 0.01 33.1 

Flekkefjord 2.2 2.9 0.03 0.5 0.2 0.01 0.04 0.005 5.9 

Stavanger 2.3 5.8 0.1 1.9 1.2 0.04 0.2 0.005 11.6 

Sauda 5.2 7.6 0.3 3.6 2.2 0.05 0.2 0.005 19.2 

Bergen I 3.6 7.3 0.2 1.5 1.0 0.04 0.1 0.005 13.8 

Bergen II 2.6 4.7 0.06 0.8 0.4 0.01 0.05 0.005 8.6 

Sunndalsøra 3.9 5.7 0.08 0.6 0.2 0.01 0.02 0.005 10.6 

Trondheim I 4.2 8.0 0.3 1.7 0.8 0.02 0.06 0.005 15.1 

Trondheim II 3.8 7.6 0.2 1.6 0.9 0.03 0.09 0.005 14.2 

Hommelvik 32.5 40.9 1.5 6.3 2.6 0.04 0.08 0.005 83.8 

Brønnøysund 1.3 2.9 0.09 0.7 0.4 0.02 0.05 0.005 5.4 

Mo I Rana 1.5 4.1 0.1 1.0 0.6 0.03 0.07 0.01 7.5 

Narvik I 3.9 5.6 0.3 1.1 0.7 0.03 0.05 0.005 11.7 

Narvik II 1.6 2.9 0.1 0.6 0.4 0.02 0.04 0.005 5.5 

Ramsundet 0.4 0.6 0.01 0.1 0.07 0.01 0.02 0.005 1.2 

Harstad 1.4 1.5 0.07 0.3 0.2 0.01 0.02 0.005 3.5 

Tromsø I 4.6 7.1 0.3 1.3 1.1 0.05 0.1 0.005 14.6 

Tromsø II 4.0 6.3 0.4 1.0 0.9 0.03 0.07 0.005 12.8 

Numbers in bold red: Less than MDL. Number given is ½ MDL. 
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Table S4b): Effective air volumes for the PAHs (m3). 

Sites Fluorene Phenanthrene Anthracene Fluoranthene Pyrene Benzo[a]pyrene Benz[a]anthracene Chrysene 

Oslo 113 219 230 297 297 321 318 320 

Holmestrand 120 227 237 303 304 327 324 326 

Tønsberg 127 276 292 406 407 450 444 448 

Nøtterøy 120 226 236 301 301 324 321 323 

Kragerø 131 264 277 369 369 402 398 401 

Arendal  126 257 270 361 362 395 391 394 

Kristiansand I 124 264 278 380 380 419 413 417 

Kristiansand II 123 253 266 356 357 390 386 389 

Farsund 117 213 222 278 278 298 295 297 

Fedafjorden 117 212 221 277 277 296 294 296 

Flekkefjord 119 224 234 298 299 322 318 321 

Stavanger 121 238 249 326 327 355 351 353 

Sauda 124 243 254 331 331 359 355 358 

Bergen I 120 233 244 317 317 343 340 342 

Bergen II 127 260 274 366 367 401 396 399 

Sunndalsøra 119 206 213 260 261 277 275 276 

Trondheim I 127 223 231 285 285 304 301 303 

Trondheim II 129 231 239 299 299 319 317 319 

Hommelvik 130 233 242 304 304 325 322 324 

Brønnøysund 153 334 352 497 497 552 545 550 

Mo i Rana 153 266 274 341 341 363 360 362 

Narvik I 174 300 309 385 384 409 406 409 

Narvik II 142 204 208 239 238 248 246 247 

Ramsundet 159 249 255 304 303 318 316 318 

Harstad  193 419 438 627 625 696 687 694 

Tromsø I 198 360 371 477 475 510 506 510 

Tromsø II 169 257 262 308 307 322 320 321 

Values in italics: volumes are based on the default value (3.5 m
3
/day)
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Table S5a): Concentrations of HCB and HCHs at coastal sites (pg/m3).  

Sites HCB a-HCH b-HCH g-HCH S3HCHs 

Oslo 43 14.9 0.3 16 31 

Holmestrand 49 17.3 0.5 37 55 

Tønsberg 42 18.1 0.5 18 36 

Nøtterøy 44 15.4 0.6 17 33 

Kragerø 50 16.0 0.6 18 35 

Arendal 42 13.2 0.4 17 31 

Kristiansand I 51 15.1 0.4 16 31 

Kristiansand II 305 20.9 0.8 24 45 

Farsund 47 16.9 0.5 15 33 

Fedafjorden 47 16.9 0.4 20 37 

Flekkefjord 44 14.4 0.3 13 27 

Stavanger 42 17.6 0.6 28 47 

Sauda 42 13.2 0.2 17 30 

Bergen I 56 16.9 0.4 115 133 

Bergen II 42 13.4 0.2 14 27 

Sunndalsøra 44 12.8 0.1 7 20 

Trondheim I 45 12.4 0.1 9 21 

Trondheim II 55 17.5 0.3 15 32 

Hommelvik 52 16.7 0.3 13 30 

Brønnøysund 47 16.9 0.3 9 26 

Mo i Rana 54 13.5 0.1 7 20 

Narvik I 50 12.9 0.1 8 21 

Narvik II 70 15.4 0.1 6 21 

Ramsundet 53 14.7 0.1 4 19 

Harstad 46 11.3 0.1 8 19 

Tromsø I 60 21.6 0.2 7 29 

Tromsø II 57 22.1 0.1 9 31 

Numbers in bold red: Less than MDL. Number given is ½ MDL. 
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Table S5b): Effective air volumes for HCB and HCHs (m3). 

Starion name HCB α-HCH β-HCH γ-HCH 

Oslo 184 216 306 243 

Holmestrand 190 223 312 250 

Tønsberg 220 269 422 313 

Nøtterøy 189 222 310 249 

Kragerø 215 258 381 295 

Arendal  209 251 374 288 

Kristiansand I 212 258 394 298 

Kristiansand II 206 248 369 283 

Farsund 181 209 286 233 

Fedafjorden 180 208 284 232 

Flekkefjord 188 220 307 247 

Stavanger 197 234 337 265 

Sauda 201 238 342 269 

Bergen I 194 229 327 258 

Bergen II 212 255 379 291 

Sunndalsøra 176 202 267 222 

Trondheim I 189 218 292 241 

Trondheim II 194 226 307 251 

Hommelvik 196 228 312 254 

Brønnøysund 258 322 519 378 

Mo i Rana 221 258 350 287 

Narvik I 247 290 395 323 

Narvik II 180 200 242 214 

Ramsundet 213 242 310 264 

Harstad  311 396 656 470 

Tromsø I 286 344 491 389 

Tromsø II 220 249 314 271 

Values in italics: volumes are based on the default value (3.5 m
3
/day)
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Table S6a): Concentrations of DDTs and Chlordanes at coastal sites (pg/m3).  

Sites p,p'-DDE p,p'-DDD o,p'-DDT p,p'-DDT S4DDTs trans-Chlordane cis-Chlordane trans-Nonachlor cis-Nonachlor S4Chlordanes 

Oslo 3.1 0.1 1.3 1.6 6.1 N.A N.A N.A N.A N.A 

Holmestrand 6.5 0.2 1.8 2.2 10.6 1.2 1.7 1.4 0.2 4.6 

Tønsberg 6.2 0.3 2.2 2.5 11.1 1.6 2.4 1.8 0.3 6.2 

Nøtterøy 4.6 0.1 2.1 2.5 9.2 3.9 3.4 3.4 0.7 11.4 

Kragerø 3.5 0.1 1.5 1.7 6.7 3.4 4.0 2.6 0.4 10.4 

Arendal  1.3 0.1 0.9 1.1 3.4 1.3 1.4 1.2 0.2 4.0 

Kristiansand I 4.0 0.1 1.0 1.1 6.3 1.3 1.8 1.6 0.4 5.1 

Kristiansand II 5.7 0.3 2.6 3.1 11.7 1.8 2.1 1.9 0.3 6.1 

Farsund 4.7 0.1 1.5 1.7 8.0 0.5 1.2 1.2 0.2 3.0 

Fedafjorden 3.2 0.1 1.4 1.4 6.2 0.4 1.2 1.1 0.2 2.9 

Flekkefjord 2.8 0.1 1.2 1.5 5.7 0.7 1.2 1.2 0.6 3.6 

Stavanger 4.7 0.1 1.9 2.4 9.2 0.8 1.5 1.7 0.4 4.5 

Sauda 1.3 0.1 0.7 0.7 2.8 0.3 0.7 0.8 0.1 1.9 

Bergen I 7.8 1.0 11.1 25.7 45.5 1.1 1.6 1.2 0.2 4.2 

Bergen II 1.3 0.1 0.9 1.1 3.4 0.4 0.9 0.9 0.1 2.4 

Sunndalsøra 1.3 0.06 0.5 0.4 2.3 N.A N.A N.A N.A N.A 

Trondheim I 1.3 0.1 0.6 0.7 2.7 0.3 0.9 0.6 0.09 1.9 

Trondheim II 2.8 0.1 1.0 1.0 4.9 0.6 1.2 1.1 0.2 3.1 

Hommelvik 1.3 0.1 0.8 0.6 2.8 0.4 1.2 1.0 0.2 2.8 

Brønnøysund 1.3 0.1 0.7 0.6 2.7 0.4 1.5 1.1 0.2 3.2 

Mo i Rana 1.3 0.1 0.2 0.1 1.7 0.4 1.0 0.8 0.2 2.2 

Narvik I 1.3 0.1 0.2 0.1 1.7 0.2 0.6 0.5 0.08 1.5 

Narvik II 1.3 0.1 0.4 0.1 2.0 0.2 0.8 0.6 0.1 1.7 

Ramsundet 1.3 0.1 0.4 0.3 2.1 0.2 1.0 0.7 0.1 2.0 

Harstad  1.3 0.1 0.2 0.1 1.7 0.15 0.5 0.3 0.05 1.1 

Tromsø I 1.3 0.04 0.5 0.5 2.3 0.5 0.9 1.6 0.3 3.4 

Tromsø II 1.3 0.11 0.7 0.6 2.7 0.02 0.5 0.9 0.02 1.4 

Numbers in bold red: Less than MDL. Number given is ½ MDL. 

Values in italics: ionic ratio: NO and values could be influenced by a interference 

N.A: no results available 
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Table S6b): Effective air volumes for the DDTs and Chlordanes (m3). 

Starion name p,p'-DDE p,p'-DDD o,p'-DDT p,p'-DDT trans-Chlordane cis-Chlordane trans-Nonachlor cis-Nonachlor 

Oslo 317 319 315 318 306 307 314 317 

Holmestrand 323 325 321 323 312 313 320 323 

Tønsberg 443 446 438 444 423 425 437 443 

Nøtterøy 320 322 318 321 310 311 317 320 

Kragerø 397 399 393 397 382 383 392 396 

Arendal  390 392 386 390 374 376 385 389 

Kristiansand I 412 415 408 413 394 396 407 412 

Kristiansand II 384 387 381 385 369 371 380 384 

Farsund 295 296 293 295 286 287 292 295 

Fedafjorden 293 295 291 293 284 285 290 293 

Flekkefjord 318 319 315 318 307 308 315 318 

Stavanger 350 352 347 350 337 338 346 350 

Sauda 354 356 351 355 342 343 351 354 

Bergen I 339 341 336 339 327 328 335 339 

Bergen II 395 398 391 396 379 381 391 395 

Sunndalsøra 274 275 272 274 267 268 272 274 

Trondheim I 301 302 299 301 293 293 298 301 

Trondheim II 316 317 314 316 307 308 313 316 

Hommelvik 321 323 319 322 312 313 319 321 

Brønnøysund 543 547 537 544 519 522 537 543 

Mo i Rana 360 361 357 360 350 351 357 359 

Narvik I 406 407 403 406 395 397 403 405 

Narvik II 246 247 245 246 242 243 245 246 

Ramsundet 316 317 314 316 310 311 314 316 

Harstad  685 689 678 686 656 660 678 685 

Tromsø I 505 507 502 506 491 493 502 505 

Tromsø II 320 321 318 320 314 315 318 320 

 Values in italics: volumes are based on the default value (3.5 m
3
/day)
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Table S7a) Concentrations in coastal zones divided by median Norwegian background concentrations (RNW). 
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PCB-28 6.5 3.3 2.5 2.6 5.2 2.2 1.9 5.6 1.3 6.7 1.2 4.5 1.8 6.1 2.3 0.9 1.8 5.1 1.7 1.6 3.3 2.9 1.0 0.7 1.1 5.8 1.9 

PCB-52 10.1 3.8 3.1 3.7 4.6 1.9 2.4 9.0 1.5 3.5 1.3 7.5 3.2 12.9 4.2 0.8 4.3 4.2 1.6 1.6 2.0 2.8 1.1 0.7 1.3 5.9 2.1 

PCB-101 13.7 4.8 3.9 5.0 4.5 2.2 2.9 16.0 2.0 3.2 1.7 10.6 5.8 20.0 3.2 0.9 6.8 5.8 2.4 2.4 2.2 3.4 1.3 1.2 1.5 12.8 2.8 

PCB-118 10.8 5.3 3.5 6.2 4.1 1.9 2.8 21.6 1.7 2.8 1.3 10.4 7.6 19.7 3.3 NQ 5.5 5.3 2.3 2.1 2.4 3.2 1.3 NQ 1.4 6.8 2.1 

PCB-138 10.0 5.9 4.8 6.8 6.3 3.0 3.5 16.6 2.7 3.3 1.9 10.9 5.5 20.1 2.8 NQ 5.8 6.6 4.6 3.7 3.0 3.2 NQ 1.9 2.2 12.3 2.2 

PCB-153 10.1 5.5 4.9 5.8 6.3 3.6 3.5 14.3 3.0 3.4 2.1 10.5 4.4 18.6 2.8 NQ 5.5 6.4 4.4 4.1 2.7 3.1 NQ NQ 2.2 12.9 2.3 

PCB-180 7.3 5.5 5.9 5.0 8.3 4.0 3.9 12.4 2.9 3.8 2.0 9.6 2.8 15.0 3.1 NQ 4.4 6.3 5.0 4.9 3.3 2.2 NQ 1.8 2.3 12.4 2.0 

S7PCBs
1) 

9.7 4.2 3.4 4.2 5.0 2.3 2.6 11.1 1.8 4.3 1.5 7.9 3.8 13.6 3.2 NQ 4.3 5.2 2.3 2.2 2.6 3.0 NQ NQ 1.5 8.3 2.2 

Fluorene 3.1 3.0 2.3 2.5 1.6 7.5 2.1 4.6 1.7 7.8 3.0 3.2 7.2 4.9 3.5 5.4 5.8 5.2 44.6 1.8 2.1 5.4 2.2 0.6 1.9 6.3 5.5 

Phenanthrene 5.4 3.2 2.6 2.6 1.6 3.8 2.6 4.5 1.8 13.6 2.5 5.0 6.5 6.3 4.0 4.9 6.8 6.5 35.0 2.4 3.5 4.8 2.4 0.5 1.3 6.1 5.4 

Anthracene 4.9 4.9 5.3 3.5 3.4 33.6 4.7 15.9 2.2 56.1 2.6 7.9 21.5 14.9 4.1 5.6 19.4 15.2 112.3 6.8 10.5 20.4 8.2 NQ 4.9 21.4 29.8 

Fluoranthene 3.4 4.6 3.9 3.1 2.6 5.7 4.4 9.0 3.7 39.3 3.1 11.8 22.0 9.3 5.2 3.8 10.6 9.8 38.3 4.1 6.2 6.5 3.5 0.7 1.7 7.9 6.3 

Pyrene 3.8 6.9 5.5 3.9 3.2 8.1 6.0 14.1 4.2 55.5 3.5 16.7 32.0 14.6 5.4 3.1 11.7 13.0 37.3 5.7 8.3 10.5 5.1 1.0 2.8 16.5 12.9 

Benzo[a]pyrene NQ NQ NQ NQ NQ NQ NQ 2.2 NQ 2.5 NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ 2.2 NQ NQ NQ NQ NQ NQ 

Benz[a]anthracene N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

Chrysene 4.4 4.4 5.3 4.2 3.2 6.5 9.0 19.8 6.6 25.4 3.4 19.7 18.5 10.8 4.5 1.8 6.0 8.9 7.7 5.0 6.8 5.1 3.8 1.4 1.9 10.5 6.4 

S6PAHs
2) 

4.4 3.4 2.7 2.6 1.8 5.5 2.7 5.3 2.0 15.3 2.7 5.4 8.9 6.4 4.0 4.9 7.0 6.6 38.9 2.5 3.5 5.4 2.6 NQ 1.6 6.8 5.9 

a-HCH 2.0 2.3 2.4 2.0 2.1 1.7 2.0 2.8 2.2 2.2 1.9 2.3 1.7 2.2 1.8 1.7 1.6 2.3 2.2 2.2 1.8 1.7 2.0 1.9 1.5 2.8 2.9 

b-HCH N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

g-HCH 3.6 8.5 4.1 4.0 4.3 4.0 3.6 5.4 3.5 4.6 2.9 6.6 3.9 26.6 3.2 1.6 2.1 3.4 3.0 2.1 1.6 1.9 1.3 1.0 1.8 1.6 2.0 

S2HCHs
3) 

2.6 4.5 3.0 2.7 2.9 2.6 2.6 3.7 2.7 3.1 2.3 3.9 2.5 11.1 2.3 1.7 1.8 2.7 2.5 2.2 1.7 1.8 1.8 1.6 1.6 2.4 2.6 
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HCB 1.0 1.2 1.0 1.1 1.2 1.0 1.2 7.3 1.1 1.1 1.1 1.0 1.0 1.3 1.0 1.1 1.1 1.3 1.3 1.1 1.3 1.2 1.7 1.3 1.1 1.4 1.4 

p,p'-DDE N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

p,p'-DDD N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

o,p'-DDT N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

p,p'-DDT N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

S2DDTs
4) 

N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

trans-Chlordane NQ 3.3 4.5 10.9 9.5 3.5 3.6 5.1 1.3 1.2 1.9 2.2 0.8 3.1 1.2 NQ 0.8 1.5 1.1 1.0 1.1 0.7 0.7 0.6 0.4 1.3 NQ 

cis-Chlordane NQ 2.3 3.2 4.6 5.3 1.9 2.4 2.8 1.6 1.6 1.6 2.0 1.0 2.2 1.3 NQ 1.2 1.6 1.6 2.0 1.3 0.9 1.1 1.3 0.7 1.3 0.7 

trans-Nonachlor NQ 1.8 2.3 4.3 3.2 1.5 2.0 2.4 1.5 1.4 1.5 2.2 1.0 1.5 1.1 NQ 0.8 1.4 1.3 1.4 1.0 0.6 0.7 0.9 0.4 2.0 1.1 

cis-Nonachlor NQ 2.1 3.0 6.5 3.9 1.6 3.6 2.9 1.6 1.6 5.8 4.0 1.1 2.0 1.4 NQ 0.9 1.7 1.7 1.7 1.5 0.8 1.0 1.2 0.5 3.2 NQ 

S4Chlordanes NQ 2.3 3.1 5.7 5.2 2.0 2.5 3.0 1.5 1.5 1.8 2.2 NQ 2.1 NQ NQ 0.9 1.5 1.4 1.6 1.1 0.7 0.9 1.0 0.5 1.7 NQ 

N.Q (not quantified): coastal site concentration < MDL (this study) 

N.D (not detected): background concentration < MDL 
1
 

1) 
Sum of seven PCBs 

2) 
Sum of six PAHs (fluorene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene) 

3) 
Sum of two HCHs (α and γ-HCH) 

4) 
Sum of two DDTs (o,p` and p,p`-DDT) 
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Table S7b) Concentrations in coastal zones divided by the maximum Norwegian background concentrations (RNWmax) 
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PCB-28 3.5 1.8 1.4 1.4 2.8 1.2 1.0 3.1 0.7 3.7 0.7 2.4 1.0 3.3 1.3 0.5 1.0 2.8 0.9 0.8 1.8 1.6 0.5 0.4 0.6 3.2 1.0 

PCB-52 5.2 1.9 1.6 1.9 2.4 1.0 1.2 4.6 0.7 1.8 0.7 3.9 1.7 6.6 2.1 0.4 2.2 2.2 0.8 0.8 1.0 1.4 0.5 0.4 0.7 3.1 1.1 

PCB-101 5.1 1.8 1.5 1.9 1.6 0.8 1.1 5.9 0.7 1.2 0.6 3.9 2.1 7.4 1.2 0.3 2.5 2.1 0.9 0.9 0.8 1.3 0.5 0.4 0.6 4.7 1.0 

PCB-118 4.6 2.2 1.5 2.6 1.7 0.8 1.2 9.1 0.7 1.2 0.5 4.4 3.2 8.3 1.4 NQ 2.3 2.3 1.0 0.9 1.0 1.4 0.5 NQ 0.6 2.9 0.9 

PCB-138 2.1 1.2 1.0 1.4 1.3 0.6 0.7 3.4 0.6 0.7 0.4 2.3 1.1 4.2 0.6 NQ 1.2 1.4 0.9 0.8 0.6 0.7 NQ 0.4 0.5 2.5 0.5 

PCB-153 2.2 1.2 1.0 1.2 1.3 0.8 0.7 3.0 0.6 0.7 0.4 2.2 0.9 4.0 0.6 NQ 1.2 1.4 0.9 0.9 0.6 0.7 NQ NQ 0.5 2.7 0.5 

PCB-180 1.0 0.8 0.8 0.7 1.1 0.5 0.5 1.7 0.4 0.5 0.3 1.3 0.4 2.1 0.4 NQ 0.6 0.9 0.7 0.7 0.5 0.3 NQ 0.3 0.3 1.7 0.3 

S7PCBs
1) 

3.7 1.6 1.3 1.6 1.9 0.9 1.0 4.3 0.7 1.7 0.6 3.0 1.5 5.3 1.2 NQ 1.7 2.0 0.9 0.8 1.0 1.2 NQ NQ 0.6 3.2 0.8 

Fluorene 0.4 0.4 0.3 0.3 0.2 0.9 0.3 0.6 0.2 0.9 0.4 0.4 0.9 0.6 0.4 0.6 0.7 0.6 5.3 0.2 0.3 0.6 0.3 0.1 0.2 0.8 0.7 

Phenanthrene 0.9 0.5 0.4 0.4 0.3 0.7 0.4 0.8 0.3 2.3 0.4 0.9 1.1 1.1 0.7 0.8 1.2 1.1 6.0 0.4 0.6 0.8 0.4 0.1 0.2 1.0 0.9 

Anthracene 0.6 0.6 0.7 0.4 0.4 4.2 0.6 2.0 0.3 7.0 0.3 1.0 2.7 1.8 0.5 0.7 2.4 1.9 13.9 0.8 1.3 2.5 1.0 NQ 0.6 2.7 3.7 

Fluoranthene 0.6 0.8 0.7 0.5 0.5 1.0 0.8 1.6 0.7 7.1 0.6 2.1 3.9 1.7 0.9 0.7 1.9 1.8 6.9 0.7 1.1 1.2 0.6 0.1 0.3 1.4 1.1 

Pyrene 1.1 1.9 1.6 1.1 0.9 2.3 1.7 4.0 1.2 15.7 1.0 4.7 9.1 4.1 1.5 0.9 3.3 3.7 10.6 1.6 2.3 3.0 1.5 0.3 0.8 4.7 3.6 

Benzo[a]pyrene NQ NQ NQ NQ NQ NQ NQ 1.4 NQ 1.5 NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ 1.4 NQ NQ NQ NQ NQ NQ 

Benz[a]anthracene N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

Chrysene 2.6 2.6 3.1 2.5 1.9 3.8 5.3 11.6 3.9 14.9 2.0 11.5 10.8 6.3 2.6 1.0 3.5 5.2 4.5 2.9 4.0 3.0 2.2 0.8 1.1 6.1 3.7 

S6PAHs
2) 

0.7 0.5 0.4 0.4 0.3 0.8 0.4 0.8 0.3 2.3 0.4 0.8 1.4 1.0 0.6 0.7 1.1 1.0 5.9 0.4 0.5 0.8 0.4 NQ 0.2 1.0 0.9 

a-HCH 1.2 1.4 1.5 1.3 1.3 1.1 1.3 1.7 1.4 1.4 1.2 1.5 1.1 1.4 1.1 1.1 1.0 1.5 1.4 1.4 1.1 1.1 1.3 1.2 0.9 1.8 1.8 

b-HCH 1.4 2.3 2.5 2.5 2.7 1.7 1.9 3.4 2.2 1.8 1.4 2.8 0.9 1.8 1.1 NQ NQ 1.5 1.5 1.2 NQ NQ NQ NQ NQ 1.1 NQ 

g-HCH 2.0 4.6 2.2 2.2 2.3 2.2 2.0 3.0 1.9 2.5 1.6 3.6 2.1 14.5 1.7 0.9 1.1 1.8 1.7 1.2 0.9 1.0 0.7 0.6 1.0 0.9 1.1 

S2HCHs
3) 

1.5 2.7 1.8 1.6 1.7 1.5 1.5 2.2 1.6 1.8 1.4 2.3 1.5 6.6 1.4 1.0 1.1 1.6 1.5 1.3 1.0 1.1 1.1 1.0 0.9 1.4 1.5 

HCB 0.7 0.8 0.7 0.7 0.8 0.7 0.8 4.8 0.7 0.7 0.7 0.7 0.7 0.9 0.7 0.7 0.7 0.9 0.8 0.7 0.8 0.8 1.1 0.8 0.7 0.9 0.9 

p,p'-DDE N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

p,p'-DDD N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 
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o,p'-DDT 1.6 2.2 2.7 2.5 1.8 1.1 1.3 3.3 1.9 1.7 1.5 2.4 0.9 13.7 1.2 0.7 0.8 1.3 1.0 0.8 NQ NQ 0.6 0.5 NQ 0.6 0.9 

p,p'-DDT 1.5 2.0 2.3 2.3 1.6 1.0 1.1 2.9 1.6 1.3 1.4 2.3 0.6 23.9 1.0 0.4 0.6 0.9 0.6 0.5 NQ NQ NQ 0.3 NQ 0.4 0.6 

S2DDTs
4) 

1.5 2.1 2.5 2.4 1.7 1.1 1.2 3.1 1.7 1.5 1.5 2.3 0.7 19.5 1.1 0.5 0.7 1.1 0.8 0.7 NQ NQ NQ 0.4 NQ 0.5 NQ 

trans-Chlordane NQ 1.5 2.0 4.8 4.2 1.6 1.6 2.3 0.6 0.5 0.8 1.0 0.3 1.4 0.5 NQ 0.4 0.7 0.5 0.5 0.5 0.3 0.3 0.3 0.2 0.6 NQ 

cis-Chlordane NQ 1.2 1.6 2.3 2.7 1.0 1.2 1.4 0.8 0.8 0.8 1.0 0.5 1.1 0.6 NQ 0.6 0.8 0.8 1.0 0.7 0.4 0.5 0.7 0.3 0.6 0.3 

trans-Nonachlor NQ 0.7 0.9 1.7 1.3 0.6 0.8 1.0 0.6 0.5 0.6 0.9 0.4 0.6 0.4 NQ 0.3 0.5 0.5 0.6 0.4 0.2 0.3 0.4 0.2 0.8 0.4 

cis-Nonachlor NQ 0.7 1.0 2.1 1.3 0.5 1.2 1.0 0.5 0.5 1.9 1.3 0.4 0.7 0.4 NQ 0.3 0.6 0.6 0.6 0.5 0.3 0.3 0.4 0.2 1.0 NQ 

S4Chlordanes NQ 1.0 1.3 2.5 2.2 0.9 1.1 1.3 0.6 0.6 0.8 1.0 NQ 0.9 NQ NQ 0.4 0.7 0.6 0.7 0.5 0.3 0.4 0.4 0.2 0.7 NQ 

N.Q (not quantified): coastal site concentration < MDL (this study) 

N.D (not detected): background concentration < MDL 
1
 

1) 
Sum of seven PCBs 

2) 
Sum of six PAHs (fluorene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene) 

3) 
Sum of two HCHs (α and γ-HCH) 

4) 
Sum of two DDTs (o,p` and p,p`-DDT) 
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Table S7c) Concentrations in coastal zones divided by the minimum Norwegian background concentrations (RNWmin). 
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PCB-28 17.6 8.9 6.9 7.1 14.1 5.9 5.1 15.3 3.5 18.2 3.4 12.1 4.9 16.5 6.4 2.4 5.0 13.8 4.6 4.2 9.1 7.9 2.7 1.9 3.0 15.7 5.2 

PCB-52 22.9 8.5 6.9 8.5 10.4 4.3 5.5 20.3 3.3 8.0 3.0 17.0 7.3 29.3 9.4 1.7 9.7 9.6 3.7 3.5 4.5 6.4 2.4 1.7 3.0 13.5 4.8 

PCB-101 32.2 11.2 9.3 11.8 10.5 5.1 6.9 37.6 4.7 7.6 4.1 24.9 13.7 46.9 7.6 2.2 15.9 13.6 5.7 5.7 5.2 8.1 3.1 2.8 3.5 30.0 6.5 

PCB-118 N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

PCB-138 21.8 12.9 10.5 14.8 13.8 6.7 7.6 36.4 5.9 7.3 4.2 24.0 11.9 43.9 6.1 NQ 12.8 14.5 10.0 8.1 6.6 7.0 NQ 4.2 4.8 27.0 4.8 

PCB-153 N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

PCB-180 13.9 10.5 11.3 9.6 15.8 7.6 7.5 23.7 5.5 7.2 3.9 18.4 5.4 28.6 5.9 NQ 8.5 12.1 9.6 9.3 6.4 4.3 NQ 3.5 4.5 23.8 3.8 

S7PCBs
1) 

N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

Fluorene 11.9 11.4 8.8 9.5 6.3 28.7 8.2 17.7 6.4 29.8 11.5 12.2 27.4 18.8 13.5 20.7 22.1 20.0 170.7 6.8 8.1 20.6 8.3 2.3 7.3 24.3 21.1 

Phenanthrene 16.0 9.4 7.7 7.7 4.8 11.3 7.7 13.4 5.3 40.6 7.4 14.8 19.4 18.7 11.9 14.6 20.4 19.3 104.4 7.3 10.4 14.4 7.3 1.4 4.0 18.1 16.2 

Anthracene N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

Fluoranthene 7.2 9.7 8.2 6.4 5.4 12.1 9.2 19.0 7.7 82.7 6.6 24.8 46.2 19.6 10.9 8.1 22.3 20.6 80.6 8.6 13.1 13.6 7.3 1.5 3.5 16.6 13.3 

Pyrene 7.4 13.5 10.8 7.6 6.3 15.9 11.7 27.6 8.3 109.0 6.8 32.8 62.8 28.6 10.6 6.0 23.0 25.6 73.2 11.3 16.2 20.7 10.1 2.0 5.5 32.4 25.3 

Benzo[a]pyrene N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

Benz[a]anthracene N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

Chrysene 7.7 7.8 9.4 7.5 5.7 11.4 15.9 35.0 11.7 44.9 6.1 34.7 32.6 19.0 7.9 3.2 10.6 15.8 13.6 8.8 12.0 9.0 6.8 2.5 3.4 18.5 11.2 

S6PAHs
2) 

N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

a-HCH 3.2 3.8 3.9 3.3 3.5 2.9 3.3 4.6 3.7 3.7 3.1 3.8 2.9 3.7 2.9 2.8 2.7 3.8 3.6 3.7 2.9 2.8 3.3 3.2 2.5 4.7 4.8 

b-HCH N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

g-HCH 10.4 24.5 11.7 11.4 12.2 11.6 10.4 15.6 10.1 13.3 8.5 18.9 11.3 76.7 9.1 4.6 5.9 9.7 8.8 6.2 4.6 5.4 3.9 3.0 5.1 4.6 5.8 

S2HCHs
3) 

5.0 8.9 5.9 5.3 5.7 5.0 5.0 7.3 5.3 6.1 4.5 7.5 4.9 21.7 4.4 3.2 3.5 5.3 4.9 4.3 3.3 3.5 3.5 3.1 3.1 4.7 5.0 

HCB 1.7 1.9 1.7 1.8 2.0 1.7 2.0 12.0 1.9 1.9 1.7 1.7 1.6 2.2 1.7 1.7 1.8 2.2 2.1 1.8 2.1 2.0 2.8 2.1 1.8 2.4 2.2 

p,p'-DDE N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

p,p'-DDD N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 
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o,p'-DDT N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

p,p'-DDT N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

S2DDTs
4( 

N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

trans-Chlordane NQ 9.6 12.9 31.7 27.6 10.2 10.5 14.8 3.7 3.6 5.6 6.5 2.3 8.9 3.5 NQ 2.4 4.5 3.3 3.0 3.1 2.0 2.0 1.6 1.2 3.9 NQ 

cis-Chlordane NQ 4.1 5.8 8.1 9.5 3.4 4.2 4.9 2.8 2.9 2.8 3.6 1.8 3.9 2.3 NQ 2.1 2.9 2.9 3.6 2.3 1.5 1.9 2.3 1.2 2.2 1.2 

trans-Nonachlor NQ 3.3 4.3 8.0 6.0 2.7 3.8 4.5 2.7 2.6 2.7 4.0 1.8 2.8 2.0 NQ 1.4 2.6 2.4 2.6 1.8 1.2 1.4 1.7 0.8 3.8 2.0 

cis-Nonachlor NQ 4.7 6.6 14.5 8.6 3.5 8.0 6.5 3.6 3.5 12.9 8.9 2.5 4.5 3.0 NQ 2.0 3.9 3.7 3.8 3.3 1.7 2.3 2.6 1.0 7.0 NQ 

S4Chlordanes NQ 4.5 6.0 11.2 10.2 4.0 5.0 6.0 2.9 2.9 3.6 4.4 NQ 4.1 NQ NQ 1.9 3.0 2.8 3.1 2.2 1.4 1.7 2.0 1.0 3.3 NQ 

N.Q (not quantified): coastal site concentration < MDL (this study) 

N.D (not detected): background concentration < MDL 
1
 

1) 
Sum of seven PCBs 

2) 
Sum of six PAHs (fluorene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene) 

3) 
Sum of two HCHs (α and γ-HCH) 

4) 
Sum of two DDTs (o,p` and p,p`-DDT) 
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Table S8a) Concentrations in coastal zones divided by the median Nordic background concentrations (RND). 
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PCB-28 5.1 2.6 2.0 2.1 4.1 1.7 1.5 4.5 1.0 5.3 1.0 3.6 1.4 4.8 1.9 0.7 1.5 4.0 1.4 1.2 2.7 2.3 0.8 0.5 0.9 4.6 1.5 

PCB-52 7.8 2.9 2.4 2.9 3.6 1.5 1.9 6.9 1.1 2.7 1.0 5.8 2.5 10.0 3.2 0.6 3.3 3.3 1.3 1.2 1.5 2.2 0.8 0.6 1.0 4.6 1.6 

PCB-101 7.7 2.7 2.2 2.8 2.5 1.2 1.7 9.0 1.1 1.8 1.0 6.0 3.3 11.2 1.8 0.5 3.8 3.3 1.4 1.4 1.2 1.9 0.8 0.7 0.8 7.2 1.5 

PCB-118 6.8 3.3 2.2 3.9 2.5 1.2 1.8 13.5 1.1 1.7 0.8 6.5 4.8 12.4 2.1 NQ 3.5 3.4 1.5 1.3 1.5 2.0 0.8 NQ 0.9 4.3 1.3 

PCB-138 3.6 2.1 1.7 2.4 2.3 1.1 1.2 5.9 1.0 1.2 0.7 3.9 2.0 7.2 1.0 NQ 2.1 2.4 1.6 1.3 1.1 1.1 NQ 0.7 0.8 4.4 0.8 

PCB-153 3.5 1.9 1.7 2.0 2.2 1.2 1.2 4.9 1.0 1.2 0.7 3.6 1.5 6.3 1.0 NQ 1.9 2.2 1.5 1.4 0.9 1.1 NQ NQ 0.8 4.4 0.8 

PCB-180 2.5 1.9 2.0 1.7 2.8 1.4 1.4 4.3 1.0 1.3 0.7 3.3 1.0 5.1 1.1 NQ 1.5 2.2 1.7 1.7 1.1 0.8 NQ 0.6 0.8 4.3 0.7 

S7PCBs
1) 

5.9 2.5 2.1 2.5 3.0 1.4 1.6 6.7 1.1 2.6 0.9 4.8 2.3 8.2 1.9 NQ 2.6 3.1 1.4 1.3 1.6 1.8 NQ NQ 0.9 5.0 1.3 

Fluorene 3.3 3.2 2.4 2.6 1.8 8.0 2.3 4.9 1.8 8.3 3.2 3.4 7.6 5.2 3.7 5.8 6.1 5.6 47.5 1.9 2.3 5.7 2.3 0.6 2.0 6.8 5.9 

Phenanthrene 4.2 2.5 2.0 2.0 1.3 3.0 2.0 3.5 1.4 10.8 2.0 3.9 5.2 5.0 3.2 3.9 5.4 5.1 27.7 1.9 2.8 3.8 1.9 0.4 1.0 4.8 4.3 

Anthracene 4.4 4.4 4.8 3.2 3.1 30.0 4.2 14.2 1.9 50.2 2.3 7.1 19.2 13.3 3.7 5.0 17.4 13.6 100.4 6.1 9.4 18.2 7.3 NQ 4.4 19.1 26.7 

Fluoranthene 2.1 2.9 2.4 1.9 1.6 3.6 2.7 5.6 2.3 24.4 1.9 7.3 13.6 5.8 3.2 2.4 6.6 6.1 23.7 2.5 3.8 4.0 2.1 0.4 1.0 4.9 3.9 

Pyrene 2.5 4.6 3.7 2.6 2.2 5.4 4.0 9.4 2.8 37.2 2.3 11.2 21.4 9.7 3.6 2.1 7.9 8.7 25.0 3.8 5.5 7.0 3.4 0.7 1.9 11.1 8.6 

Benzo[a]pyrene N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

Benz[a]anthracene N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

Chrysene 3.7 3.8 4.6 3.6 2.7 5.5 7.7 16.9 5.7 21.7 2.9 16.8 15.8 9.2 3.8 1.5 5.1 7.6 6.6 4.2 5.8 4.4 3.3 1.2 1.6 9.0 5.4 

S6PAHs
2) 

3.7 2.8 2.3 2.2 1.5 4.7 2.3 4.5 1.7 12.9 2.3 4.5 7.5 5.4 3.3 4.1 5.9 5.6 32.8 2.1 2.9 4.6 2.2 NQ 1.4 5.7 5.0 

a-HCH 1.7 2.0 2.1 1.8 1.9 1.5 1.8 2.4 2.0 2.0 1.7 2.0 1.5 2.0 1.6 1.5 1.4 2.0 1.9 2.0 1.6 1.5 1.8 1.7 1.3 2.5 2.6 

b-HCH N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

g-HCH 3.1 7.4 3.5 3.4 3.7 3.5 3.1 4.7 3.0 4.0 2.6 5.7 3.4 23.1 2.7 1.4 1.8 2.9 2.6 1.9 1.4 1.6 1.2 0.9 1.5 1.4 1.7 

S2HCHs
3) 

2.2 4.0 2.6 2.4 2.5 2.3 2.3 3.3 2.4 2.7 2.0 3.4 2.2 9.7 2.0 1.4 1.6 2.4 2.2 1.9 1.5 1.5 1.6 1.4 1.4 2.1 2.3 

HCB 1.0 1.2 1.0 1.1 1.2 1.0 1.2 7.3 1.1 1.1 1.1 1.0 1.0 1.3 1.0 1.1 1.1 1.3 1.2 1.1 1.3 1.2 1.7 1.3 1.1 1.4 1.4 

p,p'-DDE N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

p,p'-DDD N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 
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o,p'-DDT 3.6 4.9 6.1 5.7 4.2 2.6 2.9 7.4 4.3 3.9 3.5 5.4 2.0 31.0 2.6 1.5 1.8 2.9 2.2 1.9 NQ NQ 1.3 1.2 NQ 1.3 2.0 

p,p'-DDT 5.2 7.1 8.1 8.1 5.5 3.6 3.7 10.3 5.4 4.7 5.0 8.0 2.2 83.9 3.4 1.4 2.3 3.2 2.1 1.9 NQ NQ NQ 1.0 NQ 1.5 2.1 

S2DDTs
4) 

4.4 5.9 7.0 6.8 4.8 3.1 3.3 8.7 4.8 4.3 4.2 6.6 2.1 55.4 3.0 1.5 2.0 3.0 2.2 1.9 NQ NQ NQ 1.1 NQ 1.4 NQ 

trans-Chlordane NQ 3.5 4.7 11.4 10.0 3.7 3.8 5.3 1.3 1.3 2.0 2.3 0.8 3.2 1.3 NQ 0.9 1.6 1.2 1.1 1.1 0.7 0.7 0.6 0.4 1.4 NQ 

cis-Chlordane NQ 2.3 3.1 4.4 5.1 1.9 2.3 2.7 1.5 1.6 1.5 2.0 1.0 2.1 1.2 NQ 1.1 1.6 1.6 2.0 1.3 0.8 1.0 1.3 0.7 1.2 0.7 

trans-Nonachlor NQ 1.8 2.3 4.3 3.2 1.5 2.0 2.4 1.5 1.4 1.5 2.2 1.0 1.5 1.1 NQ 0.8 1.4 1.3 1.4 1.0 0.6 0.7 0.9 0.4 2.0 1.1 

cis-Nonachlor NQ 2.4 3.3 7.2 4.3 1.8 4.0 3.3 1.8 1.7 6.4 4.5 1.3 2.3 1.5 NQ 1.0 1.9 1.9 1.9 1.6 0.8 1.1 1.3 0.5 3.5 NQ 

S4Chlordanes NQ 2.3 3.1 5.7 5.2 2.0 2.5 3.1 1.5 1.5 1.8 2.2 NQ 2.1 NQ NQ 0.9 1.5 1.4 1.6 1.1 0.7 0.9 1.0 0.5 1.7 NQ 

N.Q (not quantified): coastal site concentration < MDL (this study) 

N.D (not detected): background concentration < MDL 
1
 

1) 
Sum of seven PCBs 

2) 
Sum of six PAHs (fluorene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene) 

3) 
Sum of two HCHs (α and γ-HCH) 

4) 
Sum of two DDTs (o,p` and p,p`-DDT) 
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Table S8b) Concentrations in coastal zones divided by the maximum Nordic background concentrations (RNDmax). 
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PCB-28 1.5 0.8 0.6 0.6 1.2 0.5 0.4 1.3 0.3 1.6 0.3 1.1 0.4 1.5 0.6 0.2 0.4 1.2 0.4 0.4 0.8 0.7 0.2 0.2 0.3 1.4 0.5 

PCB-52 2.1 0.8 0.6 0.8 1.0 0.4 0.5 1.9 0.3 0.7 0.3 1.6 0.7 2.7 0.9 0.2 0.9 0.9 0.3 0.3 0.4 0.6 0.2 0.2 0.3 1.3 0.4 

PCB-101 1.1 0.4 0.3 0.4 0.4 0.2 0.2 1.3 0.2 0.3 0.1 0.9 0.5 1.6 0.3 0.1 0.5 0.5 0.2 0.2 0.2 0.3 0.1 0.1 0.1 1.0 0.2 

PCB-118 0.8 0.4 0.3 0.5 0.3 0.1 0.2 1.7 0.1 0.2 0.1 0.8 0.6 1.5 0.3 NQ 0.4 0.4 0.2 0.2 0.2 0.2 0.1 NQ 0.1 0.5 0.2 

PCB-138 0.5 0.3 0.2 0.3 0.3 0.1 0.2 0.8 0.1 0.2 0.1 0.5 0.3 1.0 0.1 NQ 0.3 0.3 0.2 0.2 0.1 0.2 NQ 0.1 0.1 0.6 0.1 

PCB-153 0.5 0.3 0.2 0.3 0.3 0.2 0.2 0.7 0.1 0.2 0.1 0.5 0.2 0.9 0.1 NQ 0.3 0.3 0.2 0.2 0.1 0.2 NQ NQ 0.1 0.7 0.1 

PCB-180 0.3 0.2 0.2 0.2 0.3 0.1 0.1 0.4 0.1 0.1 0.1 0.3 0.1 0.5 0.1 NQ 0.2 0.2 0.2 0.2 0.1 0.1 NQ 0.1 0.1 0.4 0.1 

S7PCBs
1) 

1.1 0.5 0.4 0.5 0.5 0.2 0.3 1.2 0.2 0.5 0.2 0.9 0.4 1.5 0.3 NQ 0.5 0.6 0.3 0.2 0.3 0.3 NQ NQ 0.2 0.9 0.2 

Fluorene 0.4 0.4 0.3 0.3 0.2 0.9 0.3 0.6 0.2 0.9 0.4 0.4 0.9 0.6 0.4 0.6 0.7 0.6 5.3 0.2 0.3 0.6 0.3 0.1 0.2 0.8 0.7 

Phenanthrene 0.9 0.5 0.4 0.4 0.3 0.7 0.4 0.8 0.3 2.3 0.4 0.9 1.1 1.1 0.7 0.8 1.2 1.1 6.0 0.4 0.6 0.8 0.4 0.1 0.2 1.0 0.9 

Anthracene 0.6 0.6 0.7 0.4 0.4 4.2 0.6 2.0 0.3 7.0 0.3 1.0 2.7 1.8 0.5 0.7 2.4 1.9 13.9 0.8 1.3 2.5 1.0 NQ 0.6 2.7 3.7 

Fluoranthene 0.4 0.5 0.5 0.4 0.3 0.7 0.5 1.0 0.4 4.5 0.4 1.4 2.5 1.1 0.6 0.4 1.2 1.1 4.4 0.5 0.7 0.7 0.4 0.1 0.2 0.9 0.7 

Pyrene 0.4 0.8 0.6 0.4 0.4 0.9 0.7 1.6 0.5 6.3 0.4 1.9 3.6 1.6 0.6 0.3 1.3 1.5 4.2 0.6 0.9 1.2 0.6 0.1 0.3 1.9 1.5 

Benzo[a]pyrene NQ NQ NQ NQ NQ NQ NQ 0.2 NQ 0.2 NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ 0.2 NQ NQ NQ NQ NQ NQ 

Benz[a]anthracene NQ 0.2 0.3 0.2 NQ 0.6 0.4 1.0 0.2 2.4 0.2 0.6 0.9 0.6 0.2 NQ 0.3 0.5 0.6 0.4 0.5 0.4 0.3 NQ NQ 0.8 0.5 

Chrysene 0.3 0.3 0.4 0.3 0.3 0.5 0.7 1.6 0.5 2.0 0.3 1.6 1.5 0.8 0.4 0.1 0.5 0.7 0.6 0.4 0.5 0.4 0.3 0.1 0.2 0.8 0.5 

S6PAHs
2) 

0.6 0.5 0.4 0.4 0.3 0.8 0.4 0.8 0.3 2.2 0.4 0.8 1.3 0.9 0.6 0.7 1.0 0.9 5.5 0.4 0.5 0.8 0.4 NQ 0.2 1.0 0.8 

a-HCH 0.9 1.0 1.1 0.9 0.9 0.8 0.9 1.2 1.0 1.0 0.8 1.0 0.8 1.0 0.8 0.7 0.7 1.0 1.0 1.0 0.8 0.7 0.9 0.9 0.7 1.3 1.3 

b-HCH 0.2 0.3 0.4 0.4 0.4 0.3 0.3 0.5 0.3 0.3 0.2 0.4 0.1 0.3 0.2 NQ NQ 0.2 0.2 0.2 NQ NQ NQ NQ NQ 0.2 NQ 

g-HCH 1.0 2.4 1.1 1.1 1.2 1.1 1.0 1.5 1.0 1.3 0.8 1.8 1.1 7.4 0.9 0.4 0.6 0.9 0.8 0.6 0.4 0.5 0.4 0.3 0.5 0.4 0.6 

S2HCHs
3) 

0.9 1.6 1.1 1.0 1.1 0.9 0.9 1.4 1.0 1.1 0.8 1.4 0.9 4.0 0.8 0.6 0.7 1.0 0.9 0.8 0.6 0.6 0.6 0.6 0.6 0.9 0.9 

HCB 0.5 0.6 0.5 0.6 0.6 0.5 0.6 3.8 0.6 0.6 0.6 0.5 0.5 0.7 0.5 0.6 0.6 0.7 0.7 0.6 0.7 0.6 0.9 0.7 0.6 0.8 0.7 

p,p'-DDE 0.3 0.6 0.6 0.4 0.3 NQ 0.4 0.5 0.4 0.3 0.3 0.4 NQ 0.7 NQ NQ NQ 0.3 NQ NQ NQ NQ NQ NQ NQ NQ NQ 

p,p'-DDD NQ NQ 0.8 NQ NQ NQ NQ 0.9 NQ NQ NQ NQ NQ 3.1 NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ 
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o,p'-DDT 0.4 0.6 0.7 0.7 0.5 0.3 0.3 0.8 0.5 0.5 0.4 0.6 0.2 3.6 0.3 0.2 0.2 0.3 0.3 0.2 NQ NQ 0.1 0.1 NQ 0.2 0.2 

p,p'-DDT 0.4 0.5 0.6 0.6 0.4 0.3 0.3 0.8 0.4 0.4 0.4 0.6 0.2 6.3 0.3 0.1 0.2 0.2 0.2 0.1 NQ NQ NQ 0.1 NQ 0.1 0.2 

S2DDTs
4) 

0.4 0.5 0.6 0.6 0.4 0.3 0.3 0.8 0.4 0.4 0.4 0.6 0.2 5.1 0.3 0.1 0.2 0.3 0.2 0.2 NQ NQ NQ 0.1 NQ 0.1 NQ 

trans-Chlordane NQ 1.5 2.0 4.8 4.2 1.6 1.6 2.3 0.6 0.5 0.8 1.0 0.3 1.4 0.5 NQ 0.4 0.7 0.5 0.5 0.5 0.3 0.3 0.3 0.2 0.6 NQ 

cis-Chlordane NQ 1.0 1.4 1.9 2.2 0.8 1.0 1.2 0.7 0.7 0.7 0.8 0.4 0.9 0.5 NQ 0.5 0.7 0.7 0.9 0.5 0.4 0.4 0.6 0.3 0.5 0.3 

trans-Nonachlor NQ 0.7 0.9 1.7 1.3 0.6 0.8 1.0 0.6 0.5 0.6 0.9 0.4 0.6 0.4 NQ 0.3 0.5 0.5 0.6 0.4 0.2 0.3 0.4 0.2 0.8 0.4 

cis-Nonachlor NQ 0.5 0.8 1.7 1.0 0.4 0.9 0.7 0.4 0.4 1.5 1.0 0.3 0.5 0.3 NQ 0.2 0.4 0.4 0.4 0.4 0.2 0.3 0.3 0.1 0.8 NQ 

S4Chlordanes NQ 0.9 1.2 2.3 2.1 0.8 1.0 1.2 0.6 0.6 0.7 0.9 NQ 0.8 NQ NQ 0.4 0.6 0.6 0.6 0.5 0.3 0.3 0.4 0.2 0.7 NQ 

N.Q (not quantified): coastal site concentration < MDL (this study) 
1) 

Sum of seven PCBs 
2) 

Sum of six PAHs (fluorene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene) 
3) 

Sum of two HCHs (α and γ-HCH) 
4) 

Sum of two DDTs (o,p` and p,p`-DDT) 
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Table S8c) Concentrations in coastal zones divided by the minimum Nordic background concentrations (RNDmin). 
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PCB-28 17.6 8.9 6.9 7.1 14.1 5.9 5.1 15.3 3.5 18.2 3.4 12.1 4.9 16.5 6.4 2.4 5.0 13.8 4.6 4.2 9.1 7.9 2.7 1.9 3.0 15.7 5.2 

PCB-52 22.9 8.5 6.9 8.5 10.4 4.3 5.5 20.3 3.3 8.0 3.0 17.0 7.3 29.3 9.4 1.7 9.7 9.6 3.7 3.5 4.5 6.4 2.4 1.7 3.0 13.5 4.8 

PCB-101 32.2 11.2 9.3 11.8 10.5 5.1 6.9 37.6 4.7 7.6 4.1 24.9 13.7 46.9 7.6 2.2 15.9 13.6 5.7 5.7 5.2 8.1 3.1 2.8 3.5 30.0 6.5 

PCB-118 N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

PCB-138 21.8 12.9 10.5 14.8 13.8 6.7 7.6 36.4 5.9 7.3 4.2 24.0 11.9 43.9 6.1 NQ 12.8 14.5 10.0 8.1 6.6 7.0 NQ 4.2 4.8 27.0 4.8 

PCB-153 N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

PCB-180 13.9 10.5 11.3 9.6 15.8 7.6 7.5 23.7 5.5 7.2 3.9 18.4 5.4 28.6 5.9 NQ 8.5 12.1 9.6 9.3 6.4 4.3 NQ 3.5 4.5 23.8 3.8 

S7PCBs
1) 

N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

Fluorene 12.1 11.6 8.9 9.7 6.4 29.1 8.3 18.0 6.5 30.3 11.7 12.4 27.9 19.1 13.7 21.1 22.4 20.3 173.5 6.9 8.3 20.9 8.4 2.3 7.5 24.7 21.4 

Phenanthrene 18.6 11.0 8.9 8.9 5.5 13.2 8.9 15.6 6.2 47.1 8.6 17.2 22.6 21.7 13.8 16.9 23.7 22.5 121.3 8.5 12.1 16.7 8.5 1.7 4.6 21.0 18.9 

Anthracene N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

Fluoranthene 7.3 9.9 8.4 6.6 5.5 12.3 9.5 19.4 7.9 84.6 6.7 25.4 47.2 20.0 11.1 8.2 22.8 21.1 82.4 8.8 13.4 13.9 7.4 1.5 3.6 16.9 13.6 

Pyrene 8.0 14.5 11.7 8.2 6.8 17.1 12.6 29.7 9.0 117.4 7.3 35.3 67.7 30.8 11.4 6.5 24.8 27.5 78.9 12.1 17.5 22.3 10.9 2.2 6.0 35.0 27.2 

Benzo[a]pyrene N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

Benz[a]anthracene N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

Chrysene 7.9 8.0 9.6 7.6 5.8 11.7 16.3 35.9 12.0 46.0 6.2 35.6 33.4 19.5 8.1 3.2 10.9 16.2 14.0 9.0 12.3 9.2 6.9 2.6 3.5 19.0 11.5 

S6PAHs
2) 

N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

a-HCH 3.4 3.9 4.1 3.5 3.6 3.0 3.4 4.7 3.8 3.8 3.2 3.9 3.0 3.8 3.0 2.9 2.8 3.9 3.8 3.8 3.0 2.9 3.5 3.3 2.5 4.9 5.0 

b-HCH N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

g-HCH 10.4 24.5 11.7 11.4 12.2 11.6 10.4 15.6 10.1 13.3 8.5 18.9 11.3 76.7 9.1 4.6 5.9 9.7 8.8 6.2 4.6 5.4 3.9 3.0 5.1 4.6 5.8 

S2HCHs
3) 

5.1 9.1 6.0 5.5 5.8 5.2 5.2 7.5 5.4 6.2 4.6 7.7 5.1 22.2 4.6 3.3 3.6 5.4 5.0 4.4 3.4 3.5 3.6 3.2 3.2 4.8 5.2 

HCB 1.7 2.0 1.7 1.8 2.0 1.7 2.1 12.2 1.9 1.9 1.8 1.7 1.7 2.2 1.7 1.8 1.8 2.2 2.1 1.9 2.1 2.0 2.8 2.1 1.9 2.4 2.3 

p,p'-DDE N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

p,p'-DDD N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 
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o,p'-DDT N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

p,p'-DDT N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

S2DDTs
4) 

N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

trans-Chlordane N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

cis-Chlordane NQ 6.1 8.5 12.0 14.0 5.1 6.3 7.3 4.2 4.3 4.1 5.3 2.6 5.8 3.3 NQ 3.1 4.3 4.3 5.3 3.4 2.3 2.8 3.5 1.8 3.3 1.8 

trans-Nonachlor NQ 4.9 6.4 11.8 8.9 4.1 5.6 6.7 4.0 3.8 4.1 6.0 2.7 4.2 3.0 NQ 2.1 3.8 3.6 3.9 2.7 1.7 2.1 2.5 1.2 5.6 3.0 

cis-Nonachlor N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

S4Chlordanes N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

N.Q (not quantified): coastal site concentration < MDL (this study) 

N.D (not detected): background concentration < MDL 
1
  

1) 
Sum of seven PCBs 

2) 
Sum of six PAHs (fluorene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene) 

3) 
Sum of two HCHs (α and γ-HCH) 

4) 
Sum of two DDTs (o,p` and p,p`-DDT) 
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Table S9a) Concentrations in coastal zones divided by the median European background concentrations (REU). 
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PCB-28 2.6 1.3 1.0 1.0 2.1 0.9 0.7 2.2 0.5 2.7 0.5 1.8 0.7 2.4 0.9 0.3 0.7 2.0 0.7 0.6 1.3 1.2 0.4 0.3 0.4 2.3 0.8 

PCB-52 4.0 1.5 1.2 1.5 1.8 0.7 0.9 3.5 0.6 1.4 0.5 2.9 1.3 5.1 1.6 0.3 1.7 1.7 0.6 0.6 0.8 1.1 0.4 0.3 0.5 2.3 0.8 

PCB-101 5.2 1.8 1.5 1.9 1.7 0.8 1.1 6.0 0.7 1.2 0.7 4.0 2.2 7.5 1.2 0.4 2.5 2.2 0.9 0.9 0.8 1.3 0.5 0.4 0.6 4.8 1.0 

PCB-118 3.6 1.8 1.2 2.1 1.4 0.6 1.0 7.2 0.6 0.9 0.4 3.5 2.5 6.6 1.1 NQ 1.8 1.8 0.8 0.7 0.8 1.1 0.4 NQ 0.5 2.3 0.7 

PCB-138 2.6 1.5 1.2 1.7 1.6 0.8 0.9 4.3 0.7 0.9 0.5 2.8 1.4 5.2 0.7 NQ 1.5 1.7 1.2 0.9 0.8 0.8 NQ 0.5 0.6 3.2 0.6 

PCB-153 2.4 1.3 1.2 1.4 1.5 0.8 0.8 3.4 0.7 0.8 0.5 2.5 1.1 4.4 0.7 NQ 1.3 1.5 1.0 1.0 0.6 0.7 NQ NQ 0.5 3.1 0.5 

PCB-180 1.3 1.0 1.1 0.9 1.5 0.7 0.7 2.3 0.5 0.7 0.4 1.8 0.5 2.7 0.6 NQ 0.8 1.2 0.9 0.9 0.6 0.4 NQ 0.3 0.4 2.3 0.4 

S7PCBs
1) 

3.4 1.5 1.2 1.5 1.8 0.8 0.9 3.9 0.6 1.5 0.5 2.7 1.3 4.7 1.1 NQ 1.5 1.8 0.8 0.8 0.9 1.1 NQ NQ 0.5 2.9 0.8 

Fluorene 2.3 2.2 1.7 1.9 1.2 5.6 1.6 3.5 1.2 5.8 2.3 2.4 5.4 3.7 2.6 4.1 4.3 3.9 33.4 1.3 1.6 4.0 1.6 0.5 1.4 4.8 4.1 

Phenanthrene 3.3 1.9 1.6 1.6 1.0 2.3 1.6 2.7 1.1 8.3 1.5 3.0 4.0 3.8 2.4 3.0 4.2 4.0 21.4 1.5 2.1 2.9 1.5 0.3 0.8 3.7 3.3 

Anthracene 2.6 2.6 2.8 1.9 1.8 17.6 2.5 8.4 1.1 29.5 1.3 4.1 11.3 7.8 2.2 2.9 10.2 8.0 59.0 3.6 5.5 10.7 4.3 NQ 2.6 11.2 15.7 

Fluoranthene 1.3 1.8 1.5 1.2 1.0 2.3 1.7 3.6 1.4 15.5 1.2 4.7 8.6 3.7 2.0 1.5 4.2 3.9 15.1 1.6 2.4 2.6 1.4 0.3 0.7 3.1 2.5 

Pyrene 1.4 2.5 2.0 1.4 1.2 2.9 2.2 5.1 1.5 20.1 1.3 6.1 11.6 5.3 2.0 1.1 4.3 4.7 13.5 2.1 3.0 3.8 1.9 0.4 1.0 6.0 4.7 

Benzo[a]pyrene N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

Benz[a]anthracene NQ 1.3 1.6 1.1 NQ 3.6 2.4 5.7 1.2 14.3 1.4 3.8 5.2 3.6 1.1 NQ 2.0 3.0 3.5 2.4 3.2 2.5 1.7 NQ NQ 4.6 3.1 

Chrysene 1.4 1.4 1.6 1.3 1.0 2.0 2.8 6.1 2.1 7.9 1.1 6.1 5.7 3.3 1.4 0.6 1.9 2.8 2.4 1.5 2.1 1.6 1.2 0.4 0.6 3.2 2.0 

S6PAHs
2) 

2.7 2.0 1.6 1.6 1.1 3.4 1.6 3.2 1.2 9.3 1.7 3.2 5.4 3.9 2.4 3.0 4.2 4.0 23.6 1.5 2.1 3.3 1.6 NQ 1.0 4.1 3.6 

a-HCH 0.7 0.8 0.9 0.7 0.8 0.6 0.7 1.0 0.8 0.8 0.7 0.9 0.6 0.8 0.7 0.6 0.6 0.9 0.8 0.8 0.7 0.6 0.7 0.7 0.5 1.0 1.1 

b-HCH 0.4 0.7 0.8 0.8 0.9 0.6 0.6 1.1 0.7 0.6 0.5 0.9 0.3 0.6 0.4 NQ NQ 0.5 0.5 0.4 NQ NQ NQ NQ NQ 0.4 NQ 

g-HCH 0.8 1.9 0.9 0.9 0.9 0.9 0.8 1.2 0.8 1.0 0.7 1.5 0.9 5.9 0.7 0.4 0.5 0.7 0.7 0.5 0.4 0.4 0.3 0.2 0.4 0.4 0.4 

S2HCHs
3) 

0.8 1.3 0.9 0.8 0.9 0.8 0.8 1.1 0.8 0.9 0.7 1.1 0.8 3.3 0.7 0.5 0.5 0.8 0.7 0.7 0.5 0.5 0.5 0.5 0.5 0.7 0.8 

HCB 1.0 1.1 0.9 1.0 1.1 0.9 1.1 6.8 1.0 1.0 1.0 0.9 0.9 1.2 0.9 1.0 1.0 1.2 1.2 1.0 1.2 1.1 1.6 1.2 1.0 1.3 1.3 

p,p'-DDE 0.5 1.1 1.0 0.8 0.6 NQ 0.7 0.9 0.8 0.5 0.5 0.8 NQ 1.3 NQ NQ NQ 0.5 NQ NQ NQ NQ NQ NQ NQ NQ NQ 

p,p'-DDD NQ NQ 1.6 NQ NQ NQ NQ 1.6 NQ NQ NQ NQ NQ 5.9 NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ 

o,p'-DDT 0.7 1.0 1.2 1.1 0.8 0.5 0.6 1.5 0.8 0.8 0.7 1.1 0.4 6.1 0.5 0.3 0.4 0.6 0.4 0.4 NQ NQ 0.2 0.2 NQ 0.3 0.4 
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p,p'-DDT 0.8 1.1 1.2 1.2 0.8 0.5 0.6 1.5 0.8 0.7 0.8 1.2 0.3 12.6 0.5 0.2 0.3 0.5 0.3 0.3 NQ NQ NQ 0.1 NQ 0.2 0.3 

S2DDTs
4) 

0.8 1.0 1.2 1.2 0.8 0.5 0.6 1.5 0.8 0.7 0.7 1.1 0.4 9.6 0.5 0.3 0.3 0.5 0.4 0.3 NQ NQ NQ 0.2 NQ 0.2 NQ 

trans-Chlordane NQ 2.7 3.6 8.8 7.7 2.8 2.9 4.1 1.0 1.0 1.5 1.8 0.6 2.5 1.0 NQ 0.7 1.2 0.9 0.8 0.9 0.6 0.5 0.5 0.3 1.1 NQ 

cis-Chlordane NQ 1.5 2.0 2.9 3.3 1.2 1.5 1.7 1.0 1.0 1.0 1.3 0.6 1.4 0.8 NQ 0.7 1.0 1.0 1.3 0.8 0.5 0.7 0.8 0.4 0.8 0.4 

trans-Nonachlor NQ 1.2 1.5 2.8 2.1 1.0 1.3 1.6 1.0 0.9 1.0 1.4 0.6 1.0 0.7 NQ 0.5 0.9 0.9 0.9 0.7 0.4 0.5 0.6 0.3 1.3 0.7 

cis-Nonachlor NQ 1.5 2.1 4.6 2.7 1.1 2.5 2.1 1.1 1.1 4.1 2.8 0.8 1.4 1.0 NQ 0.6 1.2 1.2 1.2 1.0 0.5 0.7 0.8 0.3 2.2 NQ 

S4Chlordanes NQ 1.5 2.1 3.8 3.5 1.4 1.7 2.0 1.0 1.0 1.2 1.5 NQ 1.4 NQ NQ 0.6 1.0 1.0 1.1 0.8 0.5 0.6 0.7 0.4 1.1 NQ 

N.Q (not quantified): coastal site concentration < MDL (this study) 

N.D (not detected): background concentration < MDL 
1
 

1) 
Sum of seven PCBs 

2) 
Sum of six PAHs (fluorene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene) 

3) 
Sum of two HCHs (α and γ-HCH) 

4) 
Sum of two DDTs (o,p` and p,p`-DDT) 
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Table S9b) Concentrations in coastal zones divided by the maximum European background concentrations (REUmax). 
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PCB-28 1.9 1.0 0.7 0.8 1.5 0.6 0.6 1.7 0.4 2.0 0.4 1.3 0.5 1.8 0.7 0.3 0.5 1.5 0.5 0.5 1.0 0.9 0.3 0.2 0.3 1.7 0.6 

PCB-52 2.9 1.1 0.9 1.1 1.3 0.6 0.7 2.6 0.4 1.0 0.4 2.2 0.9 3.8 1.2 0.2 1.2 1.2 0.5 0.5 0.6 0.8 0.3 0.2 0.4 1.7 0.6 

PCB-101 3.8 1.3 1.1 1.4 1.2 0.6 0.8 4.4 0.6 0.9 0.5 3.0 1.6 5.5 0.9 0.3 1.9 1.6 0.7 0.7 0.6 1.0 0.4 0.3 0.4 3.6 0.8 

PCB-118 2.7 1.3 0.9 1.5 1.0 0.5 0.7 5.3 0.4 0.7 0.3 2.6 1.9 4.9 0.8 NQ 1.4 1.3 0.6 0.5 0.6 0.8 0.3 NQ 0.3 1.7 0.5 

PCB-138 1.9 1.1 0.9 1.3 1.2 0.6 0.7 3.2 0.5 0.6 0.4 2.1 1.0 3.8 0.5 NQ 1.1 1.3 0.9 0.7 0.6 0.6 NQ 0.4 0.4 2.3 0.4 

PCB-153 1.8 1.0 0.9 1.0 1.1 0.6 0.6 2.5 0.5 0.6 0.4 1.9 0.8 3.3 0.5 NQ 1.0 1.1 0.8 0.7 0.5 0.5 NQ NQ 0.4 2.3 0.4 

PCB-180 1.0 0.7 0.8 0.7 1.1 0.5 0.5 1.7 0.4 0.5 0.3 1.3 0.4 2.0 0.4 NQ 0.6 0.9 0.7 0.7 0.4 0.3 NQ 0.2 0.3 1.7 0.3 

S7PCBs
1) 

2.5 1.1 0.9 1.1 1.3 0.6 0.7 2.9 0.5 1.1 0.4 2.0 1.0 3.5 0.8 NQ 1.1 1.3 0.6 0.6 0.7 0.8 NQ NQ 0.4 2.1 0.6 

Fluorene 1.7 1.7 1.3 1.4 0.9 4.2 1.2 2.6 0.9 4.3 1.7 1.8 4.0 2.7 2.0 3.0 3.2 2.9 24.7 1.0 1.2 3.0 1.2 0.3 1.1 3.5 3.1 

Phenanthrene 2.4 1.4 1.2 1.2 0.7 1.7 1.2 2.0 0.8 6.2 1.1 2.2 2.9 2.8 1.8 2.2 3.1 2.9 15.8 1.1 1.6 2.2 1.1 0.2 0.6 2.7 2.5 

Anthracene 1.9 1.9 2.1 1.4 1.3 13.1 1.8 6.2 0.8 21.8 1.0 3.1 8.4 5.8 1.6 2.2 7.6 5.9 43.7 2.6 4.1 7.9 3.2 NQ 1.9 8.3 11.6 

Fluoranthene 1.0 1.3 1.1 0.9 0.7 1.7 1.3 2.6 1.1 11.5 0.9 3.4 6.4 2.7 1.5 1.1 3.1 2.9 11.2 1.2 1.8 1.9 1.0 0.2 0.5 2.3 1.8 

Pyrene 1.0 1.8 1.5 1.0 0.9 2.2 1.6 3.8 1.1 14.9 0.9 4.5 8.6 3.9 1.5 0.8 3.1 3.5 10.0 1.5 2.2 2.8 1.4 0.3 0.8 4.4 3.5 

Benzo[a]pyrene N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

Benz[a]anthracene NQ 1.0 1.2 0.8 NQ 2.7 1.8 4.2 0.9 10.6 1.0 2.8 3.8 2.6 0.8 NQ 1.4 2.2 2.6 1.8 2.3 1.9 1.3 NQ NQ 3.4 2.3 

Chrysene 1.0 1.0 1.2 1.0 0.7 1.5 2.1 4.5 1.5 5.8 0.8 4.5 4.2 2.5 1.0 0.4 1.4 2.0 1.8 1.1 1.6 1.2 0.9 0.3 0.4 2.4 1.5 

S6PAHs
2) 

2.0 1.5 1.2 1.2 0.8 2.5 1.2 2.4 0.9 6.9 1.2 2.4 4.0 2.9 1.8 2.2 3.1 3.0 17.5 1.1 1.6 2.4 1.1 NQ 0.7 3.0 2.7 

a-HCH 0.5 0.6 0.7 0.6 0.6 0.5 0.5 0.8 0.6 0.6 0.5 0.6 0.5 0.6 0.5 0.5 0.4 0.6 0.6 0.6 0.5 0.5 0.6 0.5 0.4 0.8 0.8 

b-HCH 0.3 0.5 0.6 0.6 0.6 0.4 0.4 0.8 0.5 0.4 0.3 0.7 0.2 0.4 0.3 NQ NQ 0.3 0.4 0.3 NQ NQ NQ NQ NQ 0.3 NQ 

g-HCH 0.6 1.4 0.7 0.7 0.7 0.7 0.6 0.9 0.6 0.8 0.5 1.1 0.6 4.4 0.5 0.3 0.3 0.6 0.5 0.4 0.3 0.3 0.2 0.2 0.3 0.3 0.3 

S2HCHs
3) 

0.6 1.0 0.7 0.6 0.6 0.6 0.6 0.8 0.6 0.7 0.5 0.8 0.6 2.4 0.5 0.4 0.4 0.6 0.6 0.5 0.4 0.4 0.4 0.4 0.4 0.5 0.6 

HCB 0.7 0.8 0.7 0.7 0.8 0.7 0.8 5.0 0.8 0.8 0.7 0.7 0.7 0.9 0.7 0.7 0.7 0.9 0.9 0.8 0.9 0.8 1.1 0.9 0.8 1.0 0.9 

p,p'-DDE 0.4 0.8 0.8 0.6 0.4 NQ 0.5 0.7 0.6 0.4 0.3 0.6 NQ 1.0 NQ NQ NQ 0.3 NQ NQ NQ NQ NQ NQ NQ NQ NQ 

p,p'-DDD NQ NQ 1.2 NQ NQ NQ NQ 1.2 NQ NQ NQ NQ NQ 4.4 NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ 

o,p'-DDT 0.5 0.7 0.9 0.8 0.6 0.4 0.4 1.1 0.6 0.6 0.5 0.8 0.3 4.6 0.4 0.2 0.3 0.4 0.3 0.3 NQ NQ 0.2 0.2 NQ 0.2 0.3 
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p,p'-DDT 0.6 0.8 0.9 0.9 0.6 0.4 0.4 1.1 0.6 0.5 0.6 0.9 0.2 9.3 0.4 0.2 0.3 0.4 0.2 0.2 NQ NQ NQ 0.1 NQ 0.2 0.2 

S2DDTs
4) 

0.6 0.8 0.9 0.9 0.6 0.4 0.4 1.1 0.6 0.5 0.5 0.8 0.3 7.1 0.4 0.2 0.3 0.4 0.3 0.2 NQ NQ NQ 0.1 NQ 0.2 NQ 

trans-Chlordane NQ 2.0 2.7 6.5 5.7 2.1 2.2 3.1 0.8 0.7 1.1 1.3 0.5 1.8 0.7 NQ 0.5 0.9 0.7 0.6 0.6 0.4 0.4 0.3 0.2 0.8 NQ 

cis-Chlordane NQ 1.1 1.5 2.1 2.5 0.9 1.1 1.3 0.7 0.8 0.7 0.9 0.5 1.0 0.6 NQ 0.5 0.8 0.8 0.9 0.6 0.4 0.5 0.6 0.3 0.6 0.3 

trans-Nonachlor NQ 0.9 1.1 2.1 1.6 0.7 1.0 1.2 0.7 0.7 0.7 1.1 0.5 0.7 0.5 NQ 0.4 0.7 0.6 0.7 0.5 0.3 0.4 0.4 0.2 1.0 0.5 

cis-Nonachlor NQ 1.1 1.5 3.4 2.0 0.8 1.9 1.5 0.9 0.8 3.0 2.1 0.6 1.1 0.7 NQ 0.5 0.9 0.9 0.9 0.8 0.4 0.5 0.6 0.2 1.7 NQ 

S4Chlordanes NQ 1.1 1.5 2.8 2.6 1.0 1.3 1.5 0.7 0.7 0.9 1.1 NQ 1.0 NQ NQ 0.5 0.8 0.7 0.8 0.6 0.4 0.4 0.5 0.3 0.8 NQ 

N.Q (not quantified): coastal site concentration < MDL (this study) 

N.D (not detected): background concentration < MDL 
1
 

1) 
Sum of seven PCBs 

2) 
Sum of six PAHs (fluorene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene) 

3) 
Sum of two HCHs (α and γ-HCH) 

4) 
Sum of two DDTs (o,p` and p,p`-DDT) 
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Table S9c) Concentrations in coastal zones divided by the minimum European background concentrations (REUmin). 
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PCB-28 3.9 2.0 1.6 1.6 3.2 1.3 1.1 3.4 0.8 4.1 0.8 2.7 1.1 3.7 1.4 0.5 1.1 3.1 1.0 0.9 2.0 1.8 0.6 0.4 0.7 3.5 1.2 

PCB-52 6.1 2.3 1.8 2.2 2.8 1.1 1.5 5.4 0.9 2.1 0.8 4.5 1.9 7.8 2.5 0.5 2.6 2.6 1.0 0.9 1.2 1.7 0.6 0.4 0.8 3.6 1.3 

PCB-101 7.9 2.8 2.3 2.9 2.6 1.2 1.7 9.2 1.1 1.9 1.0 6.1 3.4 11.5 1.9 0.5 3.9 3.3 1.4 1.4 1.3 2.0 0.8 0.7 0.9 7.4 1.6 

PCB-118 5.6 2.7 1.8 3.2 2.1 1.0 1.5 11.1 0.9 1.4 0.7 5.3 3.9 10.1 1.7 NQ 2.8 2.8 1.2 1.1 1.2 1.7 0.7 NQ 0.7 3.5 1.1 

PCB-138 3.9 2.3 1.9 2.7 2.5 1.2 1.4 6.6 1.1 1.3 0.8 4.3 2.2 7.9 1.1 NQ 2.3 2.6 1.8 1.5 1.2 1.3 NQ 0.8 0.9 4.9 0.9 

PCB-153 3.7 2.0 1.8 2.1 2.3 1.3 1.3 5.2 1.1 1.2 0.8 3.9 1.6 6.8 1.0 NQ 2.0 2.3 1.6 1.5 1.0 1.1 NQ NQ 0.8 4.7 0.8 

PCB-180 2.0 1.5 1.7 1.4 2.3 1.1 1.1 3.5 0.8 1.1 0.6 2.7 0.8 4.2 0.9 NQ 1.2 1.8 1.4 1.4 0.9 0.6 NQ 0.5 0.7 3.5 0.6 

S7PCBs
1) 

5.2 2.3 1.8 2.2 2.7 1.2 1.4 5.9 0.9 2.3 0.8 4.2 2.0 7.3 1.7 NQ 2.3 2.8 1.2 1.2 1.4 1.6 NQ NQ 0.8 4.4 1.2 

Fluorene 3.6 3.4 2.6 2.9 1.9 8.6 2.5 5.3 1.9 9.0 3.5 3.7 8.3 5.7 4.1 6.2 6.6 6.0 51.4 2.0 2.5 6.2 2.5 0.7 2.2 7.3 6.4 

Phenanthrene 5.0 3.0 2.4 2.4 1.5 3.6 2.4 4.2 1.7 12.8 2.3 4.7 6.1 5.9 3.8 4.6 6.4 6.1 32.9 2.3 3.3 4.5 2.3 0.5 1.2 5.7 5.1 

Anthracene 4.0 4.0 4.3 2.9 2.8 27.1 3.8 12.9 1.7 45.4 2.1 6.4 17.4 12.1 3.3 4.5 15.7 12.3 90.8 5.5 8.5 16.5 6.6 NQ 4.0 17.3 24.1 

Fluoranthene 2.1 2.8 2.4 1.8 1.6 3.5 2.7 5.5 2.2 23.8 1.9 7.2 13.3 5.6 3.1 2.3 6.4 5.9 23.2 2.5 3.8 3.9 2.1 0.4 1.0 4.8 3.8 

Pyrene 2.1 3.8 3.1 2.2 1.8 4.5 3.3 7.8 2.4 31.0 1.9 9.3 17.8 8.1 3.0 1.7 6.5 7.3 20.8 3.2 4.6 5.9 2.9 0.6 1.6 9.2 7.2 

Benzo[a]pyrene N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 

Benz[a]anthracene NQ 2.0 2.4 1.7 NQ 5.6 3.6 8.8 1.8 22.0 2.1 5.8 8.0 5.5 1.7 NQ 3.0 4.6 5.4 3.7 4.9 3.9 2.7 NQ NQ 7.1 4.7 

Chrysene 2.1 2.1 2.5 2.0 1.5 3.1 4.3 9.4 3.2 12.1 1.6 9.3 8.8 5.1 2.1 0.8 2.9 4.2 3.7 2.4 3.2 2.4 1.8 0.7 0.9 5.0 3.0 

S6PAHs
2) 

4.1 3.1 2.5 2.5 1.6 5.2 2.5 5.0 1.9 14.3 2.6 5.0 8.3 6.0 3.7 4.6 6.5 6.1 36.3 2.3 3.2 5.1 2.4 NQ 1.5 6.3 5.5 

a-CH 1.1 1.3 1.4 1.1 1.2 1.0 1.1 1.6 1.3 1.3 1.1 1.3 1.0 1.3 1.0 1.0 0.9 1.3 1.2 1.3 1.0 1.0 1.1 1.1 0.8 1.6 1.6 

b-HCH 0.7 1.1 1.2 1.2 1.3 0.9 0.9 1.7 1.1 0.9 0.7 1.4 0.5 0.9 0.5 NQ NQ 0.7 0.8 0.6 NQ NQ NQ NQ NQ 0.5 NQ 

g-HCH 1.2 2.9 1.4 1.4 1.5 1.4 1.2 1.9 1.2 1.6 1.0 2.2 1.3 9.1 1.1 0.5 0.7 1.1 1.0 0.7 0.5 0.6 0.5 0.4 0.6 0.5 0.7 

S2HCHs
3) 

1.2 2.1 1.4 1.3 1.3 1.2 1.2 1.7 1.2 1.4 1.0 1.8 1.2 5.1 1.0 0.8 0.8 1.2 1.1 1.0 0.8 0.8 0.8 0.7 0.7 1.1 1.2 

HCB 1.5 1.7 1.4 1.5 1.7 1.4 1.8 10.4 1.6 1.6 1.5 1.4 1.4 1.9 1.4 1.5 1.5 1.9 1.8 1.6 1.8 1.7 2.4 1.8 1.6 2.0 1.9 

p,p'-DDE 0.8 1.7 1.6 1.2 0.9 NQ 1.0 1.5 1.2 0.8 0.7 1.2 NQ 2.0 NQ NQ NQ 0.7 NQ NQ NQ NQ NQ NQ NQ NQ NQ 

p,p'-DDD NQ NQ 2.4 NQ NQ NQ NQ 2.5 NQ NQ NQ NQ NQ 9.1 NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ NQ 

o,p'-DDT 1.1 1.5 1.9 1.7 1.3 0.8 0.9 2.2 1.3 1.2 1.1 1.6 0.6 9.5 0.8 0.5 0.5 0.9 0.7 0.6 NQ NQ 0.4 0.4 NQ 0.4 0.6 

Electronic Supplementary Material (ESI) for Journal of Environmental Monitoring
This journal is © The Royal Society of Chemistry 2012



32 

 

 
Coastal sites  

Compounds 

O
slo

 

H
o

lm
e

stra
n

d
 

T
ø

n
sb

e
rg

 

N
ø

tte
rø

y
 

K
ra

g
e

rø
 

A
re

n
d

a
l 

K
ristia

n
sa

n
d

 I 

K
ristia

n
sa

n
d

 II 

F
a

rsu
n

d
 

F
e

d
a

fjo
rd

e
n

 

F
le

k
k

e
fjo

rd
 

S
ta

v
a

n
g

e
r 

S
a

u
d

a
 

B
e

rg
e

n
 I 

B
e

rg
e

n
 II 

S
u

n
n

d
a

lsø
ra

 

T
ro

n
d

h
e

im
 I 

T
ro

n
d

h
e

im
 II 

H
o

m
m

e
lv

ik
 

B
rø

n
n

ø
y

su
n

d
 

M
o

 i R
a

n
a

 

N
a

rv
ik

 I 

N
a

rv
ik

 II 

R
a

m
su

n
d

e
t 

H
a

rsta
d

 

T
ro

m
sø

 I 

T
ro

m
sø

 II 

p,p'-DDT 1.2 1.6 1.9 1.9 1.3 0.8 0.9 2.4 1.3 1.1 1.2 1.8 0.5 19.4 0.8 0.3 0.5 0.7 0.5 0.4 NQ NQ NQ 0.2 NQ 0.4 0.5 

S2DDTs
4) 

1.2 1.6 1.9 1.8 1.3 0.8 0.9 2.3 1.3 1.1 1.1 1.7 0.6 14.7 0.8 0.4 0.5 0.8 0.6 0.5 NQ NQ NQ 0.3 NQ 0.4 NQ 

trans-Chlordane NQ 4.1 5.6 13.6 11.9 4.4 4.5 6.3 1.6 1.5 2.4 2.8 1.0 3.8 1.5 NQ 1.0 1.9 1.4 1.3 1.3 0.9 0.8 0.7 0.5 1.7 NQ 

cis-Chlordane NQ 2.2 3.1 4.4 5.1 1.9 2.3 2.7 1.5 1.6 1.5 2.0 1.0 2.1 1.2 NQ 1.1 1.6 1.6 2.0 1.3 0.8 1.0 1.3 0.7 1.2 0.7 

trans-Nonachlor NQ 1.8 2.3 4.4 3.3 1.5 2.1 2.5 1.5 1.4 1.5 2.2 1.0 1.5 1.1 NQ 0.8 1.4 1.3 1.4 1.0 0.6 0.8 0.9 0.4 2.1 1.1 

cis-Nonachlor NQ 2.3 3.2 7.1 4.2 1.7 3.9 3.2 1.8 1.7 6.3 4.4 1.2 2.2 1.5 NQ 1.0 1.9 1.8 1.9 1.6 0.8 1.1 1.3 0.5 3.4 NQ 

S4Chlordanes NQ 2.3 3.2 5.9 5.3 2.1 2.6 3.2 1.5 1.5 1.9 2.3 NQ 2.1 NQ NQ 1.0 1.6 1.5 1.6 1.2 0.8 0.9 1.0 0.5 1.7 NQ 

N.Q (not quantified): coastal site concentration < MDL (this study) 

N.D (not detected): background concentration < MDL 
1
 

1) 
Sum of seven PCBs 

2) 
Sum of six PAHs (fluorene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene) 

3) 
Sum of two HCHs (α and γ-HCH) 

4) 
Sum of two DDTs (o,p` and p,p`-DDT) 
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Table S10a)  Number of coastal sites with a ratio ≥ 2, ≥ 1 and > MDL for the median background scenarios. 

  Norwegian background (RNW) Nordic background (RND) European background (REU) 

Components/-groups ≥ 1 ≥ 2 > MDL ≥ 1 ≥ 2 > MDL ≥ 1 ≥ 2 > MDL 

PCB-28 24 15 27 22 13 27 13 7 27 

PCB-52 25 17 27 24 15 27 15 5 27 

PCB-101 26 21 27 22 12 27 17 8 27 

PCB-118 25 20 25 22 14 25 14 7 25 

PCB-138 25 23 25 19 10 25 13 5 25 

PCB-153 24 24 24 19 7 24 13 5 24 

PCB-180 25 23 25 18 8 25 8 3 25 

S7PCBs 24 21 24 22 13 24 15 5 24 

Fluorene 26 22 27 26 23 27 26 17 27 

Phenanthrene 26 23 27 26 20 27 24 16 27 

Anthracene 26 26 26 26 25 26 26 22 26 

Fluoranthene 26 25 27 26 22 27 25 14 27 

Pyrene 27 26 27 26 25 27 26 16 27 

Benzo[a]pyrene 3 3 3 0 0 0 0 0 0 

Benz[a]anthracene 0 0
 

0 0 0 0 22 14 22 

Chrysene 27 24 27 27 24 27 23 11 27 

S6PAHs
1) 

26 23 26 26 23 26 25 17 26 

a-HCH 27 15 27 27 7 27 3 0 27 

b-HCH 0 0 0 0 0 0 1 0 19 

g-HCH 27 20 27 26 17 27 5 1 27 

S2HCHs
2) 

27 20 27 27 17 27 4 1 27 

HCB 27 1 27 27 1 27 17 1 27 

p,p'-DDE 0 0 0 0 0 0 3 0 13 

p,p'-DDD 0 0 0 0 0 0 3 1 3 

o,p'-DDT 0 0 0 24 16 24 5 1 24 

p,p'-DDT 0 0 0 22 19 23 6 1 23 

S2DDTs
3) 

0 0 0 22 18 22 6 1 22 
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  Norwegian background (RNW) Nordic background (RND) European background (REU) 

Components/-groups ≥ 1 ≥ 2 > MDL ≥ 1 ≥ 2 > MDL ≥ 1 ≥ 2 > MDL 

trans-Chlordane 18 9 24 18 10 24 13 8 24 

cis-Chlordane 21 9 25 21 7 25 14 3 25 

trans-Nonachlor 18 7 25 18 7 25 9 2 25 

cis-Nonachlor 21 10 24 22 10 24 17 8 24 

S4Chlordanes 18 9 22 18 9 22 13 4 22 
1)

 Fluorene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene. 
2)

 α-HCH and γ-HCH 
3)

 o,p´-DDT and p,p´-DDT 

Bold: 
 
Value of zero, when coastal site concentration < European MDL. 
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Table S10b) Number of coastal sites with a ratio ≥ 2, ≥ 1 and > MDL for the maximum background scenarios. 

  Norwegian background (RNWmax) Nordic background (RNDmax) European background (REUmax) 

Components/-groups ≥ 1 ≥ 2 > MDL ≥ 1 ≥ 2 > MDL ≥ 1 ≥ 2 > MDL 

PCB-28 18 8 27 8 0 27 8 0 27 

PCB-52 18 9 27 5 2 27 12 4 27 

PCB-101 17 8 27 4 0 27 12 5 27 

PCB-118 17 10 25 2 0 25 11 4 25 

PCB-138 11 5 25 0 0 25 11 4 25 

PCB-153 11 5 24 0 0 24 8 3 24 

PCB-180 5 1 25 0 0 25 5 1 25 

S7PCBs 15 6 24 3 0 24 11 5 24 

Fluorene 1 1 27 1 1 27 23 12 27 

Phenanthrene 7 2 27 7 2 27 23 13 27 

Anthracene 13 8 26 13 8 26 24 17 26 

Fluoranthene 13 4 27 8 3 27 21 9 27 

Pyrene 22 13 27 11 3 27 22 13 27 

Benzo[a]pyrene 3 0 3 0 0 3 0 0 0 

Benz[a]anthracene 0 0 0 1 1 22 18 11 22 

Chrysene 26 23 27 4 1 27 20 8 27 

S6PAHs
1) 

6 2 26 3 2 26 23 13 26 

α-HCH 26 0 27 7 0 27 0 0 27 

β-HCH 18 7 19 0 0 19 0 0 19 

γ-HCH 21 10 27 12 2 27 3 1 27 

S2HCHs
2) 

24 4 27 7 1 27 1 1 27 

HCB 2 1 27 1 1 27 2 1 27 

p,p'-DDE 0 0 0 0 0 13 0 0 13 

p,p'-DDD 0 0 0 1 1 3 3 1 3 

o,p'-DDT 15 6 24 1 1 24 2 1 24 

p,p'-DDT 13 6 23 1 1 23 2 1 23 

S2DDTs
3) 

15 6 22 1 1 22 2 1 22 
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  Norwegian background (RNWmax) Nordic background (RNDmax) European background (REUmax) 

Components/-groups ≥ 1 ≥ 2 > MDL ≥ 1 ≥ 2 > MDL ≥ 1 ≥ 2 > MDL 

trans-Chlordane 8 3 24 8 3 24 10 6 24 

cis-Chlordane 9 2 25 5 1 25 7 2 25 

trans-Nonachlor 2 0 25 2 0 25 5 1 25 

cis-Nonachlor 6 1 24 3 0 24 10 4 24 

S4Chlordanes 5 2 22 5 2 22 9 2 22 
1)

 Fluorene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene. 
2)

 α-HCH and γ-HCH 
3)

 o,p´-DDT and p,p´-DDT 

Bold: 
 
Value of zero, when coastal site concentration < European MDL.
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Table S10c) Number of coastal sites with a ratio ≥ 2, ≥ 1 and > MDL for the minimum background scenarios. 

  Norwegian background (RNWmin)  Nordic background (RNDmin) European background (REUmin) 

Components/-groups ≥ 1 ≥ 2 > MDL ≥ 1 ≥ 2 > MDL ≥ 1  ≥ 2 > MDL 

PCB-28 27 26 27 27 26 27 20 9 27 

PCB-52 27 25 27 27 25 27 19 12 27 

PCB-101 27 27 27 27 27 27 23 12 27 

PCB-118 0 0 0 0 0 0 20 11 25 

PCB-138 25 25 25 25 25 25 21 11 25 

PCB-153 0 0 0 0 0 0 20 10 24 

PCB-180 25 25 25 25 25 25 16 6 25 

S7PCBs 0 0 0 0 0 0 21 12 24 

Fluorene 27 27 27 27 27 27 26 24 27 

Phenanthrene 27 26 27 27 26 27 26 23 27 

Anthracene 0 0 0 0 0 0 26 25 26 

Fluoranthene 27 26 27 27 26 27 26 22 27 

Pyrene 27 27 27 27 27 27 26 22 27 

Benzo[a]pyrene 0 0 0 0 0 0 0 0 0 

Benz[a]anthracene 0 0 0 0 0 0 22 19 22 

Chrysene 27 27 27 27 27 27 24 21 27 

S6PAHs
1) 

0 0 0 0 0 0 26 23 26 

α-HCH 27 27 27 27 27 27 21 0 27 

β-HCH 0 0 0 0 0 0 7 0 19 

γ-HCH 27 27 27 27 27 27 17 3 27 

S2HCHs
2) 

27 27 27 27 27 27 20 2 27 

HCB 27 10 27 27 11 27 27 3 27 

p,p'-DDE 0 0 0 0 0 0 8 0 13 

p,p'-DDD 0 0 0 0 0 0 3 3 3 

o,p'-DDT 0 0 0 0 0 0 11 2 24 

p,p'-DDT 0 0 0 0 0 0 11 2 23 

S2DDTs
3) 

0 0 0 0 0 0 11 2 22 
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  Norwegian background (RNWmin)  Nordic background (RNDmin) European background (REUmin) 

Components/-groups ≥ 1 ≥ 2 > MDL ≥ 1 ≥ 2 > MDL ≥ 1  ≥ 2 > MDL 

trans-Chlordane 24 20 24 0 0 0 19 10 24 

cis-Chlordane 25 20 25 25 23 25 21 7 25 

trans-Nonachlor 24 18 25 25 23 25 19 7 25 

cis-Nonachlor 24 22 24 0 0 0 21 10 24 

S4Chlordanes 22 17 22 0 0 0 18 9 22 
1)

 Fluorene, phenanthrene, anthracene, fluoranthene, pyrene, chrysene. 
2)

 α-HCH and γ-HCH 
3)

 o,p´-DDT and p,p´-DDT 

Bold: 
 
Value of zero, when coastal site concentration < European MDL. 
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Table S11 Estimated log KOA, t25 and t95 at 3 different air temperatures. 

  log KOA t25 (days) t95 (days) 

  8°C 14°C 17°C 8°C 14°C 17°C 8°C 14°C 17°C 

HCB 8.01 7.71 7.57 30 20 16 312 204 166 

PCB-28 8.68 8.37 8.23 81 52 42 838 536 432 

PCB-52 9.08 8.76 8.61 146 92 73 1506 948 757 

PCB-101 9.62 9.29 9.13 319 199 158 3302 2054 1631 

PCB-118 10.30 9.96 9.79 877 528 413 9069 5466 4277 

PCB-138 10.57 10.24 10.07 1296 793 625 13409 8206 6469 

PCB-153 10.44 10.07 9.89 1062 623 481 10991 6442 4973 

PCB-180 11.15 10.79 10.61 3016 1779 1377 31200 18401 14248 

a-HCH 8.12 7.88 7.76 36 25 21 369 259 219 

g-HCH 8.35 8.13 8.02 50 36 31 520 374 319 

p,p-DDT 10.58 10.27 10.12 1308 830 666 13531 8583 6885 

p,p-DDE 10.55 10.24 10.09 1252 794 637 12949 8214 6589 

p,p-DDD 10.88 10.57 10.42 2030 1288 1033 21005 13324 10687 

trans-Chlordane 9.85 9.48 9.30 451 261 200 4667 2697 2067 

cis-Chlordane 9.87 9.49 9.30 464 265 202 4796 2743 2093 

Fluorene 7.59 7.29 7.14 16 11 8 170 109 88 

Phenanthrene 8.36 8.07 7.94 51 33 27 526 345 282 

Anthracene 8.43 8.16 8.03 56 38 31 578 391 324 

Fluoranthene 9.49 9.18 9.02 267 168 134 2760 1735 1385 

Pyrene 9.46 9.18 9.04 253 168 138 2615 1741 1429 

Benzo(a)pyrene 11.81 11.56 11.45 7920 5556 4680 81928 57480 48411 

Benz(a)anthracene 10.80 10.46 10.29 1821 1093 854 18841 11310 8832 

Chrysene 11.52 11.04 10.81 5219 2583 1837 53987 26722 19007 

Values in red are less than the longest deployment period in this study (Table S1).
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Text 

S 1.1 Internal standard recoveries 

The percentage recovery for the internal standard recoveries for the exposed samples, field and 

method blanks were all together at the same level (Table S2), and address minimal matrix 

interferences. Nonetheless, the recovery was all over somewhat higher for the exposed samples 

than for some of the internal standards, in comparison to field and method blanks. Furthermore, a 

problem during the analysis for one of the exposed samples resulted in a high percentage 

recovery for the 
13

C-p,p'-DDT isomer.  

S 1.2 PRC recoveries 

The second recovery values were for the added mixture of PRCs. The range in the percentage 

recovery was governed for each PRC (8) in the field and method blanks, and ranged from 67-117 

% (Table S2). The lower value originated from PCB-30, which had to be corrected towards two 

internal standards (
13

C HCB and 
13

C PCB-28).  

S 1.3 Approach towards equilibrium 

During deployment, the duration of the linear phase will vary and the more volatile compounds 

(low KOA) will reach equilibrium faster than the less volatile compounds (high KOA). The uptake 

profiles for substances with different log KOA values are usually plotted with the equivalent 

sample volume calculated and expressed as a function of the disk deployment time (see e.g. 
2
). 

For chemicals with log KOA values larger than 8.5 to 9, the sampling rate has previously been 

found to remain linear over the first 100 days 
2
. Upon prolonged exposures, the sampling rate 

will proceed towards the curvilinear stage and ultimately approach equilibrium
3
. For substances 

of lower KOA, the PUF disk may thus become saturated in less than 100 days. In this study, the 

coastal samples were deployed for 91 to 93 days with average air temperatures at the different 

sites ranging from 8 ºC to 17 ºC with a mean value of 14 ºC (Table S1). As KOA is strongly 

temperature dependent, we have calculated log KOA at three different relevant air temperatures (8 

ºC, 14 ºC and 17 ºC) for selected substances (Table S11). The temperature-dependent KOA values 

were calculated using reported data on physical-chemical properties and their temperature 

dependencies from literature reviews 
4-7

 with the notable exception of the temperature 
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dependencies for the DDTs, for which an energy of phase transfer of -80 kJ mol
-1

 was assumed 

for each isomer. Using equations presented by Shoeib and Harner 
3
, PUF characteristics 

applicable for this study 
1
, and applying the default uptake rate throughout (3.5 m

3
/day), we have 

furthermore estimated the times to 95% of equilibrium (t95) as well as the upper bounds of the 

linear uptake phase (t25 – arbitrary defined as the time when the PUF has accumulated 25% of 

the equilibrium value). The results in Table S11 implies that substances with the lower log KOA 

values are increasingly about to approach equilibrium by the end of exposure – in particular at 

the southernmost and warmer coastal sites - which also can be deduced from the equivalent air 

volumes in Tables S3b-S6b. 
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 8 

Abstract 9 
The analysis of concentrations of persistent organic pollutants (POPs) in ambient air is costly and can 10 

only be done for a limited number of samples. It is thus beneficial to maximize the information content 11 

of the samples analyzed via a targeted observation strategy. Using polychlorinated biphenyls (PCBs) as 12 

an example, a forecasting system to predict and evaluate long-range atmospheric transport (LRAT) 13 

episodes of POPs at a remote site in southern Norway has been developed. The system uses the 14 

Lagrangian particle transport model FLEXPART, and can be used for triggering extra (“targeted”) 15 

sampling when LRAT episodes are predicted to occur. The system was evaluated by comparing targeted 16 

samples collected over 12 to 25 hours during individual LRAT episodes with monitoring samples 17 

regularly collected over one day per week throughout a year. Measured concentrations in all targeted 18 

samples were above the 75th percentile of the concentrations obtained from the regular monitoring 19 

program and included the highest measured values of all samples. This clearly demonstrates the success 20 

of the targeted sampling strategy.  21 

1. Introduction 22 
Background air measurements of persistent organic pollutants (POPs) within several existing monitoring 23 

programs (e.g. Tørseth et al., 2012; Wu et al., 2009) are typically conducted using active air sampling 24 

(AAS). However, the high cost associated with this type of sampling limits the spatial and temporal 25 

coverage of air measurements. Furthermore, sampling at many sites occurs only at fixed intervals (e.g. 26 

one day per week) without any a priori consideration of air mass transport (i.e., whether the air is likely 27 

to be polluted or not). While the current strategy is appropriate for the purpose of assessing long-term 28 
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trends (years, decades), the intermittent sampling approach may not effectively capture key long-range 29 

atmospheric transport (LRAT) episodes (e.g. Yao et al., 2007), which are often associated with the 30 

highest POP concentrations (Eckhardt et al., 2007; Yao et al., 2007).  31 

The objectives of this study were to (i) develop a forecast system using the FLEXPART model to predict 32 

long-range atmospheric transport episodes of POPs using PCB-28 as a model compound, (ii) to evaluate 33 

the capability of the forecast system to capture specific LRAT episodes at a background site in southern 34 

Norway (Birkenes) through targeted sampling (i.e. when LRAT episodes are predicted), (iii) to assess 35 

whether predicted LRAT episodes for PCB-28 coincide with elevated concentrations of additional PCBs, 36 

and (iv) to identify source regions of PCBs during individual episodes.  37 

 38 

2. Material and Methods 39 

2.1.1 The Birkenes obervatory 40 
Sampling was carried out at the Birkenes observatory, which has been in operation since 1981. The 41 

station is located in the southern part of Norway (N 58°23, E 08°15, 190 m.a.s.l), on top of a hill and is 42 

mainly surrounded by forest. We refer to Eckhardt et al. (2009) for further details.  43 

2.1.2 Sampling 44 
Air sampling was carried out by use of high volume air sampling devices (DHA-80, Digitel, Hegenau, CH), 45 

where both particulate and gas phase samples were collected. The samplers consist of a glass fiber filter 46 

(collecting particles), in combination with two polyurethane foam (PUF) plugs (7.5 cm x 4.5 cm), for 47 

collection of the gaseous compounds. The glass fiber filters (weight: 53 g/m2, thickness: 260 μm, particle 48 

retention: 1,2 μm) were purchased from Whatman™ GF/C, GE Healthcare, Buckinghamshire, UK. Air was 49 

pumped through the sampling material. For regular monitoring samples collected once per week, the 50 

pump was set to sample ~770 m3 (0.5 m3/minute) of air for 24 hours of sampling (Eckhardt et al., 2009). 51 

The targeted air samples were collected by use of a similar high-volume air sampling device (DHA-80, 52 

Digitel), using a different pump (SAH 155, Elmo Rietschle, Bad Neustadt, Germany). This included both 53 

an on-line control of the sampling system and the possibility to apply a higher flow rate to achieve 54 

shorter sampling periods, since LRAT episodes are often shorter than a day. The sampling volumes for 55 

the targeted LRAT samples ranged from 395 to 1443 m3 (average 0.8, range 0.6-0.9 m3/minute) and 56 

were collected over 12 to 25 hours. After sampling was completed, the exposed PUF samples were 57 

sealed in a gas tight container and glass fiber filters were wrapped in alumina foil and sealed. 58 
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2.1.3 Clean-up and analysis 59 
Prior to sampling, the glass fiber filters were heated to 450 °C for 8 hours and wrapped in alumina foil. 60 

PUF plugs were pre-extracted with acetone and toluene for 8 hours using a Soxhlet extraction system 61 

and dried under vacuum in desiccators (Eckhardt et al., 2009). After sampling was completed, a mixture 62 

of 13C–isotope labeled internal standard of PCBs was added to the sample material (both filter and PUFs) 63 

prior to extraction. Samples were extracted via Soxhlet extraction using n-hexane/diethyl ether 9:1 as an 64 

extraction solvent (Eckhardt et al., 2009). All extracts were pre-concentrated to approximately 2 mL and 65 

treated with sulfuric acid to remove matrix related components. The organic phase was further cleaned 66 

up using a silica column and eluted with n-hexane/diethyl ether. The final extracts were reduced in 67 

volume to approximately 0.1 mL using nitrogen followed by the addition of a recovery standard 68 

(Eckhardt et al., 2009). An Agilent 6890 gas chromatograph coupled to a high resolution Waters 69 

AutoSpec mass spectrometer in an electron impact mode was used for quantification and identification 70 

of the target compounds. The gas chromatograph conditions are given elsewhere (e.g. Eckhardt et al., 71 

2009). 72 

 73 

2.2 FLEXPART model 74 
The atmospheric transport of PCB-28 was simulated by use of the Lagrangian particle dispersion model 75 

FLEXPART (Stohl et al., 2005; Stohl et al., 1998). The main purpose for FLEXPART model simulations was 76 

to calculate PCB-28 concentrations at the measurement station and identify the source regions of PCB-77 

28. The model calculates the trajectories of so-called tracer particles and accounts for turbulence, 78 

convection, deposition and atmospheric reaction with hydroxyl (OH) radicals (Eckhardt et al., 2009).  79 

FLEXPART was run in backward mode for this study in order to identify possible source regions 80 

influencing the measurement site during an air pollution episode (Eckhardt et al., 2007; Seibert and 81 

Frank, 2004). Following an earlier study for Birkenes (Eckhardt et al., 2009), PCB-28 was chosen as our 82 

model compound. We used the maximum emission scenario derived by Breivik et al. (2007) as model 83 

input. Physical-chemical properties for PCB-28 were adapted from Li et al. (2003) and the atmospheric 84 

reaction rate taken from Anderson and Hites (1996) as further detailed in Eckhardt et al. (2009).  85 

FLEXPART was run daily using meteorological forecast data to predict airborne concentration of PCB-28 86 

for the following day (further referred to as FLEXPART-forecast – FLEXPART-f). The FLEXPART run was 87 

initialized at the coordinates of the measurement site and at the future time and was then run backward 88 

in time incorporating first forecast meteorological data and, for past periods for which such data were 89 

already available at the time of the model calculations, analysis data. Predictions using FLEXPART-f 90 
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began in December 2008. By the end of 2010, the upper 95% percentile for simulated concentrations of 91 

PCB-28 (5.7 pg/m3) was determined and selected as a threshold limit for targeted sampling of predicted 92 

LRAT episodes. During 2011, upcoming LRAT episodes were identified one day ahead by FLEXPART-f as 93 

predicted concentrations exceeding the threshold of 5.7 pg/m3. 94 

After all targeted sampling was completed, FLEXPART was run again for dates in which sampling 95 

occurred but using meteorological analysis data (these runs will be referred to as FLEXPART-96 

retrospective – FLEXPART-r). In FLEXPART-f 40 000 particles were released over a 24 hour interval, and in 97 

FLEXPART-r 100 000 particles were released over the exact interval of the measurement, from the 98 

receptor site (Birkenes) and followed backwards in time for 20 days in order to calculate emission 99 

sensitivities (ES) (Seibert and Frank, 2004; Stohl et al., 2003; Stohl et al., 2005). A larger number of 100 

particles were released for the FLEXPART-r runs for more accurate determination of source regions 101 

during the episodes which were sampled. The ES (unit nanoseconds) provides information about the 102 

residence time of an air mass within a grid cell and uptake of emissions was facilitated in the so-called 103 

footprint layer (0-100 m above ground) (Eckhardt et al., 2009). Multiplying the footprint ES value by 104 

emission fluxes from the PCB-28 emission inventory (Breivik et al., 2007) yields the geographical 105 

distribution of sources contributing to the simulated concentrations at the measurement site. Spatial 106 

integration of all contributions then gives the simulated concentration at the measurement site.  107 

For the forecast system (FLEXPART-f), FLEXPART used meteorological forecast data taken every three 108 

hours (26 model levels and resolution of 1×1 globally) from the Global Forecast System (GFS) model of 109 

the National Centers for Environmental Prediction (NCEP) to predict the concentration of PCB-28 one 110 

day ahead. For the selected episodes which were subject to targeted sampling and analysis, FLEXPART 111 

(FLEXPART-r) was run for retrospective simulations driven by operational analysis from the European 112 

Centre for Medium-Range Weather Forecasts (ECMWF, 1995), with 1°×1° resolution and 91 model 113 

levels. Analyses at 00:00, 06:00, 12:00 and 18:00 UTC, and 3-h forecasts at 03:00, 09:00, 15:00 and 21:00 114 

UTC were used. 115 

3. Results and Discussion 116 

3.1. Annual averages and concentrations during the predicted episodes 117 
Samples from targeted sampling (based on model results of FLEXPART-f) during three predicted LRAT 118 

episodes (E) in 2011, which occurred in January (E1), February (E2) and late September/early October 119 

(E3a ,b, c, d, e), were analyzed (Table 1). An overview of predicted and measured concentrations is 120 

presented in Table A.1 in Appendix. 121 
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Figure 1 compares the modeled FLEXPART-r concentrations of PCB-28, and selected PCBs measured 122 

during the individual episodes (n=7, colored dots) with annual results obtained through the regular 123 

monitoring program (n=52). We show results for FLEXPART-r modeled PCB-28 (a) and measured 124 

concentrations for seven PCBs (PCB-28,-52,-101,-118,-138,-153,-180) (b-h). In Figure 1, the median and 125 

the percentiles were estimated based on annual results for the AAS sampler. To further facilitate 126 

interpretation of results, Table A.1 tabulates the predicted and measured concentrations (pg/m3) during 127 

each sampled episode. Table A.2 presents the annual mean and standard deviation (SD) based on results 128 

from the regular monitoring program in 2011 (n=52) and compares concentrations measured during 129 

each episode with the annual mean. 130 

There are major uncertainties in the exact magnitude of PCB emissions with different emission scenarios 131 

varying by several orders of magnitude (Breivik et al., 2007 and references therein). Independent model 132 

evaluations using this data have therefore experienced difficulties in accurately reproducing the exact 133 

magnitude of observed concentrations (e.g. Gong et al., 2007; Macleod et al., 2005; Wania and Su, 134 

2004). For all episodes, we start by noting that the model overestimated measured concentrations of 135 

PCB-28 during the episodes by a factor of 4.2 on average, ranging from 1.7 (E3e) to 7.7 (E2). This was 136 

anticipated based on past model evaluations using FLEXPART (Eckhardt et al., 2009; Halse et al., 2011) 137 

and mainly attributed to uncertainties in the maximum emission scenario used as model input (Breivik 138 

et al., 2007). Despite this uncertainty, the model was clearly successful in singling out LRAT episodes of 139 

PCB-28 as all targeted samples exceeded the 75 percentile of the regular monitoring program (Figure 140 

1b). The measurements were elevated, ranging from mean plus 0.8 standard deviations (E1) up to mean 141 

plus 6.4 standard deviations (E3e) (Table A.2), with two samples (E3e and E3c) exceeding the highest 142 

concentration of the 52 samples collected as part of the monitoring program. However, the ranking of 143 

predicted and observed concentrations of PCB-28 did not fully match, with predictions for PCB-28 144 

decreasing from E3c > E2 > E3b > E3d > E3a ≈ E3e > E1 and observations declining from E3e > E3c > E3b > 145 

E3d > E3a > E2 > E1 (Table A.1). Nevertheless, the overall results indicate that there is a fairly good 146 

understanding of major source regions leading to elevated concentrations of PCB-28 at Birkenes.  147 

An obvious question to follow is whether the model predictions may work as a suitable surrogate for 148 

PCBs other than PCB-28? For all other PCB congeners, each episodically collected sample was above the 149 

75 percentile (Figure 1c-h). Furthermore, the measurements of Σ7PCBs were elevated by 0.7 (E1) to 6.9 150 

(E3e) SDs (Table A.2) above the annual mean, with all congeners being elevated by more than two SDs 151 

for the five consecutive samples collected during autumn (E3). As the ranking of observed 152 
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concentrations from high to low are identical for each PCB congener in all targeted samples (E3e > E3c > 153 

E3b > E3d > E3a > E2 > E1), we conclude that PCB-28 serves as a suitable surrogate to identify probable 154 

LRAT episodes for the other congeners included. This would imply that major source regions affecting 155 

concentrations of these PCBs are likely to be similar.  156 

3.2. Source regions predicted using backwards simulation 157 
Figures 2a and 2b shows the corresponding FLEXPART-r emission contribution (EC) maps for the 158 

episodes with highest modeled (E3c) and measured (E3e) concentrations of PCB-28 in air at Birkenes, 159 

respectively. Similarly, Figures A.6 and A.8 in the Appendix show the FLEXPART-r footprint emission 160 

sensitivity (ES) maps for these two episodes. Additional maps based on annual results as well as the 161 

other individual episodes are included in the Appendix (Figures A.1-A.8).  162 

While E3c had the highest modeled (FLEXPART-r) concentration of PCB-28, the highest measured 163 

concentration was found for E3e (Table A.1). This may reflect inaccuracies in the spatial emission 164 

pattern used as model input. In other words, the emissions in western parts of Europe highlighted in 165 

Figure 2b (e.g. UK and/or France) might be underestimated in the emission inventory compared to those 166 

regions in more central parts of mainland Europe which are highlighted in Figure 2a. A study done by 167 

Eckhardt et al. (2009) revealed that the dominating regions for PCB-28 affecting Birkenes were Eastern 168 

and Central Europe together with the UK and Ireland. Although the data set of targeted samples is too 169 

limited to infer any reliable conclusions (as e.g. atmospheric loss processes occurring en route could 170 

have been more efficient than predicted by the model in the case of E3c, relatively to E3e), it illustrates 171 

how a combined modeling and monitoring approach has the potential to better constrain our 172 

understanding of how major source regions are affecting concentrations of PCBs at a background site.  173 

4. Conclusions 174 
Trajectories have been widely used to interpret air measurement of various POPs and other pollutants. 175 

However, few studies have performed targeted air sampling of organic contaminants from suspected 176 

source regions as triggered by real-time meteorological forecast models (Yao et al., 2007). To the best of 177 

our knowledge, our study represents the first attempt to both (i) use model predictions driven by a 178 

priori information on emissions of POPs to trigger air sampling as well as (ii) retrospectively evaluate the 179 

source regions for measurements collected during predicted episodes. The FLEXPART-f model was 180 

clearly successful in identifying LRAT episodes for both PCB-28 and other PCBs as the measured 181 

concentration of PCB-28 in all seven targeted samples was above the 75 percentile with two samples 182 

exceeding concentrations measured in the 52 samples collected as part of the regular monitoring 183 
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program. The FLEXPART-r model fails to accurately reproduce the magnitude of PCB-28 concentrations 184 

during individual episodes, but this can be mainly attributed to uncertainties in the absolute emission 185 

rates of PCB-28 used to drive simulations. We conclude that forecasting of pollution episodes has the 186 

potential to add value to relevant monitoring efforts which are normally collecting active air samples at 187 

fixed intervals in a non-continuous manner. Observations targeted at strong pollution episodes (as in 188 

this paper) or on transport from specific source regions with highly uncertain emissions (as could be 189 

done in a very similar forecasting framework) could significantly enhance our understanding of POP 190 

sources. However, in order to obtain more confidence in the forecast system and predicted source-191 

receptor relationships (FLEXPART-r), the number of targeted samples which are collected and 192 

substances which are predicted and analyzed need to be increased.  193 
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Table 1: Sampling times for targeted samples collected during predicted episodes in 2011. 245 

Episode Start date Start time End date End time 
E1 06.01 11:50 07.01 23:49 
E2 24.02 17:29 25.02 05:49 
E3a 29.09 08:05 29.09 21:10 
E3b 29.09 21:15 30.09 15:30 
E3c 30:09 15:30 01.10 05:35 
E3d 01.10 05:38 02.10 07:04 
E3e 02.10 07:08 02.10 18:49 
  246 
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Figure Captions: 247 
 248 
Figure 1: Modeled (FLEXPART-r) PCB-28 (a) and measured PCB concentrations (b-h) in units of pg/m3, for 249 
both the annual sampling program and the targeted samples. The box and whisker plots show the 250 
annual results (2011) for Birkenes, southern Norway based on weekly samples. The line shows the 251 
median, while the box and whiskers delineates the 25 and 75 percentiles and the 5 and 95 percentiles, 252 
respectively. Targeted samples are represented by colored dots.  253 
 254 
Figure 2: Maps of FLEXPART-r EC (emission contributions, 1E-12 [pg/m3]) for PCB-28 for the episodes 255 
with highest predicted (E3c) (a) and measured (E3e) (b) concentrations at Birkenes during 2011.  256 
 257 
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Table A.1: Predicted (FLEXPART-r) and measured concentrations (in pg/m
3
) during each episode. 

Compounds E1 E2 E3a E3b E3c E3d E3e 

PCB-28 (model) 3.3
 

14.7 8.5 13.7 19.4 13.0 8.4 

PCB-28 1.4 1.9 2.1 3.2 4.3 2.7 4.9 

PCB-52 1.2 1.3 2.6 4.3 5 3.6 6.1 

PCB-101 0.8 0.9 1.9 2.9 3.2 2.5 4.1 

PCB-118 0.1 0.2 0.4 0.5 0.6 0.4 0.7 

PCB-138 0.3 0.4 0.7 0.9 1 0.8 1.2 

PCB-153 0.5 0.6 1.2 1.6 1.7 1.4 2.2 

PCB-180 0.2 0.2 0.3 0.3 0.4 0.3 0.4 

S7PCBs 4.5 5.5 9.2 13.7 16.2 11.8 19.6 

 

 

 

Table A.2: Mean and standard deviation (SD) (pg/m
3
) for the AAS samples, including the number of 

standard deviations by which the individual concentrations were above the annual mean value. 

 
Annual samples Number of standard deviations from the annual mean 

Compounds Mean Standard deviation (SD) E1 E2 E3a E3b E3c E3d E3e 

PCB-28 0.82 0.63 0.8 1.7 2.0 3.8 5.6 3.0 6.4 

PCB-52 0.84 0.75 0.5 0.6 2.3 4.6 5.6 3.7 7.0 

PCB-101 0.52 0.47 0.6 0.8 3.0 5.0 5.7 4.3 7.6 

PCB-118 0.12 0.09 0.3 1.1 3.1 4.4 5.1 3.6 6.5 

PCB-138 0.18 0.15 0.8 1.2 3.6 5.0 5.4 4.0 6.9 

PCB-153 0.29 0.26 0.9 1.2 3.6 5.0 5.5 4.2 7.3 

PCB-180 0.08 0.06 1.9 2.4 3.0 3.9 4.6 3.4 5.6 

S7PCBs 2.85 2.41 0.7 1.1 2.6 4.5 5.5 3.7 6.9 
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Figure A.1: Map of FLEXPART-r footprint ES (emission sensitivities) (a) and EC (emission contributions) 

(b) for PCB-28 for the annual average concentrations (2011) at Birkenes. 

 

 

 

a)

b)
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Figure A.2: Maps of FLEXPART-r footprint ES (a) and EC (b) for PCB-28 for the selected episode sampled 

in January (E1) at Birkenes. 

 

 
 

a)

b)
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Figure A.3: Maps of FLEXPART-r footprint ES (a) and EC (b) for PCB-28 for the selected episode sampled 

at the end of February (E2) at Birkenes. 

 

 

 

a)

b)
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Figure A.4: Maps of FLEXPART-r footprint ES (a) and EC (b) for PCB-28 for the first of total five episodes 

sampled in late September / early October (E3a) at Birkenes. 

 

 

 

a)

b)
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Figure A.5: Maps of FLEXPART-r footprint ES (a) and EC (b) for PCB-28 for the second of total five 

episodes sampled in late September / early October (E3b) at Birkenes. 
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Figure A.6: Map of FLEXPART-r footprint ES for PCB-28 for the third of total five episodes sampled in late 

September / early October (E3c) at Birkenes. 
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Figure A.7: Maps of FLEXPART-r footprint ES (a) and EC (b) for PCB-28 for the fourth of total five 

episodes sampled in late September / early October (E3d) at Birkenes. 
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Figure A.8: Map of FLEXPART-r footprint ES for PCB-28 for the fifth of total five episodes sampled in late 

September / early October (E3e) at Birkenes. 
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Abstract 14 

Soils are major reservoirs for many persistent organic pollutants (POPs). In this study, “newly” 15 

regulated POPs i.e. Σendosulfans (α-endosulfan, β-endosulfan, endosulfan sulfate), 16 

pentachlorobenzene (PeCB), and short-chain chlorinated paraffins (SCCPs) were determined 17 

in background samples from woodland (WL) and grassland (GL) surface soil, collected along 18 

an existing latitudinal UK-Norway transect. Statistical analysis, complemented with plots 19 

showing the predicted equilibrium distribution and mobility potential, was then explored to 20 

discuss factors controlling their spatial distribution. SCCPs were detected with the highest 21 

average concentrations (35±100 ng/g soil organic matter (SOM)), followed by Σendosulfans 22 

(3±3 ng/g SOM) and PeCB (1±1 ng/g SOM). PeCB and Σendosulfans share many similarities in 23 

their distribution in these background soils as well as with several legacy POPs. A steep decline 24 

in concentrations of SCCPs with increasing latitude indicates that their occurrence is dictated 25 

by proximity to source regions, while concentrations of Σendosulfans peaked in regions 26 

experiencing elevated precipitation rates. 27 
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Capsule 28 

Processes affecting the occurrence and latitudinal distribution of some “newly” regulated 29 

POPs in background soils. 30 

Keywords 31 

Short-chain chlorinated paraffins, Endosulfan, Pentachlorobenzene,  32 

Background soils, Soil organic matter 33 

1 Introduction 34 

Soils have a large affinity and capacity for sorbing and storing persistent organic pollutants 35 

(POPs) (Meijer et al., 2003). Yet, the storage capacities of soils are expected and observed to 36 

vary significantly across the globe, reflecting differences in e.g. proximity to global source 37 

regions of POPs, soil organic matter content, and climatic conditions (Meijer et al., 2003). Soils 38 

from boreal regions are of particular interest, due to the low temperatures, high organic 39 

matter content, and slow decomposition associated with this type of environment (Moeckel 40 

et al., 2008). Hence, soils from boreal regions are expected to have elevated storage capacities 41 

for POPs (Dalla Valle et al., 2005).  42 

Soils located remote from potential sources such as e.g. industrial or populated regions and 43 

agricultural areas are defined as background soils (Meijer et al., 2003). The POP contamination 44 

of background soils is mainly due to atmospheric deposition. Background soils may therefore 45 

be utilized to study potential pollution gradients as mediated by atmospheric transport, e.g. 46 

from potential source regions towards remote areas. A latitudinal transect of background soil 47 

sites, extending from southern parts of the UK towards northern Norway (UK-Norway 48 

transect), was established in 1998 (Meijer et al., 2002). Past studies from the UK-Norway 49 

transect have reported data on the occurrence and distribution of legacy POPs such as 50 

polychlorinated biphenyls (PCBs) (Meijer et al., 2002; Schuster et al., 2011), polybrominated 51 

diphenyl ethers (PBDEs) (Hassanin et al., 2004), polycyclic aromatic hydrocarbons (PAHs) (Nam 52 

et al., 2008b), polychlorinated dibenzodioxins and dibenzofurans (PCDDs/Fs) (Hassanin et al., 53 

2005) and selected organochlorine pesticides (Schuster et al., 2011). While the UK-Norway 54 

transect has been considered a suitable “model environment” for empirical evaluation of long-55 

range atmospheric transport (LRAT) behaviour of legacy POPs, studies of “new” (i.e. recently 56 

regulated) POPs have still been lacking. The overall goal of the study is to obtain a quantitative 57 
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and mechanistic understanding of the occurrence, fate, and distribution in background soils 58 

from North-western Europe of the following three substances/substance groups, collectively 59 

referred to as “new” POPs in this study. 60 

 61 
(i) Endosulfan is an organochlorine pesticide, which is banned in many parts of the world. 62 

Technical mixtures of endosulfan contain two isomers, α- and β-endosulfan (α/β) in a 63 

7/3 or 2/1 ratio, depending on the origin of the technical mixture (Weber et al., 2010). 64 

Technical endosulfan was listed under the Stockholm Convention on POPs (Annex A) in 65 

2011 (UNEP, 2011).  66 

(ii) Pentachlorobenzene (PeCB) has been used in production of the pesticide quintozene 67 

(pentachloronitrobenzene) and in a variety of chlorobenzene mixtures in order to 68 

reduce the viscosity of dielectric fluids. Current sources of PeCB to the environment 69 

include various combustion and industrial processes, as well as degradation of other 70 

chemicals (Bailey et al., 2009). PeCB was listed in Annex A and C under the Stockholm 71 

Convention in 2009 (UNEP, 2009), in addition to being adopted under the 1998 Aarhus 72 

protocol in 2009 (UNECE, 2010). 73 

(iii) Short-chain chlorinated paraffins (SCCPs) are a complex mixture of polychlorinated n-74 

alkanes. The alkane chain length can reach up to 13 carbons with chlorine content 75 

ranging between 30-70% (Houde et al., 2008). SCCPs have the general chemical formula 76 

CxClyH2x+2-y where x is the number of carbon atoms (x=10-13) and y is the number of 77 

chlorine atoms (y=1-13) (Muir et al., 2000). SCCPs have been utilized in e.g. metal-cutting 78 

fluids, sealants, paints, lubricants, flame-retardants, and as softeners in different 79 

materials (UNECE ad hoc expert group on POPs, 2003; van der Gon et al., 2007). They 80 

have a potential to be released into the environment through production, storage, 81 

leaching, and/or volatilization (Muir et al., 2000). SCCPs have been adopted under the 82 

1998 Aarhus protocol (UNECE, 2010) and are being evaluated by the Persistent Organic 83 

Pollutants Review Committee (POPRC) under the Stockholm Convention on POPs (UNEP, 84 

2012). 85 

There are few studies which have reported levels and distribution of these new POPs in 86 

background soils. However, endosulfans have previously been studied in forest soils in Canada 87 

and UK (Wong et al., 2009) and Tajikistan (Zhao et al., 2013), PeCB has been measured in 88 
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Estonian (Roots et al., 2010) and Antarctic soils (Borghini et al., 2005) while SCCPs have been 89 

reported in background soils from China (Wang et al., 2013).  90 

2 Materials and methods 91 

2.1 Sampling 92 

Background surface soil samples were collected in 2008 (Schuster et al., 2011), along an 93 

existing transect of 39 sites (Meijer et al., 2002). This transect includes a number of United 94 

Kingdom (UK) sites (n=16) and Norwegian sites (n=23), covering remote/rural areas from 95 

50.58-70.47° N and -6.20-27.95° E. Site descriptions are provided in Table A1 while a map is 96 

provided in Figure A1 in the Supplementary Data (SD). The soil sampling strategy together with 97 

information on soil characteristics has been presented earlier (Schuster et al., 2011), and only 98 

a brief summary is given here. The soil samples were collected to represent two types of 99 

remote soils, i.e. grassland soils (GL, n=25) and woodland (coniferous/deciduous) soils (WL, 100 

n=34). 59 surface soil samples in total were sampled and analysed. The samples were collected 101 

with a stainless steel hand-held corer and the targeted sampling depth was the upper layer 102 

(0-5 cm). Ten cores were taken to cover an area over several square meters and pooled to 103 

obtain a composite sample from each site (Meijer et al., 2002). The lumped samples were 104 

placed in zip-locked bags and stored in a freezer at ~-18 °C until further sample preparation.  105 

 106 

2.2  Sample preparation, clean-up, and analysis 107 

In the following section, a short overview of the sample treatment is given. More detailed 108 

information of the sample preparation, including drying, sieving, extraction, clean-up and 109 

analysis of the soil samples, is available in the SD (Sect A2.1-A2.3).  110 

Wet soil samples were placed on aluminium foil and dried in an oven at low temperature (~27 111 

°C), to minimize the potential for volatilization of target compounds. The time required to 112 

obtain complete dryness was approximately two weeks. Diatomaceous earth (DE) was 113 

prepared along with the soil samples, in order to address possible laboratory contamination 114 

from drying and clean-up procedures. Dried soil samples were afterwards sieved with a pre-115 

cleaned sieve and stored cold in clean, brown glass bottles, covered with aluminium foil and 116 

a polypropylene (PP)-lid until extraction.  117 
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Extraction of the soil samples was performed by use of a Dionex Accelerated Solvent Extractor 118 

(ASE-200, 1995) unit (California, USA). An ASE cell was packed with soil samples that had been 119 

pre-mixed with DE for better extraction efficiency (see Figure A2). In addition, a mixture of 120 

internal standard was added. The extraction was carried out with acetone/n-hexane 1/1 121 

(w/w). The content of soil organic matter (SOM) was determined by loss on ignition (LOI) at 122 

550 °C (A2.6).  123 

The soil extracts were divided into two aliquots prior to the clean-up procedures (A2.2.2), i.e. 124 

an endosulfan fraction (α-endosulfan, β-endosulfan and endosulfan sulfate), referred 125 

collectively to as Σendosulfans, and an acid stable fraction (PeCB, SCCPs). The aliquot for the 126 

determination of Σendosulfans was cleaned using a silica column only, while the aliquot for 127 

the determination of the acid stable compounds was treated with sulphuric acid followed by 128 

a fractionation with a silica column (A2.2.2). Subsequently, both aliquots were reduced to ~50 129 

μl by nitrogen and recovery standards were added (see A2.3). There were some problems with 130 

sedimentation in the endosulfan extracts, and it was necessary to centrifuge the samples (see 131 

A2.2.2) prior to instrumental analysis. ΣEndosulfans and SCCPs were determined with high 132 

resolution gas chromatography coupled to mass spectrometry in an electron capture negative 133 

ion mode (GC/HRMS(ECNI)), while PeCB was determined using gas chromatography coupled 134 

to high resolution mass spectrometry in an electron impact (EI) mode (GC/HRMS(EI)) (see 135 

Table A2). More information concerning the general method validation (QA/QC) is given in SD 136 

(A2.4 and A2.5). 137 

 138 

2.3 Statistical analysis 139 

Statistical analysis was performed with Microsoft Office Excel 2007 (Albuquerque, New 140 

Mexico, USA). Pearson correlation coefficients (r) were calculated to evaluate any linear 141 

relationships between the included variables, while the significance (p) was estimated by use 142 

of a Student`s t-distribution (see A2.8). A correlation with a p < 0.05 was defined as statistically 143 

significant. For statistical summaries of overall results, samples with concentrations below 144 

method detection limit (MDL) (see A2.5) were assigned a value of ½ MDL. Prior to the 145 

correlation analyses, data below MDL and outliers were removed. The dataset was reviewed 146 

for possible outliers using a z-score test, and a z-score value ≥3 was determined as an outlier 147 

(A2.8.1). Additional parameters explored in the statistical analysis were bulk density (BD), 148 
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black carbon (BC), SOM content, and concentrations of HCB, PBDEs and PCBs which were all 149 

adapted from Schuster et al. (2011), with the exception of SOM. All data, with the exception 150 

of values for latitude and land use, were log transformed prior to the correlation analysis.  151 

2.4 Mapping phase distribution and fate in soils 152 

The distribution of organic compounds within environmental compartments is largely 153 

determined by their environmental partitioning behaviour which, in turn, is dictated by their 154 

physical-chemical properties (Gouin et al., 2000). Following Wong and Wania (2011), the 155 

phase distribution and mobility potential of individual substances in soils can therefore be 156 

plotted in chemical partitioning space maps (Figure 1). This simple graphical technique 157 

facilitates mechanistic insights into the likely partitioning and fate in soils and is used to 158 

complement interpretation of measurement data and results obtained based on the statistical 159 

analysis. Physical-chemical properties used to represent the various substances were adopted 160 

from the literature. Data for PCBs and PBDEs (Li et al., 2003; Wania and Dugani, 2003), HCB, 161 

PeCB, α-, β-endosulfan (Shen et al., 2005), endosulfan sulfate (U.S. EPA, 2011) and SCCPs 162 

(European Chemicals Bureau, 2008; Gawor and Wania, 2013)). The SCCPs are represented by 163 

a 38 formula groups, each representing the average properties of all isomers within each 164 

group (Krogseth et al., 2013), as well as the average property derived for SCCPs in the 165 

European Union (EU) Risk Assessment Report (RAR) (European Chemicals Bureau, 2008). For 166 

details, see SD (sect. A2.7). However, we caution that uncertainties remain with regards to the 167 

physical-chemical properties for SCCPs and refer to Gluege et al., (2013) for a detailed analysis 168 

and discussion.  169 

3 Results and discussion 170 

3.1 Overall results  171 

Table 1 presents a summary of overall results for Σendosulfans and its individual constituents 172 

as well as for PeCB and SCCPs, expressed as ng/g SOM. Table A4 shows the same results, but 173 

expressed on a ng/g dw basis, while Table A5 presents concentrations for individual 174 

compounds and sampling sites, expressed as ng/g dw and ng/g SOM. A few results were 175 

considered invalid and excluded from further analysis, either because of matrix related 176 

disturbances (Σendosulfans; n=2, SCCPs and PeCB; n=1) or a low recovery of less than 10% 177 

(PeCB; n=5) (see also A2.4). Due to the complexity of SCCP mixture, a complete separation of 178 
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the individual congeners was not achieved (Sverko et al., 2012; Tomy et al., 1997), 179 

consequently introducing higher uncertainty into the quantified results of this compound 180 

group. The results for SCCPs should therefore be interpreted with caution. Concentrations 181 

were often below MDL for several of the studied compounds (see A2.5). Following removal of 182 

invalid data and data below MDL, one or more endosulfan constituents were detected in 56 183 

out of the 57 samples considered valid (Table A5).  184 

Within the group of Σendosulfans, endosulfan sulfate was most frequently detected (n=56), 185 

followed by β-endosulfan (n=17) and α-endosulfan (n=13) (Table 1). PeCB was detected in 52 186 

samples, while SCCPs were detected in 23 samples. The average concentration of SCCPs 187 

analysed (n=58) was by far the highest among the “new” POPs with 35 ng/g SOM (SD±100 188 

ng/g SOM), ranging from < MDL (0.6 ng/g SOM) to 570 ng/g SOM. The average concentration 189 

of Σendosulfans in all background soil samples (n=57) was 3 ng/g SOM (SD±3 ng/g SOM), and 190 

ranged from < MDL (0.02 ng/g SOM) to 20 ng/g SOM. The average concentration of PeCB for 191 

all sites studied (n=53) was 1 ng/g SOM (SD±1 ng/g SOM), ranging from < MDL (0.08 ng/g SOM) 192 

to 6 ng/g SOM.  193 

For comparison, Table 1 additionally includes previously published data for some legacy POPs 194 

(PCBs, PBDEs and HCB) collected during the same sampling campaign (Schuster et al., 2011). 195 

Table A4 additionally includes concentration ranges for endosulfans, PeCB and SCCPs from 196 

other localities around the world. While a direct comparison is somewhat difficult because of 197 

differences in methodologies, it is encouraging to note that the concentration ranges reported 198 

in the literature are generally similar to the levels measured in this study (Table A4). The 199 

average concentrations of SCCPs in all soil samples were highest among all compounds listed 200 

in Table 1, followed by Σ31PCBs (6±5 ng/g SOM). This pattern was consistent also for each sub-201 

set of samples listed in Table 1 (UK, Norway, GL, and WL). ΣEndosulfans came out third for all 202 

soils combined (3±3 ng/g SOM) including the Norwegian and WL sub-sets, while PeCB 203 

exceeded Σendosulfans in the UK and GL soils. For all soils combined, HCB (1±1 ng/g SOM) 204 

was more or less at the same level as PeCB (1±1 ng/g SOM) which in turn exceeded that of 205 

Σ5PBDEs (0.6±0.8 ng/g SOM). The same pattern was evident for Norwegian and WL soils, but 206 

not for UK and GL soils. PeCB exceeded both HCB and Σ5PBDEs in UK and GL soils (Table 1).  207 

Table 1: 208 
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3.2 Correlation analysis 209 

3.2.1 Removal of outliers 210 

Outliers were removed prior to the correlation analysis. Results for PeCB (Birkenes, WL, 211 

Norway), Σendosulfans (endosulfan sulfate, β-endosulfan) and Σ31PCBs (Onsøy, WL, Norway), 212 

SCCPs (Tamokdalen, GL, Norway) and Σ5PBDEs (Okehampton, WL, UK) were consequently 213 

excluded (A2.8.1). Correlation analysis was then performed on the full remaining dataset 214 

(Table 2), as well as individually for UK, Norway, GL, and WL soils (Tables A6-A9). 215 

3.2.2 Correlations between compound groups 216 

For all soils combined, a highly significant correlation was found between the Σendosulfans 217 

and HCB (r=0.82, p<0.001), Σendosulfans and Σ31PCBs (r=0.73, p<0.001) as well as between 218 

Σendosulfans and PeCB (r=0.58, p<0.001) (Table 2). These results show that Σendosulfans 219 

share some similarities in their distribution and fate in these background soils with other POPs 220 

known to be relatively volatile (i.e. log KOA < ~10, see Fig. 1a). The correlation between 221 

Σ5PBDEs (log KOA >~10) and Σendosulfans was significant, but weaker (r=0.38, p<0.01).  222 

Significant correlations were also found between PeCB and HCB (r=0.63, p<0.001) and 223 

between PeCB and Σ31PCBs (r=0.62, p<0.001) for all soils combined (Table 2), which is 224 

attributed to similarities in their predicted phase partitioning and distribution in soil (Fig. 1a). 225 

PeCB and Σ5PBDEs displayed a weaker correlation for all soils (r=0.49, p<0.001) (Table 2), 226 

which might be partly explained by a more divergent distribution partitioning behaviour as 227 

the Σ5PBDEs are less volatile (Fig. 1a, b).  228 

SCCPs were not significantly correlated with any other POPs listed in Table 2 nor in any sub-229 

sets (Tables A6-A9) with the notable exceptions of a weak and significant correlation with 230 

Σ5PBDEs for all soils combined (r=0.27, p<0.05) (Table 2) as well as for GL soils only (r=0.50, 231 

p<0.05) (Table A8). These results indicate that SCCPs are comparatively less prone to LRAT 232 

(see also Fig. 2c, f). 233 



9 
 

Figure 1. 234 

 235 

3.2.3 Correlation with site variables  236 

It is well established that POPs and SOM are typically correlated in soils (e.g. Seth et al., 1999) 237 

which is also observed in this dataset (Table 2). For all GL soils (n=24), the SOM content varied 238 

from 11 to 93 % (w/w), while the SOM content ranged from 13 to 98 % within the WL soils 239 

(n=34). A confounding factor in the correlation analysis is the strong and significant correlation 240 

between SOM and BC for all soils combined (r=0.63, p<0.001) (Table 2). BC is a by-product of 241 

incomplete combustion of fossil fuels and biomass (Schmidt and Noack, 2000), and POPs may 242 

have the potential to be emitted with BC from an emission source (Nam et al., 2008a). SOM is 243 

composed of amorphous organic matter (AOM) and carbonaceous matter such as BC (Nam et 244 

al., 2008a). The sorption capacity of carbonaceous materials (BC) is considered to be 245 

remarkably higher compared to AOM, and BC is thought to be responsible for a large part of 246 

the sorption of organic contaminants in soils (Cornelissen et al., 2005; Lohmann et al., 2005). 247 

Consequently, correlations between POPs and SOM should be evaluated with caution as high 248 

correlations between POPs and SOM may in part be due to the sorption properties of BC. 249 

Another confounding variable is bulk density (BD) which is inversely proportional to SOM; 250 

hence SOM rich soil has low BD.  251 

Highest correlations between BC and the “new” POPs for all soils combined (Table 2) were 252 

seen with PeCB (r=0.57, p<0.001) followed by Σendosulfans (r=0.46, p<0.001). Strong and 253 

significant correlation was also seen between SOM and Σendosulfans (r=0.80, p<0.001) albeit 254 

weaker for SOM and PeCB (r=0.70, p<0.001). In contrast to Σendosulfans, PeCB is known to 255 

be emitted from a variety of industrial sources and combustion processes (Bailey et al., 2009; 256 

Doring et al., 1992). As PeCB experienced the strongest correlation with BC among all POPs 257 

listed in Table 2, this indicates that PeCB and BC may to some extent be co-emitted from 258 

various combustion processes.  259 

SCCPs showed no significant correlations (p>0.05) to any of the soil parameters, i.e. BD, BC 260 

and SOM, either for all soils combined nor for any sub-sets (Table 2, A6-A9). This indicates that 261 

the distribution of SCCPs in soil is probably more influenced by proximity to sources, rather 262 

than soil characteristics. 263 
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Table 2:  264 

3.3 ΣEndosulfans, endosulfan constituents and distribution within the soil subsets 265 

Within the Σendosulfans, endosulfan sulfate was the dominant component and was detected 266 

in all samples except one, while the α- and the β- endosulfan isomers were detected in 13 and 267 

17 samples, respectively (Table 1, Table A5). Endosulfan sulfate contributed with 97 % to the 268 

average concentration of Σendosulfans, while α-and β- endosulfan isomers contributed with 269 

~1.4 % and ~ 1.6 %, respectively. 270 

The elevated concentration of endosulfan sulfate, compared to α and β-endosulfan, is because 271 

the former is the effective transformation product of the parent endosulfan compounds in 272 

soils (Antonious et al., 1998; Walse et al., 2003). The α/β ratio of technical mixtures are 273 

reported to be 7/2 or 2/1, depending on the mixture (Weber et al., 2010). For sites where both 274 

α- and β-endosulfan were above MDL (n=7), the observed ratio in soils ranged from 0.1 to 0.9. 275 

These findings clearly imply a depletion of α-endosulfan in soils, relative to in the technical 276 

mixtures. We believe this depletion in part can be explained by Figure 1, which shows that α-277 

endosulfan is more volatile and less prone to atmospheric deposition (Fig. 1a) as well as more 278 

prone to evaporate from soils (Fig. 1b) in comparison to β-endosulfan and endosulfan sulfate, 279 

which are relatively more prone to erosion and leaching, respectively. These findings are 280 

consistent with a study by Rice and co-workers (2002) where α-endosulfan was found to be 281 

more volatile than β-endosulfan in soils. Furthermore, while strong and significant 282 

correlations are seen between Σendosulfans and endosulfan sulfate (r=0.99, p<0.001) as well 283 

as between Σendosulfans and β-endosulfan (r=0.91, p<0.001) in background soils, there is no 284 

statistical significance between Σendosulfans and α-endosulfan (r=0.49, p>0.05) which 285 

indicates divergent behaviour and fate of the latter isomer (Table 2). However, as α and β-286 

endosulfan were often below or close to MDL, the focus in the following is on Σendosulfans. 287 

Results for the Σendosulfan concerning the UK and Norwegian soil revealed essentially the 288 

same distribution pattern with respect to the soil parameters, i.e. BC, BD and SOM (Table A6 289 

and A7). Several studies have revealed that the forest may act as filter for airborne 290 

contaminants by enhancing the rate of deposition (Horstmann and McLachlan, 1998; Wania 291 

and McLachlan, 2001). The average endosulfan concentration in WL soil was about three times 292 

higher than in GL soil with 4 ng/SOM and 1 ng/g SOM, respectively (Table 1). Our data 293 

therefore suggest that Σendosulfans are influenced by the forest filter effect, although the 294 
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partitioning properties (Fig. 1a) for β-endosulfan in particular are slightly outside the forest 295 

filter “window” (i.e. log KOA and log KAW around 9-10 and -2 to -3, respectively) as proposed by 296 

Wania and McLachlan (2001). A confounding factor, which might help to explain the 297 

enrichment of Σendosulfans in WL soils compared to GL soils, is that the forest soils are higher 298 

in SOM (Table A1). The capacity of WL soils rich in SOM (average 0.66 g SOM) to retain 299 

Σendosulfans may thus exceed that of GL soils (average 0.44 g SOM). The strong and 300 

significant correlation between Σendosulfans and SOM is displayed in Figure 2g). Here the 301 

concentration of Σendosulfans increased with amount of SOM both for GL and WL soil. 302 

Figure 2a) and 2d) display the latitudinal distribution of Σendosulfans expressed on SOM and 303 

on a dry weight basis, respectively. The concentration of Σendosulfans for both WL and GL soil 304 

tends to increase towards 60 °N, followed by a slight decrease at higher latitudes, irrespective 305 

of the normalization. The elevated concentrations of Σendosulfans seen at mid-latitudes 306 

(~60°N) may in part be caused by an orographic effect, which enhances wet deposition in 307 

southern parts of Norway compared to central and northern Norway (Aamot et al., 1996; 308 

Becker et al., 2011). The average concentration of Σendosulfans for the Norwegian sites 309 

(n=32) was also more than two times higher than for the UK sites (n=24), with 3 and 2 ng/g 310 

SOM, respectively (Table 1). An orographic effect on the spatial distribution of Σendosulfan 311 

concentrations also seems plausible as Σendosulfans are among the more water-soluble 312 

substances in our data set (Fig. 1a). ΣEndosulfans are furthermore positively correlated with 313 

latitude in GL soils, albeit with limited significance (r=0.47, p<0.05) (Table A8), yet negatively 314 

correlated (and not significant) for the Norwegian sub-set (Table A7). It is interesting to note 315 

that α-endosulfan is slightly positively correlated with latitude (r=0.24), whereas β-endosulfan 316 

as the more water-soluble substance is slightly negatively correlated (r=-0.11) for all soils 317 

combined (Table 2). However, none of these two correlations nor any correlations between 318 

average precipitation rates and Σendosulfans, including its constituents, were significant 319 

(Tables 2 and A6-A9).  320 
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Figure 2 (a-i) 321 

3.4 Pentachlorobenzene (PeCB) and distribution within soil subsets  322 

The average concentration of PeCB in UK soils (n=21) was about twice the average 323 

concentration for the Norwegian sites (n=31) with 2 ng/g SOM and 1 ng/g SOM, respectively 324 

(Table 1). The higher concentration of PeCB in UK soils may be due to proximity to past or 325 

ongoing source regions (Bailey et al., 2009; Nam et al., 2008a). It is interesting to note that this 326 

pattern is different from the one previously reported for HCB, where concentrations in 327 

Norwegian soils were found to exceed UK soils by a factor of about two (Table 1) in spite of 328 

close similarities in their partitioning behaviour (Fig. 1). Taken together with the strong 329 

association noted between PeCB and BC in soils, this provides further support for our 330 

hypothesis that PeCB may be co-emitted with BC from combustion processes. Combustion 331 

processes are also implicated as major emission sources of PeCB in the literature (Bailey et al., 332 

2009; Tiernan et al., 1983). Studies have furthermore revealed that fly-ash from combustion 333 

processes contain PeCB (Liu et al., 2013; Nie et al., 2011). Furthermore, it is interesting to note 334 

that the correlation between PeCB and SOM was slightly stronger in Norwegian soils (r=0.80, 335 

p<0.001) (Table A7) compared to UK soils (r=0.71, p<0.001) (Table A6) which suggests that 336 

SOM may be somehow more important in controlling the occurrence in background soils in 337 

more remote regions of this transect.  338 

The average concentration of PeCB in GL soils (n=19) was at more or less at the same level as 339 

WL soils (n=33), i.e. 1 ng/g SOM and 1 ng/g SOM (Table 1), respectively. This suggests that 340 

PeCB is not affected by the forest filter effect. PeCB showed significant correlation with BC for 341 

GL soil (r=0.66, p<0.01) (Table A8), but to a lesser extent with BC in WL soil (r=0.41, p<0.05) 342 

(Table A9). This may be explained by the lower and weaker correlation between BC and SOM 343 

in WL soil (r=0.42, p<0.05) (Table A9) compared to in GL soil (r=0.79, p<0.001) (Table A8). The 344 

latter could be due to a higher influence of fresh input of organic matter containing organic 345 

carbon in forest soils, versus carbonaceous carbon (BC) (Agarwal and Bucheli, 2011), causing 346 

a possible dilution of BC in WL soils.  347 

Figure 2b) and 2e) present the latitudinal distribution of PeCB on a SOM and dry weight basis, 348 

respectively. Concentrations of PeCB based on ng/g SOM for both WL and GL soil were 349 

generally somewhat higher between ~ 50-55°N (>1.5 ng/g SOM in most samples), compared 350 

to higher latitudes (typically less than 1.0 ng/g SOM) (Fig. 2b). Nonetheless, the concentration 351 
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of PeCB is more or less uniformly distributed with exception from two sites (Fig. 2b). Figure 352 

2h) shows the concentration of PeCB expressed on dry weight basis versus the content of SOM 353 

in all soil samples. The figure clearly illustrates how the concentrations of PeCB for both WL 354 

and GL soil increase with increasing amounts of SOM. This increase furthermore appears 355 

particularly steep at low SOM content (~30%). These findings are supported by the strong and 356 

significant correlation between PeCB and SOM seen for all soils and each sub-set (Tables 2, 357 

A6-A9). 358 

 359 

3.5 Short-chain chlorinated paraffins (SCCPs) and distribution within soil subsets 360 

The average concentration of SCCPs for the UK sites was approximately twice the average 361 

concentration for the Norwegian sites, with 50 ng/g SOM and 22 ng/g SOM, respectively 362 

(Table 1). The higher concentrations found in UK soil may reflect closer proximity to source 363 

regions (van der Gon et al., 2007). This is consistent with findings by Barber et al., (2005), who 364 

noted a significant temporal and spatial variability of SCCPs in UK air.  365 

No sign of a forest filter effect could be observed as the average SCCP concentration in GL soils 366 

was 59 ng/g SOM, which is more than 3 times higher than the average concentration in WL 367 

soils (17 ng/g SOM) (Table 1).  368 

Figures 2c) and 2f) illustrate the concentration of SCCPs as a function of latitude on an ng/g 369 

SOM and on a dry weight basis, respectively. The results show that the higher concentrations 370 

are typically seen at lower latitudes and that no sites at higher latitudes (> 62°N) experienced 371 

concentrations of SCCPs above MDL. This further suggests that SCCPs have a limited potential 372 

for LRAT as levels in soils decline relatively fast with increasing distance from suspected source 373 

regions. However, previous studies by Reth et al., (2006) and Tomy et al., (1999) show that 374 

SCCPs have been found in biota and sediments in the Arctic. Figure 2i) displays the 375 

concentrations of SCCPs on a dry weight basis versus SOM content (%) which further confirms 376 

the lack of correlation between SCCPs and SOM (Table 2, A6-A9). 377 

4 Conclusion  378 

The occurrence of Σendosulfans, PeCB, and SCCPs in background surface soils from Western 379 

Europe has been evaluated by the use of statistical analyses, distribution maps and mobility 380 
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plots in soil, as well as data on concentrations of legacy POPs (PCBs, HCB and PBDEs). Overall, 381 

the statistical analysis and mobility plots showed that Σendosulfans and PeCB share many 382 

similarities with selected old POPs in their distribution in background soils. Moreover, PeCB 383 

and Σendosulfans were highly correlated with each other, and soil characteristics as SOM and 384 

BC were both important in explaining their occurrence and distribution. Concentrations of 385 

Σendosulfans peaked in areas experiencing elevated precipitation rates and were strongly 386 

dominated by endosulfan sulfate (~97%). PeCB was found with higher concentrations in UK 387 

soil compared to Norwegian soil. A particularly strong association between BC and PeCB 388 

suggests that emissions of PeCB in part may be attributed to various combustion processes, 389 

and therefore retained closer to source regions. SCCPs do not share many similarities with 390 

Σendosulfans and PeCB nor most legacy POPs in these background soils, with the exception 391 

of PBDEs. A steep decline in SCCP concentrations with increasing latitude indicates a limited 392 

potential for long-range atmospheric transport. Further, the lack of correlation between soil 393 

concentrations and key soil characteristics, such as SOM, indicate that the occurrence of SCCPs 394 

is largely dictated by proximity to source regions. This study also demonstrates that simple 395 

chemical distribution and mobility plots (chemical space maps) are useful as complementary 396 

tools to assess whether any inferences made from statistical analysis of observations are 397 

reasonable from a mechanistic standpoint. 398 
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Figure captions in the order of appearance 566 

Figure 1: Chemical partitioning space maps for selected POPs, a) equilibrium phase distribution, b) 567 

mobility potential in soils (modified after Wong and Wania (2011). Data for the compound groups is 568 
referred to in section 2.4. 569 

 570 

Figure 2 (a-i): Latitudinal distribution for Σendosulfans, PeCB and SCCPs on ng/g SOM (a, b, c) and dry 571 
weight basis (d, e, f). Also included is the log concentration (ng g-1 dw) versus SOM (g, h, i). Woodland 572 

(WL, ▲) and grassland (GL, O) soil samples are plotted separately. One outlier for each compound was 573 

omitted (2.8.1). 574 



Table 1: Average soil concentrations ± standard deviation and ranges, for Σendosulfans and its constituents, PeCB and SCCPs for all soils combined (ng/g 

SOM). Samples which failed to meet the specified QA/QC criteria were excluded (see 3.1). The table also includes Σ31PCBs, Σ5PBDEs and HCB (Schuster et al., 

2011). 

Arithmetic average ± standard deviation 

Range (min-max) 

 >MDL Σendosulfans endosulfan sulfate α-endosulfan β-endosulfan PeCB SCCPs  Σ31PCBs3) Σ5PBDEs3) HCB3) 

All 2008 All 2008 3±3 3±3 0.04±0.03 0.04±0.08 1±1 35±100 All 2008 6±5 0.6±0.8 1±1 

n = 57/53/581) n = 56/52/231) <0.022)-20 <0.0052)-19 <0.0032)-0.2 <0.0022)-0.6 <0.082)-6 <0.62)-570 n = 70 0.2-27 0.01-4 0.04-7 

Norway Norway 3±4 3±4 0.03±0.03 0.06±0.1 0.8±0.7 22±87 Norway 8±6 0.3±0.4 1±1 

n= 32/32/321) n= 32/31/91) 0.2-19 0.1-19 <0.0042)-0.12) <0.0022)-0.6 <0.082)-4 <0.62)-490 n= 40 0.2-27 0.01-2 0.2-5 

UK UK 2±2 1±2 0.04±0.04 0.02±0.02 2±1 50±115 UK 5±3 1±1 0.8±1 

n= 25/21/261) n= 24/21/141) <0.022)-8 <0.0052)-7 <0.0032)-0.2 <0.0022)-0.1 0.2-6 <0.82)-570 n= 30 0.5-10 0.1-4 0.04-7 

GL GL 1±1 1±1 0.05±0.04 0.03±0.02 1±1 59±147 GL 5±5 0.5±0.8 1±1 

n= 23/20/241) n= 22/19/91) <0.022)-5 <0.0052)-5 <0.0052)-0.2 <0.0022)-0.08 <0.082)-6 <0.82)-570 n= 30 0.2-23 0.02-4 0.06-7 

WL WL 4±4 3±4 0.03±0.02 0.05±0.1 1±1 17±39 WL 8±6 0.7±0.7 1±1 

n= 34/33/341) n= 34/33/141) 0.1-20 0.1-19 <0.0032)-0.1 <0.0022)-0.6 0.2-4 <0.62)-175 n= 40 0.6-27 0.01-3 0.04-5 

1) Number (n) of sites for which Σendosulfans, PeCB and SCCPs were determined, respectively. 
2) One or more samples were below MDL (½ MDL used for statistical summaries).  
3) Data from (Schuster et al., 2011)



Table 2: Results from correlation analysis with statistical significance for latitude, land use and individual compounds for all soil in 2008. Samples which 

either (i) failed to meet the QA/QC criteria (low recovery etc.), or (ii) were below MDL, or (iii) qualified as outliers were not considered (see text for details. 
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Latitude 1             

BD (g/cm3) -0.16 1            

BC 0,01 -0.56*** 1           

SOM 0,18 -0.83*** 0.63*** 1          

Σendosulfans 0,24 -0.75*** 0.46*** 0.80*** 1         

Endosulfan sulfate 0,26 -0.75*** 0.45*** 0.80*** 0.99*** 1        

α-endosulfan 0,24 -0.37 0,20 0.70** 0.49 0,42 1       

β-endosulfan -0.11 -0.29 0,16 0.58* 0.91*** 0.91*** 0.86*** 1      

PeCB -0.13 -0.58*** 0.57*** 0.70*** 0.58*** 0.55*** 0,230 0,12 1     

SCCPs -0.19 -0.14 0.13 0.10 0.17 0.18 -0.35 0.14 0.19 1    

HCB 0.31* -0.84*** 0.49*** 0.80*** 0.82*** 0.81*** 0.74*** 0.72*** 0.63*** -0.01 1   

Σ5PBDEs -0.50*** -0.42** 0.28* 0.39** 0.38** 0.37** 0.44*** 0.41** 0.49*** 0.27* 0.44*** 1  

Σ31PCBs 0.08 -0.77*** 0.49*** 0.70*** 0.73*** 0.73*** 0.70*** 0.76*** 0.62*** 0.06 0.86*** 0.54*** 1 

*:p<0.05, **: p<0.01,***: p<0.001 

n=59, except from: Σendosulfans and endosulfan sulfate (n=55), α-endosulfan (n=13), β-endosulfan (n=16), PeCB (n=51), SCCPs (n=22), HCB (n=48), Σ5PBDES and Σ31PCB 

(n=56). 
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1. Tables 56 

Table A1: Information related to sample site, sample characteristics, geographical coordinates and sample amount (dry weight and amount of soil organic 57 
matter (SOM)).  58 

Country Site Land use 
Latitude 

[°] 

Longitude 

[°] 

Sample amount 

g dw 

SOM 

g SOM 

United Kingdom Bodwin WL 50.58 -4.52 0.85 0.97 

United Kingdom Bodwin GL 50.58 -4.52 2.04 0.29 

United Kingdom Okehamptons WL 50.76 -4.00 0.73 0.87 

United Kingdom Okehamptons GL 50.78 -3.91 3.04 0.20 

United Kingdom Tiverton GL 51.03 -3.52 2.47 0.14 

United Kingdom Tiverton WL 51.03 -3.51 2.01 0.36 

United Kingdom Aberystwyth GL 52.20 -3.79 1.86 0.86 

United Kingdom Aberyswyth WL 52.43 -4.03 2.56 0.18 

United Kingdom Corris WL 52.64 -3.84 1.89 0.32 

United Kingdom Betsw-y-coed WL 53.05 -3.80 2.61 1)0.68 

United Kingdom Betsw-y-coed GL 53.11 -3.78 2.41 1)0.15 

United Kingdom Hazelrigg GL 54.01 -2.78 2.35 0.17 

United Kingdom Hawkshead WL 54.33 -3.00 1.74 0.52 

United Kingdom Hawkshead GL 54.33 -3.00 1.97 0.25 

United Kingdom Ae, Dumfries GL 55.20 -3.60 2.39 0.27 

United Kingdom Ae, Dumfries WL 55.20 -3.61 3.20 0.24 

United Kingdom Clachan GL 55.76 -5.54 0.75 0.77 

United Kingdom Clachan WL 55.77 -5.53 1.80 0.66 

United Kingdom Colonsay GL 56.08 -6.20 1.34 0.48 

United Kingdom Colonsay WL 56.10 -6.18 2.75 0.13 

United Kingdom Tyndrum WL 56.45 -4.71 1.18 0.92 

United Kingdom Glencoe GL 56.66 -5.07 1.34 0.90 

United Kingdom Broadford GL 57.28 -6.01 1.06 0.66 

United Kingdom Little Garv GL 57.63 -4.70 1.79 0.26 

United Kingdom Little Garv WL 57.63 -4.69 1.28 0.77 

United Kingdom Ullapool GL 57.93 -5.19 0.93 0.93 

United Kingdom Ullapool WL 57.99 -5.11 0.70 0.96 

Norway Birkenes WL 58.48 8.29 0.74 0.94 
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Country Site Land use 
Latitude 

[°] 

Longitude 

[°] 

Sample amount 

g dw 

SOM 

g SOM 

Norway Ualand WL 58.56 6.46 0.79 0.97 

Norway Ualand GL 58.56 6.46 1.23 0.89 

Norway Treungen GL 59.10 8.63 3.20 0.15 

Norway Treungen WL 59.10 8.63 0.75 0.97 

Norway Onsøy GL 59.31 11.00 2.96 0.11 

Norway Onsøy WL 59.31 11.00 0.77 0.96 

Norway Utbjoa WL 59.76 5.80 0.99 0.96 

Norway Nordmoen WL 60.30 11.18 2.51 0.24 

Norway Ulvik WL 60.67 6.94 1.27 0.72 

Norway Osen WL 61.25 11.75 0.77 0.97 

Norway Fureneset peat/GL 61.29 5.04 1.44 0.82 

Norway Hovlandsdal GL 61.51 5.51 2.46 0.22 

Norway Hovlandsdal WL 61.51 5.51 2.49 0.34 

Norway Sollia/Enden WL 61.79 10.30 1.26 0.65 

Norway Sollia/Enden GL 61.79 10.30 2.83 0.23 

Norway Utvikfjellet WL 61.80 6.50 0.92 0.98 

Norway Venabu GL (heath) 61.88 10.35 2.10 0.49 

Norway Venabu GL 61.88 10.35 1.51 0.64 

Norway Lom WL 61.91 8.70 2.86 0.22 

Norway Gaulstad WL 63.95 12.13 0.86 0.95 

Norway Gaulstad GL 64.01 12.10 2.35 0.21 

Norway Momyra WL 64.10 10.50 1.00 0.54 

Norway Namsvatn WL 65.04 13.64 1.29 0.64 

Norway Balvatnet GL 67.13 16.02 2.26 0.17 

Norway Balvatnet WL 67.13 16.02 1.23 0.57 

Norway Innhavet WL 68.11 15.99 0.70 0.96 

Norway Tamokdalen WL 69.17 19.81 2.56 0.22 

Norway Tamokdalen GL 69.17 19.81 1.18 0.67 

Norway Grøtfjord WL 69.85 18.73 1.78 0.52 

Norway Skoganvarre WL 69.95 25.20 1.06 0.81 

Norway Vestertana WL 70.47 27.95 1.29 0.90 
1) Data from (Schuster et al., 2011)59 
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Table A2: Instrumental parameters for analysis of the compounds 60 

Compound Type of instrument Type of column Column size Carrier gas Temperature interval Target ion 

Endosulfan 
GC/HRMS in ECNI mode, 

(Agilent 6890N GC coupled to 
VG Autospec) 

Fused silica 
capillary column 

from J&W Scientific 

Ultra 2, 25 m length, 0.2 
mm I.D, 0.11 μm film 

thickness 
Helium 

Start°C: 70 (2 min.) 

[M]- 

Interval 1: 170°C/min by 
20°C/min (3min.) 
Interval 2: 230°C/min by 
5°C/min (3 min.) 

Injector temp. (°C): 260 

PeCB 
GC/HRMS in EI mode, 

(Agilent 6890N GC coupled to 
Autospec-Ultima) 

Fused silica 
capillary column 

from J&W Scientific 

Ultra 2, 25 m length, 0.11 
mm I.D, 0.11 μm film 

thickness 
Helium 

Start°C: 45 (2 min.) 

[M]+ 

Interval 1: 200°C/min by 
15°C/min (3min.) 

Interval 2: 300°C/min by 
15°C/min (5 min.) 

Injector temp. (°C): 260 

SCCPs 
GC/HRMS in ECNI 

mode,(Agilent 6890N GC 
coupled to VG Autospec) 

Fused silica 
capillary column 

from Restek 

Rxi®-5ms, 15 m length, 
0.25 mm I.D, 0.25 μm film 

thickness 
Helium 

Start°C: 90 (2 min.) 

[M-Cl]- 

Interval 1: 245°C/min by 
20°C/min  

Interval 2: 300°C/min by 
20°C/min (5 min.) 

Injector temp. (°C): 260 

 61 

 62 

Table A3: Results for the recovery, i.e. range, average and standard deviation (SD) for soil and blanks samples, respectively (in %). 63 

  Soil samples Blanks 

Internal standard Range Average ±SD Range Average ±SD 

13C α-endosulfan  10-109 60±25 18-70 52±20 
13C β-endosulfan  11-96 53±15 11-65 39±28 
13C-endosulfan sulfate 6-73 30±15 13-35 22±8 
13C-PeCB 11-107 34±14 9-48 34±15 
13C-cis-chlordane (SCCPs) 37-68 53±13 n.a. n.a. 
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Table A4: Average ± standard deviation and ranges for the concentration of Σendosulfans, pentachlorobenzene (PeCB) and short chain chlorinated 64 
paraffins (SCCPs), in addition to blank values. All results are expressed as ng/g dry weight (dw). 65 

Average ± standard deviation (SD) 

Range (min-max) 

  Σendosulfans endosulfan sulfate α-endosulfan β-endosulfan PeCB SCCPs 

All 2008 2±4 2±4 0.01±0.01 0.03±0.1 0.4±0.3 14±45 

n = 57/53/581) <0.01-25 <0.002-24 <0.005-0.06 <0.002-0.7 <0.007-1 <0.8-281 

Norway 3±5 3±5 0.01±0.02 0.05±0.1 0.3±0.3 12±50 

n= 32/32/321) 0.02-25 0.01-24 <0.005-0.06 <0.002-0.7 <0.007-1 <0.8-281 

UK 1±2 1±2 0.007±0.005 0.009±0.03 0.4±0.3 16±38 

n= 25/21/261) <0.01-9 <0.002-9 <0.005-0.02 <0.002-0.1 0.09-1 <0.8-179 

GL 0.4±0.8 0.4±0.8 0.006±0.004 0.005±0.01 0.3±0.3 18±58 

n= 23/20/241) <0.01-4 <0.002-4 <0.005-0.02 <0.002-0.06 <0.007-1 <0.8-281 

WL 3±5 3±5 0.01±0.02 0.05±0.1 0.4±0.3 11±32 

n= 34/33/341) 0.05-25 0.04-24 <0.005-0.06 <0.002-0.7 0.07-1 <0.8-179 

Blanks (ng/g d.w)   0.002±0.0004 0.002±0.002 0.001±0.001 0.004±0.003 0.4±0.4 

n=5  <0.0022) <0.0052) <0.0022) 0.0072)-0.008 0.82)-1 

MDL   0.003 0.01 0.005 0.01 1.6 

Canada and UK3) 0.08-0.97 - - - - - 

Tajikistan4)  - 0.29-22.88 **nd-1.58 **nd-18.12 - - 

Antarctic5)  - - - - 0.38-1.3 - 

Estiona6)  - - - - <LOQ*-0.1 - 

China7)  - - - - - 0.42-210 
1) Number (n) of sites for which Σendosulfans, PeCB and SCCPs were analysed, respectively. 66 
2) One or more samples were below MDL (½ MDL used for statistical treatment) value used for statistical treatment. 67 
* Limit of quantification, ** not detected 68 
3) Wong et al., (2009) 69 
4) Zhao et al., (2013) 70 
5) Borghini et al., (2005) 71 
6) Roots et al., (2010) 72 
7) Wang et al., (2013) 73 
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Table A5: Individual concentrations for each UK and Norwegian sites, expressed as ng/g dry weight (dw) and ng/g soil organic matter (SOM).  74 
      Σendosulfans endosulfan sulfate α-endosulfan  β-endosulfan  PeCB SCCPs 

Country Site Landuse ng/g dw ng/g SOM ng/g dw ng/g SOM ng/g dw ng/g SOM ng/g dw ng/g SOM ng/g dw ng/g SOM ng/g dw ng/g SOM 

United Kingdom Bodwin WL 4.978 4.345 4.971 4.338 <0.005 <0.004 <0.002 <0.002 0.225 0.196 9.800 8.600 

United Kingdom Bodwin GL 0.028 0.200 0.021 0.149 <0.005 <0.034 <0.002 <0.017 N.D.* N.D.* <0.800 <5.600 

United Kingdom Okehamptons WL 9.071 7.543 8.938 7.433 <0.005 <0.004 0.128 0.106 0.408 0.340 180.000 150.000 

United Kingdom Okehamptons GL 0.025 0.377 0.018 0.268 <0.005 <0.072 <0.002 <0.037 N.D.** N.D.** N.D.** N.D.** 

United Kingdom Tiverton GL 0.010 0.179 0.003 0.056 <0.005 <0.081 <0.002 <0.042 0.092 1.570 <0.800 <14.000 

United Kingdom Tiverton WL 0.922 5.158 0.908 5.080 <0.005 <0.027 0.009 0.051 0.288 1.610 1.800 9.900 

United Kingdom Abergwesyn GL N.D.** N.D.** N.D.** N.D.** N.D.** N.D.** N.D.** N.D.** 1.313 2.836 <0.800 <1.700 

United Kingdom Abergwesyn WL 0.123 1.702 0.115 1.602 <0.005 <0.066 <0.002 <0.034 0.147 2.040 <0.800 <11.000 

United Kingdom Corris WL 0.305 1.820 0.295 1.764 0.007 0.042 <0.002 <0.015 0.280 1.672 <0.800 <4.700 

United Kingdom Betsw-y-coed WL 0.116 0.443 0.108 0.416 <0.005 <0.018 <0.002 <0.009 N.D.* N.D.* 46.000 175.000 

United Kingdom Betsw-y-coed GL 0.020 0.315 0.012 0.199 <0.005 <0.076 <0.002 <0.039 0.103 1.654 6.600 106.000 

United Kingdom Hewelrigg GL 0.034 0.478 0.026 0.376 <0.005 <0.068 <0.002 <0.035 0.168 2.382 4.200 60.000 

United Kingdom Hawkshead WL 0.892 2.961 0.880 2.922 0.009 0.031 <0.002 <0.008 0.608 2.019 10.300 34.000 

United Kingdom Hawkshead GL 0.036 0.281 0.014 0.108 0.019 0.153 <0.002 <0.019 0.772 6.064 4.500 35.000 

United Kingdom Ae, Dumfries GL 0.052 0.468 0.045 0.403 <0.005 <0.043 <0.002 <0.022 N.D.* N.D.* <0.800 <7.000 

United Kingdom Ae, Dumfries WL 0.111 1.504 0.104 1.406 <0.005 <0.065 <0.002 <0.033 0.180 2.440 <0.800 <10.700 

United Kingdom Clachan GL 0.339 0.332 0.332 0.325 <0.005 <0.005 <0.002 <0.002 N.D.* N.D.* <0.800 <0.770 

United Kingdom Clachan WL 0.411 1.115 0.409 1.108 N.D.** N.D.**! <0.002 <0.007 0.163 0.441 <0.800 <2.100 

United Kingdom Colonsay GL <0.009 <0.025 <0.002 <0.005 <0.005 <0.013 <0.002 <0.007 N.D.* N.D.* <0.800 <2.200 

United Kingdom Colonsay WL 0.046 1.014 0.039 0.856 <0.005 <0.104 <0.002 <0.053 0.101 2.216 <0.800 <17.000 

United Kingdom Tyndrum WL 3.749 4.833 3.699 4.769 0.024 0.031 0.026 0.033 1.182 1.524 25.000 32.000 

United Kingdom Glencoe GL 0.322 0.482 0.304 0.456 0.015 0.022 <0.002 <0.004 0.377 0.564 4.900 7.300 

United Kingdom Broadford GL 0.125 0.201 0.118 0.190 <0.005 <0.008 <0.002 <0.004 0.457 0.736 7.400 12.000 

United Kingdom Little Garv GL N.D.** N.D.** N.D.** N.D.** N.D.** N.D.** N.D.** N.D.** 0.207 1.455 81.000 570.000 

United Kingdom Little Garv WL 0.082 0.136 0.075 0.124 <0.005 <0.008 <0.002 <0.004 0.208 0.346 <0.800 <1.300 

United Kingdom Ullapool GL 0.332 0.333 0.325 0.326 <0.005 <0.005 <0.002 <0.002 0.295 0.297 16.000 16.000 

United Kingdom Ullapool WL 2.525 1.847 2.505 1.832 <0.005 <0.003 0.016 0.011 0.415 0.303 7.900 5.800 

Norway Birkenes WL 10.922 8.567 10.755 8.436 <0.005 <0.004 0.162 0.127 1.359 1.066 8.000 6.200 

Norway Ualand WL 5.584 4.581 5.346 4.385 0.047 0.039 0.191 0.157 0.229 0.188 4.000 3.300 

Norway Ualand GL 3.579 4.942 3.518 4.858 <0.005 <0.007 0.056 0.077 0.579 0.800 <0.800 <1.100 
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      Σendosulfans endosulfan sulfate α-endosulfan  β-endosulfan  PeCB SCCPs 

Country Site Landuse ng/g dw ng/g SOM ng/g dw ng/g SOM ng/g dw ng/g SOM ng/g dw ng/g SOM ng/g dw ng/g SOM ng/g dw ng/g SOM 

Norway Treungen GL 0.077 1.699 0.070 1.540 <0.005 <0.105 <0.002 <0.054 0.076 1.670 <0.800 <17.000 

Norway Treungen WL 5.065 3.883 4.909 3.763 0.033 0.025 0.123 0.094 0.613 0.470 2.400 1.900 

Norway Onsøy GL 0.145 3.811 0.138 3.622 <0.005 <0.125 <0.002 <0.064 0.027 0.695 <0.800 <20.600 

Norway Onsøy WL 24.671 19.661 23.902 19.049 0.063 0.050 0.706 0.562 0.495 0.394 8.000 6.500 

Norway Utbjoa WL 2.746 2.840 2.713 2.807 <0.005 <0.005 0.028 0.029 0.945 0.978 53.000 55.000 

Norway Nordmoen WL 0.815 8.480 0.799 8.319 0.005 0.050 0.011 0.111 0.372 3.876 <0.800 <8.200 

Norway Ulvik WL 1.645 2.920 1.606 2.849 0.015 0.027 0.024 0.043 0.554 0.983 <0.800 <1.400 

Norway Osen WL 3.723 2.956 3.656 2.903 <0.005 <0.004 0.062 0.049 0.844 0.670 9.900 7.900 

Norway Furunes peat/GL 0.986 1.737 0.971 1.711 <0.005 <0.008 0.010 0.018 0.256 0.451 4.600 8.000 

Norway Hovelandsdal GL 0.132 1.463 0.125 1.383 <0.005 <0.053 <0.002 <0.027 0.058 0.641 <0.800 <8.700 

Norway Hovelandsdal WL 0.363 2.693 0.356 2.640 <0.005 <0.035 <0.002 <0.018 0.238 1.762 <0.800 <5.800 

Norway Sollia/Enden WL 3.857 7.491 3.813 7.406 <0.005 <0.009 0.039 0.076 0.289 0.562 <0.800 <1.500 

Norway Sollia/Enden GL 0.076 0.938 0.069 0.850 <0.005 <0.059 <0.002 <0.030 0.051 0.626 <0.800 <9.700 

Norway Utvikfjellet WL 5.514 5.208 5.376 5.078 0.061 0.058 0.076 0.072 0.332 0.313 2.800 2.700 

Norway Venabu GL (heat) 0.513 2.183 0.506 2.153 <0.005 <0.020 <0.002 <0.010 0.085 0.361 <0.800 <3.400 

Norway Venabu GL 1.490 3.513 1.481 3.492 0.007 0.016 <0.002 <0.006 0.140 0.330 <0.800 <1.900 

Norway Lom WL 0.212 2.725 0.205 2.633 <0.005 <0.061 <0.002 <0.031 0.121 1.557 <0.800 <10.000 

Norway Gaulstad WL 1.064 0.964 1.057 0.957 <0.005 <0.004 <0.002 <0.002 1.092 0.989 <0.800 <0.700 

Norway Gaulstad GL 0.016 0.176 0.009 0.096 <0.005 <0.053 <0.002 <0.027 <0.007 <0.079 <0.800 <8.800 

Norway Momyr WL 0.449 0.836 0.442 0.822 <0.005 <0.009 <0.002 <0.005 0.217 0.403 <0.800 <1.500 

Norway Namsvatn WL 1.409 2.827 1.402 2.813 <0.005 <0.010 <0.002 <0.005 0.304 0.609 <0.800 <1.600 

Norway Balvatnet GL 0.128 1.714 0.121 1.618 <0.005 <0.064 <0.002 <0.032 0.052 0.696 <0.800 <10.500 

Norway Balvatnet WL 0.482 1.043 0.475 1.028 <0.005 <0.010 <0.002 <0.005 0.095 0.205 <0.800 <1.700 

Norway Innhavet WL 2.758 2.031 2.751 2.026 <0.005 <0.004 <0.002 <0.002 0.399 0.294 <0.800 <0.580 

Norway Tamokdalen WL 0.099 1.167 0.092 1.083 <0.005 <0.056 <0.002 <0.029 0.067 0.788 <0.800 <9.300 

Norway Tamokdalen GL 0.335 0.588 0.328 0.576 <0.005 <0.008 <0.002 <0.004 0.378 0.663 280.000 490.000 

Norway Grøtfjord WL 0.506 1.732 0.498 1.707 <0.005 <0.016 <0.002 <0.008 0.279 0.955 <0.800 <2.700 

Norway Skoganvarre WL 2.207 2.893 2.180 2.857 0.025 0.032 <0.002 <0.003 0.472 0.619 <0.800 <1.000 

Norway Vestertana WL 1.254 1.802 1.228 1.764 <0.005 <0.007 0.022 0.031 0.149 0.213 <0.800 <1.100 

<: refers to ½ MDL (method detection limit) used for statistical summaries. N.D.: not detected (Σendosulfans (n=2), and SCCPs (n=1) due to matrix effects **, PeCB (n=6):5 samples due to low 75 
% recovery * and 1 sample due to matrix effects** 76 
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Table A6: Results from correlation analysis with statistical significance for latitude, land use parameters and individual compounds for UK soils in 2008. 77 
Samples which either (i) failed to meet the QA/QC criteria (low recovery etc.), (ii) were below method detection limit (MDL), or (iii) qualified as 78 
outliers were not considered (see text for details) 79 

Variables 
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C

P
s 

H
C

B
 

Σ
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B
D

Es 

Σ
31 P

C
B
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BD (g/cm3) -0.12 1            

BC -0.02 -0.56** 1           

SOM 0.13 -0.83*** 0.64*** 1          

Σendosulfans 0.21 -0.75*** 0.47* 0.80*** 1         

Endosulfan sulfate 0.23 -0.75*** 0.46* 0.79*** 1.00*** 1        

α-endosulfan 0.24 -0.37 0.25 0.70 0.48 0.41 1       

β-endosulfan -0.01 -0.28 0.16 0.60 0.92 0.92 0.86 1      

PeCB -0.17 -0.59** 0.59** 0.71*** 0.58** 0.55** 0.22 0.05 1     

SCCPs -0.19 -0.14 0.13 0.10 0.17 0.18 -0.35 0.14 0.19 1    

HCB 0.22 -0.84*** 0.50* 0.80*** 0.81*** 0.81*** 0.75*** 0.76*** 0.65** -0.01 1   

Σ5PBDEs -0.52** -0.44* 0.30 0.41* 0.39* 0.38 0.46* 0.39* 0.49* 0.27 0.49* 1  

Σ31PCBs 0.04 -0.76*** 0.50** 0.70*** 0.73*** 0.73*** 0.73*** 0.76*** 0.63*** 0.06 0.87*** 0.56** 1 

*:p<0.05, **: p<0.01,***:  p<0.001 80 
n=27, except from: Σendosulfans and endosulfan sulfate (n=24), α-endosulfan (n=5), β-endosulfan (n=4), PeCB (n=21), SCCPs (n=14), HCB (n=22), Σ5PBDE and Σ31PCB (n=26) 81 
All data were log-transformed with exception of latitude and land use. 82 

 83 
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Table A7: Results from correlation analysis with statistical significance for latitude, land use and individual compounds for Norwegian soils in 2008. 84 
Samples which either (i) failed to meet the QA/QC criteria (low recovery etc.), (ii) were below method detection limit (MDL), or (iii) qualified as 85 
outliers were not considered (see text for details) 86 

Variables 
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Latitude 1             

BD (g/cm3) 0.13 1            

BC 0.08 -0.56*** 1           

SOM 0,01 -0.78*** 0.71*** 1          

Σendosulfans -0.23 -0.75*** 0.55** 0.86*** 1         

Endosulfan sulfate -0.22 -0.75*** 0.54** 0.85*** 1.00*** 1        

α-endosulfan -0.10 -0.68 0.51 0.85** 0.95*** 0.95*** 1       

β-endosulfan -0.41 -0.21 0.20 0.58* 0.94*** 0.94*** 0.90*** 1      

PeCB -0.09 -0.68*** 0.60*** 0.80*** 0.77*** 0.78*** 0.31 0.14 1     

SCCPs -0.09 -0.52 0.12 0.05 -0.17 -0.16 0.62 -0.34 0.65 1    

HCB -0.08 -0.89*** 0.60** 0.88*** 0.89*** 0.89*** 0.78*** 0.68*** 0.75*** 0.03 1   

Σ5PBDEs -0.55** -0.60*** 0.31 0.57** 0.74*** 0.74*** 0.80*** 0.69*** 0.52** 0.25 0.72*** 1  

Σ31PCBs -0.26 -0.79*** 0.57** 0.73*** 0.74*** 0.72*** 0.89*** 0.75*** 0.66*** -0.08 0.88*** 0.77*** 1 

*:p<0.05, **: p<0.01,***:  p<0.001 87 
n=32, except from: Σendosulfans and endosulfan sulfate (n=31), α-endosulfan (n=8), β-endosulfan (n=12), PeCB (n=30), SCCPs (n=8), HCB (n=26), Σ5PBDE and Σ31PCB (n=30) 88 
All data were log-transformed with exception of latitude and land use.  89 
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Table A8: Results from correlation analysis with statistical significance for latitude, land use and individual compounds for GL soils in 2008. Samples which 90 
either (i) failed to meet the QA/QC criteria (low recovery etc.), (ii) were below method detection limit (MDL), or (iii) qualified as outliers were not 91 
considered (see text for details) 92 

Variables 
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Latitude 1             

BD (g/cm3) 0.03 1            

BC 0.001 -0.64*** 1           

SOM 0.13 -0.88*** 0.79*** 1          

Σendosulfans 0.47* -0.71*** 0.44* 0.77*** 1         

endosulfan sulfate 0.50* -0.69*** 0.41 0.75*** 0.99*** 1        

α-endosulfan -1.00* 0.35 -0.85 -0.50 -0.93 -0.90 1       

β-endosulfan - - - - - - - 1      

PeCB -0.31 -0.53* 0.66** 0.71*** 0.30 0.23 0.98*** - 1     

SCCPs 0,23 -0.13 0.18 -0.05 0.21 0.25 - - -0.19 1    

HCB 0.14 -0.77*** 0.52* 0.81*** 0.81*** 0.79*** - - 0.67** -0.24 1   

Σ5PBDEs -0.37 -0.45* 0.14 0.31 0.27 0.24 0.82*** - 0.52* 0.50* 0.51* 1  

Σ31PCBs -0.09 -0.64** 0.27 0.58** 0.55** 0.53* - - 0.65** 0.13 0.82*** 0.68*** 1 

*:p<0.05, **: p<0.01,***:  p<0.001 93 
n=24, except from: Σendosulfans and endosulfan sulfate (n=22), α-endosulfan (n=3), β-endosulfan (n=2), PeCB (n=19), SCCPs (n=8), HCB (n=20), Σ5PBDE and Σ31PCB (n=22) 94 
All data were log-transformed with exception of latitude and land use).  95 
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Table A9: Results from correlation analysis with statistical significance for latitude, land use and individual compounds for WL soils in 2008. Samples 96 
which either (i) failed to meet the QA/QC criteria (low recovery etc.), (ii) were below method detection limit (MDL), or (iii) qualified as outliers were 97 
not considered (see text for details) 98 

Variables 
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Latitude 1             

BD (g/cm3) -0.15 1            

BC -0.06 -0.41* 1           

SOM 0,13 -0.75*** 0.42* 1          

Σendosulfans 0.04 -0.59*** 0.35* 0.77*** 1         

endosulfan sulfate 0.04 -0.60*** 0.35* 0.77*** 1.00*** 1        

α-endosulfan 0.33 -0.69* 0.23 0.92*** 0.92*** 0.92*** 1       

β-endosulfan -0.07 -0.25 0.20 0.63* 0.90*** 0.90*** 0.86*** 1      

PeCB -0.11 -0.51** 0.41* 0.61*** 0.65*** 0.65*** 0.001 0.01 1     

SCCPs -0.32 -0.11 0.08 0.18 -0.10 -0.10 -0.48 0.07 0.40 1    

HCB 0.34 -0.80*** 0.48* 0.83*** 0,70 0.70*** 0.72*** 0.70*** 0.49** -0.04 1   

Σ5PBDEs -0.72*** -0.31 0.31 0.37* 0.70*** 0.30 0.33 0.35* 0.43* 0.20 0.27 1  

Σ31PCBs -0.00009 -0.68*** 0.60*** 0.73*** 0.64*** 0.64*** 0.67*** 0.77*** 0.43* 0.04 0.76*** 0.40* 1 

*:p<0.05, **: p<0.01,***: p<0.001 99 
n=34, except from: Σendosulfans and endosulfan sulfate (n=33), α-endosulfan (n=10), β-endosulfan (n=14), PeCB (n=32), SCCPs (n=14), HCB (n=27), Σ5PBDE and Σ31PCB (n=33) 100 
All data were log-transformed with exception of latitude and land use101 
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2. Text 102 

2.1. Drying and sieving 103 

Wet soil samples from (18-89 gram) (see Table A1), were placed on alumina foil (WrapFilm 104 

Systems Ltd, Telford, UK) and weighted prior to drying in an oven (Heraeus, UT 6120) WVR, 105 

Hanau (Offenbach, Germany) at approximately 27 °C. In order to obtain completely dry 106 

samples, the soil was regularly weighted until stable weight was reached, which were obtained 107 

within approximately two weeks. To further assure complete dryness, the soil samples were 108 

placed in a desiccator for minimum one hour, and the weighting was repeated. Moreover, for 109 

evaluation of possible contamination during the drying process, parallels of diatomaceous 110 

earth (DE) was “dried” with the soil samples, and analysed as method blanks. There were no 111 

indications of contamination, hence the blank values were low (Table A4 and A2.5). 112 

Completely dry soil samples were further sieved (mesh size 2 mm diameter, Retsch GmbH, 113 

Haan, Germany). The sieve was cleaned with acetone and n-hexane between each sample. 114 

Dried, sieved soil samples were stored in brown glass bottle covered with alumina foil and a 115 

PP-lid (VWR, Rommen, Norway) in order to protect potential light sensitive compounds, and 116 

stored in a fridge until further sample preparation.  117 

2.2. Sample preparation 118 

Solvents used for extraction and clean-up (aceton, n-hexane, and iso-octane) were of Suprapur 119 

grade from SupraSolv, Merck (Darmstadt, Germany). Diethyl ether (glass distilled grade), was 120 

obtained from Rathburn (Walkerburn, Scotland). Sulphuric acid and adsorbents used for 121 

clean-up and extraction, i.e. Florisil PR (0.15-0.25 mm (60/100 mesh), silica gel (0.063-0.20 122 

mm) and anhydrous sodium sulfate was also obtained from Merck (Darmstadt, Germany). DE 123 

was purchased from Dionex, ASE® Prep DE (SunnyVale, CA, USA).  124 

2.2.1. Accelerated solvent extraction (ASE) 125 

Extraction of the soil samples were performed by use of a Dionex Accelerated Solvent 126 

Extractor unit (California, USA). The soil samples were placed in a 33 mL cells, and the cells 127 

were packed as shown in Figure A2. By use of florisil, the ASE procedure provides clean-up in 128 

addition to extraction of the samples. In order to achieve a porous sample for enhancement 129 

of the extraction, the soil samples should contain ≥ 25 % of DE, which were mixed with the 130 

individual soil samples, generating a soil/25% DE mixture. Furthermore, internal standards 131 

(A2.3) were added on top of the soil/25% DE mixture in the cell, before filling the cell with only 132 
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DE (Figure A2). The samples were extracted by use of acetone/n-hexane: 1/1 (w/w) as a 133 

solvent. The samples were extracted with four cycles, 80 % flush volume and with pressure 134 

(N2 gas) and temperature, 1500 Psi and 100 °C, respectively. 135 

2.2.2. Clean-up 136 

The samples were analysed for Σendosulfans (α-endosulfan, β-endosulfan and endosulfan 137 

sulfate), pentachlorobenzene (PeCB) and short-chain chlorinated paraffins (SCCPs), and a 138 

comprehensive clean-up procedure were needed. As illustrated in Figure A3, the ASE extracts 139 

were divided into two equal aliquots, with solely silica fractionation for compounds degraded 140 

by concentrated sulphuric acid (Σendosulfans), and acid treatment together with silica 141 

fractionation for the acid stable fraction (PeCB and SCCPs). For endosulfan analysis (see Figure 142 

A3) one aliquot was reduced to 0.5 mL followed by clean-up by fractionation with a silica 143 

column. For more information concerning the silica method, see Halse et al., (2011). It was 144 

required to have two separate fractions to collect the various Σendosulfans. The first fraction 145 

was eluted with 30 ml n-hexane/10 % diethyl ether and was analysed for α-endosulfan, while 146 

the second fraction was eluted with additionally 20 mL n-hexane/10 % diethyl ether and was 147 

analysed for both β-endosulfan and endosulfan sulfate (see A2.4).  148 

For analysis of PeCB and SCCPs, the respective aliquot (Fig. A3) was reduced to 0.5 mL by 149 

evaporation. Hereafter, the extract was transferred to a centrifuge tube, adjusted to 2 mL, 150 

and treated with 2 mL concentrated sulphuric acid (Halse et al., 2011). After final sulphuric 151 

acid treatment, the extracts were reduced to 0.5 mL for further clean-up by fractionation with 152 

a silica column (Halse et al., 2011). All final fractions were reduced to approximately 0.5 mL 153 

and solvent exchange to iso-octane and transferred to a small vial with a screw-cap.  154 

Before analyses, the extracts were reduced to approximately 50 µL by nitrogen (5.0 Ultra, 155 

Yarapraxair, Haugenstua, Norway) and recovery standard (A2.3). Some extracts of the second 156 

fraction were exposed to precipitation, hence it was necessary to centrifuge (Jouan CR3, DJB 157 

Labcare Ltd, Buckinghamshire, UK) these samples at 1900 revolutions per minute (rpm) for 10 158 

minutes prior to transferring the sample to a new vial. 159 

2.3. Analysis 160 

For quantification and also for monitoring the recovery rates for the sample treatment, all the 161 

samples were added a mixture containing 50 µL of different internal standard prior to 162 
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extraction and clean-up. The internal standards consist of 13C-α-endosulfan, 13C-β-endosulfan, 163 

13C-endosulfan sulfate, 13C-pentachlorobenzene and 13C-cis-chlordane, to monitor the 164 

endosulfans, PeCB and SCCP, respectively. Several 13C-labeled standards were added for 165 

parallel analysis of other compounds. However since the method blanks prove that the 13C-166 

labeled compounds did not interfere with the measurements, the completed list is not given 167 

here. All standards were purchased from LGC, formerly Promochem AB (Borås, Sweden). In 168 

order to quantify the recovery of the internal standards, the extracts were added recovery 169 

standards. All extracts were added 20 µL of TCN (1,2,3,4-tetrachloronaphtalene), as recovery 170 

standard.  171 

Analysis of the Σendosulfans was carried out by a high resolution gas chromatography on an 172 

Agilent 6890N gas chromatograph coupled to an Autospec operating at accelerated voltage of 173 

6000 Volt in electron capture negative ion (ECNI) mode (80eV) (GC/HRMS(ECNI)). The 174 

endosulfan isomers were separated using an Ultra 2 (25 m×0.2 mm inner diameter, 0,11 µm 175 

film thickness (J&W Scientific)) fused silica capillary column (see Table A2). With helium as a 176 

carrier gas (flow rate 0,9 mL/min), the GC operated in splitless mode (Halse et al., 2011). See 177 

Table A2 for more detailed information concerning the temperature program. The endosulfan 178 

isomers were monitored at mass/charge ratio (m/z) of the molecular ions [M]-. The m/z ratio 179 

for the selected ions were 405.8139/407.8110 (12C α, β-endosulfan), and 385.8322/387.8292 180 

(12C endosulfan sulfate) and 414.8441/416.8412 (13C α, β-endosulfan) and 394.8624/396.8594 181 

for 13C labelled endosulfan sulfate. The sum of the area of the two monitored ions was used 182 

in the quantification and the ratio between the two ions was used for verification. The ion 183 

ratio between the isotope signals should be within 20 % of the theoretical value.  184 

The PeCB was analysed with an Agilent 6890N gas chromatograph coupled to a high resolution 185 

mass spectrometer operating with accelerating voltage of 8000 Volt (Autospec-Ultima) in 186 

electron impact (EI) mode (37eV) (GC/HRMS(EI)). The column used was an Ultra 2 (25 m×0.11 187 

mm inner diameter, 0,11 µm film thickness (J&W Scientific)) fused silica capillary column. 188 

Along with the endosulfans, PeCB was injected to the GC operating in a splitless mode with 189 

helium as the carrier gas (1ml/min). See Halse et al., (2011) for more details concerning the 190 

operating parameters. The temperature program is given in Table A2. The PeCB component 191 

was monitored at m/z of the molecule ion [M]+. m/z of the selected ions were 192 

249.8491/251.8462 and 255.8693/257.8663 for the 12C PeCB and 13C labelled PeCB, 193 
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respectively. As for the endosulfans, the sum of the area of the two monitored ions was used 194 

in the quantification and the ratio between the two ions was used for verification. 195 

SCCPs were analysed with an Agilent 6890 gas chromatograph coupled to a VG AutoSpec, high 196 

resolution mass spectrometer, operating at 6000 V in ECNI mode (GC/HRMS-ECNI). To achieve 197 

necessary separation a Restek Rxi®-5ms (15 m×0.25 mm inner diameter, 0,25 µm film 198 

thickness), fused silica capillary column was used with a constant helium flow of 1 mL/min. 199 

The injector temperature was 260˚C, see Table A2 for more detailed information concerning 200 

the operating parameters. The MS operated in ECNI mode (80-120 eV) using methane at a 201 

pressure of 2×10-5 mbar as moderating gas. The SCCPs were identified by use of the following 202 

m/z values (monitoring the [M-Cl]- ions), 277.0084 (C10Cl5), 291.0241 (C11Cl5), 314.9636 203 

(C10Cl6), 360.9432 (C11Cl7), 374.9588 (C12Cl7), 380.8886 (C10Cl8), 394.9042 (C11Cl8), 408.9199 204 

(C12Cl8), 422.9355 (C13Cl8), 430.8623 (C11Cl9) and 444.8779 (C12Cl9), with 273.9403 (13C-cis-205 

chlordane) as the internal standard. The quantification of the SCCPs was performed according 206 

to a method described by Tomy and co-workers (1997).  207 

2.4. Method validation of the ASE extraction procedure 208 

In order to evaluate the efficiency of the ASE extraction, e.g. the number of cycles, adequate 209 

flush volume by monitoring the recovery rates, four ASE cells were filled with dried 210 

background soil (W.L soil, Harestua, Norway) and spiked with internal standard (see section 211 

A2.3). The ASE was furthermore programmed to run each individual sample twice, in order to 212 

generate two ASE extracts of each sample (E1 and E2). All extracts were cleaned and prepared 213 

according to the same procedure as the collected soil samples (section A2.2.2). Furthermore, 214 

to evaluate the extraction pattern of the various endosulfans, three clean-up sub fractions of 215 

E1 and E2 were executed by adding increasing amount of solvent volume (n-hexane/10 % 216 

diethyl ether to the column. Hence, the first fraction contained 30 mL of eluent, the second 217 

fraction contained 20 mL of eluent, while the last fraction was added a final volume of 20 mL 218 

eluent (see Fig. A3). Clean-up of the PeCB and the SCCPs extracts was carried out in accordance 219 

to section A2.2.2. 220 

The average percentage recovery and standard deviation (SD) for sum of the individual 221 

extracts for the endosulfans of the first ASE extracts (E1) were 46±5%, 70±8%, 80±7% and for 222 

the second extract (E2) 1.5±0.7%, 1.1±0.6% and 1±0.4% (E2), for α-, β-endosulfan and 223 

endosulfan sulfate, respectively. Results from the recovery test for the individual endosulfans 224 
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revealed that the recovery for β-endosulfan and endosulfan sulfate was improved by adding 225 

more eluent. Unfortunately, increasing the amount of eluent will also increase the possibility 226 

to wash out matrix compounds, and hence require separation of more interfering matrix 227 

compounds. It was therefore decided to limit the number of fractions for which the recovery 228 

was within an optimum range i.e. 38-52%, 49-70%, 23-38% for α-endosulfan, β-endosulfan 229 

and endosulfan sulfate, respectively. Consequently two clean-up fractions (30 mL and 20 mL) 230 

was the final solution for the endosulfans.  231 

The average percentage recovery and SD for E1 and E2 for PeCB was 25±3% and 0.5±0.3%. 232 

Samples which were recognized with recovery < 10%, was removed from the data set. A low 233 

recovery is attributed to the higher volatility of this compound. 234 

As 13C-labeled 1,5,5,6,6,10-hexachlorodecane was not available when these soil samples were 235 

prepared, the recovery for the SCCPs was monitored by use of cis-chlordane as an internal 236 

standard (Tomy et al., 1997). It should be kept in mind that SCCPs is a complex mixture of 237 

chlorinated paraffins and is eluting over a wide range along the capillary column. The 238 

uncertainty are caused by several factors e.g. i) impossible to achieve complete peak 239 

separation and ii) the internal standard (i.e. cis-chlordane) used may not be adequate due to 240 

lack of knowledge regarding the individual response factors. The uncertainty in the 241 

measurement for the SCCPs may accumulate to ±50% (Sverko et al., 2012). The average 242 

percentage of recovery and SD for E1 of 13C cis-chlordane was 46 ± 15%, while the average 243 

recovery and SD for E2 was 0.6 ± 0.1%.  244 

Results  for all soil samples revealed that some results had to be discarded due to matrix 245 

related disturbances, i.e. the ion ratio was not satisfying. Hence, results for endosulfan sulfate 246 

(n=2), α-endosulfan (n=3), β-endosulfan (n=2) within the Σendosulfans in addition to PeCBs 247 

(n=1) and SCCPs (n=1) was removed.  248 

Recoveries for all samples, including soil samples (not the method development samples) and 249 

blanks are presented in Table A3. For the various endosulfans, the range in the percentage of 250 

recovery varied between soil and blank samples. The sometimes low recovery for endosulfan 251 

sulfate for some soil sites (~ 6%), may be caused by reduced amount of eluent added together 252 

with matrix related effects disturbing the fractionation potential in the column. However, all 253 

three individual 12C endosulfans have been monitored by 13C labelled internal standards. 254 
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Consequently, the low recovery does not influence the measured concentrations, but may 255 

increase the uncertainty in the measurements. Concerning PeCB, the range of percentage 256 

recovery for the soil samples (11-107%) which was somewhat wider compared to the recovery 257 

found for the blanks (9-48 %) (Table A3). For PeCB, a few soil samples with recovery <10% 258 

(n=5) were removed from the data-set. Recovery for the SCCPs was monitored by use of cis-259 

chlordane, and it was assumed that loss of SCCPs reflects loss of cis-chlordane. Selected soil 260 

samples were quantified for cis-clordane and the average percentage recovery varied 261 

between 37-68% (see Table A3).  262 

2.5. Blanks and method detection limit (MDL) 263 

Method blanks (n=5) consisting of DE were “dried”, cleaned-up and analysed following the 264 

same preparation and quantification method as used for the soil samples (section A2.1-A2.3). 265 

Table A4 provides information regarding the levels found in the blank samples. The 266 

concentrations found in the DE samples were all at the same level. The method detection limit 267 

(MDL) was calculated as the average concentration found in the blank samples plus three 268 

times the SD. When the target compounds were not detected in the blank samples, an 269 

instrumental detection limit (IDL) was used (Halse et al., 2011). Furthermore, when the target 270 

compounds were not detected in soil samples or fell below the calculated MDL, ½ of the MDL 271 

value normalized on the site specific SOM values was used for statistical summaries. See table 272 

A5 for the individual sites with concentrations below MDL.  273 

2.6. Determination of soil parameters 274 

The content of soil organic matter (SOM) was determined by loss on ignition (LOI) at 550 °C. 275 

1-10 gram of the individual soil samples were weighed out and placed in a muffle furnace for 276 

4 hours. Further, after being cooled properly, the soil samples were placed in a desiccator and 277 

re-weighed after 30 minutes. Percentage LOI was determined using the ratio between the loss 278 

and the initial weight of the sample. Other parameters of the soil samples have been 279 

characterized in a former study, and information concerning the bulk density and black carbon 280 

(BC), together with temperature values was obtained from Schuster and co-authors (2011).  281 

2.7. Partitioning and fate in soil 282 

Following Wong and Wania (2011), we have mapped the equilibrium distribution and mobility 283 

potential in soils of selected POPs. Figure 1a) shows the equilibrium phase distribution plot of 284 

log KOA vs log KAW (note: as log KOW =log KOA + log KAW, log KOW appears as diagonal bands). 285 
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Data on physical-chemical properties for selected POPs (PCBs, PBDEs, HCB, individual 286 

endosulfans, PeCB and SCCPs) used to create these plots were taken from the literature 287 

(European Commision Joint Research centre, 1999; Li et al., 2003; Shen et al., 2005; US EPA, 288 

2011; Wania and Dugani, 2003). Concerning the phase distribution of the SCCPs, two sets of 289 

data was used. One was the EU risk assessment approach (EU-RAR) (European Commision 290 

Joint Research centre, 1999), which contains of an average set of SCCP properties, shown as 291 

RAR in Figure 1., and the other approach includes a wide range of physical-chemical properties 292 

going from the C10Cl2 to C13Cl12, using data from Gawor et al. (2013). If found in soils, organic 293 

contaminants which are located in the upper left region in Figure 1a) will favor the air-filled 294 

pores, while substances located in the lower left region will have a preference to be solved in 295 

the water phase while chemicals located in the upper right region will have a strong affinity 296 

for sorption to organic solids. Figure 1b, presents the mobility potential of selected POPs in 297 

soils. In Figure 1b, we have instead plotted log KOC vs log KAW, (assuming KOC=0.35*KOW (Seth 298 

et al., 1999)). In this plot, components located in the upper left are more prone to 299 

vaporization, whereas components located in the lower left region are more prone to 300 

leaching, while components in the lower right are most prone to erosion. As demonstrated by 301 

Wong and Wania (2011) it is possible to use the equilibrium phase distribution plot to estimate 302 

the percentages of chemical which resides in the air- and water-filled pore space as well as 303 

the percentage sorbed to organic solids for a given soil with certain characteristics (e.g. SOM 304 

content) at a specific temperature and water content (Wong and Wania, 2011). This can also 305 

be done for the mobility plot (Fig. 1b), yet requires various mass transfer coefficients to be 306 

specified. However, as our study deals with multiple sites and soil conditions, such calculations 307 

have not been attempted as we are only interested in how these POPs are positioned relative 308 

to each other in order to compare how different POPs are expected to distribute and behave 309 

in soils. For a more detailed discussion, we refer to Wong and Wania (2011). 310 

2.8. Statistical analysis  311 

In order to evaluate any linear relationship between two variables, Persons correlation (r) was 312 

estimated in Excel. Along with this, an significance value (p) for each correlation was also 313 

calculated, based in Student`s t-distribution. Various sample groups were tested in order to 314 

evaluate if the correlation was significant or not, by testing the null hypothesis. The null 315 

hypothesis states that the difference in the mean of the datasets tested, was zero. A two tailed 316 

t-test was implemented due to the datasets tested was both higher and lower compared to 317 
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each other. If the p-value was lower than 0.05 (p<0.05), the datasets tested was significantly 318 

different from each other, and the null-hypothesis could be rejected. Similar, if the p-value 319 

was above 0.05 (p>0.05), the dataset tested was not significantly different from each other 320 

and the null hypothesis could not be rejected.  321 

2.8.1. Outliers  322 

The z-score was calculated for individual compounds as the ratio between the observed value 323 

and the average value, divided by the standard deviation. Four sites were identified with 324 

outliers for one or more compounds or compound groups. For Okehampton (WL, UK), the 325 

concentration of Σ5PBDEs was 1.817 ng/g dw (z=3.2). The concentration for PeCB at Birkenes 326 

(WL, Norway) was 1.359 ng/g dw (z=3.02), and the concentration of SCCPs at Tamokdalen (GL, 327 

Norway) was 280 ng/g dw (z=3.7). Onsøy (WL, Norway) was identified with outliers for several 328 

compounds, i.e. Σendosulfans, endosulfan sulfate, β-endosulfan, and Σ31PCB was 24.671 ng/g 329 

dw (z=5.9), 23.902 (z=5.9) ng/g dw, 0.706 ng/g dw (z=3.6) and 25.130 ng/g dw (z=4.8), 330 

respectively. Consequently these observations were excluded from the correlation analysis 331 

and the figures.  332 

 333 
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3. Figures 

Figure A1  Map showing sampling sites in UK and Norway.(Schuster et al., 2011) 
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Figure A2  ASE cell with sample and packing material (DE and florisil) 

 

 

Figure A3  Flowchart for the clean-up and quantification.  
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