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Summary

Regulated persistent organic pollutants (POPs) are a group of chemicals that may cause
harmful health and environmental effects, largely due to their toxicity and bioaccumulating
properties. POPs are persistent and many are semi-volatile substances, capable of undergoing
long-range environmental transport (LRT) to regions far away from their sources to remote
regions like the Arctic. To replace some of the regulated POPs, alternative chemicals have
been introduced to the market (e.g. alternative flame retardants). Many of these chemicals
have physical-chemical properties similar to POPs and may fulfill hazard criteria which
define POPs, such as potential for LRT. The focus of this thesis is on the occurrence and
long-range atmospheric transport (LRAT) of both legacy POPs and a group of alternative

chemicals which may be classified as organic contaminants of emerging concern (OCECSs).

International regulations have contributed to reduce the emissions of POPs into the
environment, but most POPs are still present in the atmosphere, both in source and remote
regions. This may be due to continued primary emissions and the persistence of secondary
emissions. The latter is particularly relevant for semi-volatile POPs which can be re-emitted
from previously contaminated surface media. More knowledge of the relative importance of
primary and secondary emission sources is thus needed for chemical management strategies
aiming to protect environmental and human health from POPs and POP-like chemicals. We
hypothesize that the concentrations of POPs in the air over Europe may be a) spatially
variable, b) variable for different POPs (both on a group level and for individual compounds),
c) likely to have decreased over time in response to primary emission reductions, and d)
increasingly influenced by secondary emissions. The aim of this thesis was to use high spatial
resolution measurements in concert with mechanistic modelling, to gain new insights into the
main sources controlling atmospheric burdens of POPs and OCECs across Europe, with an

emphasis on LRAT to Norway and the Arctic.

Selected POPs and OCEC:s in passive air samples from Norway and Europe were analyzed
with gas chromatography in combination with mass spectrometry (GC-MS). At the regional
level, 101 background sites in 33 European countries were included, utilizing the network of
background monitoring sites under the European Monitoring and Evaluation Programme
(EMEP). At the national scale, 45 background sites, 2 remote sites and 10 urban sites in
Norway were included. By combining data from these two campaigns, it was possible to

assess whether local sources or long-range atmospheric transport mainly control the
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atmospheric concentrations of studied chemicals in the more remote parts of Europe.
Population density data and three different atmospheric transport models were also applied to
help identify primary vs. secondary emissions, and transboundary vs. national emissions,
across the study region. Results were compared to a similar study from 2006 to assess how

the atmospheric burdens of POPs have changed over a decade.

The results show that the chlorobenzenes and hexachlorocyclohexanes (HCHs) dominate the
atmospheric background concentrations of POPs across Europe. The concentrations of PCB-
11 exceeded the individual concentrations of the other PCBs (polychlorinated biphenyls) at
most sites and strongly suggest significant primary emissions of PCB-11. Also, the OCEC,
dechlorane plus, was found to be ubiquitous. The highest concentrations of most targeted
POPs and dechlorane plus were mainly observed in densely populated regions in Europe. The
lowest concentrations occurred in the more remote regions (Norway and the Arctic) and were
mainly attributed to LRAT. In contrast, the concentrations of hexachlorobenzene (HCB)
increased with latitude. This may be explained by enhanced secondary emissions in northern
regions and/or a stronger influence of LRAT from global source regions. HCB was

furthermore the only POP with higher concentrations in 2016 than in 2006.

The highest spatial variability among the POPs was found for the DDTs
(dichlorodiphenyltrichloroethane) and PCBs. A possible larger influence of emissions on
their atmospheric burdens was indicated in the southern part of Europe than the northern part.
Despite this, model predictions of PCB-153 and the isomeric ratios for the DDTs, suggested
that secondary emissions are generally more important than primary emissions across Europe

as a whole.

This thesis highlights the advantages of combining high spatial resolution observations with
mechanistic modelling approaches. This combined approach is an important supplement to
ongoing long-term monitoring efforts and offers new knowledge that cannot be inferred from
measurements alone, and can be used by policy makers to assess potential opportunities for
further emission reductions of legacy POPs. In future monitoring efforts we recommend
including PCB-11 and dechlorane plus along with other POPs. We also recommend
considering both complementary sampling strategies and alternative sampling strategies
when targeting the most volatile POPs and particle-associated chemicals. Further
development of emission inventories for a wider range of chemicals of interest and concern

will be required to model their source-receptor relationships.
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Norsk sammendrag
Persistente organiske miljggifter (POP-er) er en gruppe kjemikalier som har blitt regulert pa

global skala pa grunn av risiko for helse- og miljgskadelige effekter. POP-er har til felles at
de er giftige, bioakkumulerende og persistente. Mange av disse forbindelsene er semi-flyktige
forbindelser. Kombinasjonen av disse egenskapene medfarer at POP-er er i stand til &
transporteres via luft over lange avstander, fra kildeomrader til mer avsidesliggende omrader,
som for eksempel Arktis. For & erstatte noen av de regulerte POP-ene, har alternative
forbindelser blitt introdusert pa markedet (f.eks. alternative flammehemmere). Mange av
disse har fysikalske egenskaper som ligner POP-ene, og kan dermed oppfylle ett eller flere av
farekriteriene som definerer en POP, slik som potensiale for langtransport. Fokuset i denne
avhandlingen er pa forekomst og atmosferisk langtransport (LRAT) av bade POP-er og ikke-

regulerte organiske forbindelser av gkende miljgrelevans (OCEC).

Internasjonale reguleringer har bidratt til & redusere utslipp av POP-er, men pa grunn av lang
levetid i miljeet finnes de fortsatt i atmosfeeren, bade i kilderegioner og i mer avsidesliggende
regioner. Dette kan skyldes at primare utslipp fortsatt finnes og vedvarende sekundare
utslipp. Sistnevnte type utslipp er spesielt relevant for semi-flyktige forbindelser, som kan
fordampe fra tidligere forurensede reservoarer. Mer kunnskap om den relative betydningen av
primere og sekundare utslippskilder er derfor ngdvendig informasjon for relevante
kjemikaliehandteringsstrategier som tar sikte pa a beskytte mennesker og miljg fra POP-er og
POP-lignende kjemikalier. Sentrale hypoteser for denne avhandlingen er at konsentrasjonene
av POP-er i europeisk luft er a) romlig variable, b) varierer for ulike POP-er (bade pa
gruppeniva og for individuelle forbindelser), ¢) har sunket over tid pa grunn av reduserte
primere utslipp, og d) i gkende grad pavirkes av sekundzre utslipp. Malet med avhandlingen
var a bruke malinger med hgy romlig opplgsning kombinert med mekanistiske modeller, for a
fa ny innsikt om hovedkildene som kontrollerer de atmosfariske konsentrasjonene av POP-er

og OCEC-er over hele Europa, med spesiell vekt pa LRAT til Norge og Arktis.

Passive luftprever fra Norge og Europa ble analysert for utvalgte POP-er og OCEC-er ved
bruk av gasskromatografi i kombinasjon med massespektrometri (GC-MS). | avhandlingen er
data fra 101 antatte bakgrunnsstasjoner i 33 europeiske land kombinert med data fra 47
bakgrunnsstasjoner i Norge, inkludert to stasjoner pa Svalbard, for & vurdere om
luftkonsentrasjonene av POP-er i de mer avsidesliggende delene av Europa hovedsakelig
pavirkes av lokale kilder eller LRAT. Bakgrunnsnivaene ble videre sasmmenliknet med data

fra mer bynare stasjoner. Befolkningstetthet og tre ulike modeller for atmosfariske transport
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ble brukt for & naermere belyse primare vs. sekundaere utslipp samt LRAT vs. nasjonale
utslipp i Europa. Resultatene ble sammenlignet med en tilsvarende studie fra 2006 for &

vurdere om luftkonsentrasjonene av POP-er har endret seg i lgpet av et tiar.

Resultatene viser at klorbenzen-ene og heksaklorsykloheksan (HCH) dominerer
bakgrunnsbelastningen av POP-er i luft over hele Europa. | tillegg ble det funnet hgyere
konsentrasjoner av PCB-11 enn for hver av de andre PCB-ene (polyklorerte bifenyler) pa de
fleste steder, noe som indikerer betydelige primarutslipp av PCB-11. Dekloran pluss, som er
av gkende miljgrelevans, ble ogsa funnet i betydelige konsentrasjoner over hele Europa. For
de fleste POP-er, samt dekloran pluss, ble hayest konsentrasjoner observert i de tettest
befolkede omradene. De laveste konsentrasjonene forekom i de mer avsidesliggende
omradene (Norge og Arktis), og ble i hovedsak tilskrevet LRAT. | motsetning til andre POP-
er, gkte konsentrasjonene av heksaklorbenzen (HCB) med breddegrad, noe som kan forklares
med gkte sekundzre utslipp i nord og/eller gkt pavirkning av LRAT fra globale
kilderegioner. Samtidig var konsentrasjonene av HCB hgyere i 2016 enn i 2006.

Starst romlig variabilitet ble funnet for DDT-ene (diklordifenyltrikloretan) og PCB-ene, og
det var indikasjoner pa at luftkonsentrasjonene i den sgrlige delen av Europa er mer pavirket
av primeere kilder, enn den nordlige delen. Til tross for dette antydet modelldata for PCB-153
og isomerforhold for DDT-ene at sekundere utslipp generelt er viktigere enn primere utslipp

over hele Europa.

Denne avhandlingen fremhever at kombinasjonen av observasjoner med hgy romlig
opplasning og mekanistiske modeller, er et viktig supplement til eksisterende overvakning.
Denne tilnermingen gir ny kunnskap som er vanskelig a utlede pa basis av observasjoner
alene, og gir viktig informasjon for at beslutningstakere skal kunne vurdere ytterligere
utslippsreduserende tiltak. Ut ifra resultatene i avhandlingen anbefales det & inkludere PCB-
11 og dekloran pluss, i tillegg til andre POP-er i fremtidige overvakingsprogrammer. Det
anbefales ogsa a vurdere bade komplementeere og alternative prgvetakingsmetoder for de
mest flyktige POP-ene, og for partikkelbundne forbindelser. Videre utvikling av
utslippsestimater for flere forbindelser med gkende miljgrelevans vil vere ngdvendig nar

kilde-reseptorforhold for disse skal vurderes.
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1. Introduction

1.1. Properties of POPs
Persistent organic pollutants (POPs) are a group of organic chemicals, consisting of typically
halogenated aromatic or aliphatic compounds. These include organochlorine pesticides
(OCPs), halogenated industrial chemicals and unintentionally byproducts that are formed
during various combustion and manufacturing processes. POPs usually possess semi-volatile
properties and are characterized to be persistent (P), bioaccumulative (B), toxic (T), and with
long-range environmental transport potential (LRTP) (Jones 1999). As a result, they have been
recognized as a serious, global threat to human health and the environment. Polychlorinated
biphenyls (PCBs) and dichlorodiphenyltrichloroethanes (DDTs) are examples of traditional
semi-volatile POPs. Per- and polyfluoroalkyl substances (PFAS) are examples of less volatile

and more water-soluble POPs that have gained more recent attention.

Public attention and concerns related to possible harmful effects of POPs on the environment
and human health grew in the 1960s, and was triggered by for example Rachel Carson, raising
the issue of chlorinated insecticides in the book “Silent spring” (Carson, 1962). Analytical
developments had enabled detection of these chemicals in trace amounts (Gohlke &
McLafferty, 1993). In the light of this, DDTs were analyzed in samples from the Swedish
environment by Soren Jensen. During the analyses he also discovered large quantities of PCBs
(Jensen, 1972). Both compound classes had been synthesized for many years already, and
despite known health-related issue among workers at their factories, it was important
contributions like Carson’s book and Jensen's findings that initiated increased focus on the

environmental effects of these compounds.

An accident in western Japan in 1968 (Aoki, 2001), where rice oil was contaminated with
PCBs, demonstrated the severe consequences of human exposure to PCBs. About 2000 people
were poisoned and suffered in the acute phase from symptoms like chloracne (“Yusho
disease”), while endocrine disrupting effects were observed in the long-term. Children born
several years after the accident showed serious health effects as a consequence of exposure to
PCBs when in the womb.

These historical examples demonstrated that while PCBs were valued for their chemical

stability as e.g. electrical insulators and DDTSs represented a cost-effective insecticide, their



hazardous properties were increasingly recognized as a potential threat to human and

environmental health.

1.1.1. Persistent, bioaccumulating and toxic (PBT)
In spite of being classified as persistent, POPs can degrade in environmental media such as
air, water, soils and sediments through abiotic processes like photooxidation, photolysis and
hydrolysis, and through biodegradation by microorganisms (Boethling et al., 2009).
However, their high persistence make them degrade slowly, which is reflected in their long
half-lives (e.g. >2 months in water and >6 months in soil/sediments (UNEP, 2020)).
Partitioning to other media and mode of entry are processes that may further prolong the
overall environmental persistence of POPs (Webster et al., 1998). Partitioning and
degradation processes associated with POPs are often temperature dependent and the
persistence in cold environments like the Arctic may be enhanced relative to temperate
regions (Wania & Mackay, 1993; Wong et al., 2021).

Once chemicals are released, they may enter an organism through ingestion, dermal contact
or respiration. The chemical properties of POPs favor uptake and retention in organisms,
especially in fatty tissues. The ability of POPs to bioaccumulate in an organism is related to
their high persistence and partitioning behavior (Campfens & Mackay, 1997; Kidd et al.,
1998). This also results in high potential to concentrate as they move through the food chain
(e.g. biomagnification), putting top-predators like polar bears and killer whales at elevated
risk (Letcher et al., 2009; Schlingermann et al., 2020), but also humans (McLachlan et al.,
2011). In organisms (both humans and wildlife), POPs may cause adverse effects like
endocrine disruption, reproductive and immune dysfunction, neurobehavioral and
developmental disorders, and/or cancer (Buha Djordjevic et al., 2020; Letcher et al., 2010;
Maleky & Sarafpur, 2001; Ross et al., 1995; UNEP, 2020; Weihe et al., 2016). However, a
hazardous chemical may not pose any risk unless it is actually released to the environment in

large enough quantities (Mackay et al., 2001).

1.1.2. Long-range atmospheric transport potential (LRATP)
Since the 1970’s, POPs like DDTs and PCBs have been known to be present in remote
regions like the Arctic (Clausen & Berg, 1975), and long-range transport (LRT) was
suggested to occur (Ottar, 1981). The potential to undergo LRT describes the ability of a

chemical to travel by e.g. air and ocean currents.



Physical-chemical properties such as vapor pressure and water solubility influence the
environmental fate of chemicals (Wania & Mackay, 1993). The semi-volatile POPs targeted
in this thesis generally have low water solubility and the ability to volatilize from surface
media. Because of this, they have a large transport potential in air (i.e. half-life >2 days

(UNEP, 2020)), which also is the fastest transport route to remote areas such as the Arctic.

In the atmosphere, POPs exist either as gases and/or in condensed form sorbed to atmospheric
aerosol particles (Wania & Mackay, 1996). The octanol-air partition coefficient (Koa) is often
used to describe gas-particle partitioning of POPs in the atmosphere, which is a function of
temperature. Because of their high persistency and long lifetime (i.e. half-life more than 2 days
in air (UNEP, 2020)), they may be transported long distances with air masses. As temperature
falls, there is a tendency for chemicals present in gas phase in the atmosphere to “condense”
onto land, water or particles (Wania & Mackay, 1993). Due to differences in Koa, compounds
may “condense” at different air temperatures. This means that the more volatile and persistent
POPs (log Koa 6-8) have high mobility and the potential to be transported over long distances
before being deposited (Beyer et al., 2003; Wania & Mackay, 1996). Re-emissions into the
atmosphere may occur after deposition, and they may be transported through a series of
evaporation and deposition steps, a process also called “grasshopping” (Gouin et al., 2004;
Wania, 2003). Warm temperatures in tropical and subtropical regions favor evaporation, while
cold temperatures at higher/lower latitudes favor deposition from the atmosphere. On the other
hand, less volatile POPs (log Koa 8-10) tend to increasingly partition onto particles and remain
closer to the region of their emission because of rapid dry/wet particle deposition (Beyer et al.,
2003; Wania & Mackay, 1993, 1996). However, findings of involatile and thereby mainly
particle-associated POPs (log Koa>12) in snow and ice in the Arctic suggest that long-range
particle transport also occurs (Hermanson et al., 2010; Meyer et al., 2012). The LRATP of
POPs is not only dependent on the loss due to dry deposition, but also on wet deposition
dependent on the water solubility of the POPs. Degradative loss processes in air due to e.g.
OH-radical reactions (Anderson & Hites, 1996; Mackay et al., 2001) may also affect the
LRATP of POPs. Overall, LRATP of POPs is limited by atmospheric reaction and net
atmospheric deposition. The relative significance of these two processes vary for different
POPs.

1.2. Regulations
To protect human health and the environment from POPs, regulations have been introduced

aiming to eliminate or restrict their production, use and emissions. During the 1980’s, national
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measures in many European countries (e.g. Norway) were implemented to reduce the
production and use of some POPs (Breivik et al., 1999; Breivik et al., 2002a; Pacyna et al.,
2003). Later, in 1998, the Geneva Convention on Long-Range Transboundary Air Pollution
(CLRTAP) established the Aarhus protocol on POPs in Europe (UNECE, 1998), which entered
into force in 2003. Building on the CLRTAP Aarhus protocol, a global treaty on POPs was
established in 2001, i.e. the Stockholm Convention (UNEP, 2020). The Stockholm Convention
entered into force in 2004. By 2023, 29 countries within Europe have signed the Aarhus
protocol, while the Stockholm Convention has been signed by 152 countries globally. Both
Conventions are continually revised and chemicals fulfilling the four hazard criteria of POPs
(i.e. P, B, T and LRTP), and assessed to represent a risk to environmental and human health,
have been added to the list of regulated POPs. While 16 and 12 chemicals / chemical groups
were initially regulated under the Aarhus protocol and the Stockholm Convention respectively,
a total of 25 and 28 chemicals and chemical groups are regulated under these two agreements
by 2023, respectively. The increasing number of POPs that have been regulated illustrates the

importance of collecting data on OCEC to inform possible new regulations.

1.3. Air monitoring
Air rapidly responds to changes in emissions and is therefore among the core media in the
Global Monitoring plan, used to evaluate the effectiveness of the Stockholm Convention
(UNEP, 2013). POPs in air are commonly sampled using active sampling techniques. However,
these samplers are driven by pumps and require electricity and trained personnel, and the
operation of active air samplers (AAS) are therefore associated with high cost. Passive air
samplers (PAS), on the other hand, are simple and cost-efficient, and thereby enables air

sampling at multiple locations simultaneously.

Within Europe, a monitoring program was established to examine suspected long-range
transport of air pollutants in 1972 (Ottar, 1976). While this program initially focused on acidic
precipitation, the network of monitoring sites was later continued in the European Monitoring
and Evaluation Programme (EMEP) under CLRTAP, in which active air monitoring of POPs
were included from 1999 (Tarseth et al., 2012). Monitoring in the Norwegian Arctic already
started in 1991 (Bohlin-Nizzetto et al., 2017). In 2020, 12 background air monitoring sites
(including three monitoring stations in Norway) reported concentrations of POPs to EMEP.
While this monitoring program is based on a limited network of AAS optimized to assess time
trends at the individual sites, both temporal and spatial trends in Europe are further assessed in

two PAS networks; Global Atmospheric Passive Sampling network (GAPS) (Pozo et al., 2006;
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Schuster et al., 2021a) and the Monitoring Network (MONET) (Holoubek et al., 2011; Kalina
etal., 2019). These AAS and PAS monitoring efforts, together with other smaller networks and
case-studies, enable regular evaluation of the effectiveness of the Stockholm Convention under
the Global Monitoring Plan. A few case-studies (Gioia et al., 2007; Halse et al., 2011; Jaward
et al., 2004) have further assessed the spatial trends in Europe, but except Halse et al. (2011)
(n=86), the number of background sampling sites has been limited (<46). There are also a
limited number of studies focusing on background concentrations of POPs on national level,
e.g. Czech Republic, Spain and Chile (Kalina et al., 2018; Munoz-Arnanz et al., 2016; Pozo et
al., 2004).

1.4. Targeted compounds
Most legacy POPs were intentionally produced as i) industrial chemicals used in many different
applications and often as additives in products, or ii) OCPs commonly used in agriculture and
therefore applied directly in the environment. Some POPs are not deliberately produced, but
may form or be released inadvertently during combustion, or form as byproducts in

manufacturing processes.

Table Al provides detailed information, including log Koa and the year of regulation for the
individual compounds and compound groups examined in this thesis. The sources and

emissions of the studied compounds are described below.

1.4.1. Legacy POPs
PCBs

From 1930 to 1993, a total of 1.3 million tons of PCBs were estimated to have been
intentionally produced as technical mixtures (e.g. Aroclors), with the highest production in the
1960s and 1970s (Breivik et al., 2007; Li et al., 2023). The intentionally produced PCBs (I-
PCBs) have been extensively used in industry as heat exchange fluids, as additives in building
materials and in electrical products. For this reason, emissions of I-PCBs are assumed to be
linked to population density. Emissions of 1-PCBs have been reported to be widespread in
central parts of Europe (Breivik et al., 2002b). While the I-PCBs are no longer produced, they
remain in products which are still in use (e.g. old electric equipment) and waste products.
Primary emissions are therefore still continuing, e.g. because of burning of waste (Breivik et
al., 2016; Li & Wania, 2018).

The PCB group consists of 209 congeners with varying numbers (1-10) and positions of
chlorine substituents. A group of seven PCBs (28, 52, 101, 118, 138, 153 and 180) have been
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used as indicator for the technical mixtures (e.g. Megson et al., 2019). Some PCBs have a

coplanar structure and are found to have dioxins-like properties (Van den Berg et al., 1998).

Unintentional emissions of PCBs (U-PCBs) also exists, with PCB-11 being the most dominant
PCB congener detected in air (Mastin et al., 2022). PCB-11 is mainly associated with the
manufacturing of the pigment diarylide yellow (Hu & Hornbuckle, 2010), but may also form
in combustion and thermic processes (Vorkamp, 2016). With reduced emissions of I1-PCBs, the

relative contribution of unintentional emissions of PCB-11 is likely to increase.

HCB and PeCB
Hexachlorobenzene (HCB) and pentachlorobenzene (PeCB) have previously been used e.g. as
fungicides, and 155 000 tons of HCB have been produced with the largest production in the
1980s (Li et al., 2023). HCB is known to have been extensively used within Europe (Barber et
al., 2005). Despite production and use of HCB and PeCB have ceased, unintentional primary
emissions of both PeCB and HCB may still be ongoing (Bailey, 2001; Bailey et al., 2009).

HCHs
Hexachlorohexanes (HCHSs) were intentionally produced OCPs, that were used extensively as
insecticides within Europe (Breivik et al., 1999). The global usage of technical HCH (55-80%
a-HCH, 5-14% B-HCH, 8-15% y-HCH) and Lindane (>99% y-HCH) have been estimated to
be 10 million tons (1948-1997) and 720 000 tons (1970-1993) respectively (Li & Macdonald,
2005). Notably, y-HCH has the highest insecticidal activity of the isomers.

Until an EU ban in 1979, the major source of HCHs within Europe was technical HCH. Former
Soviet Union, France, Germany and Spain are the countries reported to have experienced the
highest technical HCH use (Li & Macdonald, 2005). From 1979, most European countries were
using Lindane only. However, the use of technical HCH continued in some countries in former
Soviet Union and eastern Europe (Breivik et al., 1999). Large stockpiles of HCHs have later
been reported to be a significant source in many European countries (Vijgen et al., 2019).

DDTs and metabolites
DDT is an insecticide to control insect-transmitted human diseases, such as malaria, and as
agricultural pest control. From 1940 to 2000, 4.5 million tons of DDTs were estimated to be
produced (Li & Macdonald, 2005), with the highest production in the 1950s and 1960s (L.i et
al., 2023). Within Europe, the former Soviet Union has experienced the highest overall DDT

use, while the agricultural use in Italy and Hungary has been reported to be significant.



Technical DDT is composed of a mixture of isomers, with 80% p,p’-DDT and 20% o,p -DDT
(Li & Macdonald, 2005). Some DDTs also exist as impurities in the miticide Dicofol (46%
o,p -DDT, 7% p,p -DDT and 18% o,p -DDE) (Qiu et al., 2005). Furthermore, degradation of
DDT leads to the metabolites DDE (dichlorodiphenyldichloroethylene) and DDD
(dichlorodiphenyldichloroethane) (Ricking & Schwarzbauer, 2012).

Aldrin and metabolites
Aldrin, dieldrin and endrin were insecticides used to kill e.g. termites. They have been
produced in amounts of 233 000 tons of Aldrin, 26 000 tons of dieldrin and 57 000 tons of
endrin globally, with the highest production in the 1960s and 1970s (Li et al., 2023). Aldrin
may degrade to dieldrin (Gannon & Bigger, 1958). Furthermore, isodrin and endrin are isomers
of aldrin and dieldrin, respectively, and isodrin and endrin were also byproducts in the

production of aldrin and dieldrin.

Chlordanes and heptachlor
Technical chlordane was used as an insecticide in agriculture and in control of termites, and
180 000 tons have been produced globally, with the highest production in the 1970s (Li et al.,
2023). The insecticide consists mainly of cis- and trans-chlordane (11% and 13% respectively
(Bidleman et al., 2002)), which may be degraded to oxychlordane. Technical chlordane also
contains heptachlor and trans-nonachlor in appreciable amounts (5% of each), while chlordane
and cis-nonachlor (Sovocool et al., 1977) have been detected in relatively low amounts.
Technical heptachlor has also been used and was produced in 45 000 tons, peaking in the 1960s

(Li et al., 2023). Heptachlor may degrade to heptachlor epoxide (exo/endo).

Endosulfans
Technical endosulfan was used as insecticide and 622 000 tons have been produced globally,
with the highest production in the 2000s (Li et al., 2023). Technical endosulfan consists of 60-
70% of endosulfan I (a-isomer) and 30-40% endosulfan 11 (B-isomer) (Weber et al., 2010).
Endosulfan sulfate is a degradation product of endosulfan.

1.4.2. Organic contaminants of emerging concern (OCECs)
Due to the continued demand for chemicals with similar functions as the POPs, some of the
legacy POPs are being replaced with alternative compounds. These organic contaminants of
emerging concern (OCECs) may exhibit similar physical-chemical properties to the POPs, and

thus potentially fulfill some or all of the POP hazard criteria.



Alternative flame retardants are one group of OCECs, used for replacing the regulated PBDES
(polybrominated diphenyl ethers) in fulfilling fire safety standards in e.g. electronics (Vorkamp
& Riget, 2014). Dechloranes are examples of alternative chlorinated flame retardants.
Organophosphate flame retardants (OPFRs) and alternative brominated flame retardants

(aBFRs) are other replacements for PBDEs.

PBDEs, alternative flame retardants and chlorinated paraffins were originally targeted in the
analysis. However, results are only presented for dechloranes, due to high influence of co-
extracted substances (section 3.4-3.5) and high background concentrations for the other

chemicals.

Dechloranes

Of the known dechloranes, dechlorane plus (DP) has been identified as a potential new POP.
It was proposed for listing under the Stockholm Convention in 2018 (UNEP, 2019) and was
recently recommended for listing (UNEP, 2023). Technical DP has been used in industrial
polymers in electronics and building materials as a replacement for the chlorinated flame
retardant Mirex (Table Al) and the brominated flame retardant decabromodiphenyl ether
(regulated since 2017 under the Stockholm Convention). The production volume of DP is
highly uncertain, with estimated global production volume varying between 750 and 6000
tonnes annually in 2020 (Hansen et al., 2020). Technical DP consists of 20-40% of the syn-
isomer and 60-80% of the anti-isomer (Wang et al., 2010).

Other dechlorane related compounds (DRCs), i.e. dechlorane-601 (Dec-601), dechlorane-602
(Dec-602), dechlorane-603 (Dec-603) and dechlorane-604 (Dec-604) have also been used as
alternative flame retardants, but the knowledge of production and use is limited (Sverko et al.,
2011).

1.5. Main sources
While primary emissions of POPs (described in section 1.4) historically have dominated the
atmospheric burdens of POPs, POPs also have the potential to be re-emitted from surface media
contaminated in the past (Jones, 1994; Ma et al., 2011; Wania & Mackay, 1996). These so-
called secondary emissions are likely to increase with increasing global temperatures (Ma et
al., 2011; Nizzetto et al., 2010). Furthermore, as the primary emissions decrease, the relative
importance of secondary emissions is assumed to increase. It is therefore questioned whether

further reductions in primary emissions in Europe will influence the overall concentrations in



air, and more knowledge of the relative importance of primary and secondary emission sources

is therefore needed.

The relative contribution of primary and secondary emission within Europe is hypothesized to
vary i) spatially, due to differences in historical production and use from country to country,
and ii) for different POPs (both on a group level and for individual compounds). Furthermore,
the emissons of some POPs are assumed to be linked to population density (e.g. PCBs), while
the emissions of others also may be related to rural areas (e.g. OCPs). Nonetheless, the
atmospheric burdens of POPs in central parts of Europe are likely to be more affected by local

sources, than the more remote regions, such as Norway and the Arctic.

Contrary, long-range atmospheric transport (LRAT) is assumed to largely influence the
atmospheric concentrations in remote regions (Halse et al., 2011; Hung et al., 2016; Jaward et
al., 2004; Meijer et al., 2003). However, the concentrations in the remote regions may not
always be attributed to LRAT only (e.g. Norway (Halse et al., 2012) and the Arctic (Hung et
al., 2022)), and a better understanding of the influence of national emissions vs. transboundary
emissions is important in order to inform policy-makers whether further reductions in
atmospheric concentrations are more efficiently achieved through national control measures or

through international collaboration.



2. Objectives

The main objective of this thesis was to assess the main sources (primary emissions, secondary
emissions, LRAT and national emissions) controlling the occurrence of selected POPs and

OCEC:s in European background air, with special emphasis on Norway and the Arctic.
The sub-objectives were to:

Objective | (Paper I)
Improve the understanding of the occurrence and spatial patterns of POPs in background air on
a national scale (Norway) and compare background concentrations with measurements from

an area expected to be more influenced by local emissions.

Objective 11 (Paper I1)
Improve the understanding of the occurrence and spatial patterns of POPs in background air

across Europe.

Objective 111 (Paper 111)
Improve the understanding of the occurrence and spatial patterns of the emerging contaminant

dechlorane plus and dechlorane related compounds in European background air.

Objective 1V (Paper 1V)
Improve the understanding of the occurrence and spatial patterns of the unintentionally

produced PCB-11 in European background air.
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3. Methods

3.1. Theory

3.1.1. Air sampling
Air sampling is traditionally performed using AAS, with a pump that draws air through a
sampling medium (Bidleman & Olney, 1974). Under EMEP, air samples are collected with
AAS equipped with a glass fiber filter (GFF) to capture particle-associated chemicals in
sequence with two polyurethane foam plugs (PUF) to capture gas-phase chemicals (EMEP,
2001). High-volume bulk samples are collected under controlled flow with high temporal
resolution, typically 24-48 hours per week. This provides known sample volumes and short-
term concentrations (Melymuk et al., 2014), which in combination with atmospheric transport

models offers possibilities to study specific LRAT episodes (e.g. (Eckhardt et al., 2007)).

Air sampling using PAS is a complementary and more cost-efficient strategy than using AAS.
A major benefit with PAS in the context of this thesis, is that this method may be particularly
useful to help expand the spatial coverage of air measurements (Jaward et al., 2004; Shoeib &
Harner, 2002). In this thesis, PAS was therefore the chosen method to obtain a comprehensive
dataset for evaluation of spatial patterns across Europe and Norway. With PAS, chemicals are
accumulated to the sampling media mainly through diffusion. To obtain consistent uptake and
reduce the influence of environmental factors, the sampling medium is deployed inside a
sampler housing protecting it from wind, precipitation and light, yet allowing a free flow of air
around the sampling media. Several types of PAS have been developed over the last decades,
with different designs and sampling media (sorbents), e.g. polymer-coated glass (POG) (Harner
et al.,, 2003), semipermeable membrane devices (SPMD) (Petty et al., 1993), sorbent-
impregnated polyurethane foam disk (SIP) (Shoeib et al., 2008) and XAD-2 resin-based PAS
(Wania et al., 2003), and with different uptake capacities (Melymuk et al., 2014). The
polyurethane foam-based PAS (PUF-PAS, Figure 1) developed by Shoeib & Harner (2002) is
well characterized and has been extensively used in PAS monitoring for sampling semi-volatile
organic contaminants like POPs (Holoubek et al., 2011; Pozo et al., 2006). The use of PUF-
PAS in this thesis also assured consistency in the comparison of results against data from the
European PAS campaign conducted in 2006 (Halse et al., 2011), GAPS (Schuster et al., 2021a),
and MONET (Kalina et al., 2019).

The sampling with PUF-PAS is based on diffusive uptake of gas-phase chemicals from air to

a PUF disk (i.e. the sampling sorbent), which is deployed inside two steel bowls (Figure 1)
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(Jaward et al., 2004). Due to lower sampling rate (typically in the range 3-4 m*/day (Wania &
Shunthirasingham, 2020)) than the flow of an AAS, deployment for weeks to months (typically
12 weeks) is necessary for the PUF disks in order to collect detectable amounts (Kalina et al.,
2019; Schuster et al., 2021a). This means that the PUF-PAS provides long-term time-averaged
concentrations. Since the exact sampled air volume is not known with PUF-PAS, only semi-
quantitative concentrations are derived from an estimated uptake rate (section 3.3) (Melymuk
et al., 2014; Wania & Shunthirasingham, 2020).

The uptake of particle-associated compounds with log Koa>12 (like dechloranes, Paper I11)
by the PUF-PAS, is associated with larger uncertainties than the uptake of gas-phase
compounds. Fine aerosols (i.e. particles <1um) may behave similarly to gases and become
consistently trapped inside the PUF disk (Chaemfa et al., 2009). Coarser particles may also
be deposited on the PUF, but the sampling efficiency of particle-associated compounds has
been shown to be lower compared to gas-phase compounds for PAS with the MONET design
(Bohlin et al., 2014; Kalina et al., 2017; Markovic et al., 2015), which is applied in this work.
One reason for this may be that the freely-hanging MONET-sampler housing (diameter 30
(upper bowl) and 24 cm (lower bowl)) filters out coarser particles (Klanova et al., 2008). In
contrast, the PUF-PAS used within GAPS (diameter 24.5 and 19.5 cm) is placed in a fixed
position (Harner et al. 2006) and has shown to have higher efficiency of particle collection
than the MONET sampler (Chaemfa et al. 2009, Markovic et al. 2015). The PUF-disks used
within GAPS also have lower density (0.021 g/cm?®) than the PUF-disks in this study (0.027 g
m~3) which may be another reason for the higher sampling efficiency with the GAPS sampler.

Figure 1. lllustration of the polyurethane foam-based passive air sampler (PUF-PAS) with the MONET design
(Bohlin et al., 2014; Markovic et al., 2015), which is applied in this work.



The PUF is porous with high capacity for organic chemicals. Consequently, chemicals in air
may penetrate and accumulate in the PUF. The diffusion of a gas-phase chemical from air to
the PUF is described as a three-step process (Figure 2) from i) ambient air to the air inside the
sampling chamber, ii) air inside the sampling chamber to the air-side boundary layer of the
PUF-air interface, and iii) the air-side boundary layer to the sampler-side boundary layer, and
further into the PUF (Bartkow et al., 2005). By using the Whitman two-film approach
(Whitman, 1923), the concentration in the air-side boundary layer is assumed to equal the
concentration in the sampler-side boundary layer. The overall flux (F, Eg. 1) from ambient air
and into the PUF can be described by Fick’s first law, which is a function of the overall mass
transfer coefficient (k) (or velocity of the chemical across the PUF-air interface, m/day), the
surface area of the PUF (Apur, m?), the difference between the concentration in air (Cair, pg/m°)
and the concentration in the PUF (Cpur, pg/m®), and the PUF-air partition coefficient (Kpur-air,

dimensionless);

F = kApur(Cair - Cpur/KpuF-air) (Eq. 1)
phase Interface overall
flux flux
ambient air Cir

____l____T____ -

kAPUF{Cmr - CPUF/KPUF-GIJJ

air inside chamber

air-side boundary layer v

sampler-air interface
sampler-side boundary layer

PUF Cour v

Figure 2. The three-step diffusion process of a chemical from air to the sampling chamber (Bartkow et al., 2005)

The accumulation of a chemical in the gas-phase is the difference between the rate of uptake
(ku) and the rate of elimination (ke) (Eq. 2). Considering that the uptake is air-side controlled
and the overall and air-side mass coefficients k and kair are equal, the relation to the net flux
(i.e difference between uptake and elimination flux) is the following (Bartkow et al., 2005;
Shoeib & Harner, 2002);

dc A
Veur( ;tUF) = kyCair — keCpyr = (KqirApyr)Cair - (k —L ) Cpype (Eq. 2)

air
KpuF-airVpPUF
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When Eg. 2 is solved and accounted for that Kpur-air = Cpur/Cair = Vair/ Veur, an expression for
the air volume of a chemical sampled with the PUF-PAS (Vpyr) as a function of time (t) is
generated (Eq. 3) (Harner et al., 2004). An illustrative figure of this uptake curve is given in

Figure 3.

( kairAPUF )t
KpyF-airVPUF

(Eq. 3)

Vair = Kpyp-airVpur |1 — €
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Figure 3. Illustrative uptake curve of a chemical sampled with PUF-PAS, showing three phases of uptake
(Harner, 2017; Shoeib & Harner, 2002).

The chemicals accumulate in the PUF-PAS through a linear, curvilinear and equilibrium phase
(Figure 3) (Shoeib & Harner, 2002). Initially, Cpur is small and hence the elimination rate (k.)
in Eq. 2 is negligible. This generates a linear function. The concentration of chemicals in the
PUF (Cpur) increases with increasing sampling time, and the elimination rate (k.) becomes
larger. Consequently, the uptake is reduced and enters the curvilinear phase. Finally, when
equilibrium is established between the air and PUF, there is no net uptake (i.e. uptake =

elimination rate) and Cpur becomes constant.

The PUF-PAS used in this thesis are designed as kinetic samplers, to ideally be operated in the
linear phase for the full deployment length. Consequently, the slope equal to ki ApyrCair
with k- Apyr representing the rate of uptake or sampling rate (SR, m3/day). The uptake rate
can be estimated from calibration studies against AAS, or by the use of performance reference
compounds (PRCs) (section 3.1.2).
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3.1.2. Estimating sampled air volumes with PUF-PAS
The sampled air volume (Vair, Eq. 3) is essential in the calculation of air concentrations per m*
(Cair, section 3.6). A template based on Eqg. 3 (Harner, 2017) is considered to be the most
frequent method for estimating the air volume of a gas-phase chemical sampled with the PUF-
PAS. This method has also been applied in this thesis.

The sampling rate is an important input to the Harner-template. In Paper I, Il and IV, PRCs
were used to obtain site-specific sampling rates and account for environmental conditions like
wind speed at the sampling sites (section 3.1.3) (Bartkow et al., 2006; Moeckel et al., 2009).
The PRCs are a range of compounds that cannot be found in the environment but cover a range
of volatilities (e.g. from PCB-1 to PCB-198, paper I, 11 and IV). They will therefore volatilize

into the atmosphere at different rates during the deployment period (t), and the loss of PRCs
(Ci) are used to calculated SR (Moeckel et al., 2009);
0

c
- ln(C_O)KPUF—airPPUFVPUF

SR = . (Eq. 4)

In Eq. 4, Co and C are the concentrations of PRCs at the beginning and the end of the
deployment period, respectively, and ppur is the density (g/m®) of the PUF.

The PRCs experiencing losses between 40% and 80% (relative to PCB-198, (Moeckel et al.,
2009)) were used to calculate an average site-specific SR which was applied to all compounds
(i.e. not compound-specific R (Bohlin et al., 2014)). For sites with none- or only one PRC
fulfilling the required loss, the sampling rates were instead estimated from wind speeds at the
given sites (Tuduri et al., 2006). Average wind speeds at each site during the exposure period
were retrieved from the ERA Interim database from European Centre for Medium-Range
Weather Forecasts (ECMWEF).

PRCs are not applicable for predominantly particle-associated compounds (e.g. dechloranes).
Instead, a generic SR (2.3 m®/day (Drage et al., 2016)) was used in Paper I11. While the
sampling rate accounts for the lower uptake efficiency of particles with the MONET sampler
(54%), compared to the GAPS sampler (92%) (Markovic et al., 2015), a constant sampling rate
does not account for sampling conditions such as temperature and wind speed at a given
sampling sites. However, the predominantly particle-bound dechloranes are less affected by
changes in temperature than more volatile compounds (Bohlin-Nizzetto et al., 2020).
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Data on PUF characteristics (Apur, Veur and ppur) and the Kpur-air for each compound are
needed when calculating the air volume sampled (Eq. 3). Kpur-air is @ thermodynamic parameter
and describes the maximum uptake capacity of the PUF. Kpur-air is highly correlated to the log
Koa (Table Al) for each compound (Eqg. 5) (Shoeib & Harner, 2002);

log KPUF—air = (06366 logKOA - 31774’) (Eq 5)

3.1.3. Uncertainties with PUF-PAS
The uptake of compounds in gas-phase to the PUF is influenced by the meteorological
conditions at a given site (Klanova et al., 2008). Though the PUF is sheltered, it has been shown
that high wind (>4 m/s) may result in an increased SR due to reduced thickness of the air
boundary layer (Figure 2) (Huckins et al., 2002; Tuduri et al., 2006). The use of PRCs account
for variations in sampling rates caused by differences in wind speed. The use of the Harner-
template also compensates for the differences in temperature from site to site. The ambient air
temperatures and wind speeds were not measured at each site but based on data from ECMWF
and averaged over the sampling period. Beyond the compensation of wind speed and
temperature, comparison with AAS data may further control and/or evaluate the sampling
artifacts associated with PUF-PAS. Overall, PUF-PAS is regarded to be a useful sampling

method for comparing spatial variability, despite its semi-quantitative nature.

To minimize the uncertainties related to sampling with PUF-PAS, sampling in the linear phase
is preferable. However, the elimination rate in Eq. 2 is dependent on Kpur-air O Koa (Eg. 5)
which varies over many orders of magnitude for the targeted compounds in this thesis (Table
Al). Hence, the length of the linear phase may vary widely and some of the more volatile
compounds may therefore enter the curvilinear or equilibrium phase during the sampling
period. Furthermore, the uptake capacity for different compounds will be different at different
deployment temperatures. For gas phase compounds, the amount adsorbed to the PUF is
generally higher at lower temperatures than at high temperatures due to a longer linear-phase
(Klanova et al., 2008). For more volatile compounds with log Koa<8 (e.g. HCB and PCB-11,
Table A1, Paper I/ 1l and V), the curvilinear or equilibrium phase may be reached during the
deployment period (even at low temperatures) (Figure 3) (Francisco et al., 2017). As the rate
of uptake is decreasing during the sampling period, the amount taken up by the sampler is lower
compared to less volatile compounds (e.g. PCB-153, Table Al) still in the linear phase. Eq. 3
used for calculating air volumes in the Harner template, accounts for the elimination rate, and

consequently, a lower volume is estimated for volatile compounds.
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It is worth noting that Eg. 2-3 assumes that i) the air-side controls the uptake and ii) the
concentration in air (Cair) stays constant during the deployment period. The resistance within
the PUF is inversely related to Koa, and hence is assumed to be negligible for the POPs given
their large Koa, with air-side controlled uptake as a result. However, Zhang et al. (2011) showed
that also the sample-side has impact on the uptake due to a decreasing rate while the chemicals
penetrate into the PUF, i.e. chemicals mainly accumulate in the outer layer. This also has an
impact on the use of PRCs which presupposes that the distribution of sampled chemicals and
PRCs within the PUF is similar. Furthermore, if sampling is conducted during the curvilinear
phase, the rate of uptake is gradually decreasing and may lead to larger impact of the air
sampled in the beginning of the period. If equilibrium is reached there is also the possibility of
formation of new equilibriums due to a change in concentration. Consequently, the PUF-PAS
does not provide a true time-averaged concentration if overreaching the linear phase (Wania &
Shunthirasingham, 2020).

3.2. Sampling strategy
The first study (Paper 1) utilized data from a passive air sampling campaign in Norway with
47 sampling sites, including two remote sites on Spitsbergen (Figure 4). As far as possible,
background sites included in previous studies were selected. Ten urban sites around the city of
Oslo were additionally included, to compare and evaluate the assumed background
concentrations with concentrations from an urban area expected to be influenced by local

emissions.

The campaign in Norway was coordinated with a European campaign (Paper 11-1V). Passive
air samples were collected at 101 sampling sites across 33 countries along a European-Arctic
transect (35 °N to 82 °N, 52°W to 48 °E, Figure 5). With a few exceptions (Capo Granitola and
Monte Curcio in Italy, and four sites in Russia), the sampling sites were existing background
monitoring stations reporting various inorganic and organic compounds in air to EMEP
(Tarseth et al., 2012), in order to obtain a dataset representing the assumed background
concentrations at each site.

The sampling period in both campaigns was coordinated in time to facilitate comparison of

results, covering three months in the period from June to October 2016.
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Figure 4. The spatial coverage of background sites monitoring POPs with PAS (black/grey) in this study along
with the spatial coverage of sites in the Norwegian national monitoring program sampling POPs using AAS (grey)

(Bohlin-Nizzetto et al., 2017). Ten urban sites around the city of Oslo were additionally included (white).
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Figure 5. The spatial coverage of sampling sites using PAS (black/grey) along with the spatial coverage of sites
in the European Monitoring and Evaluation Programme (EMEP) sampling POPs using AAS (grey) (Aas &
Bohlin-Nizzetto, 2018).
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3.3. Sample collection
The sampling in both the Norwegian and European campaigns were carried out with the PUF-
based passive air sampler (Section 3.1). Passive air sampling was carried out in combination
with active air sampling at selected EMEP sites (Paper | and Il), to evaluate possible
uncertainties associated with PUF-PAS. New PUF disks (14.1 cm diameter x 1.4 cm thick)
were pre-cleaned and spiked with PRCs prior to sampling.

In the field, PUF-PAS were attached to a suitable structure (e.g. trees), at least 1.5 meters above
ground. In the Norwegian campaign, they were mounted by NILU personnel, while in the
European campaign they were deployed at or close-by the monitoring stations by those
responsible for the sampling site. The PUF-PAS were exposed for about three months (during
the period June-October, 2016).

3.4. Sample preparation
Analytical methods for POPs in air (PUF media) are widely available (Muir & Sverko, 2006;
Yusa et al., 2009). Soxhlet extraction with hexane:diethylether 9:1, followed by treatment with
concentrated sulfuric acid and further clean-up by solid-phase extraction (SPE) with silica, is
the recommended procedure of participating laboratories in the EMEP to determine legacy
POPs in PUF-based air samples (EMEP, 2001). This method was also used by Halse et al.
(2011) in the European survey from 2006. However, this thesis additionally includes the
analysis of selected OCECs in the dataset collected in 2016. Many of the OCECs are less
hydrophobic and often less acid-labile than the legacy POPs, e.g. some of the alternative flame
retardants. Also some OCPs, including dieldrin, endrin, endosulfan | + 1l and trans-heptachlor
epoxide, can be sulfonized when treated with concentrated sulfuric acid (Chung & Chen, 2011)
and are therefore excluded from monitoring programmes. To enable the analysis of a broader
range of POPs and OCECs, including the acid-labile compounds, in a single PUF-PAS extract,

a non-destructive sample preparation method was targeted.

Schematic descriptions of the analytical methods used for the European and Norwegian
samples are given in Figure 6. All PUF disks from both the Norwegian and European campaign
were initially added internal standards prior to Soxhlet extraction, to compensate for loss during
the extraction and clean-up procedure. Furthermore, column based solid-phase extraction
(SPE) was used as basis in the sample preparation of all samples. SPE is a common alternative
method to sulfuric acid, in which co-extracted components are retained more strongly than the

analytes of interest (Muir & Sverko, 2006; Yusa et al., 2009). A more thorough description of
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the methods used for the Norwegian and European samples, including adjustments made during
the process are given below. These mainly include: i) selection of an efficient solvent mixture
for extraction of a broad range of compounds, ii) a non-destructive Florisil-based SPE method
(Norwegian samples) and iii) a non-destructive dual-layer SPE method (European samples).
The internal standards assure high accuracy in the determination of concentrations regardless
of which analytical method that is used, and they also assure that the concentrations obtained
with the different methods are comparable. However, interferences during instrumental
analysis may lower the quality of the data (section 3.5). After repeated attempts on clean-up
with the non-destructive methods, it was apparent that sulfuric acid was needed to sufficiently
remove co-extracted PUF-related matrix for enabling instrumental analyses of some of the

targeted compounds (e.g. DDTSs).

Norway: Europe:
Soxhlet : Soxhlet :
acetone:n-hexane (1:1) acetone:s-hexane (1:1)
SPE: florisil Dual-layer SPE:

Zr-silica/C18 + florisil

| |

PCBs, PeCB/HCB, HCHs, Back-exctraction Back-exctracti
s, Pe 5, [, ack-exctraction Other OCPs
other OCPs, dechloranes to n-hexane to n-hexane
| I
Concentrated Concentrated
sulfuric acid sulfuric acid

I !

DDT. PCBs, PeCB/HCB, HCHs,
S DDTs, dechloranes

Figure 6. Summary of the analytical methods used for the European and Norwegian samples.

3.4.1. Method adjustments

i) Extraction solvent
To extract less hydrophobic compounds more efficiently than with the conventionally used

hexane:diethylether 9:1, alternative solvents were considered for Soxhlet extraction. Acetone,
hexane and dichloromethane (DCM) are used in reported Soxhlet extraction methods for POPs
in PUFs (Muir & Sverko, 2006; Yusa et al., 2009). Of these alternative solvents, DCM was not
considered due to the increasing concern as a hazard to human health, despite its widespread
use. A polar:apolar binary mixture is considered the most efficient for extracting analytes with
a wide range in hydrophobicity, and acetone:n-hexane (1:1) was therefore chosen for testing.
To assure a consistent comparison with data from 2006 (Halse et al., 2011), the extraction
recovery of the legacy POPs; PCBs and PeCB/HCB, by using acetone:n-hexane (1:1), was also

assessed. The samples from both the Norwegian and European air sampling campaign were
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Soxhlet-extracted as recoveries between acetone:n-hexane (1:1) and the conventional

hexane:diethylether 9:1 (Table 1)were comparable.

i) Non-destructive Florisil-based SPE method (Norwegian samples)
To enable analysis of both acid-stabile and acid-labile POPs and OCECs, a non-destructive
clean-up method was considered instead of the conventional acid-silica clean-up. Other goals
were to shorten the preparation time and reduce solvent consumption to reduce blank levels of
target compounds, and to improve the conditions related to the health, environment and safety
of the operator by avoiding concentrated acid. Activated magnesium silicate coated silica
(Florisil) is widely used as SPE-sorbent, and has been shown to successfully clean PUF-PAS
extracts for analysis of acid labile OPFRs (Kurt-Karakus et al., 2018). Florisil was therefore

used for clean-up in the Norwegian sampling campaign (Paper I).

The instrumental analysis showed negative matrix effects in the GC/MS-chromatograms for
PBDEs, aBFRs and DDTs (section 3.5), and further clean-up was therefore necessary to
remove co-extracted compounds. Solvent-rinsed deionized water was added to the
acetonitrile extract before back-extraction into n-hexane to remove compounds with less
hydrophobicity than the targeted compounds. Despite this, matrix-effects were evident in the
GC/MS-chromatograms, and no satisfactory results were obtained for the PBDES, aBFRs and
DDTs. On the other hand, PCBs, PeCB/HCB and the other OCPs were successfully analyzed
using the back-extracted extract. The remaining extract was further cleaned with sulfuric
acid/silica to obtain satisfactory chromatograms also for DDT compounds. The recoveries of
internal standards of PCBs and PeCB/HCB in blank samples prepared together with samples
from the Norwegian campaign were comparable to the recoveries in a corresponding blank
sample prepared by the conventional POP-method with acid and silica SPE (Table 1). We
therefore do not expect these extra clean-ups to have affected the results of the targeted

compounds.

i) Non-destructive dual-layer SPE method (European samples)
For the analysis of samples from the European sampling campaign (Paper I1-1V), the Florisil
SPE-method was replaced with a dual-layer SPE method, which was hypothesized to remove
PUF-matrix more efficiently than Florisil only. In this method, based on Stenerson & Brown
(2015) and Rohler et al. (2021), a mixture of zirconia-coated silicaand C18 polymerical bonded
silica was added in the bottom sorbent bed, with Florisil in the top sorbent bed. The two layers

are expected to remove co-extracted compounds by polar and non-polar interactions with
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Florisil and the C18 sorbent respectively, and by Lewis acid-base interactions with zirconium
(an electron pair acceptor). The method has shown to be a good substitute for sulfuric acid in
the removal of fatty compounds co-extracted from sample matrices like fish and olive oil
(Stenerson & Brown, 2015; Stenerson et al., 2015). PUF is a polymer with intramolecular
urethane bonds (carbamate ester bond, NHR.COOR;:) with a variety of additives (e.g.
surfactants) comprising different properties. The dual-layer SPE method was therefore
expected to be able to remove PUF-matrix, including possible degradation products and
additives.

Acetonitrile was the preferred eluent in the original dual-layer SPE cleanup method (Stenerson
etal., 2015),. Acetonitrile has intermediate polarity with the ability to dissolve a wide spectrum
of different substances, including ionic and nonpolar compounds, and is also extensively used
as eluent in many other rapid multi-residue analysis methods, e.g QUEChERS (Anastassiades
etal., 2003). Acetonitrile was therefore chosen as eluent also in the preparation of the European

samples.

The instrumental analysis showed negative matrix effects in the GC/MS-chromatograms for
PBDEs, aBFRs and DDTs even after this dual-layer clean-up method. Back-extraction into n-
hexane did not improve the chromatograms. Consequently, the hexane extract was split 20:80.
In the European campaign, the larger aliquot (80%) was further cleaned with concentrated
sulfuric acid and analyzed for PCBs, PeCB/HCB, HCHs, DDTs and dechloranes, while the
other OCPs were determined directly on the smaller aliquot (20%), to include also the acid-
labile OCPs.

Despite extensive clean-up of the samples from the European campaign, the recoveries of
internal standards of PCBs and PeCB/HCB in blank samples were comparable with the
conventional POP method (Table 1). This shows that the results are not affected by the extra

clean-up steps.
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Table 1. Comparison of recovery of internal standard in blank samples. Bold=indicator PCB.

Norway: Europe:
Conventional POP method | Conventional POP method | Florisil SPE method | Dual-layer SPE method
(with aceton/hexane 1:1) | (+ back-extraction) (+ back-extraction),
followed by acid
treatment + SPE silica

Compound Recovery Recovery Recovery Recovery

% % % %
PeCB 10 9 25 25
HCB 21 19 45 32
PCB-28 40 47 71 55
PCB-52 46 51 82 56
PCB-101 59 61 58 74
PCB-105 74 78 60 79
PCB-114 72 78 58 76
PCB-123 71 79 61 82
PCB-138 69 77 59 84
PCB-153 72 72 56 78
PCB-156 76 84 59 82
PCB-157 77 81 59 81
PCB-167 73 74 58 83
PCB-180 77 78 58 84
PCB-189 78 77 51 81
PCB-209 72 74 56 85

3.5. Instrumental analysis and quantification

Samples from both the Norwegian and European campaign were analyzed for 32
polychlorinated biphenyls (PCBs), penta- and hexachlorobenzene (PeCB/HCB), 27
organochlorine pesticides (OCPs) and six dechloranes by using gas chromatography (GC)
coupled to a high-resolution mass spectrometry (MS). For PCBs, PeCB/HCB, DDT related
compounds and HCHs, an Agilent 7890A GC was coupled to a magnetic sector MS (VG
Autospec Micromass). For the other OCPs and dechloranes, the GC was coupled to a
quadrupole time-of-flight MS (Agilent 7200 Q-TOF). More information concerning the
instrumentation, GC columns and operating parameters is presented in the individual studies
(Paper I-1V).

Even if MS-detectors provide high specificity, co-extracted substances may interfere during
the GC/MS-analysis. Deposition of non-volatile matrix in the front part of the GC-system not
only leads to an increasing need for maintenance, but also adverse changes in performance of
the chromatographic system e.g. irregular baseline, and tailing or broadening of peaks
(Hajslova & Zrostlikova, 2003). This may result in increased detection limits and low
resolution of separated peaks. Concerning DDT, it can be thermally converted to DDD and

DDE. This was monitored by comparing the peak area of **C-labelled p,p -DDD, with the 13C-
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labelled p,p -DDT in the internal standard. Furthermore, loss of intensity in EI may occur due

to the binding of target ions with other ions present in the gas phase (Panuwet et al., 2016).

The quantification is based on an internal standard method using mean relative response factors
of calibration standards to quantify the samples (Eq. 6-7). The integration of signals (i.e. areas),
automatically obtained by the quantification tool (Targetlynx, Waters), is verified manually.
The isotope ratios (**CI/3Cl or °Br/81Br) for two monitored masses, should be within + 20%
of the theoretical value. Larger deviations are an indication of interfering compounds.

massistp (pg)XAreaanalyte (Eq 6)
massgnalyte(Pg)XArearstp .

Relative Response Factor (RRF)gnaiyte =

massistp (Pg)XAredgnalyte (Eq 7)
RRF gnaiyteXAreastp .

mass in samplegngryte =

3.6. Deriving air concentrations

For all samples, loss of PRCs (Ci) were calculated. The average amounts of PRCs in two spiked
0

field blanks were used as reference to account for any losses not caused by sampling. The loss
differed between different PRCs.

For the Norwegian samples, the site-specific sampling rates ranged from 2.8 to 4.5 m®/day
(average: 3.6 m*/day). The average sampling rate was used for sites experiencing insufficient
loss of the PRCs (n<3).

For the European samples, the site-specific sampling rates were more variable, ranging from
2.0-15 m®/day (median: 3.7 m®day), due to more variable environmental conditions, i.e.
ambient air temperature (-13 to 29°C) and wind speed (2-7 m/s). For the sites with none- or
only one PRC fulfilling the required loss, the sampling rates were estimated from the wind

speed at the given sites (section 3.1.2).

The average/median sampling rate in both campaigns was in good agreement with the general
sampling rate for PUF-PAS (3-4 m®/day) (Wania & Shunthirasingham, 2020). The resulting

sampling rates and number of PRCs used at the individual sites are presented in Paper I-I1.

The sampling rates together with the deployment periods were used to estimate the collected
air volumes (Vair, section 3.1.2). Air concentrations were then derived from the mass of target

analyte in the sample (Mpur);

Cair= Mpur /Vair (Eq 8)
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3.7. Quality assurance
In all papers, field blanks were included to account for possible contamination during
deployment and transport of the samples. Additionally, laboratory blanks were included for
blank level control of laboratory procedures. These underwent the same laboratory procedures

as the exposed samples and the field blanks.

For the calculation of sum, average and median, and for the statistical analysis, concentrations
below MDL were replaced by ¥2 MDL. Though it has been reported that the substitution of
values below MDL can introduce uncertainty when the detection frequency is lower than 60%
(Helsel, 2006), the replacement method was used to allow for comparison with Halse et al.
(2011).

The internal standard recoveries of both exposed and blank samples were monitored by
quantification relative to an instrument performance standard (Eqg. 9).

mass ISTDmeasured

Rec% ISTD =

X 100% (Eq. 9)

mass ISTD gqded

A known amount of *2C target analytes was added to three clean PUF disks to assess the method
bias for the targeted POPs in Paper I-11. These were analyzed with the Florisil method (section

3.4), and bias was calculated from the added amount (Eq. 10).

Bias% = (mass analytegqqeq—mass analytemeasured)

x 100% (Eq. 10)

mass analyteggqded

Furthermore, the reproducibility of the PAS method was assessed by the relative standard

deviation of POP concentrations in duplicate PUF-PAS at selected sites.

3.8. Estimating population density within 50km radius
In Paper 11-1V (Europe), estimates of the mean number of persons within 50 km of each
sampling site were retrieved from the population density dataset in the collection “Gridded
Population of the World, version 4” (CIESIN, 2016), by using the zonal statistics tool in QGIS
ver.3.0.1. This identified nine sampling sites (Table 2) with elevated population density (690-
2700 persons per km?), compared to the other sites (<610 persons per km?), and reflected the
presence of a city within 50 km radius. The Wilcoxon signed-rank test was used to compare
the concentrations of POPs for these “suburban” sites with concentrations for the remaining
background sites. Also, a correlation between population density and the relative contribution

of national emissions, predicted by GLEMOS, was examined.
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In Paper 1, the sites around the city of Oslo had elevated population density (510-580 persons

per km?) compared to the background sites (<250 persons per km?).

Table 2. Nine “suburban” sites with elevated population density due to the presence of city area within 50 km
radius from the sites (Paper I1).

Sites habitants per km? City area within radius 50 km
De Zilk/Netherlands 2700 Amsterdam/the Hague/ Rotterdam
Giordan lighthouse/Malta 1800 Valletta
Nuuk/Greenland 1200 Nuuk
Alfragide/Portugal 1200 Lisbon
Montelibretti/Italy 990 Rome
Risoe/Denmark 960 Copenhagen
Vredepeel/Netherlands 820 Hertogenbosch/Eindhoven
Ispra/ltaly 730 Milan
Rad/Sweden 690 Goteborg

3.9. Atmospheric transport modelling tools
While sampling and analysis are time consuming and expensive, models may be used
complementary to predict concentrations, fate and behavior of POPs (Wania & Mackay, 1999).
In Papers I-11 and IV, multiple modelling approaches were used to explore whether the
observed spatial patterns may be explained by the models and hence rationalized in
mechanistical terms, and to help identify the main sources controlling atmospheric burdens of
POPs across Norway (Paper 1) and the whole of Europe (Paper Il and 1V).

3.9.1. GLEMOS
In Paper I-11, model simulations of concentration of PCB-153 in air were carried out using the
Global EMEP Multi-media Modeling System (GLEMOS) (Malanichev et al., 2004). The
spatial resolution was 0.4° x 0.4° within the EMEP domain, and 1° x 1° outside EMEP. The
model predictions were stored for each individual site, corresponding to the actual deployment
periods, by the Meteorological Synthesizing Centre - East under the European Monitoring and
Evaluation Programme (EMEP). GLEMOS was used to predict the relative contributions
attributed to primary- and secondary emissions, for each site. While the total primary emissions
are separated into contributions from national emissions and transboundary transport

(within/outside EMEP), this is not specified for the secondary emissions.

3.9.2. FLEXPART
In Paper I-11, model simulations of PCB-153 were also carried out using the Lagrangian
particle dispersion model FLEXPART V10.4 in backward mode (Pisso et al., 2019; Stohl et
al., 1998). Similar to GLEMOS, the model generated a predicted concentration for each
individual site, with a spatial output resolution of 1° x 1°. Furthermore, FLEXPART predicted
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so-called “footprints” that illustrate where the air mass had the potential to take up pollutants
from sources near the ground. Combining the footprints with emission data (Breivik et al.,
2007) enabled predictions of the primary source regions contributing to the observed
concentration at each sampling site.

3.9.3. NEM
In Paper 1V, a model simulation with the Nested Exposure Model (NEM) (Breivik et al., 2021)
was carried out. NEM is a dynamic multimedia fate and transport model. Chemical transport
between adjacent grid cells may occur in three mobile media (air, sea water and fresh water).
As no suitable emission inventory for PCB-11 is known to exist, a unit emission rate for PCB-
11 was used as model input, using global population density as a proxy for spatial distribution
of the unit emission rate. The model predicted generic concentrations in air with a spatial

resolution of 5°x5°, averaged over the 3-month sampling period.

3.10. Data analysis
In all papers, data processing was carried out using Microsoft Excel. The ratio between
maximum and minimum concentrations in air (MMR) was used as a simple measure of spatial
variability. When calculating MMR, the minimum and maximum according to a box-whisker
plot (i.e. outliers excluded) were used, with MDL as the minimum value when samples below

MDL were present.

In Paper |1, Europe was divided into four regions; north, south, central-east and west (Figure

9), according to the geographical division by the European Union (EuroVoc, 2021).

The statistical analyses were performed by using R Studio with R 4.1.1. The concentrations
were not normally distributed and were tested to better fit a log-normal distribution.
Logarithmic concentrations were therefore used when testing linear correlations. The linear
correlation between variables (e.g. POP concentrations and latitude/longitude) was tested by
the null-hypothesis Ho: b1 = 0 in a linear model (y = bo + bix), which was rejected if its
probability was less than 5% (p<0.05). The Pearson correlation coefficient (r) was used as a
measure of the linear relationship (between -1 and 1) between two variables. The non-
parametric Wilcoxon signed-rank test was used to test if there was a significant difference
between two groups (e.g. between geographical regions) (Miller, 2010). Furthermore, the
matched-pair Wilcoxon signed-rank test was used to assess the temporal change in
concentrations between this study and the earlier European campaign from 2006 (Halse et al.,
2011), for sites that were included in both studies (n=6 Paper | and n=73 Paper II).
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4. Results and discussion

4.1.1-PCBs
In the Norwegian campaign (Paper 1), 18 of the 31 targeted PCBs were detected in 84-100%
of the samples, with the median concentrations of the individual PCB congeners ranging from
0.03 to 0.8 pg/m®. The other 13 PCBs were detected in 0-57% of the samples with median
concentrations <0.02 pg/m?3. The concentrations of YsPCBs (PCB-28, -52, -101, -138, -153 and
-180) at the background sites in Norway ranged from 1 to 6 pg/m® (median 2.0 pg/m3) with
higher concentrations observed in southern Norway compared to northern Norway. The highest
concentrations of Y sPCBs in Norway were observed within the urban area of Oslo (5-42 pg/m?®,

median 20 pg/m?, Figure 7).

In the European campaign (Paper 11), 30 of 31 PCBs were detected in 69-100% of the samples
and their individual medians ranged from 0.01 to 3.3 pg/m3. The median of Y’sPCBs in Europe
was 6 times higher than the median of background sites in Norway (Figure 7). The difference
between Europe and Norway increased with increasing chlorination degree, i.e. while the
median for PCB-28 and PCB-52 in Europe were a factor of 5 higher than Norway, the median
for PCB-180 was a factor of 10 higher. The concentrations of Y sPCBs at the nine highly
populated sites within Europe (13-70 pg/m®, median 45 pg/m®) were even higher than the

concentrations within the urban area of Oslo/Norway.

When comparing to the AAS concentrations reported to EMEP for the same sites and time
periods (Aas & Bohlin-Nizzetto, 2018), the concentrations of Y sPCBs using PAS in our study
were on median 1.8 times higher (PAS/AAS-ratio: 0.4-9.6), which is within the uncertainty of
PAS and AAS in combination (Holt et al., 2017). A direct comparison to EMEP data is affected
by differences in sampling methodologies, including sampling artifacts associated with both
PAS and AAS (section 3.1), and analytical uncertainties (due to e.g. different chemical

laboratories being involved in the EMEP programme).

When assessing the congeners detected at all sites and excluding outliers, generally lower
spatial variability of PCBs was observed in Norway (MMR 3-6) compared to the European
campaign (MMR 23-100) (Figure 7). The low concentrations and relatively low spatial
variability across Norway indicate that concentrations of PCBs in the Norwegian background
atmosphere are highly influenced by LRAT. Furthermore, a significant negative correlation
with latitude across Europe, with higher concentrations in the southern part, suggests that sites

in the historical source regions of Europe are influenced by continuing emissions (primary
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and/or secondary) to a larger extent than more remote regions at northern latitudes in Europe.
The higher proportion of the more chlorinated PCB-153 compared to PCB-28 observed in the
southern part, further implies more influence of primary sources. As PCBs are mostly related
to products it was not surprising that a positive correlation (r=0.6) between Y sPCBs and
estimated population density (within a radius of 50km of the sampling sites) was observed

within Europe (Paper I1).

An overall reduction (28%) in atmospheric concentrations for > sPCBs were observed from
2006 to 2016 when considering the 73 European sites that are common to the sites included in
the study by Halse et al. (2011). This may reflect a general decline in primary emissions in the
study region. The highest decrease was observed in the northern part of Europe, with
approximately 50% reduction for > ¢PCBs within Norway (Paper I, n=6). However, no
significant decrease was observed in the southern part of Europe. This trend was also evident

from the different latitudinal correlations in 2006 versus 2016 (Figure 8).

GLEMOS predicted that secondary emissions of PCB-153 were approximately four times more
important than total primary emissions (i.e. national emissions and transboundary transport
within/outside EMEP) in controlling atmospheric burdens in Norway, as well as in Europe
(median 82% and 78% contribution respectively) (Figure 9). In accordance with the
interpretation of observations, GLEMOS predicted the influence from national primary
emissions to be highest for the European urban sites (median 25%), followed by the Norwegian
urban sites (median 16%) and the European background sites (median 11%). This was in
contrast to the Norwegian background sites, for which the influence from national primary
emissions were far lower (median 2%). Instead, the relative contributions from primary
emissions attributed to LRAT were predicted to be the highest within Norway (median 15%).
Both GLEMOS and FLEXPART predicted large input from western Europe to this area. The
results indicate that further reductions in atmospheric concentrations of PCBs in the southern
part of Europe may be achieved through control measures targeting primary emissions in the
individual countries, while international collaboration and other measures are necessary in the

northern part of Europe.
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Norwegian background sites (n=47)
European background sites (n=101)
Norwegian urban sites (Oslo) (n=10)
European suburban sites (n=9)
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Figure 7. The distribution of atmospheric concentrations (log pg/m?) of six PCB congeners indicators for the
technical mixtures (Paper I-11), and the unintentionally generated PCB-11 (Paper 1V) Outliers are excluded.
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Figure 8. Comparison of the latitudinal correlations of the POP concentrations at 73 common European sites in
2006 (Halse et al., 2011) and 2016 (Paper II).
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Figure 9. Predicted relative contributions of secondary and primary emissions of PCB-153 attributed to national
emissions and transboundary transport from countries within/outside EMEP, predicted by The Global EMEP
Multi-media Modeling System (GLEMOS). The background colors represent the geographical regions (EuroVoc,
2021) that were compared in Paper Il.

4.2.PCB-11

PCB-11 was detected in background air all over Europe (median 5 pg/m?) and exceeded the
individual median concentrations of the other PCBs, including six indicator PCBs (0.4-3 pg/m?,
Figure 7). This strongly suggests significant emissions of PCB-11 in Europe. High
concentrations were observed in central- and eastern parts of Europe, while low concentrations
were observed in the north, suggesting population density may serve as an indicator for the
spatial distribution of emissions in Europe. The detection of PCB-11 in the remote Arctic is a
strong indication of LRAT, given that this region is less affected by primary sources.

The spatial variability of PCB-11 (MMR 24, excluding outliers) was comparable to the most
volatile indicator PCB (PCB-28, Figure 7), and both correlated to latitude to the same extent
(r=-0.4). While there are generally strong correlations between I-PCBs with similar
chlorination degree, the correlation between PCB-11 (di-CB) and PCB-28 (tri-CB) (r=0.6) was
considerably lower than anticipated from differences in chlorination agree alone. In
comparison, the correlation between PCB-28 and PCB-52 (tetra-CB) is r=0.9. This offers
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strong support for the hypothesis that the sources/source regions for PCB-11 are different to
the 1-PCBs.

A significant correlation between measured concentrations of PCB-11 and population density
was observed, which also was illustrated by significantly higher concentrations for the nine
high-populated sites (Figure 7). However, no significant correlation to population density was
observed in the north region. A slightly better correlation to the generic concentrations
predicted using the NEM model, indicated that concentrations of PCB-11 in the more remote

regions in Europe cannot be rationalized on basis of population densities alone.

4.3.HCB and PeCB
In both the Norwegian and European campaign (Paper I-11), HCB and PeCB were detected at
all background sites in comparable concentrations (median Norway and Europe: 74 and 67
pg/m? for HCB, and 21 and 25 pg/m? for PeCB) (Figure 11). The concentrations for sites within
the urban area of Oslo/Norway (median 70 pg/m® and 16 pg/m® for HCB and PeCB,
respectively) and the “suburban” sites within Europe (median 50 and 25 pg/m®) were also
similar to or lower than the concentrations in the background areas. This demonstrates that
HCB and PeCB are well-distributed in air and emphasize that the concentrations are

uncorrelated to population density.

Interestingly, HCB was the only POP that was significantly positively correlated to latitude,
both overall within Europe (r=0.44, p<0.001), and within Norway only. The highest
concentrations of HCB were observed in the Arctic (Station Nord/Greenland 247 pg/m?3, and
two sites at Spitsbergen, 130-136 pg/m3). As HCB has reached equilibrium between the PUF
and air well within the sampling period at all sites, it may be questioned if the lower
concentrations in warmer regions are due to a decreasing Kpur-air With temperature. However,
the concentrations at the Zeppelin station/Spitsbergen were in agreement with AAS data
measured in the Norwegian national air monitoring program (Bohlin-Nizzetto et al., 2017). A
PAS/AAS ratio of 1.6 at this site is within the expected range (2-3) (Holt et al., 2017), and
hence reflect that the environmental conditions have been compensated for in the estimation of
sampling volumes at Zeppelin (section 3.1.2). Despite some variations in the PAS/AAS-ratios
for the other co-located sites reporting to EMEP (1.6-4.8, Figure 10), the max-min ratio (i.e.
spatial variability with Europe) of 9 when the outlier Rucava/Latvia is excluded, exceeds the
bias expected from volume estimation. For the European dataset, it is still a significant positive

correlation with latitude (r=0.37, p<0.001), when excluding Station Nord/Greenland and
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Zeppelin/Spitsbergen. This suggests generally higher concentrations of HCB in northern
Europe, not only in the Arctic. It should also be noted that PeCB was uncorrelated to latitude,
which further emphasizes that the observed spatial trend for HCB is caused by factors other

than artifacts related to sampling as PeCB has similar physical-chemical properties as HCB.
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Figure 10. Comparison of PAS derived concentrations of HCB in air obtained in our study with the
concentrations from routine AAS measurements reported to EMEP for the same sampling period (Aas &
Bohlin-Nizzetto, 2018).

The high concentrations of HCB relative to the other POPs (Figure 7, Figure 11) may be
explained by a combination of secondary emissions and unintentional primary emissions due
to by-production and usage of chlorinated compounds contaminated with HCB in some parts
of the world (Hung et al., 2016). HCB was the only POP with a higher median concentration
in 2016 than in 2006 (Halse et al., 2011), when considering the European dataset (Figure 8).
Higher concentrations in 2016 than 2006 were observed at 68% of the sites, with no clear
spatial pattern observed with a median increase of 56%. In the Norwegian dataset, was similar
or concentrations up to a factor of 2.5 higher than 2006 observed. Data from long-term
monitoring sites based on AAS shows an inconsistent time-trend in HCB concentrations
(Gusev et al., 2015; llyin et al., 2022; Kalina et al., 2019; Wong et al., 2021). High
concentrations of HCB due to pesticide use have previously been reported in central parts of
Europe (Barber et al., 2005), and enhanced influence of secondary emissions from previously
contaminated soil may be a reason for increased concentrations. However, the increase in
concentrations of HCB in air may also be a consequence of an increase in primary emissions.
Both enhanced re-emissions and increasing primary emissions have been put forward as
possible explanations for the higher concentrations of HCB in the Arctic (Hung et al., 2010;
Maetal., 2011; Platt et al., 2022). As HCB is relatively volatile and a limited spatial variability
is observed, it is difficult to make any inferences about the likely source regions on the basis

of the data presented.
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Figure 11. The distribution of atmospheric concentrations (log pg/m®) of HCB/PeCB, 10 selected OCPs and
syn-/anti-DP. Outliers are excluded.

4.4. HCHs

Next after HCB and PeCB, the highest concentrations within Europe were measured for a- and
y-HCH (median: 9 pg/m?) (Figure 11). Both isomers were detected at all background sites in
Europe and in Norway. p-HCH were only detected in 56% of the samples within Europe and
4% of the samples within Norway. This may be due to a lower content of f-HCH in technical
HCH and the absence of B-HCH in lindane. B-HCH is also likely to have a more limited LRATP
than the other two isomers due to differences in physical-chemical properties (Table Al, (Xiao
et al., 2004)). The concentrations of a- and y-HCH using PAS in our study were on median 2.2
times higher (PAS/AAS-ratio: 1.0-23) than the concentrations measured using AAS for the
same sites and time periods.

The spatial variability of a- and y-HCH across Europe were lower than most POPs and
generally lower in Norway (MMR 4 and 7, outliers excluded) than in Europe (MMR 6 and 21,
outliers excluded). No or small difference between the median concentration of a-HCH were
observed between Europe and Norway (i.e. Europe/Norway 1.4). Contrary, a relatively large
difference between Europe and Norway was observed for y-HCH (Europe/Norway 4.3, Figure
11), with y-HCH significantly correlating with latitude (r=-0.55). The spatial differences
between the two HCHs are to a large extent explained by different LRATP with a- HCH having
a longer residence time in the atmosphere compared to y-HCH (Beyer et al., 2003). This may
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help to explain why a-HCH showed a more even distribution across Europe. y-HCH is more
prone to wet deposition and is therefore likely to deposit closer to its source. The spatial
distribution suggests that sites in the historical source regions of Europe are influenced by
continuing emissions (primary or secondary) to a larger extent than in more remote regions at
northern latitudes in Europe. Furthermore, correlations to longitude likely reflect more recent
use and large stock-piles of a-HCH in central-east Europe, and the more extensive use of

Lindane in the west region.

Significantly lower median atmospheric concentrations in 2016 compared to 2006 were
observed in the European study (-59% and -48% for a- and y-HCH respectively). The largest
decreases were observed in historical source regions, while only a minor temporal change was
observed within Norway (-17% and -4% for a- and y-HCH respectively, not significant). This
is also reflected in the different correlations with latitude in 2006 and 2016 (Figure 8).

4.5.DDTs and metabolites
In the Norwegian campaign (Paper 1), three DDXs (p,p -DDE, o,p -DDT and p,p -DDT) were
detected in 98-100% of the samples, with median concentrations of 0.4, 0.2 and 0.1 pg/m®
respectively. The other three DDXs (0,p -DDE, o,p -DDD and p,p -DDD) were detected in 0-

41% of the samples with median concentrations <0.06 pg/m®.

In the European campaign (Paper 11), all six DDXs were detected in 88-100% of the samples.
The highest concentrations were measured for the metabolite p,p’-DDE, followed by p,p’-DDT
and o,p’-DDT, at concentrations ten times higher than in Norway (medians 6, 2 and 1 pg/m?
respectively) (Figure 11). When comparing concentrations of >3DDXs (p,p -DDD/-DDE/-
DDT) using AAS within EMEP, the concentrations using PAS in our study were on median
2.4 times higher (PAS/AAS-ratio: 1.0-6.8).

Relatively large spatial variability compared to other POPs was observed for Y sDDXs within
Europe (MMR>200, excluding outliers) (Figure 11), with a significant north-south gradient
(r=-0.61). A significant north-south gradient was also observed for > 3DDXs within Norway
(r=-0.71), but the spatial variability was significantly lower in Norway (MMR 6, excluding
outliers) than within Europe (MMR>295 for >3DDXs, excluding outliers). Lower
concentrations and lower spatial variability generally in the northern part of Europe suggest

that LRAT largely influences the atmospheric concentrations in this region.

Large differences between the median concentrations in the Norwegian and European study
were observed for both p,p’-DDE and p,p'-DDT (Europe/Norway 15-16, Figure 11). Due to
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degradation of p,p -DDT to p,p -DDE and p,p -DDD, the high isomeric ratios observed for all
sampling sites within Norway (p,p -DDE/ p,p’-DDT 2-5), as well as for 92% of the sites in the
European dataset ((p,p-DDE+p,p’-DDD)/ p,p’-DDT > 1.3), indicate that most sites are
influenced by secondary emissions of technical DDT. As DDXs are relatively low volatility
compounds likely to deposit close to their source, the spatial trends observed suggest that high

concentrations are related to the proximity to historical source regions.

The concentrations of p,p-DDT and p,p -DDE at the European “suburban” sites were higher
(5 and 10 pg/m3 respectively) than both the background concentrations in Europe and the
Norwegian urban samples (0.8 and 3 pg/m?, respectively). Furthermore, the concentrations in
the Norwegian urban samples were higher compared to the Norwegian background
concentrations. The median concentration of p,p -DDE relative to p,p-DDT was lower in the
European “suburban” samples compared to the background sites (p,p -DDE/ p,p -DDT ratio
of 2 and 3 respectively). While the use of technical DDT was different from the 1-PCBs and
also may be related to applications in rural areas, these results suggest a possible continued

influence from primary emissions in the more densely populated areas in Europe.

No significant temporal change from 2006 to 2016 was observed for the >3DDXs (p,p -
DDE/o,p-DDT/p,p’-DDT) within Norway which may in part reflect an increasing influence
of secondary emissions from reservoirs contaminated in the past. In contrast, 12% lower
median atmospheric concentration in 2016 compared to 2006 was observed for Y 4sDDXs (p,p -
DDD/-DDE/-DDT, o,p’-DDT) within Europe. The decline was only significant in the west
region and not in the central-east region where the observed concentrations were the highest
both years (Halse et al., 2011). For some sites that had a lower ratio of (p,p -DDE+p,p -DDD)/
p,p’-DDT) in 2016 than in 2006, the concentrations of p,p-DDT were also increased. This
implies that the influence from primary emissions in 2016 at some sites may be larger than in
2006.

4.6. Aldrin and metabolites
The metabolite dieldrin was detected in 98% of the samples in the European dataset and in 86%
of the samples in the Norwegian dataset. Aldrin, isodrin and endrin, on the other hand, were
only detected in <4% of the samples with median concentrations <1.7 pg/m*. The high
abundance of dieldrin may indicate re-volatilization of either dieldrin and/or aldrin, and

therefore largely reflects elevated emissions from historical use.
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In the correlation analysis, dieldrin was found to strongly correlate with Y schlordanes,
heptachlor-exo-epoxide and oxy-chlordane (r>0.8), reflecting their similar spatial patterns,
with highest concentrations measured in western Europe (e.g. Netherlands and Belgium).
Despite higher median concentration within Europe than within Norway (medians of 4 and 2

pg/m? respectively), the concentrations of dieldrin were not significantly correlated to latitude.

4.7. Chlordanes
In both the Norwegian and European dataset, all four chlordanes and oxy-chlordane were
detected in >79% of the samples. The highest concentrations were found for oxy-chlordane,
cis-chlordane and trans-nonachlor (medians 0.6-1.0), with small differences in concentrations
between the European and Norwegian dataset (Figure 11). Trans-chlordane and cis-nonachlor

were detected at median concentrations of 0.1 to 0.3 pg/m?®.

The occurrence of the metabolite oxy-chlordane strongly suggests influence from secondary
emissions across Europe. Because of greater reactivity of trans-chlordane compared to cis-
chlordane in the environment (Becker et al., 2012; Bidleman et al., 2002), a trans-/cis-
chlordane ratio less than 1.6 at 99% of the sites in the European dataset similarly indicated

historical usage.

The highest concentrations of Y 4chlordanes and oxy-chlordane were measured in the west
region (e.g. Netherlands and Belgium) and therefore suggests the influence from secondary
emissions to be largest in this area. While a positive correlation between » schlordanes and
estimated population density (within 50 km of the sampling sites) was observed, there was no

significant correlation with latitude.

While no significant reduction for Y schlordanes was observed within Norway, the median
atmospheric concentrations within Europe in 2016 were 23% lower compared to 2006. The

decrease was only significant in the west region.

4.8. Heptachlor and metabolites
The degradation product of heptachlor (heptachlor-exo-epoxide) was detected at all sites within
Europe and at 86% of the sites within Norway. Heptachlor, on the other hand, was detected
only in <7% of the European samples and not detected at all in the Norwegian samples. The
detection frequency of the endo-isomer (heptachlor-endo-epoxide) was only 1 and 2% within
Europe and Norway respectively. The dominance of heptachlor-exo-epoxide indicates past
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usage of either heptachlor or technical chlordane, in which heptachlor also is a constituent (7%)
(Dearth & Hites, 1991).

The median concentrations of heptachlor-exo-epoxide within Europe and Norway were 2 and

1 pg/m? respectively (Figure 11), but the positive correlation with latitude was not significant.

Similar to dieldrin and the chlordanes, the highest concentrations of heptachlor-exo-epoxide
were measured in the west region, suggesting a higher contribution of secondary emissions in

this area, compared to other regions.

4.9. Endosulfans
In the Norwegian campaign, endosulfan | was detected at highest concentrations (2 pg/m?®),
while endosulfan 11 and endosulfan sulfate were detected less frequently (100% vs. 5% and
7%) and at lower concentrations (0.4 and 0.3 pg/m? respectively). In the European campaign,
endosulfan | was also detected in highest concentrations (3 pg/m®), while endosulfan 1l and
endosulfan sulfate were detected less frequently (48% and 27% of the samples), and at lower
concentrations (0.7 and 0.5 pg/m?® respectively). As endosulfan 1l is converted to endosulfan |
in the environment (Schmidt et al., 1997; Weber et al., 2010), the high endosulfan I/endosulfan

I1-ratio across Europe (median 8.5), may suggest previous use of endosulfan.

A relatively larger spatial variability was observed for endosulfan | within Europe (MMR 25,
outliers excluded), compared to Norway (MMR 7, outliers excluded) (Figure 11). The
concentrations within Europe were significantly negatively correlated with latitude (r=-0.44),
and suggest a higher influence from secondary emission in the southern part of Europe. It is
also noteworthy that endosulfan 11 is detected more frequently in the European study than in
the Norwegian study, which may be a result of endosulfan 1l being more prone to wet

deposition during LRAT in comparison to endosulfan I (Shen et al., 2005).

4.10. Dechloranes
In the European campaign (Paper I11), syn-DP (<0.1-1.9 pg/m?) and anti-DP (<0.3-11 pg/m?®)
were present across the study area at levels in the lower range of the other POPs (Figure 11).
Due to considerable blank levels (13% and 7% of the average concentrations in the samples),
the concentrations were blank corrected. Still, a lower detection frequency (51% and 44%
respectively of 97 analyzed samples) was observed compared to the POPs. In comparison,
Mirex, one of the flame retardants the DPs have replaced, was detected in 27% at

concentrations (<0.2-1.2 pg/m?3).
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Concentrations of > DPs correlated with latitude (r=-0.21), with the highest concentrations
found in central continental Europe (e.g., northern France, Austria, Netherlands, and
Germany), and concentrations below MDL dominating in the northern part of the study area
(e.g., Norway, Sweden, and Russia). This indicates higher emissions of DP in central Europe
with LRAT to more remote areas. The presence of DPs in the Arctic (i.e. Station
Nord/Greenland and Zeppelin/Spitsbergen) further supports their potential for LRAT. It has
previously been suggested that DPs in the Arctic are transported directly from source areas and
that secondary re-emissions to air from surface media are less likely as these are involatile

chemicals (Hansen et al., 2020).

As anti-DP may be more prone to degradation in the environment than syn-DP (Olukunle et
al., 2018), the fraction of anti-DP (fani = anti-DP/(syn-DP + anti-DP)) may indicate past or
ongoing emissions. Within Europe, fanii ranged 0.6-0.9 and were close to that of the commercial
mixture of DP (Wang et al., 2010). A considerable variation in atmospheric concentrations (i.e.
MMR 61, excluding outliers), give further indications that the concentrations of DP in Europe
are influenced by primary emissions (Jaward et al., 2004).

The concentrations of Y DPs for the “suburban” sites within Europe (n=7) were a factor 5.6
higher compared to remaining background sites (Figure 11). This suggests that primary
emissions of DPs are related to population density, which is expected given their use in
electrical coatings and building materials. The median fani was 0.85 for these high-populated
sites, which is in the upper range of fai for all sites. The ratio is expected to decrease with
increasing distance from source areas, due to atmospheric degradation of anti-DP. A higher

ratio in source areas is therefore expected.

DP was not analyzed in the study by Halse et al. (2011), and comparison to other studies was
therefore necessary to assess a possible temporal change in concentrations. When compared to
results from a study by Schuster et al. (2021b) from 2005-2006, an increasing tendency was
observed at four of the five common sites. However, consistent time-trends are needed to

elucidate the temporal trend of dechloranes in the atmosphere.

Of the dechlorane related compounds, Dec-602 was the only detected compound (in 27% of
the samples), but at relatively low levels (<0.01 to 0.33 pg/m?®) compared to the DPs and POPs.
The other analyzed DRCs were <0.03 pg/m®. Dec-602 was significantly correlated to Y DPs,

but the lower levels suggest lower primary emissions of Dec-602 compared to DPs.
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5. Conclusions

This thesis presents a comprehensive assessment of the occurrence, distribution and main
sources of selected legacy POPs and OCECs in background air across Norway and Europe.
The thesis is based on consistent and high-spatial resolution observations in combination with
mechanistic modelling approaches. This research not only offers new data on how the
atmospheric concentrations of these chemicals vary across European regions, but it also
discusses how the observed spatial variabilities in atmospheric burdens have changed over a
decade. The thesis demonstrates that a combination of observations and mechanistic modelling
may provide valuable insights into the main sources controlling atmospheric burdens of POPs
and OCECs across Europe which cannot be readily inferred from measurements alone. This
knowledge can be used by policy makers to assess potential opportunities for further emission

reductions of legacy POPs.
The main findings by individual compounds / compound groups can be summarized as follows:
I-PCBs:

e GLEMOS predicted secondary emissions to be more important than primary emissions
in controlling atmospheric burdens of PCB-153 across Europe (including Norway),
albeit with a stronger influence of primary sources in the southern part.

e Concentrations of I-PCBs in more populated areas of Europe showed a less noticeable
decline from 2006 to 2016 and a higher spatial variability than the more remote regions.
This suggests that primary emissions sources could still be affecting the atmospheric
concentrations in these areas.

e Low concentrations of I-PCBs were observed in the more remote regions of Europe

(e.g. Norway and the Arctic), mainly attributed to LRAT.
PCB-11:

e PCB-11is present all over Europe, including the Arctic, reflecting its LRTAP.

e Concentrations of PCB-11 were higher in more densely populated areas in Europe.

e The emissions of PCB-11 in Europe are significant, and the sources and/or source
regions of PCB-11 are also notably different to the I1-PCBs.

e The concentrations of PCB-11 that were observed at the most remote sites were higher
than anticipated by the NEM model.
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HCB/PeCB:

e Concentrations of HCB/PeCB were high compared to other POPs with a fairly uniform
distribution across Europe.

e HCB was the only POP with concentrations significantly increasing with latitude, both
within the European and Norwegian dataset.

e HCB was also the only POP with higher concentrations in 2016 than in 2006.

HCHs:

e The concentrations of HCHs were higher than most other POPs, except HCB/PeCB.

e While the distribution of a-HCH across Europe was relatively uniform, y-HCH was
significantly higher in the southern part of Europe.

e Higher concentrations of a-HCH were observed in central-east Europe while higher
concentrations of y-HCH were observed in the west region. Correlations between HCHs
and longitude likely reflect differences in the historical source regions.

e Atmospheric concentrations of HCHs were significantly lower in 2016 compared to
2006 for both isomers.

DDTs and metabolites:

e The highest concentrations of Y sDDXs were observed in the central-east region with
no significant change in concentrations from 2006 to 2016.

e The metabolite p,p’-DDE was the most abundant isomer across Europe. The median
concentration of p,p’-DDE within Europe was 15 times higher than within Norway.

e The results for DDTs suggest that secondary emissions from historical use of technical
DDT are significant. However, continuing primary emissions in more highly-populated

regions in Europe were also indicated.
Aldrin and metabolites:

e Only the metabolite dieldrin was detected across Europe, suggesting an influence from
secondary emissions.

e While high concentrations were measured in the west region (e.g. Netherlands and
Belgium), there were no significant north-south gradient.

e Dieldrin showed a similar spatial pattern as > schlordanes, heptachlor-exo-epoxide and
oxy-chlordane (r>0.8).
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Chlordanes:

The metabolite oxy-chlordane was detected in similar concentrations to the most
dominant isomers from the technical mixture (cis-chlordane and trans-nonachlor).

The trans-/cis-chlordane ratio suggests a large influence of secondary emissions.

A decline in concentrations of ) schlordanes from 2016 to 2006 were only observed in
the west region, where the highest concentrations were measured in 2016.

Heptachlor and metabolites:

The dominance of the degradation product heptachlor-exo-epoxide indicated past usage
of technical chlordane and/or heptachlor in Europe.
The spatial pattern indicated a stronger influence from secondary emissions in the west

region than in the east region.

Endosulfans:

Concentrations of endosulfan | were higher than endosulfan 11 across Europe and
indicated past usage of technical endosulfan, with a higher influence from secondary
emission in the southern part of Europe.

A lower detection frequency of endosulfan 11 in the Norwegian dataset compared to the

European dataset suggested that endosulfan I1 is more readily washed out during LRAT.

Dechloranes:

The detection of syn/anti dechlorane plus (DPs) all over Europe, including the Arctic,
strongly indicates that these chemicals have potential for LRAT.

The concentration of DPs correlated to population density. As DPs are relatively
involatile, this suggests a strong influence by primary emissions.

Dec-602 was the only of the other dechlorane related compounds detected within
Europe, but at concentrations 1-18% of the > DPs.
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6. Future perspectives

Based on the findings in this thesis, recommendations for further investigation are as follows:

The existing monitoring program within Europe measuring POPs in background air
using AAS (EMEP) is based on a very limited number of monitoring sites. This network
is less likely to capture the spatial variability across Europe for less volatile chemicals
that have limited LRATP and/or are characterized by a high spatial variability in
emissions (e.g. DDTs and PCBs). Additional monitoring sites will better capture
gradients in atmospheric burdens in order to identify ongoing emissions and help to
evaluate LRAT models operating with a high spatial resolution.

It is recommended to include DP as well as PCB-11 along with other PCBs in future
monitoring efforts due to their widespread occurrence in background air.

While several atmospheric transport models may be “fit for purpose” for assessing
source-receptor relationships of POPs (e.g. PCB-153), their utility is often hampered
by the lack of reliable emission scenarios (e.g. PCB-11). This mitigates opportunities
to realistically predict concentrations in air for many chemicals. Further efforts are
recommended to develop emission inventories for a wider range of chemicals of interest
and concern.

While the methodological approach for assessing the relative importance of primary
and secondary emission sources (i.e. GLEMOS) was limited to PCB-153, the strategy
should be expanded towards a wider range of semi-volatile organic chemicals in the
future (e.g. HCB).

The number of organic chemicals of concern has greatly increased since the Stockholm
Convention came into effect. As LRATP is among the four hazard criteria which
characterizes a POP, empirical approaches to screen chemicals for LRATP are needed.
Simple and cost-effective strategies like PAS-PUF may play a prominent role in the
initial empirical assessment of LRATP, and also help identify further research needs
and inform chemical management strategies.

High background levels and relatively high method detection limit were observed for
the DPs. This indicates a need to either try to reduce the blank contribution during
sampling and analysis, or to collect larger amounts of analytes (e.g. larger sample
volumes) using alternative approaches to PAS-PUF e.g. targeting the particle phase.
Several emerging organic contaminants are acid labile. Further development of non-

destructive sample preparation methods that remove matrix-related compounds with
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the same efficiency as conventional methods, should be considered. This will make it
feasible to target a broader range of chemicals of interest/concern, such as other
alternative flame retardants.

Despite the semi-quantitative nature related to the PAS-PUF methodology, this study
shows that the method is useful for assessing the spatial distribution of a wide range of
chemicals. However, complementary and/or alternative sampling strategies should be
developed and/or considered in future studies for relatively volatile chemicals that
overreach the linear uptake phase (e.g. PeCB, HCB and PCB-11) as well as for the less
volatile and particle associated chemicals. Examples of alternative sampling strategies
for the more volatile chemicals are those that rely on sorbents with a higher sorptive
capacity, such as XAD. For relatively involatile chemicals that are mainly associated
with particles (e.g. DPs), complementary approaches like active sampling on filters and
deposition samplers should be considered to assess the concentration in air and

atmospheric deposition, respectively.
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ARTICLE INFO ABSTRACT

Edited by Paul Sibley National long-term monitoring programs on persistent organic pollutants (POPs) in background air have tradi-
tionally relied on active air sampling techniques. Due to limited spatial coverage of active air samplers, questions
remain (i) whether active air sampler monitoring sites are representative for atmospheric burdens within the
larger geographical area targeted by the monitoring programs, and thus (ii) if the main sources affecting POPs in
background air across a nation are understood. The main objective of this study was to explore the utility of
spatial and temporal trends in concert with multiple modelling approaches to understand the main sources
affecting polychlorinated biphenyls (PCBs) and organochlorine pesticides (OCPs) in background air across a
nation. For this purpose, a comprehensive campaign was carried out in summer 2016, measuring POPs in
background air across Norway using passive air sampling. Results were compared to a similar campaign in 2006
to assess possible changes over one decade. We furthermore used the Global EMEP Multi-media Modeling System
(GLEMOS) and the Flexible Particle dispersion model (FLEXPART) to predict and evaluate the relative impor-
tance of primary emissions, secondary emissions, long-range atmospheric transport (LRAT) and national emis-
sions in controlling atmospheric burdens of PCB-153 on a national scale. The concentrations in air of both PCBs
and most of the targeted OCPs were generally low, with the exception of hexachlorobenzene (HCB). A limited
spatial variability for all POPs in this study, together with predictions by both models, suggest that LRAT
dominates atmospheric burdens across Norway. Model predictions by the GLEMOS model, as well as measured
isomeric ratios, further suggest that LRAT of some POPs are dictated by secondary emissions. Our results
illustrate the utility of combining observations and mechanistic modelling approaches to help identify the main
factors affecting atmospheric burdens of POPs across a nation, which, in turn, may be used to inform both na-
tional monitoring and control strategies.

Keywords:

POPs

Passive air sampling

Atmospheric transport modelling
Spatial variability

Long-range atmospheric transport
Secondary emissions

1. Introduction The atmosphere represents an important pathway of environmental

transport of POPs from global source regions into background areas

Persistent organic pollutants (POPs) are a group of organic chem-
icals, which mainly includes industrial chemicals and organochlorine
pesticides. They are of international concern due to their slow degra-
dation in the environment, potential to bioaccumulate through food
chains, harmful effects, and ability to undergo long-range environ-
mental transport (LRT). International agreements exist to eliminate or
reduce the release of POPs into the environment (UNEP, 2018).

(Hung et al., 2010; Wania and Mackay, 1993). While temporal trends of
POPs in air from remote regions are available through various interna-
tional monitoring programs, e.g. in Europe (T¢rseth et al., 2012) and
North America (Venier and Hites, 2010), these monitoring programs are
based on a limited network of conventional active air samplers (AAS).
The need for trained personnel, electricity and high costs associated with
AAS, may limit the use in terms of assessing the spatial variability of
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POPs in air. A complementary strategy to expand the spatial coverage, is
to use passive air samplers (PAS) (Jaward et al., 2004; Shoeib and
Harner, 2002). Two examples of major PAS networks are the Global
Atmospheric Passive Sampling network (GAPS) (Pozo et al., 2006) and
the Monitoring Network (MONET) in Europe, Africa and Asia (Holoubek
etal., 2011), which both have contributed to assess spatial and temporal
trends of POPs in air across the globe and on continental scales,
respectively. Further examples of studies on a regional scale include
case-studies in North America (Shen et al., 2005, 2006), Africa (Klanova
et al., 2009), Europe (Halse et al., 2011; Jaward et al., 2004), Asia
(Hogarh et al., 2012; Jaward et al., 2005), and the UK-Norway transect
(Schuster et al., 2010). However, while there are examples of national
monitoring efforts in individual countries like the Czech Republic
(Kalina et al., 2018) and Spain (Munoz-Arnanz et al., 2016) most
case-studies target potential contaminated areas (Kurt-Karakus et al.,
2018; Mari et al., 2008; Menichini et al., 2007; Wang et al., 2007; Zhang
et al., 2008). The number of studies targeting the distribution of POPs
across entire nations with focus on background sites remain limited. This
limits our understanding of the relative significance of long-range at-
mospheric transport (LRAT) versus national emissions in the control of
atmospheric burdens on national scales.

A complicating aspect when seeking to identify factors controlling
concentrations of POPs in air, is the potential for some POPs to undergo
reversible atmospheric deposition from surface media contaminated in
the past (Jones, 1994; Ma et al., 2011; Wania and Mackay, 1996).
Therefore, contemporary concentrations of POPs in air may in part be
controlled by secondary emissions, continuing primary emissions - or
both. If secondary emissions dictate atmospheric burdens across a
nation, further national primary emission reductions may have a smaller
effect on the reduction of national concentrations of POPs in air. As
primary emissions of regulated POPs are likely to decline, the relative
influence of secondary emissions will increase (Nizzetto et al., 2010).
Yet, major uncertainties remain when and where this will happen for
individual POPs. What is known, however, is that many POPs, and
notably industrial chemicals, have a long lifetime in the anthroposphere,
leading to continuing primary emissions. An example includes PCBs
which have been extensively used in long-lived building materials and
electrical products. Primary emissions thus remain decades after pro-
duction has been banned, particularly because significant emissions
largely occur during the waste stage (Breivik et al., 2016; Li and Wania,
2018). Hence, the immediate impact of the Stockholm Convention on
temporal trends of POPs in air has been questioned (Wohrnschimmel
et al., 2016).

In spite of international agreements, there is still a need to assess
further measures to protect human health and the environment from
POPs. To inform policy makers in individual countries, there is a need
for methodologies which may both help to better (i) identify the main
sources controlling atmospheric burdens and (ii) evaluate the efficacy of
any national monitoring strategies.

The key objective of this study is to apply and evaluate a method-
ology using measurements and models in concert to assess the relative
importance of primary emissions, secondary emissions, LRAT and na-
tional emissions in controlling atmospheric burdens of individual POPs
across a nation. For this purpose, a passive air sampling campaign was
carried out, mapping concentrations of POPs in background air across
Norway (Fig. 1). The focus on data-rich legacy POPs is a deliberate re-
striction as this allows us to (i) address chemicals which have seen sig-
nificant historical use, both within and outside the country, (ii) compare
our findings with studies carried out in the past, including long-term
national monitoring efforts, and (iii) parameterize, evaluate and apply
two existing models to help identify the main factors controlling atmo-
spheric burdens.

While this study was carried out in Norway, the methodology may
help inform monitoring programs in other countries, and ultimately
guide opportunities for further control strategies, nationally and/or
internationally.
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Fig. 1. The spatial coverage of sites monitoring POPs with AAS (grey) in the
national monitoring program (Bohlin-Nizzetto et al., 2017) and the spatial
coverage of sites measuring POPs with PAS (black) in this study.

2. Materials and methods

2.1. Sampling

In our study, air samples were collected across Norway (58°N to
79°N, 5°E to 31°E), using the same passive air samplers as within the
MONET program (Kalina et al., 2017; Markovic et al., 2015), with
polyurethane foam (PUF) as sampling medium, and with the same
theoretical principles as described by Harner et al. (2004). The PUF disks
were spiked with a performance reference compound (PRC) mixture (SI
1.1.3) for assessing sampling rate variability from site to site.

A total of 47 PUF-PAS were deployed for three months during sum-
mer 2016 (Fig. 1), at 45 remote sites (ranging from 58°N to 71°N) on
mainland Norway, and two pristine sites on Svalbard (79°N). In addi-
tion, PUF-PAS were concurrently deployed at ten urban sites around the
city of Oslo (60°N), to compare background concentrations with mea-
surements from an area expected to be more influenced by local emis-
sions. The obtained concentrations where compared to concentrations
from AAS at three monitoring sites in the national monitoring program
(Fig. 1) (Bohlin-Nizzetto et al., 2017). More details on the sampler
preparation, deployment and exact locations of the sampling sites are
given in the Supporting Information (SI).

2.2. Sample extraction and clean-up
At the end of the deployment period, the PUF-PAS were retrieved and

returned to the laboratory at NILU - Norwegian Institute for Air
Research. Details of sample extraction and clean-up are given in SI 1.2.
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2.3. Instrumental analysis

The samples were analyzed for 31 polychlorinated biphenyls (PCBs),
including six indicator PCBs (PCB-28, -52, -101, -138, -153 and -180),
and 29 organochlorine pesticides (OCPs). The OCPs included penta- and
hexachlorobenzene (PeCB/HCB), hexachlorocyclohexanes (HCHs),
DDTs, chlordanes (CD), aldrin, endosulfans and their metabolites.
Identification and quantification were carried out using a gas chro-
matograph (GC) coupled to a high-resolution mass spectrometer
(HRMS). Details of the instrumental analysis and a list of all target
compounds are given in (SI 1.3, Table SI-1.3b-c).

2.4. Quality assurance/quality control

Five method blanks and three field blanks were extracted and
analyzed in the same way as the exposed samples (SI 1.4.1). All blanks
had comparable levels and were used to calculate the method detection
limit (MDL) (Table SI-2.1).

Of the 60 targeted analytes, only the analytes with high detection
frequency (> 60% above MDL) have been evaluated in this study, i.e. 18
PCBs and 14 OCPs. The average concentrations of these selected ana-
lytes in background air exceeded the MDLs by a factor of 2-185. Con-
centrations below MDL were set to 2 MDL for the calculation of sum,
average and median, and for the statistical analysis.

In addition to using 13¢ Jabelled internal standards (ST 1.4.2) to
compensate for possible loss during sample preparation, three PUFs
spiked with a '2C-mixture of all target analytes were analyzed for
method quality control (bias —2%—6% for PCBs and —13%—16% for
OCPs, SI 1.4.3). In order to evaluate the reproducibility of the PAS
method, two PUF-PAS were co-deployed at three sites (relative standard
deviation 0-16% for PCBs and 0-17% for OCPs, SI 1.4.4).

2.5. Deriving concentrations in air

Concentrations of POPs in air were estimated from the amounts
found in the samplers and the widely used template of Harner (2017).
The uncertainties and semi-quantitative nature of PUF-PAS has been a
topic of several publications (Bohlin et al., 2014; Holt et al., 2017; Kalina
etal., 2017; Melymuk et al., 2014; Wania and Shunthirasingham, 2020).
Studies show that PUF-PAS is a useful tool for compounds with similar
volatility range, such as the PCBs and OCPs targeted in this study. In our
study, the uncertainties were minimized by using PRCs and site-specific
environmental conditions in estimating site-specific sampling rates, as
recommended by the PAS community.

The PUF-characteristics, air temperature at each site (4-16 °C,
average: 12 °C), measured loss of PRCs and their temperature-adjusted
octanol-air partition coefficients (Kpa), were used to calculate site-
specific sampling rates (2.8-4.5 m®/day, average: 3.6 m®/day) and to
derive actual air concentrations (SI 1.5). This approach is described in
detail by Moeckel et al. (2009). Compounds with low Kop (e.g. HCB,
PCB-18 and -28), will approach equilibrium between the PUF-PAS and
the air during the deployment period in this study. This means that the
uptake is not gradually increasing during the whole sampling period as
predicted by the template (Harner, 2017) and that the PAS does not
provide a true time-averaged concentration (Wania and Shunthirasing-
ham, 2020). Underestimation of the concentrations in air for these
compounds might therefore be possible.

2.6. Data analysis

The ratio between maximum and minimum concentrations in air
(MMR) was used as a simple measure of the spatial variability, as uti-
lized in e.g. Halse et al. (2011) and Jaward et al. (2004). Outliers outside
the maximum according to a boxplot of the concentrations are excluded,
as described in SI 1.6.1. When samples below MDL are present, MDL is
used as the minimum value.
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To further assess the variability across the study region, possible
latitudinal gradients, differences in background concentration levels
between southern- and northern Norway (divided by the Polar circle),
and changes over the last decade were examined.

All statistical analyses (linear correlation, significance) were per-
formed by using R Studio V1.1 as described in SI 1.6.

2.7. Atmospheric transport modelling tools

The Global EMEP Multi-media Modeling System (GLEMOS, 2020)
developed by the Meteorological Synthesizing Centre - East under the
European Monitoring and Evaluation Programme (EMEP), was used to
evaluate whether the observed spatial patterns of PCB-153 can be
reproduced by the model. Further, GLEMOS was used to predict the
contributions attributed to the four source categories examined. The
GLEMOS model predicts both the contributions of primary- and sec-
ondary emissions. While GLEMOS separates between contributions from
primary emissions, whether attributed to national emissions or LRAT
(within/outside the EMEP domain), the origin of secondary emissions is
not defined. The contributions from primary emissions alone were
further predicted by the Lagrangian particle dispersion model, FLEX-
PART V10.4 (Pisso et al., 2019). The model analysis does not include
potential emissions of PCB-153 from wildfires (Eckhardt et al., 2007).
The spatial resolution of GLEMOS was 0.4° x 0.4° within the EMEP
domain, and 1° x 1° outside EMEP. As the model is gridded, the size of
individual grid cells (0.4° x 0.4°) varies latitudinally from 1056 km?>
(58°N) to 352 km? (79°N). The spatial output resolution of FLEXPART
was 1° x 1°. Both models generated predictions for each individual site,
corresponding to the actual deployment periods. Further details of the
modelling tools are given in SI 1.7.

3. Results and discussion

A summary of the calculated concentrations in air, method detection
limits and MMRs of selected POPs in air at Norwegian background sites
(including Svalbard) are presented in Table SI-2.1, and a more detailed
discussion of the occurrence of the selected POPs is given in SI 2.1. Data
for all target analytes at the individual sites are included in Table SI-
2.2a-b.

For comparison, Table SI-2.3 shows literature data for background
sites in other mapping studies of POPs with PUF-PAS on a regional/
global level, and a more thorough comparison with the urban area is
given in SI 2.2.

3.1. PCBs

18 PCB congeners were detected in more than 60% of the samples.
The average concentrations of ) 1gPCBs from the background sites were
5 pg/m® (2-13 pg/m>) and > 6PCBs 2 pg/m® (1-6 pg/m>). The con-
centrations of ) ¢PCBs in air are in the lower range of the concentrations
found in other studies using PUF-PAS from the last 20 years on a regional
or global scale (2-121 pg/mg, Table SI-2.3) (Gioia et al., 2007; Halse
et al., 2011; Jaward et al., 2004; Pozo et al., 2009). The concentrations
reported herein are also in the lower range of the more recent studies on
a national level, e.g. > ¢PCBs in air across Czech Republic that ranged
11-60 pg/m® (Kalina et al., 2018), Turkey that ranged 5.6-47 pg/m>
(Kurt-Karakus et al., 2018) and Spain where ) ;gPCB ranged
0.1-386 pg/m3 (of which 86% consists of ZgPCBs) (Torre et al., 2016).

However, the average concentration for ) ¢PCBs in air within the
urban area included in this study was 23 pg/m® (ranging from 5 to
42 pg/m®), which is approximately ten times higher than in Norwegian
background air and more similar to the concentrations in Czech Re-
public and Turkey.

The concentrations of ) cPCBs in 2016 were significantly reduced
(by ca. 50%) compared to the concentrations in 2006 from the same sites
(Table 1). This decline is in agreement with a declining trend from 2006
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Table 1
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Percentage change in concentrations in air of selected PCBs, OCPs and relevant isomer-ratios since 2006. The difference in concentrations at each site was used in the
calculation of p-values. P-values less than 0.05 (bold) indicate a significant increase or decrease for all sites combined.

Site Zeppelin® Birkenes® Hurdal® Kaarvatn® Tustervatn® Karasjok® Oslo” P-value®
>~ 6PCBs —48% -32% —69% 25% -31% —60% -52% 0.016
PCB-28 -57% -44% -63% -21% -44% -64% -41% 0.008
PCB-153 -10% -28% -78% 116% 33% -53% -42% 0.078
HCB 30% 85% 50% 146% 132% 58% 59% 0.008
>"3DDXs -77% 48% -18% 7% -43% -51% -11% 0.19
a-HCH -21% -8% -36% 43% 10% -17% —46% 0.078
y-HCH -3% 5% -27% 98% —4% -23% -33% 0.23

> oHCHs -19% -3% -32% 63% 7% -18% -39% 0.23

> 4Chlordanes —-46% 26% 100% 38% -53% 0.41

2 Halse et al. (2011).
b Halse et al. (2012), 2016-data based on the average for the urban sites.
¢ Two-sample Wilcoxon, paired, 1-sided.

to 2016 of PCBs in Norway and the Norwegian Arctic as reported within
the national air monitoring program using AAS (Bohlin-Nizzetto et al.,
2017; Hung et al., 2016).

The most abundant PCBs were PCB-18 (17%), PCB-52 (14%), PCB-28
(10%), PCB-31 (10%) and PCB-101 (10%), with the contribution to the
average concentration of ) 1gPCBs given in parentheses. > ¢PCBs
contributed 44% to 3 1gPCBs, and the contribution of each of the six
indicator PCB congeners to ) ¢PCBs is given in Figure SI 2.1. The
abundances generally reflect the dominance of these specific PCB con-
geners in technical PCB mixtures (Breivik et al., 2007), but with a higher
relative abundance of the more volatile tri- and tetra-CBs.

Spatial differences in the influence of LRAT and national emissions
were anticipated as Norway is geographically located along an expected
pollution gradient from south to north (58°N to 79°N). The spatial dis-
tribution of concentrations of > ¢PCBs in air is shown in Fig. 2a. Large
differences in concentrations within a region suggest that local atmo-
spheric primary- and/or secondary emissions are influencing the at-
mospheric concentrations (Jaward et al., 2004). The MMRs of the six
indicator PCBs detected at all sites varied between 3 and 4
(Table SI-2.1). The highest concentrations were generally observed in
southern Norway while the lowest were observed in Northern Norway
(Fig. 2a). The exception is the eastern-most part of northern Norway
where elevated concentrations of > ¢PCBs were observed
(2.2-4.1 pg/mg), comparable to the southern-most sites. This part is
close to the Kola peninsula, a highly industrialized area considered to be
a source region for many different environmental pollutants (Berglen
et al., 2015; Polder et al., 2008; Sandanger et al., 2013; Tgrseth and
Semb, 1998).

The obtained MMRs in Norway (Table SI-2.1) are small compared to
the MMRs in Europe (35, 25, 84, 102, 87 and 122 for PCB-28, -52, -101,
-138, -153 and -180 respectively) in the study by Halse et al. (2011).
MMR of ) 6PCBs from the background sites within the southern Norway
region (5) does not differ significantly from MMR within the northern
region (4), despite that southern Norway is more densely populated.
These findings suggest a limited importance of local sources at back-
ground sites in our study. The declining trend of ) ¢PCBs with latitude
(p-value 0.03, r —0.33) and significantly higher levels in southern
Norway (one-sided p-value < 0.05), point towards an enhanced influ-
ence from source areas in this region. Source regions in Europe are
identified to exist (Breivik et al., 2007). This, combined with differences
in MMRs between Norway and Europe indicates that the occurrence of
PCBs in Norway may be influenced by source regions in Europe.

Minor differences in the spatial patterns for the individual congeners
were expected, due to differences in LRAT potential (Beyer et al., 2003).
In our study, concentrations of PCB-153 significantly decreased with
latitude (p-value 0.0016, r —0.46) and were significantly higher (by a
factor of two) in southern Norway than in northern Norway (p-value
0.022). The concentrations of a more volatile congener, PCB-28, showed
no significant correlation with latitude (p-value 0.16, r —0.21).

However, the local contribution in the eastern-most part of northern
Norway was prominent for the concentrations of PCB-28
(Figure SI-2.2a). Consequently, the correlation with latitude was sig-
nificant also for PCB-28 (p-value 0.020, r —0.37) when disregarding
samples from this area. The LRAT potential is limited by a combination
of net atmospheric deposition and reactivity of the PCB congener in air
(Beyer et al., 2003). Both processes are strongly affected by temperature.
While colder air temperatures favor atmospheric deposition, higher
temperatures favor atmospheric reaction. Our study was carried out
during summer, with average temperatures during the sampling period
ranging from 4° to 16 °C (Table SI-1.6), declining with latitude
(r —0.70). Taken together, this suggests that the observed reduction in
concentrations of PCB-153 with latitude may be better explained by
atmospheric deposition, rather than atmospheric reaction. Removal by
atmospheric reactions, on the other hand, is likely to have a greater
relative importance for PCB-28 (Wania and Daly, 2002).

The dominance of LRAT in Norway was also evident in the studies of
Halse et al. (2012) and Schuster et al. (2010). The statistical analysis
suggested that there were no significant changes in spatial patterns of
PCB-28 or PCB-153 over the last decade (Figure SI-2.4). A halving of the
MMR of PCB-153 from 2006 to 2016 (Table SI-2.4), indicates that the
influence from primary sources may have decreased, but there was no
significant decline in the concentrations of PCB-153 (Table 1) support-
ing this indication. Altogether, this suggests that the sources of PCB-28
and PCB-153 in 2006 and 2016 are comparable.

A comparison of the concentrations obtained by the PUF-PAS and
conventional AAS (Bohlin-Nizzetto et al., 2017) are provided in
Table SI-2.5 and Figure SI-2.5. The PUF-PAS resulted in higher con-
centrations of most PCB congeners at Birkenes and Andgya while the tri-
and tetra-CBs were lower with PUF-PAS than AAS at Zeppelin. At Bir-
kenes, the percentage deviation relative to AAS results varied from
—58% up to —150% for 17 of the PCBs. A larger negative deviation was
observed at Andgya (—139% up to —473%), where the concentrations
from PUF-PAS most likely are overestimated as a consequence of
underestimated sampling rate due to wind effects (SI 1.5.5). At Zeppelin,
negative deviation values (—24% up to —122%) were observed for the
penta-, hexa- and hepta-CBs, while positive deviation values were
observed for tri- and tetra-CBs (+24% up to +86%). Both data sets also
report high detection frequency of tri-CBs. PCB-180, the least volatile
indicator PCB, contributed to the same extent to ) ¢PCBs in the passive
air samplers as in the high-volume AAS confirming the utility of PAS for
PCBs in air. The national monitoring using AAS shows that the con-
centration of ) ¢PCBs is almost a factor of three higher at Birkenes
(southern Norway) than at Andgya (northern Norway) (Bohlin-Nizzetto
et al., 2017). Both the observation of higher > ¢PCBs concentrations in
southern Norway and low spatial variability are consistent with our data
using PAS. This suggests that the data from the existing monitoring
stations in Norway largely explain the spatial variability of PCBs in air
across Norway. However, elevated concentrations in hotspots/source
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Fig. 2. (a)-(d): Concentrations of ) ¢PCBs(a), HCB (b), a-HCH (c) and y-HCH (d) at 45 remote sites (ranging from 58°N to 71°N) and two pristine sites on Svalbard
(79°N). Exact locations of the background sites are given in Table SI-1.1. Data for all target analytes at the individual sites, including the ten urban sites around Oslo

(60°N) are included in Table SI-2.2a-b.
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areas like urban areas and industrial sites are not captured by the
background monitoring sites.

3.2. OCPs

Among the targeted 29 OCPs, only 14 OCPs were detected in more
than 60% of the samples. These included PeCB/HCB, o-/y-HCH
(3"2HCHs), p,p’-DDE/o,p’-DDT/ p,p’-DDT (3 3DDXs), chlordanes (i.e.
trans-/cis-Chlordane/-Nonachlor), Heptachlor-exo-epoxide, Dieldrin
and Endosulfan I. Except for HCB, the OCP concentrations (< MDL-
13 pg/m®) are generally in the lower range of concentrations found in
other studies using PUF-PAS (Table SI-2.3). The highest average con-
centrations of OCPs in this study were observed for HCB (75 pg/m3) and
PeCB (22 pg/m®), followed by a- and y-HCH, Endosulfan I and Dieldrin
(2-7 pg/ 'm®). The concentrations of HCB, HCHs and DDXs were, like the
PCBs, in agreement with active air measurements in the national air
monitoring program (Bohlin-Nizzetto et al., 2017) (Table SI-2.5). The
PAS resulted in higher concentrations for all OCPs at all three sites. At
Birkenes and Zeppelin, the percentage deviation of PAS relative to AAS
varied from —55% up to —178% for all OCPs. Similar to the PCBs, the
largest negative relative deviations were observed at Andgya, which
varied from —241% up to —500% for all OCPs. This is most likely caused
by poor performance of the PAS under the high wind speeds at Andgya.

The concentrations of HCB in our study were in the upper range of
the concentrations reported in other studies (Table SI-2.3), with the
highest concentrations of HCB observed in the Norwegian Arctic
(130-136 pg/ms). While the HCHs, DDXs and chlordanes did not show
any significant change in concentrations between 2006 (Halse et al.,
2011) and 2016 (Table 1), the concentrations of HCB were similar or
higher (up to a factor of 2.5) than the concentrations measured at the
same sites a decade ago. This suggests increasing HCB concentrations in
this region. High concentrations of HCB as well as increasing concen-
trations of HCB in the Arctic during the same decade have also been
reported under the Arctic Monitoring and Assessment Programme
(AMAP) (Bohlin-Nizzetto et al., 2017; Hung et al., 2016). Re-emissions
due to increased temperatures and e.g. reduced sea ice coverage has
been put forward as one explanation (Hung et al., 2010; Ma et al., 2011).
One reason for apparent lower concentrations in warmer regions
(Table SI-2.3), may be that HCB, due to its low Ko, that decreases with
temperature, has entered the curvilinear uptake phase during the
deployment period. Assuming linear uptake for all the deployment time
may have lead to an overestimation of the effective air sample volume
and hence an underestimation of the concentrations in air is likely.

The spatial patterns of selected OCPs are presented in Fig. 2b-d. The
MMRs varied between 2 and 7 for the compounds detected at all sites
(Table SI-2.1). The low spatial variability indicates that LRAT is the
main source for these OCPs in Norway.

Despite the low spatial variability for most OCPs, there are some
differences for individual OCPs. Similar to the PCBs, these differences
are likely influenced by differences in LRAT potential (Beyer et al.,
2003). The OCPs with highest volatility, e.g. the chlorobenzenes and
HCHs, have low MMRs (2-4). There is no significant difference between
the concentrations of HCB in southern Norway (52-103 pg/m>) and
northern Norway (52-136 pg/m3) (p-value 0.35), nor between the
background sites (52-136 pg/m3) and the urban sites (45-85 pg/m3)
(p-value 0.48). The consistent concentrations of HCBs across Norway
testifies that atmospheric burdens are controlled by LRAT. This has also
been shown on regional levels (Jaward et al., 2004; Koblizkova et al.,
2012). As HCB is both relatively volatile and very persistent in the at-
mosphere, it is not possible to make any inferences about the likely
source regions on the basis of data presented herein. The concentrations
of o-HCH (4-13 pg/m>) were also uniformly distributed across the study
region (south/north p-value 0.35, urban sites 3-8 pg/m3). However, the
concentrations of the y-isomer were significantly higher in southern
Norway than in northern Norway (p-value < 0.001). Consequently, the
a/y-HCH ratio in northern Norway (4) was significantly higher
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compared to southern Norway (2). Even lower ratios than 2 are observed
at more southern sites in continental Europe (Halse et al., 2011; Aas and
Bohlin-Nizzetto, 2018), as a consequence of higher concentrations of
y-HCH. The south-north differences of the a- and y-isomers may reflect
that the y-isomer is more prone to wet deposition than the a-isomer
during atmospheric transport (Shen and Wania, 2005), but also the
proximity of southern Norway to historical source regions of y-HCH
(Breivik et al., 1999).

The concentrations of }_4Chlordanes or Heptachlor-exo-epoxide did
also not differ significantly between southern and northern Norway (p-
value 0.48 and 0.12, respectively). On the other hand, the concentra-
tions of the less volatile OCPs, e.g. > sDDXs and Endosulfan I, were
significantly higher in southern Norway than northern Norway (p-value
< 0.001 and 0.027, respectively), and showed the highest MMRs of the
OCPs (6 and 7, respectively). The spatial patterns were similar for all the
three individual DDX-isomers. Elevated concentrations of Dieldrin were
also found in the south (p-value 0.019).

Concentrations of Endosulfans in background air were dominated by
Endosulfan I, and Endosulfan II was only detected in 5% of the samples.
This pattern could be expected as the composition of the technical
mixture is 70:30 Endosulfan I: Endosulfan II. Secondly, Endosulfan II is
more water-soluble than Endosulfan I (Shen and Wania, 2005) and
thereby more easily washed out from the atmosphere, i.e. Endosulfan II
is less prone to LRAT. Finally, it has also been reported that Endosulfan IT
is converted to Endosulfan I in environmental matrices (Schmidt et al.,
1997; Weber et al., 2010).

The relative abundance of parent and metabolite compounds can be
used to evaluate possible recent use of OCPs like DDTs (Pozo et al., 2009;
Su et al., 2008). The p,p’-DDE/p,p’-DDT ratio was high (2-5) for all
sampling sites, indicating influence from aged DDT. The high ratio may
however also be caused by a higher volatility of p,p’-DDE than p,p’-DDT
(Ricking and Schwarzbauer, 2012), resulting in higher mobilization of p,
p’-DDE from source areas (e.g. contaminated soil) to air. The high ratio,
together with dominance of other transformation products/metabolites
indicative of past usage, i.e. oxy-chlordane, heptachlor-exo-epoxide and
dieldrin, may suggest that secondary sources are important for the
occurrence of other OCPs in the Norwegian atmosphere. Given that
trans-Chlordane degrades more easily in the environment than
cis-Chlordane, the low trans-CD/cis-CD ratio (< 1) substantiates that the
levels of Chlordanes are mainly due to previous use (Bidleman et al.,
2002; Harner et al., 2004).

Norway comprises both areas dominated by coastal and by inland
climate. It has previously been established that oceans are major res-
ervoirs of «-HCH (Jantunen and Bidleman, 1996; Macdonald et al.,
2000). In a study by Shen et al. (2004) on HCHs in air across Northern
America, elevated concentrations of a-HCH were observed in air at
coastal sites, reflecting re-emissions from the sea. A similar finding has
been reported in Norway (Halse et al., 2012). Figure SI-2.7 shows that
the concentrations of a-HCH in air at coastal areas in our study are
significantly higher (p-value 0.04) than in inland areas. This indicates a
possible difference in secondary emissions from marine and terrestrial
pollutant reservoirs, respectively.

3.3. Model predictions of PCB-153

3.3.1. Evaluation against observations

The map in Fig. 3 illustrates the observed spatial pattern of PCB-153
in concert with the reproduction by GLEMOS. In general, GLEMOS
largely captures the observed PCB-153 concentrations; 75% of the pre-
dicted concentrations were within a factor of three of the observations
(Figure SI-2.15 a). For FLEXPART, 80% were within a factor of three of
the observations (Figure SI-2.15 b). Both models underestimate con-
centrations in air. This may in part be due to differences and large un-
certainties in primary emissions used as input to the models. In
FLEXPART, the European emissions were 3 kt, based on data from a
global emission inventory (Breivik et al., 2007), while for GLEMOS
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Fig. 3. The observed spatial pattern of PCB-153 across all Norwegian sites
(dots) in concert with concentrations predicted by GLEMOS (colored back-
ground). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

primary emissions of 1 kt were used as input. In contrast to FLEXPART,
GLEMOS relies on national emission data whenever available, com-
plemented with data from the global emission inventory for gap filling
whenever official data is lacking. Hence, differences in predicted con-
centrations were anticipated. This may also help to explain why FLEX-
PART predicted higher concentrations than GLEMOS in 61% of the cases
(Figure SI 2.15c¢).

However, the FLEXPART predicted concentrations of PCB-153 in air
at Svalbard (0.02 pg/m3) were more than a factor of three lower than
both the measured concentrations (Figure SI-2,15b) and the concen-
trations predicted by the GLEMOS model (Figure SI-2.15c), in spite of
using higher emissions as model input. FLEXPART furthermore predicts
a higher spatial variability (MMR = 27) than both observed (MMR = 4)
and predicted by GLEMOS (MMR = 6). Possible explanations could be
that FLEXPART overestimates atmospheric loss processes during LRAT,
e.g. atmospheric reaction, and that it ignores secondary emissions.

3.3.2. Predicted sources and source regions

As climatic conditions in Norway are highly variable, e.g. between
high and low latitudes, the relative significance of primary- and sec-
ondary emissions may vary spatially. GLEMOS predicted secondary
emissions to be approximately four times more important (82%, median
value) than primary emissions of PCB-153 at all Norwegian background
sites combined (Fig. 4). Table SI-2.6 shows the predicted source

%
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° T o Within/around
40 7 city of Oslo
—_— /
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[e]
0 —
T T T
Secondary Primary (LRAT) Primary (Norway)

Fig. 4. Predicted contributions from primary and secondary emissions con-
trolling atmospheric burden of PCB-153 across all Norwegian sites. Data
represent the distribution of predictions by GLEMOS.
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contributions to the concentrations of PCB-153 (in %) from secondary-
and primary emissions for each site. Differences in source contributions
to the concentrations of PCB-153 in southern- and northern Norway, are
illustrated by the southern site 49 (0.78 pg/m3) and the northern site 23
(0.13 pg/m®), in Figure SI-2.16a and 2.17a. Contribution from second-
ary emissions were dominating at both sites (83% and 77%,
respectively).

The median contribution from primary emissions was predicted to be
17% across all background sites, mostly attributed to LRAT (15%).
Hence, the predicted median contribution from national emissions was
only 2% for the background sites. As the spatial variability predicted by
GLEMOS (MMR = 6) was comparable to observations (MMR = 4), this
provides a strong argument for secondary emissions (whether domestic
or not) and LRAT being highly influential.

GLEMOS predicted that LRAT due to primary emissions from western
Europe (e.g. UK, Germany and France) were more influential in southern
Norway (site 49) than in northern Norway (site 23). The predicted
source regions are in accordance with model predictions from FLEX-
PART (Figure SI-2.16b). GLEMOS further predicted that the primary
source contribution from Sweden (1%), Finland (2%) and non-EMEP
countries (10%) were higher for the site in northern Norway,
compared to the site in southern Norway (0%, 0% and 3% respectively).
The predicted relative contributions from primary emissions at the
eastern-most part of northern Norway using GLEMOS (e.g. site 12
Figure SI-2.18a-b), were dominated by non-EMEP countries (6%), fol-
lowed by Russia (3%), and may explain the somewhat elevated con-
centrations observed in this region (Fig. 3).

GLEMOS predicted secondary emissions to be least important for
PCB-153 at Svalbard in relative terms (54% for site 96, Figure SI-2.19a).
While the absolute contribution from primary emissions is comparable
to other Norwegian sites, this suggest secondary emissions are far less
influential in absolute terms, compared to the other sites discussed.
Interestingly, the relative contribution from primary emission sources
outside EMEP (42%) is also predicted to be higher than at any of the
other Norwegian sites (2%-16%).

3.3.3. Spatial variability in an urban area

The measured concentrations of PCB-153 in the urban area (one of
the ten urban samples was excluded due to contamination during
deployment) (Figure SI-2.12) ranged from 0.57 to 6.2 pg/m°, and hence
the spatial variability within the urban area was higher (MMR=11) than
for the background sites (MMR = 4). The median concentration of PCB-
153 in the urban area was eight times higher than all the background
sites combined. However, the GLEMOS predicted concentrations within
the city of Oslo were generally underestimated and did not show any
variability (0.33-0.37 pg/m?>, dark blue, Figure SI-2.15a). This could be
expected as GLEMOS is not designed to accurately resolve urban-rural
gradients at a fine spatial resolution. Secondly, the sampling strategy
in Oslo was targeting urban areas, rather than individual model grid
cells. Hence, the measurements are probably biased towards areas with
elevated emissions, while the predicted concentrations are based on
emissions averaged over larger areas in the model.

Despite this, the model predicted the highest contribution from pri-
mary emissions in the urban area (23% on average) and at two sites in
the vicinity of Oslo (sites 54 and 55). The contribution from national
primary emissions was predicted to be 16%, compared to 2% for the
background sites, suggesting local sources in the urban area.

4. Conclusions

The results of this multi-sited passive air sampling campaign are
consistent with data reported from active air measurements from the
national monitoring program. This suggests that the existing back-
ground monitoring stations largely capture the spatial variability of
most of the selected POPs across Norway. A larger spatial variability was
observed in some specific regions (the city of Oslo and north-eastern
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Norway). Elevated concentrations in the urban area may also call for
complementary monitoring efforts in source regions.

Minor temporal changes were observed for most POPs when
compared to concentrations measured a decade ago. This is also in line
with the national monitoring program. A less noticeable decline in air
concentrations of POPs has been reported in recent years, despite a
reduction in primary emissions. This may be due to an increasing in-
fluence of secondary emissions from reservoirs contaminated in the past.
This aligns well with measured isomeric ratios which indicated weath-
ered signals.

The results indicate dominance of LRAT in this region as i) the spatial
variability is limited for most of the targeted POPs, ii) the concentrations
of the POPs in background air are low, and iii) there is a typical south-
north gradient of less volatile compounds prone to wet deposition (e.g.
y-HCH, DDXs and Endosulfan I).

Model predictions for PCB-153 by two different atmospheric trans-
port models (GLEMOS and FLEXPART) indicated that LRAT mainly
originates from western Europe. The GLEMOS model predicted further
that secondary emissions of PCB-153 dominated (54%-92%) across the
whole study area.

Though GLEMOS predicted the relative importance of primary
emissions, secondary emissions, LRAT and national emissions, these
results are restricted to PCB-153. The predicted spatial patterns need to
be confronted with measurements to evaluate whether models obtain
satisfactory results. Nonetheless, this example illustrates that a combi-
nation of spatial mapping using PAS and mechanistic modelling may
provide valuable insights into the main sources controlling atmospheric
burdens of PCB-153 on a national scale which cannot be readily inferred
from measurements alone. The methodological approach explored in
this study may be further developed and used to inform national
monitoring efforts in countries other than Norway and for chemicals
other than PCB-153.
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1 Materials and Methods detailed
Tables:

Table SI-1.1. Location of all sampling sites

Site no. |Sampling site: Latitude (DMS): | Longitude (DMS): | Sampling start: | Sampling End: Type:
1 Baerum 59°57'09.5" 10°29'16.9" 14.06.2016 13.09.2016 Urban
2 Holmenkollen 59°58'37.0" 10°40'50.8" 14.06.2016 13.09.2016 Urban
3 Maridalen 59°58'13.5" 10°46'05.4" 14.06.2016 13.09.2016 Urban
4 Skgyen 59°55'11.3" 10°41'23.3" 14.06.2016 13.09.2016 Urban
5 Sofienbergparken 59°55'23.1" 10°45'56.8" 14.06.2016 14.09.2016 Urban
6 Alnabru 59°55'17.8" 10°50'11.6" 14.06.2016 13.09.2016 Urban
7 Gamle Oslo 59°54'14.0" 10°47'35.0" 15.06.2016 14.09.2016 Urban
8 Botanisk hage 59°55'08.3" 10°46'07.8" 15.06.2016 14.09.2016 Urban
9 Dronningparken 59°54'58.4" 10°43'28.3" 17.06.2016 16.09.2016 Urban
10 Kjeller 59°58'31.8" 11°03'16.0" 18.06.2016 16.09.2016 Urban
11 Grogtfjord 69°46'30.7" 18°36'17.7" 16.06.2016 16.09.2016 Remote
12 Karpdalen 69°39'23.8" 30°25'14.3" 20.06.2016 21.09.2016 Remote
13 Neiden 69°38'46.5" 29°27'59.6" 20.06.2016 21.09.2016 Remote
14 |Ekkergy 70°06'38.8" 30°11'00.7" 20.06.2016 22.09.2016 Remote
15 |Vardg 70°26'17.4" 30°51'36.9" 21.06.2016 22.09.2016 Remote
16 |Vestertana 70°28'23.6" 27°56'57.0" 22.06.2016 22.09.2016 Remote
17 Hopseidet 70°47'55.3" 27°43'42.4" 22.06.2016 22.09.2016 Remote
18 |Lakselv 69°49'42.1" 25°09'30.2" 23.06.2016 23.09.2016 Remote
19 |Karasjok 69°28'40.8" 25°28'39.5" 23.06.2016 23.09.2016 Remote
20 |Slatten 70°43'59.8" 24°36'17.7" 24.06.2016 23.09.2016 Remote
21 Kvaenangsbotn 69°43'21.4" 22°04'01.9" 20.06.2016 24.09.2016 Remote
22 |Tamokdalen 69°11'15.7" 19°46'31.0" 20.06.2016 24.09.2016 Remote
23 @verbygd 69°00'40.5" 18°59'04.9" 25.06.2016 24.09.2016 Remote
24 Innhavet 67°58'20.3" 15°58'15.9" 26.06.2016 27.09.2016 Remote
25 Bg i Vesteralen 68°46'24.8" 14°40'21.6" 26.06.2016 05.10.2016 Remote
26 |Andgya 69°16'47.0" 16°00'30.5" 27.06.2016 05.10.2016 Remote
27 Svolveer 68°14'01.1" 14°30'28.6" 27.06.2016 05.10.2016 Remote
28 Moskenes 67°54'10.1" 13°03'18.1" 28.06.2016 03.10.2016 Remote
29 Bodg 67°23'17.9" 14°39'36.7" 29.06.2016 28.09.2016 Remote
30 |@vrevatn 67°13'07.0" 15°35'29.2" 29.06.2016 28.09.2016 Remote
31 |Balvatn 67°01'45.2" 15°59'06.2" 29.06.2016 28.09.2016 Remote
32 |Junkerdal 66°48'45.9" 15°25'33.6" 30.06.2016 29.09.2016 Remote
33 |Tustervatn 65°49'50.8" 13°54'23.4" 30.06.2016 29.09.2016 Remote
34 |Namsvatn 64°58'22.0" 13°35'28.5" 01.07.2016 30.09.2016 Remote
35 |Aglen 64°37'56.7" 11°04'05.6" 03.07.2016 30.09.2016 Remote
36 |Momyra 64°06'00.1" 10°30'34.4" 03.07.2016 01.10.2016 Remote
37 Bjgrndalselva 63°49'19.0" 10°14'39.9" 03.07.2016 01.10.2016 Remote
38 Hummelfjell 62°27'33.7" 11°18'01.0" 04.07.2016 03.10.2016 Remote
39 |Valdalen 62°04'41.0" 12°07'04.9" 04.07.2016 03.10.2016 Remote
40 |Osen 61°14'50.9" 11°44'29.4" 04.07.2016 03.10.2016 Remote
41 Lom 61°51'28.6" 08°52'16.1" 05.07.2016 05.10.2016 Remote
42 Karvatn 62°46'56.7" 08°52'36.1" 06.07.2016 02.10.2016 Remote
43 Utvikfjellet 61°47'09.9" 06°29'41.7" 07.07.2016 06.10.2016 Remote
44 Furuneset 61°17'46.5" 05°02'35.4" 07.07.2016 06.10.2016 Remote
45  |Ulvik 60°35'37.3" 06°51'20.3" 08.07.2016 07.10.2016 Remote
46 |Vatnedal 59°27'10.2" 07°23'29.9" 09.07.2016 09.10.2016 Remote
47  |Utbjoa 59°38'16.1" 05°35'40.8" 10.07.2016 09.10.2016 Remote
48 |Ualand 58°30'24.2" 06°21'56.4" 10.07.2016 10.10.2016 Remote
49 Birkenes 58°23'20.6" 08°15'12.2" 11.07.2016 10.10.2016 Remote
50 |[Solhomfjell 58°56'30.0" 08°49'38.5" 11.07.2016 11.10.2016 Remote
51 Hvittingfoss 59°29'35.1" 09°47'31.7" 13.07.2016 11.10.2016 Remote
52 Prestebakke 58°59'47.6" 11°31'36.4" 13.07.2016 12.10.2016 Remote
53 |Aremark 59°13'18.4" 11°43'37.7" 13.07.2016 12.10.2016 Remote
54  |Aurskog 59°58'36.6" 11°29'54.9" 13.07.2016 12.10.2016 Remote
55 Hurdal 60°22'20.1" 11°04'38.4" 14.07.2016 12.10.2016 Remote
96 |Svalbard (Zeppelin) 78° 54' 24" 11°53'18.0" 20.06.2016 05.09.2016 Pristine
97 Svalbard (Erlingvatn)? 79° 15' 21" 11°28'2.3" 14.06.2016 24.08.2016 Pristine

2 Sampling: Guttorm Christensen, Akvaplan-NIVA (Tromsg, Norway).




Table SI-1.2. List of standards. All standards were prepared in isooctane.

Performance Reference Compounds (PRCs) Purity % |Supplier Concentration (pg/ul)
D g-HCH 98 % |Dr. Ehrenstorfer GmbH 200
13C12PCB 1 99 % |Cambridge Isotope Laboratories (CIL) 200
13C12 PCB 8 99 % |Cambridge Isotope Laboratories (CIL) 200
12CPCB 14 99.2 % |Chiron 200
12CPCB 30 99.9 % |Chiron 200
13C12 PCB 32 99 % |Cambridge Isotope Laboratories (CIL) 200
13C12 PCB 47 99 % |Cambridge Isotope Laboratories (CIL) 200
12C PCB 106 >99.5 % |Chiron 200
12C PCB 198 99.0 % |Chiron 200
Internal Standards

PCBs:

13C12 PCB 4 99 % |Cambridge Isotope Laboratories (CIL) 250
13C12 PCB 28 100 % |Cambridge Isotope Laboratories (CIL) 250
13C12 PCB 52 100 % |Cambridge Isotope Laboratories (CIL) 250
13C12 PCB 101 99.7 % |Cambridge Isotope Laboratories (CIL) 250
13C12 PCB 105 99.3 % |Cambridge Isotope Laboratories (CIL) 250
13C12 PCB 114 100 % |Cambridge Isotope Laboratories (CIL) 250
13C12 PCB 118 100 % |Cambridge Isotope Laboratories (CIL) 250
13C12 PCB 123 99.6 % |Cambridge Isotope Laboratories (CIL) 250
13C12 PCB 138 >99 % |Cambridge Isotope Laboratories (CIL) 250
13C12 PCB 153 99.9 % |Cambridge Isotope Laboratories (CIL) 250
13C12 PCB 156 100 % |Cambridge Isotope Laboratories (CIL) 250
13C12 PCB 157 100 % |Cambridge Isotope Laboratories (CIL) 250
13C12 PCB 167 99.9 % |Cambridge Isotope Laboratories (CIL) 250
13C12 PCB 180 100 % |Cambridge Isotope Laboratories (CIL) 250
13C12 PCB 189 100 % |Cambridge Isotope Laboratories (CIL) 250
13C12 PCB 209 99.9 % |Cambridge Isotope Laboratories (CIL) 250
OCPs:

13C6 a-HCH >98% [Cambridge Isotope Laboratories (CIL) 1000
13C6 B-HCH 99 % |Chem Service 200
13C6 y-HCH (Lindane) >98% [Cambridge Isotope Laboratories (CIL) 1000
13C12 Dieldrin >98% [Cambridge Isotope Laboratories (CIL) 500
13C12 Aldrin >98% [Cambridge Isotope Laboratories (CIL) 200
13C12 Endrin >98% [Cambridge Isotope Laboratories (CIL) 200
13C10 Mirex >98% [Cambridge Isotope Laboratories (CIL) 300
13C12 Isodrin >95% [Cambridge Isotope Laboratories (CIL) 900
d14 Trifluralin >95% [Chem Service 50
13C10 cis-Chlordane (a) >98% [Cambridge Isotope Laboratories (CIL) 20
13C10 trans-Chlordane (y) >98% [Cambridge Isotope Laboratories (CIL) 20
13C10 Oxychlordane >98% [Cambridge Isotope Laboratories (CIL) 300
13C10 Trans-nonachlor >98% [Cambridge Isotope Laboratories (CIL) 20
13C10 Cis-nonachlor >98% [Cambridge Isotope Laboratories (CIL) 20
13C10 Heptachlor >98% [Cambridge Isotope Laboratories (CIL) 300
13C10 Heptachlor epoxide (exo) >98% [Cambridge Isotope Laboratories (CIL) 300
13C9 Endosulfan | (a) >98% [Cambridge Isotope Laboratories (CIL) 50
13C9 Endosulfan Il (B) >98% [Cambridge Isotope Laboratories (CIL) 50
13C9 Endosulfan sulphate >98% [Cambridge Isotope Laboratories (CIL) 50
13C Hexachlorobenzene (HCB) 99 % |Chem Service 100
13C Pentachlorbenzene (PeCB) >98% [Cambridge Isotope Laboratories (CIL) 100
13C12 p.p.DDE >98% [Cambridge Isotope Laboratories (CIL) 300
13C12 0.p.DDD >98% [Cambridge Isotope Laboratories (CIL) 300
13C12 p.p.DDT >98% [Cambridge Isotope Laboratories (CIL) 300
Instrument performance standard

1,2,3,4 Tetrachloronaphtalene (TCN) unknown |ULTRA Scientific 100




Table SI-1.3 a). Instrument conditions

Interface temperature:
lon source temperature:
MS lockmass standard:

280°C
285°C
Perfluorokerosene (PFK)

260°C
270°C
Perfluorotributylamine (PFTBA)

Components: PCBs, HCB and PeCB DDTs/ DDEs/DDDs, HCHs, PCB-1, -8 and -14 Other OCPs
GC: Agilent 7890A GC Agilent 7890A GC Agilent 6890 GC
Column: HT-8 ZB Multiresidue 1 2xHP-5MS Ul
dimension: 50m x 0.22mm x 0,25pm 30m x 0.25mm x 0.25pm 2x 15m x 0.25mm x 0.25pm
Injection: Programmable-temperature vaporizer (PTV)| Programmable-temperature vaporizer (PTV) | Programmable-temperature vaporizer (PTV)
Injection volume: 3uL 3uL lul
Vent flow: 30 ml/min (0.32 min) 8 ml/min (0.16 min) 15 mL/min (0.3 min)
Split flow: 50 ml/min (2 min) 50 ml/min (1 min) 50 mL/min (2 min)
Inj. Temp. program: Rate: Temp. Hold time: Rate: Temp. Hold time: Rate: Temp. Hold time:
1] 48°C 0.35min 46°C 0.2min 60°C 0.35min
2 300°C/min 285°C 3min 550 °C/min 220°C 8min 500 °C/min 320°C 3min
3 300°C/min 310°C 20 min 100 °C/min 240°C 1 min 10°C/min 290 °C 5min
GC Temp. program: Rate: Temp. Hold time: Rate: Temp. Hold time: Rate: Temp. Hold time:
1 45°C 2.65min 48°C 1min 55°C 2min
2 70°C/min 170°C 0.5min 22 °C/min 280°C 3.74 min 70 °C/min 200°C 1min
3] 3°C/min 210°C Omin 10°C/min 280°C 1min
4 4°C/min 285°C 0.5min 10°C/min 310°C Omin
5 20 °C/min 320°C 4.7 min 70 °C/min 325°C 10 min
Helium flow: Pulse Pulse Pulse
1 3 ml/min (2.1 min) 3 ml/min (1 min) 3/3.2 mL/min (2.1 min)
2| 1.2 ml/min 1ml/min 1.2/1.4 mL/min
MS: VG AutoSpec Micromass VG AutoSpec Micromass Agilent 7200 Q-TOF
MS mode: Electron Impactionization (EI) Electron Impact ionization (EI) Electrochemical negative ionization (ECNI)

280°C
120°C
Perfluorokerosene (PFK)

Table SI-1.3 b). Target analytes PCBs

2 Coeluting with PCB-106 in the PRCs. Excluded.
®Included in sum 18 PCBs
¢Included in sum 6 PCBs

Target analytes (PCBs) [Full name 1°’m/z  |2°m/z |ISTD Internal Standards (ISTD) 1°m/z 2°m/z
12C PCB-18° 2,2',5-TriCB 255.9613| 257.9584|13C PCB 28 13CPCB 28 268.0016| 269.9986
12C PCB-28" 2,4,4'-TriCB 255.9613| 257.9584|13C PCB 28 13C PCB 52 301.9226| 303.9597
12C PCB-31° 2,4',5-TriCB 255.9613| 257.9584|13C PCB 28 13C PCB 101 337.9207| 339.9177
12C PCB-33° 2',3,4-TriCB 255.9613| 257.9584|13C PCB 28 13C PCB 105 337.9207| 339.9177
12C PCB-37° 3,4,4'-TriCB 255.9613| 257.9584]13C PCB 28 13CPCB 114 337.9207| 339.9177
12C PCB-47° 2,2',4,4'-TetCB 289.9224( 291.9194|13C PCB 52 13CPCB 118 337.9207| 339.9177
12C PCB-52" 2,2',5,5'-TetCB 289.9224( 291.9194|13C PCB 52 13CPCB 123 337.9207| 339.9177
12C PCB-66° 2,3',4,4'-TetCB 289.9224( 291.9194|13C PCB 52 13C PCB 138 371.8817| 373.8788
12C PCB-74° 2,4,4',5-TetCB 289.9224| 291.9194|13C PCB 52 13C PCB 153 371.8817| 373.8788
12C PCB-99° 2,2',4,4',5-PenCB 325.8804| 327.8775/13C PCB 101 13C PCB 156 371.8817| 373.8788
12C PCB-101** 2,2',4,5,5'-PenCB 325.8804| 327.8775/13C PCB 101 13C PCB 157 371.8817| 373.8788
12C PCB-105° 2,3,3',4,4-PenCB 325.8804| 327.8775|13C PCB 105 13C PCB 167 371.8817| 373.8788
12C PCB-114 2,3,4,4',5-PenCB 325.8804| 327.8775[13C PCB 114 13C PCB 180 405.8428| 407.8398
12C PCB-118° 2,3',4,4',5-PenCB 325.8804| 327.8775/13C PCB 118 13C PCB 189 405.8428| 407.8398
12C PCB-122 2'3,3',4,5-PenCB 325.8804| 327.8775[13C PCB 114 13C PCB 209 509.7229| 511.7199
12C PCB-123 2',3,4,4',5-PenCB 325.8804| 327.8775[13C PCB 123 Instrument performance standard 1°m/z 2°m/z
12C PCB-128 2,2',3,3',4,4'-HexCB 359.8415| 361.8385[13C PCB 167 1,2,3,4 Tetrachloronaphtalene (TCN) | 263.9067| 265.9038
12C PCB-138*° 2,2',3,4,4',5'-HexCB 359.8415| 361.8385/13C PCB 138

12C PCB-141° 2,2',3,4,5,5'-HexCB 359.8415| 361.8385/13C PCB 153

12C PCB-149° 2,2',3,4',5',6-HexCB 359.8415| 361.8385/13C PCB 153

12C PCB-153*¢ 2,2',4,4',5,5'-HexCB 359.8415| 361.8385/13C PCB 153

12C PCB-156 2,3,3',4,4',5-HexCB 359.8415| 361.8385/13C PCB 156

12C PCB-157 2,3,3',4,4',5'-HexCB 359.8415| 361.8385/13C PCB 157

12C PCB-167 2,3',4,4',5,5'-HexCB 359.8415| 361.8385|13C PCB167

12C PCB-170 2,2',3,3',4,4',5-HepCB 393.8025| 395.7995/13C PCB 180

12C PCB-180" 2,2',3,4,4',5,5'-HepCB 393.8025| 395.7995[13C PCB 180

12C PCB-183 2,2',3,4,4',5',6-HepCB 393.8025| 395.7995[13C PCB 180

12C PCB-187° 2,2',3,4',5,5',6-HepCB 393.8025| 395.7995[13C PCB 180

12C PCB-189 2,3,3',4,4',5,5'-HepCB 393.8025| 395.7995|13C PCB 189

12C PCB-194 2,2',3,3',4,4'5,5'-0OctCB 427.7635| 429.7606|13C PCB 189

12C PCB-206 2,2',3,3',4,4'5,5',6-NonCB | 461.7246| 463.7217|13C PCB 209

12C PCB-209 Deca CB 497.6867| 499.6798[13C PCB 209




Table SI-1.3 c). Target analytes OCPs

Target analytes (OCPs) Full name 1°m/z  |2°m/z_|ISTD Internal Standards (I1STD) 1°m/z 2°m/z
12C a-HCH? a-Hexachlorocyclohexane 216.9145( 218.9116|13C a-HCH 13C a-HCH 222.9347| 224.9317
12C B-HCH B-Hexachlorocyclohexane 216.9145| 218.9116|13C B-HCH 13C B-HCH 222.9347| 224.9317
12Cy-HCH? Lindane 216.9145( 218.9116{13C y-HCH 13Cy-HCH 222.9347| 224.9317
12C Dieldrin 379.8677| 381.8647|13C Dieldrin 13C Dieldrin 391.9079| 393.905
12C Aldrin 236.8413| 238.8384|13C Aldrin 13C Aldrin 241.8581| 243.8551
12C Endrin 379.8677| 381.8647|13C Endrin 13C Endrin 391.9079| 393.905
12C Mirex 403.7449| 401.7479|13C Mirex 13C Mirex 413.7785| 411.7814
12CIsodrin 236.8413| 238.8384|13C Isodrin 13CIsodrin 241.8581| 243.8551
12C Trifluralin 335.1093| 336.1122|d14 Trifluralin d14 Trifluralin 349.1972| 350.2001
12C Trans-chlordene 303.8961 305.8931|13C Oxychlordane 13C cis-Chlordane (a) 417.8284| 419.8254
12C cis-Chlordane (a) 407.7948| 409.7919[13C cis-Chlordane (a) 13C trans-Chlordane (y) 417.8284| 419.8254]
12C trans-Chlordane (y) 407.7948| 409.7919|13C trans-Chlordane (y) 13C Oxychlordane 433.8047| 431.8076
12C Oxychlordane 423.7711| 421.7741]|13C Oxychlordane 13C Trans-nonachlor 453.7864( 451.7894
12C Trans-nonachlor 443.7529| 441.7558|13C Trans-nonachlor 13C Cis-nonachlor 453.7864| 451.7894|
12C Cis-nonachlor 443.7529( 441.7558[13C Cis-nonachlor 13C Heptachlor 309.8983| 311.8954
12C Heptachlor 299.8648| 301.8618|13C Heptachlor 13C Heptachlor epoxide (exo) 397.8466| 399.8437
12C Heptachlor epoxide (exo) 387.8131| 389.8101|13C Heptachlor epoxide (exo) 13C Endosulfan | (a) 416.8412| 414.8441
12C Heptachlor epoxide (endo) 387.8131( 389.8101|13C Heptachlor epoxide (exo) 13C Endosulfan 11 (B) 416.8412| 414.8441]
12C Endosulfan | (a) 407.811 405.8139|13C Endosulfan | (a) 13C Endosulfan sulphate 394.8624| 396.8594
12C Endosulfan Il (B) 407.811| 405.8139[13C Endosulfan 11 (B) 13C Hexachlorobenzene (HCB) 289.8303 291.8273
12C Endosulfan sulphate 385.8322( 387.8292|13C Endosulfan sulphate 13C Pentachlorbenzene (PeCB) 255.8693| 257.8663
12C HCB Hexachlorobenzene 283.8102| 285.8072|13C Hexachlorobenzene (HCB) 13C p.p.DDE 258.0406| 260.0377
12C PeCB Pentachlorbenzene 249.8491| 251.8462|13C Pentachlorbenzene (PeCB) 13C0.p.DDD 247.0484| 249.0454
12C 0.p.DDE 2,4"-Dichlorodiphenyldichloroethylene | 246.0003| 247.9974|13C p.p.DDE 13C p.p.DDT 247.0484] 249.0454
12C p.p.DDE? 4,4'-Dichlorodiphenyldichloroethylene | 246.0003| 247.9974|13C p.p.DDE Instrument per dard 1°m/z 2°m/z
12C 0.p.DDD 2,4"-Dichlorodiphenyldichloroethane 235.0081( 237.0052|13C 0.p.DDD 1,2,3,4 Tetrachloronaphtalene (TCN) | 263.9067| 265.9038
12C p.p.DDD 4,4'-Dichlorodiphenyldichloroethane 235.0081( 237.0052|13C 0.p.DDD

12C 0.p.DDT? 2,4'-Dichlorodiphenyltrichloroethane 235.0081( 237.0052|13C p.p.DDT

12C p.p.DDT? 4,4'-Dichlorodiphenyltrichloroethane 235.0081f 237.0052{13C p.p.DDT

?Included in sum 2 HCHs

Included in sum 3 DDXs
Table SI-1.3 d). Target analytes PRCs

Performance Reference Compounds (PRCs) [Full name 1°m/z [2°m/z [ISTD Internal Standards (ISTD) |1° m/z 2°m/z

D g-HCH Lindane 221.946( 223.943(13Cy-HCH 13Cy-HCH 222.9347| 224.9317
13C PCB-1 2-CB 200.08 13CPCB 4 13CPCB4 234.041| 236.038
13CPCB-8 2,4'-DiCB 234.041| 236.038{13CPCB 4 13CPCB 28 268.0016| 269.9986
12C PCB-14 3,5-DiCB 222.0003| 223.9975|13CPCB 4 13CPCB 52 301.9226| 303.9597
12C PCB-30 2,4,6-TriCB 255.9613| 257.9584|13C PCB 28 13CPCB 123 337.9207| 339.9177
13C PCB-32 2,4',6-TriCB 268.0016| 269.9986|13C PCB 28 13C PCB 189 405.8428( 407.8398|
13C PCB-47 2,2',4,4-TetCB 301.9626| 303.9597(13C PCB 52

12C PCB-106° 2,3,3',4',5-PenCB 325.8804| 327.8775[(13C PCB 123

12C PCB-198 2,3,3,4,4',5,5'-HepCB 427.7635| 429.7606[13C PCB 189

2 Coeluting with PCB-118. Excluded.




Table SI-1.4. Range (median in parentheses) of recoveries for the internal standards for exposed
samples, field blanks and method blanks, as well as PRCs for field and method blanks, respectively

(in %).

Range (median)
ISTD: Exposed samples [Method blanks [Field blanks
13C PCB-28 45-123(74) 52 -75(67) 57-67(62)
13C PCB-52 47 - 110 (80) 73-99(82) 56 - 84 (80)
13C PCB-101 30- 108 (55) 37-80(62) 44 - 68 (54)
13C PCB-138 24 - 106 (55) 33-81(68) 40- 73 (71)
13C PCB-153 24 - 123 (55) 31-84(66) 39-77(67)
13C PCB-180 22 - 104 (55) 32- 86(65) 40- 77 (75)
13C PeCB 13- 60 (29) 11- 44 (24) 12- 26 (18)
13C HCB 23-139 (50) 19 - 58(38) 17-39(21)
13C a-HCH 23-60(37) 24-36(32) 22-39(31)
13C g-HCH 19 - 47 (30) 22-33(28) 21-35(26)
13C p,p'-DDE 31-167(85) 86- 113 (96) 91-99(93)
13C p,p'-DDT 60 - 210 (101) 88-135(115) |109- 141 (119)
13C Dieldrin 24-107 (79) 64 - 98 (67) 52-73(70)
13C Heptachlor-exo-epoxide 24-75(57) 45 - 64 (54) 42 - 61(54)
13C trans-Chlordane 37-98(70) 56 - 82 (67) 59-81(81)
13C cis-Chlordane 33-87(68) 56 - 75 (65) 57-74(67)
13C Oxy-chlordane 34 - 87 (68) 54 - 75 (62) 51- 68 (64)
13C trans-Nonachlor 38-98(71) 57 - 81 (68) 59-80(71)
13C cis-Nonachlor 33-83(68) 56 - 76 (70) 62-79(71)
13C Endosulfan-I 62 - 77 (69) 54.-72(70)
PRCs:
D g-HCH 94-96(95)* | 92-96(94)¢
13C PCB-1 92-102(97)* | 80-83(82)¢
13C PCB-8 175- 159 (167)%8| 77- 87 (82)¢
12C PCB-14 1643b¢ 78 - 88 (83)¢
12C PCB-30 61-80(71)2 107
13C PCB-32 91- 105 (98)? 71 - 96¢
12C PCB-198 967 106 - 126¢

2 Based on two blanks. Calculated from added amount of PRC
® High recovery. Based on 13C PCB-4 as internal standard which could behave

differently during clean-up.

€Only one blank due to instrument issues.
4 Based on two blanks. Calculated from amount of PRC in method blanks.




Table SI-1.5 a. The relative deviation from the theoretical value (bias %) of 12C target analytes of
three spiked PAS (Sl 1.4.3)

QC1 QC?2 QC3
PCB-28 0% -1% 0%
PCB-52 6% 0% 2%
PCB-101 3% -2% 0%
PCB-138 2% -2% -1%
PCB-153 2% 2% 0%
PCB-180 2% -1% 2%
Sum 6 PCB 2% -1% -1%
Sum 18 PCB 5% -4% -2%
PeCB -10% -12% -14%
HCB -1% -7% -10%
a-HCH 16 % 12% 7%
g-HCH 7% 9% 13%
Sum 2 HCHs 12% 11% 9%
p,p'-DDE 15% 10% 11%
o,p'-DDT 5% 2% 2%
p,p'-DDT 8% 9% 9%
Sum 3 DDXs 9% 6% 6 %
Dieldrin 2% -4% 0%
Heptachlor-exo-epoxide 1% -4% 2%
trans-Chlordane 5% 2% 8%
cis-Chlordane 7% -5% 0%
Oxy-chlordane 3% -7% -3%
trans-Nonachlor 3% 0% 1%
cis-Nonachlor 3% -13% -6%
Sum 4 Chlordanes 5% -4% 1%
Endosulfan-| n.a n.a n.a

n.a = Not available



Table SI-1.5b. The relative standard deviations of two parallel PAS

Site 49 Site 12 Site 8

South North Oslo
PCB-28 0% 0% 0%
PCB-52 1% 5% 4%
PCB-101 2% 2% 4%
PCB-138 2% 2% 7%
PCB-153 1% 3% 3%
PCB-180 9% a 16 %
Sum 6 PCB 0% 1% 4%
Sum 18 PCB 1% 4% 4%
PeCB 2% 0% 2%
HCB 0% 0% 5%
a-HCH 2% 2% a
g-HCH 2% 16 % a
Sum 2 HCHs 0% 5%
p,p'-DDE 5% 2% 6%
o,p'-DDT 8% 2% 3%
p,p'-DDT 5% 13% b
Sum 3 DDXs 8% 1%
Dieldrin 4% 17 % n.a
Heptachlor-exo-epoxide 2% 8% n.a
trans-Chlordane 3% 6% n.a
cis-Chlordane 2% 2% n.a
Oxy-chlordane 1% 1% n.a
trans-Nonachlor 0% 4% n.a
cis-Nonachlor 5% a n.a
Sum 4 Chlordanes 0% 1% n.a
Endosulfan-I 1% 2% n.a

2 Below MDL. Excluded.
bPossible interference. Excluded.
n.a = Not available
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Table SI-1.6. Modelled meteorological data and estimated sampling rates from the spiking of PUFs
with PRCs.

Modelled from ECMWF Norgeskart.no (Kartverket)
Deployment | Sampling rate Average Average Wind | Oreography
Site no. [ time (days):| (m3/day): [No.of PRCs*:| Temp. (°C): [ speed (m/s): | (m.a.s.l.)": Oreography (m.a.s.l.)":
1 91 3.0 2 15.0 2.5 322 138
2 91 3.9 1 15.0 2.5 322 450
3 91 3.9 1 15.5 2.6 249 161
4 91 3.5 3 15.0 2.5 322 4
5 92 3.6 3 15.5 2.6 249 23
6 91 2.8 1 15.5 2.6 249 112
7 91 3.2 1 15.5 2.6 249 129
8 91 3.0/3.0¢ 3/3¢ 15.5 2.6 249 23
9 91 2.8 2 15.1 2.5 322 44
10 90 4.5/3.9/4.5° 4/3/4¢ 15.5 2.6 249 130
11 92 4.2 3 10.3 5.2 54 152
12 93 2.5/2.7° 2/2° 12.3 3.3 134 55
13 93 2.8 3 12.2 2.9 179 1
14 94 3.6 4 11.9 3.1 131 30
15 93 5.3f 4 11.1 5.1 41 10
16 92 3.9¢ 4 11.3 3.1 189 62
17 92 3.2 3 10.5 5.5 58 5
18 92 3.6 1 10.9 3.0 328 72
19 92 3.6% 0 11.1 3.0 343 308
20 91 4.1 3 11.1 3.4 207 244
21 96 3.6° 0 10.4 2.7 473 39
22 96 3.6° 0 10.2 2.5 584 224
23 91 3.6° 0 10.7 2.5 494 79
24 93 3.6 3 11.2 3.3 389 59
25 101 3.1 3 11.3 5.8 8 29
26 100 10.1f 3 11.0 5.2 39 338
27 100 3.2 1 11.9 5.2 66 240
28 97 3.3 2 12.1 5.4 7
29 91 3.6° 0 12.1 4.5 143 31
30 91 3.6° 0 10.5 2.8 605 19
31 91 4.2 3 10.1 2.8 688 540
32 91 3.5 3 10.5 2.8 605 269
33 91 2.7 2 10.8 2.7 566 475
34 91 3.6° 0 10.9 2.7 550 487
35 89 2.6 2 13.2 2.7 185 39
36 90 3.6% 0 13.5 2.6 176 235
37 90 3.6° 0 13.5 2.8 162 161
38 91 2.8 2 10.4 2.7 800 865
39 91 3.6 3 10.8 2.8 771 795
40 91 3.6° 0 12.7 2.5 525 449
41 92 3.6° 0 8.9 2.2 1073 568
42 88 2.0 1 12.0 2.8 503 208
43 91 3.6° 0 11.3 3.1 585 561
44 91 3.6° 0 13.7 5.1 107
45 91 3.6° 0 9.7 2.5 915 353
46 92 3.6° 0 9.9 2.9 862 742
47 91 2.4 2 13.1 4.6 288 51
48 92 1.7 1 13.2 3.8 294 187
49 91 2.0/2.0¢ 2/2¢ 14.2 3.8 241 199
50 92 2.0 2 13.3 3.1 357 261
51 90 3.6° 0 14.1 2.8 245 404
52 91 1.8 2 15.0 3.6 92 162
53 91 3.6° 0 15.0 3.6 92 141
54 91 3.6° 0 14.0 2.8 214 182
55 90 3.6° 0 12.8 2.6 390 280
96 77 5.0 2 4.3 3.8 206
97 71 3.6° 0 4.3 3.6 205

2 Number of PRCs with 40-80 % loss during deployment.
® Meters above sea level.

¢ Parallel PAS.

4 Overexposure likely (ref. SI 1.5.5)

¢ No significant loss of PRCs, default value used.

f Possibly wind affected. Site 26 sampled at 5 m.
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Table SI-1.7. PUF characteristics based on the average of ten individual PUF disks, used in the
template for volume estimates (Harner, 2017).

Volume of PSM (m°) 2.17E-04
Effective film thickness, Dsjjm (m) 5.80E-03
Density (glm"‘) 2.70E+04
Surface Area (m?) 3.74E-02
Mass of PUF (g) 5.87E+00

Table SI-1.8. Temperature adjusted octanol-air partition coefficients (Koa) for the PRCs

RRT? log K, (at T=25 °C)®
d6-y-HCH 7.84
13C PCB-1 0.2666 6.15
13C PCB-8 0.3403 7.20
PCB-14 0.3499 7.34
PCB-30 0.3598 7.48
13C PCB-32 0.3761 7.71
13C PCB-47 0.4258 8.42
PCB-198 0.598 10.86

2 Relative Retention Time (for PCBs only) from Harju et al. (1998).
b For PCBs: log Kea = 2.3687 + (14.204xRRT) from Harner & Bidleman (1996).
For d6-y-HCH: log Ko, =-3.61 + 3415/T from Shoeib & Harner (2002).

Table SI-1.9. Input to predict a linear model of the logarithmic concentrations in air with interactions
between year (x1) and latitude (x,). The POP concentrations from 2006 were retrieved from Halse et
al. (2011) and Halse et al. (2012) (Oslo).

Year (x,) |Site Latitude (x,)|y: PCB-28 PCB-153 HCB a-HCH g-HCH Sum DDX Sum4CD
2006|Zeppelin 78.91 0.17 -0.79 2.00 1.19 0.25 0.01 0.59
2006|Birkenes 58.39 0.31 0.03 1.66 0.98 0.83 0.38 0.36
2006|Hurdal 60.37 0.35 0.25 1.63 0.89 0.69 0.21 0.48
2006|Kaarvatn 62.78 -0.11 -0.79 1.53 0.76 0.52 0.01 0.06
2006|Tustervatn 65.83 -0.14 -0.79 1.55 0.81 0.32 0.01 0.25
2006|Karasjok 69.48 0.19 -0.33 1.68 0.96 0.37 0.01 0.53
2006|0slo 59.90 0.99 0.67 1.63 1.17 1.19 0.78
2016|Zeppelin 78.91 -0.20 -0.84 2.11 1.09 0.24 -0.62 0.32
2016|Birkenes 58.39 0.05 -0.11 1.93 0.94 0.85 0.55 0.46
2016|Hurdal 60.37 -0.08 -0.41 1.80 0.69 0.55 0.12
2016|Kaarvatn 62.78 -0.21 -0.46 1.92 0.91 0.81 0.04 0.36
2016|Tustervatn 65.83 -0.39 -0.67 1.92 0.85 0.31 -0.24 0.39
2016|Karasjok 69.48 -0.26 -0.65 1.87 0.88 0.26 -0.30 0.21
2016|0slo 59.90 0.76 0.43 1.83 0.90 1.02 0.73
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Text/Figures:
1.1 Sampling

1.1.1  Sampling sites details
The selection of the 47 remote/pristine sampling sites was based on locations with little impact from

external sources, i.e. preferably > 50 km from major sources of pollution (e.g cities and highways), >
500 m from medium sources of pollution (e.g main roads or agricultural activity), and > 100 m from
minor sources of pollution (e.g single houses and small roads), aiming to be in a representative area

avoiding extreme topographic and climatic conditions.

Therefore, existing background sites used in previous studies were mainly chosen, e.g. Bohlin-
Nizzetto et al. (2017); Halse et al. (2011); Halse et al. (2015); Schuster et al. (2010); Steinnes et al.
(2016). The samplers were either deployed in close connection to an existing monitoring station, or
within the same area of the studies mentioned above. The locations of all sampling sites are given in

Table SI-1.1.

The ten sampling sites around Oslo were either located in connection to the stations that are part of
the Norwegian air quality monitoring network (Hak, 2015), or at the PAS sites in the study of the

urban environment by Herzke et al. (2017).

1.1.2 Pre-cleaning
All metal parts of the passive air sampler were soaked in a 1:100 alkali solution of Extran MAO1

(Merck) and tap water over night and rinsed thoroughly with tap water. Then, all parts were cleaned
with acetone and n-hexane, respectively. Small parts were sonicated in an ultrasonic bath for 10

minutes (rinsed twice with each solvent), while domes and rods were immersed in a large bath.

New polyurethane foam (PUF) disks (14.1 cm diameter x 1.4 cm thick; density 27 kg m™) of the type
“Richfoam”, purchased from Sunde Skumplast AS/Carpenter (Norway), were pre-cleaned in toluene
(24 h), acetone (8 h) and n-hexane (8 h) consecutively, using Soxhlet extraction. The PUF disks were

dried under vacuum, and stored in a desiccator before further preparation.

1.1.3 Spiking PUF disks with Performance Reference Compounds (PRCs)
Prior to deployment, the PUF disks were spiked with a sampling performance standard mixture,

including compounds of different volatility that are found in negligible concentrations in air or are
isotopically labelled (Table SI-1.2). 20 uL of the PRCs standard mixture was added to approximately
10 mL of pentane (Unisolv, Merck), which was evenly distributed dropwise to both sides of the PUF
disk using a Pasteur pipette. To minimize the risk of contamination, the samples were handled with
clean gloves or solvent-rinsed tweezers. The PUF disks were sealed in double aluminum foil and two

zip-lock plastic bags, and stored in a freezer before and after deployment.
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1.1.4 Deployment
In June 2016 the samplers were deployed by NILU personnel, driving by car during a 3-week period.

The samplers at Svalbard were deployed by Guttorm Christensen, Akvaplan-NIVA (Tromsg, Norway).

The samplers have a UFO design, consisting of two stainless steel bowls (diameter 30 and 24 cm)
held together by a metal rod, and were purchased from the Research Centre for Toxic Compounds in
the Environment (RECETOX, Czech Republic). The samplers were assembled with the pre-cleaned

and spiked PUF disk in the middle (Figure SI-1.1) at the deployment site.

(\ 44 Plastic strips for mounting |
stainiess steel dome ii
(large) Pads

PUF foam disk
l«—| Metall tube (long) wiith inner metal tube

aiir circullation

N M

” <—|Safety hook / hook for label |

Figure SI-1.1: Schematic representation of the PUF disk sampling device

When mounting the PUF disk (Figure SI-1.2), the aluminium foil was used to hold the PUF and

minimise direct contact with the single-use nitrile gloves.

3 h

gure SI—1.2:\Mnting the PUF disk

In the field, the passive air samplers were attached to a suitable structure (e.g. trees), at least 1.5
meters above ground at the sampling locations, and left for three months. Figure SI-1.3 illustrates
one of the passive air samplers deployed in the field. At the end of the deployment period, the

exposed PUF disks were collected, sealed in double aluminum foil and two zip-lock plastic bags, and
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stored in a cool box under transportation. When arriving NILU, the disks were stored in a freezer

until extraction.

Figure SI-1.3. A passiveir sampler
deployed in field (site 20).

1.2 Sample extraction and clean-up
Prior to extraction and clean-up, all glass equipment was soaked at least 12 h in soap solution

(Extran:water), rinsed with water and baked for a minimum of 6 h at 450 °C to reduce blank
contamination. In addition, all glass equipment as well as metal tweezers etc. were rinsed with a 1:1
mixture of acetone (PESTINORM, VWR) and n-hexane (PESTINORM, VWR) immediately before use,

to reduce sample contamination.

The aluminum foil was unwrapped and the PUF-disk transferred to a Soxhlet extractor. The internal
standard mixtures (Table SI-1.2) were added to 1 mL of acetone in a small vial, using a micropipette
(20 pL of the PCB, HCB, DDX and HCH internal standard and 50 uL of the internal standard for the
other OCPs). Then the internal standard-solvent mixture was quantitatively transferred to the PUF

with several solvent rinses.

Approximately 250 mL of acetone:hexane 1:1 were added to a round-bottom flask. The PUF was
then extracted under reflux for 8 hours. The extracts were then transferred to an evaporation unit,
reduced to 0.5 mL on a TurboVap 500 System (Zymark) at 35-37 °C, and solvent-exchanged to
acetonitrile (LiChrosolv, VWR). Small amounts of ethyl acetate (Suprasolv, VWR) were added to

assure solubility between the different solvents.

The extracts were cleaned by using solid phase extraction (SPE). SPE cartridges were prepared by
weighing 5 g of magnesium silicate coated silica (Supelclean LC-Florisil, SigmaAldrich) into empty SPE
glass columns (105 mm long, 17 mm diameter), with glass fiber filters (frits) in the bottom of the

cartridge and on top. The cartridges were topped with approximately 0.5 g anhydrous sodium
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sulphate (Emsure, VWR). The SPE cartridges were first conditioned by allowing 10 mL of acetone to
flow through under gravity and then dried by applying vacuum at 15 inHg for minimum 10 min. The
extract was added to the cartridge and was allowed to penetrate the top frit. 16 mL of acetonitrile

were used as eluent, and the collection rate was adjusted to approximately 1 drop/s.

The resulting acetonitrile extract was then back-extracted to n-hexane by transferring the extract to
a 50 mL separation funnel, adding 2 mL MilliQ water (precleaned with n-hexane), and mixing twice
with 10 mL of n-hexane (for approximately 1 minute). The hexane-phases were collected directly in
an evaporation unit, concentrated and solvent exchanged to isooctane (Emsure, VWR) with the

TurboVap. The sample was transferred to a small glass vial with a screw-cap.

Prior to analysis, all extracts were further reduced to approximately 250 uL by a gentle stream of

nitrogen gas. The vials were kept at 4 °C until instrumental analysis.

1.2.1 Clean-up for analysis of DDXs
The analysis of DDXs showed interferences and degradation of DDT in the injector (ref. Sl 1.3), and

further clean-up was necessary to remove co-extracted sample matrix. The sample extract was
transferred to a centrifuge glass and the volume was adjusted to approximately 2 mL with n-hexane.
The same amount of concentrated sulfuric acid (Emsure, VWR) was added, and the sample was
vortexed for approximately 20 seconds before standing until phase separation. The procedure was
repeated by removing the acid from the bottom of the glass before adding more acid. After
removing the acid again, approximately 2 mL MilliQ water (precleaned with n-hexane) were added
to remove acid residues. After mixing and phase separation, the hexane phase was transferred to an

evaporation unit, concentrated and prepared for instrument analysis as described under Sl 1.3.
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1.3 Instrumental analysis
Prior to instrumental analysis, 20 pL of the instrument performance standard (Table SI-1.2) was

added to the samples with a micropipette and mixed well. Analysis of all target analytes was
performed with GC/HRMS with Helium as carrier gas. See Table SI-1.3a for more details regarding

instrumentation, GC columns, operating parameters, temperature programs etc.

The quantification is based on an internal standard method with isotope labelled internal standards.
For identification and quantification, calibration standards containing known concentrations of both
target analytes and internal standards (ISTD) were injected for every fifth sample, and mean relative
response factors (Eq. I) were used to quantify the samples, by using the Masslynx V4.2 quantification
tool, Targetlynx (Waters). The software automatically integrates the signal based on the processing
method, but the integration is verified manually. The **Cl/*’Cl-isotope ratio for the two monitored
masses, should be within £ 20 % of the theoretical value. Larger deviations are an indication of
interfering compounds. The sum of areas of the primary (1°) and secondary (2°) ions, given in Table
SI-1.3b-d, are calculated. Because the amounts of internal standards added to the samples are
known, the amount of analyte can be quantified from Equation Il. The quantification is controlled
with a quality control standard and solvent blanks are run every tenth sample, to assess possible

carry-over.

__ massistp(Pg)XAreagnaiyte

Relative Response Factor (RRF)gnaiyte = TGS anatyte (P9) X ATearSTD (Eq. 1)

) I _ maSSISTD(pg)XATeaanalyte
mass in samp eana[yte = RRF gnalyteXATearsrp

(Eq. 1)

During the GC analysis, DDT can be thermally converted to DDD and DDE. The 13C-labelled p,p’-DDT
is used to monitor this, i.e. if the peak area of 13C p,p’-DDD, which is not included in the internal
standard, is more than 5 % of the peak area of 13C p,p’-DDT, the result is rejected and more clean-

up and/or replacing of PTV liner might be necessary.

1.4 Quality assurance/Quality control (QA/QC)

1.4.1 Blank level control
For blank level control, pre-cleaned PUF disks were extracted and analyzed in the same way as the

exposed samples. While method blanks (n = 5) were stored in the freezer during sampling, field

blanks (n = 3) were transported together with the deployed samples and exposed during mounting
of the PAS. Because concentrations of target analytes were comparable in method blanks and field
blanks, both types of blanks were used to calculate the method detection limit (MDL), given as the

average plus 3 times the standard deviation of the concentrations of target analytes in the blank
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samples (Table SI-2.1). When no target compound was detected in the blank samples, the

instrumental detection limit (IDL), defined as 3 times the noise level, was used as MDL.

1.4.2 Internal standard recoveries
In order to monitor recovery rates for the extraction and clean-up procedure, internal standards

were added to the PUF disks prior to extraction and clean-up, as described under Sl 1.2. The internal
standards were quantified relative to the instrument performance standard (Eq. I-1l). The recoveries
(rec %) of the internal standards are calculated from the added amount of internal standard (Eq. lll),
and are given in Table SI-1.4. The internal standard recoveries of deployed samples, field- and
method blanks are comparable, indicating minimal matrix interference due to exposure. However,
some sites had high recoveries (>100 %) for some of the internal standards, e.g. 13C p,p’-DDT. High

recoveries were also found for the method and field blank for this internal standard.

mass ISTDmeasured

Rec % ISTD = x 100 % (Eqg. 1)

mass ISTDggded

1.4.3 Method bias
In order to assess the method bias, a known amount of 12C target analytes was added to three clean

PUF disks, prior to extraction and clean-up, with the same procedure as described for the internal
standards under Sl 1.2. The amounts were quantified as for other samples (SI 1.3), and bias was

calculated from the added amount (Eq. IV).

Bias % = (mass analytegqgeq—mass analytemeqsured)

X 100 % (Eq. V)

mass analyteggded

1.4.4 Duplicate PAS at selected sites
In order to assess the reproducibility of the method, duplicate PAS were co-deployed at three

selected sites. All parallel samples were analyzed in the same way as described under SI 1.2 - 1.3.
The relative standard deviation (RSD %) given in Table SI-1.5b is calculated from the average and the
standard deviation of the samples (Eg. V), and are used as a measure of the dispersion of the

samples.

__ stdev

RSD % = 2% % 100 % (Eq. V)
avg.
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1.5 Deriving air concentrations
The widely used template of Harner and colleagues (Harner, 2017) was applied to estimate sample

air volumes for target compounds. Inputs to the template are given in Table SI-1.6, and are
explained in more detail below. Air concentrations are derived by dividing the mass of target

analytes in the sampler by the estimated air volumes.

1.5.1 PUF characteristics
The PUF characteristics (Table SI-1.7) used in the volume estimates are based on the average of ten

individual PUF disks.

1.5.2 Air temperatures
The average air temperatures at each site during the exposure period are based on the ERA Interim

database from European Centre for Medium-Range Weather Forecasts (ECMWF). Temperature data
with 0.5° resolution were retrieved at 2 m height above ground level, and averaged every 6 h during
the deployment period for each individual sampler. Altitude was retrieved additionally at each site
from Norgeskart.no, in order to assess the accuracy of the model. When comparing the ECMWF
derived altitudes with the altitudes at the site (Table SI-1.6), the difference in altitudes was within

600 m for all sites, implying a * 4 °C uncertainty in the temperature determination.

1.5.3 Sampling rates (R)
PRCs were added to the PUF disks prior to deployment (described under Sl 1.1.3) and were used to

derive the R-values, which is the basis in the estimation of effective air sample volumes. The PRCs
and the derived R-value define the rate of sampling in the linear uptake phase. The benefit of PRCs
lies in capturing the influence of environmental variables such as temperature and wind speed on
the sampling rates at a given site. However, they do not capture and compensate for analytes
reaching the curvilinear- or equilibrium uptake phase during deployment (e.g. HCB). The result is
that the PAS does not provide a true time-averaged concentration for analytes that have overtaken

the linear uptake phase.

The PRCs will volatilize into the atmosphere during the deployment period, and the amounts lost are
the basis in the estimation of sample air volumes. The average amounts of PRCs in the field blanks (n
= 2) were used as reference, to account for any losses not caused by sampling. Loss of PRCs from
individual samples was calculated from Equation VI. The amounts lost differ between different PRCs,
and the loss is corrected based on the stable PCB-198, that is expected to not volatilize from the PAS.
Only the compounds that experienced (corrected) losses between 40 % and 80 % were used in the
calculation of an average site-specific sampling rate. In practice, the sampling rates were mainly

determined by 13C PCB-8, PCB-14 and PCB-30.

19



mass PRCpeasured

Rec % PRC =

X 100 % (Eqg. V1)

Avg.mass PRCfield blank
In the template, the sampling rates are then used to estimate air volumes, as detailed by Moeckel et
al. (2009). The resulting sampling rates and number of PRCs used in these calculations are presented
in Table SI-1.6. For the sites experiencing insufficient loss of the PRCs, the average sampling rate (3.6
m3/day) was used instead. The average sampling rate included all sites which had three or more
PRCs that experienced suitable losses (40 % - 80 %), and are in good agreement with the general

sampling rate (4 m3/day) suggested by Harner et al. (2014).

1.5.4 Octanol-air partition coefficients (Koa)
On the basis of the template, temperature adjusted Koa-values for the PCBs were derived from the

correlation between log Koa data reported by Harner & Bidleman (1996) and relative retention times
from Harju et al. (1998), as given in Table SI-1.8. Temperature adjusted Koa-values for y-HCH were
derived from the correlation between log Koa and temperature, reported by Shoeib & Harner
(2002b). As temperature increases, the analytes become more volatile (reduced Koa). This means
that the potential to proceed beyond the linear uptake phase increases at elevated temperatures,
enhancing the potential for underestimating concentrations in air of the more volatile substances

(low Koa substances).

1.5.5 Wind effects
At three of the sites, the PAS had opened during deployment (Figure SI-1.4). Without the sheltering

effect of the chamber it is therefore likely that the PUF disks have been exposed to higher wind
speeds, and overexposure is likely (Tuduri et al., 2006). Though no increment in the sampling rates
was found, a higher uncertainty in the air concentrations is expected. The PAS at site 26 was
deployed on the roof top of a monitoring station on top of a mountain, and even if the average wind
speed during the sampling period was not elevated (Table SI-1.6), the samplers are expected to have
been exposed to higher wind speeds than in locations closer to the ground. This is reflected by the
highest sampling rate estimated (10.1 m3/day), and indicates that there might have been episodes
with heavy wind. Apart from site 26, site 15 had the highest estimated sampling rate (5.3 m3/day),

likely due to an average wind speed at this site that was in the upper end of the range estimated for

all the samples taken across Norway.

Figure SI-1.4. The PAS at site 16, 19 and 36.
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1.6 Data analysis

1.6.1 Boxplots and outliers
Boxplots were produced in R Studio to visualize the data (Figure SI-1.5). The box contains the middle

50 % of the data. The horizontal line within the box is the median, while the extensions (or
“whiskers”) indicate the minimum and maximum. Outliers are defined as data points higher than Q3
+ 1.5 x IQR, and are located outside the “whiskers”. These might be due to contamination or
overestimated concentrations because of the uncertainty associated with the determination of
sampling air volumes (e.g. site 26, Table SI-1.6). Outliers outside the maximum are excluded from

the calculation of MMRs.

O <«— Outliers (> Q3 + 1.5 x IQR)

. <+— Maximum

<«— 75 % percentile (Q3)

Interquartile range (IQR) adiaii

<+«— 25 % percentile (Q1)

e <— Minimum

Figure SI-1.5. Illlustration and explanation of boxplot.

1.6.2 Linear correlation
In order to assess if the concentrations in air were increasing or decreasing with latitude, a linear

model (y = bo + bix) with the concentration as the outcome (y), and latitude as the predictor (x), was
predicted with R Studio. Only the background sites (Table SI-1.1) were considered and the
concentrations were converted to log concentrations, to meet the criteria of normal distribution.
The linear correlation between the variables is tested by the null-hypothesis Ho: b1 = 0. The null-
hypothesis was rejected if its probability was less than 5 % (p < 0.05), i.e. the correlation was

significant at the 5 % level.

The Pearson correlation coefficient (r) is a measure of the linear relationship (between -1 and 1)
between two variables. For the simple linear regression model, R? corresponds to the square of the

Pearson correlation coefficient (r?). R = 1 means that all the values are on a straight line.

1.6.3  Wilcoxon signed rank test
To test if there was a significant difference between the concentration levels in the south (58.4°-

65.8°) and north (66.8°-78.9°) of Norway, the averages in the two groups were compared by a two-
sample Wilcoxon test with R Studio. The null-hypothesis tested was Ho: tsouth = Hnorth, i.€. @ two-sided
test. A Wilcoxon test was chosen because the data are symmetrical (median = average), but not

normally distributed (Miller, 2010). The null-hypothesis was rejected when p < 0.05, i.e. that there is
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a significant difference between south and north. When testing whether the concentration levels in
southern Norway were higher (or lower) than the concentration levels in northern Norway, a one-
sided test is performed instead, i.e. testing Ho: Ksouth > Hnorth (OF Ho: Hsouth < Hnorth). The probability of

this is half the probability of the two-sided test.

1.6.4 Matched pair Wilcoxon signed rank test
The POP concentrations in air at six of the background sites were compared with the Norwegian

data from a similar PUF-PAS campaign conducted all over Europe by Halse et al. (2011) in 2006.
Additional data from Oslo (Halse et al., 2012) was also included in the comparison (total n=7). A
Wilcoxon test was run in R Studio by comparing the air concentrations at the seven selected sites
pairwise. It should be noted that the air samples from 2006 were analyzed at the same laboratory
with the same methodology and same type of instrumentation (Halse et al., 2011), and the

concentrations are therefore comparable.

The null-hypothesis tests if the 2016-data are lower or higher than the 2006-data, i.e Ho: Difference <
0 or Difference > 0 (one-sided). Similar to the two-sampled test in (Sl 1.6.4), the null-hypothesis was

rejected when p < 0.05.

1.6.5 Comparing latitudinal gradient 2006 vs. 2016
To assess the temporal difference in spatial patterns from 2006 to 2016, the linear correlations

between concentration in air and latitude (Sl 1.6.3) were compared. To achieve this, a linear model
with interactions was predicted with R Studio (Table SI-1.9); y = bo + bix1 + bax; + bsxixa, where the
outcome (y) is the concentration in air, and the predictors x; and x, are year and latitude
respectively. xi is a categorical variable, which will be 0 in 2006 and 1 in 2016. The null-hypothesis
tested was Ho: b3 = 0, which was not rejected when p > 0.05, i.e. there is no difference in the linear

correlation from 2006 to 2016.
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1.7 Atmospheric transport modelling tools

1.7.1 GLEMOS
Model simulations of concentration of PCB-153 in air were carried out using the GLEMOS model

(Malanichev et al., 2004). A description of the GLEMOS model can be found at

http://en.msceast.org/index.php/j-stuff/glemos, along with numerous EMEP technical reports

where the model has been described and/or used.

Emission data is one of the most important types of model input information. The GLEMOS model
was based on the global PCB-153 emission inventory (Breivik et al., 2007) and officially reported
PCB-153 emissions. The selected level of emissions was defined between the average and maximum
emission scenarios of the inventory. The spatial distribution of emissions for the part of EMEP
countries was derived from the officially reported gridded emission data. For the countries that did

not report gridded data, spatial distribution of emissions was based on population density.

Meteorological data is another key input parameter when modelling long-range transport and
deposition of atmospheric pollutants. More detailed information about meteorological data

processing is available in technical reports found on the website.

To evaluate PCB-153 content in surface media and re-emission fluxes, long-term spin-up global

modelling was performed.

1.7.2 FLEXPART
For comparison, model simulations of PCB-153 were also carried out using the Lagrangian particle

dispersion model FLEXPART version 10.4 (Pisso et al., 2019; Stohl et al., 1998). FLEXPART was driven
with meteorological input data from the European Centre for Medium-Range Weather Forecast
(ECMWEF) with 1° resolution and 3 hourly temporal resolution. It was run in backward mode,
considering e.g. removal by dry and wet deposition, in order to identify the source regions of air
pollutants at a particular site. These source regions are expressed as emission sensitivities (ES) in the
footprint layer (0-100 m above ground) during the whole deployment period. The ES maps illustrate
where the air mass had the potential to take up pollutants from sources near the ground.
Multiplying ES with emission fluxes from the emission inventory (Breivik et al., 2007) yields the maps
of footprint emission contribution, showing the geographical distribution of sources contributing to
the predicted concentration at a given measurement site. Emission contributions (EC) give the

predicted air concentrations at the measurement sites, when integrated over the whole area.
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2 Results and Discussion

Tables:
Table SI-2.1. Concentrations in air (pg/m?) of selected PCBs and OCPs at Norwegian background sites
Background concentrations in air in Norway? Blanks
Compounds Average +SD Median Measured range [Measuredrange  MDL |Samples above MDL| Max/min ratio®
pg/m? pg/m? pg/m? pg/m? pg/m? % (MMR)
PCB-28 0.5+0.2 0.5 0.3-1.1 0.008°-0.03° 0.04 100 % 3
PCB-52 0.7+0.4 0.6 0.3-1.6 0.005°-0.03 0.03 100 % 3
PCB-101 0.5+0.3 0.4 0.2-1.3 0.005°-0.02 0.03 100 % 4
PCB-138 0.2+0.1 0.1 <MDL-0.6 0.003°-0.01 0.02 98 % 18¢
PCB-153 0.3+0.2 0.2 0.1-1.0 0.004°-0.02 0.02 100 % 4
PCB-180 0.05+0.03 0.04 <MDL-0.16 0.003°-0.02° 0.02 86 % 5¢
Sum 6 PCB 2+1 2 1-6 >4
Sum 18 PCB 5+3 5 2-13 >4
PeCB 22+4 21 16-38 0.2-0.6 0.8 100 % 2
HCB 75+19 74 52-136 0.08-0.4 0.4 100 % 2
a-HCH 7+2 6 4-13 0.07°-0.2° 0.2 100 % 3
g-HCH 3+2 2 1-7 0.06°-0.2 0.3 100 % 4
Sum 2 HCHs 9+3 9 5-17 >3
p,p'-DDE 0.5+0.5 0.4 0.1-2.6 0.006-0.04 0.05 100 % 6
o,p'-DDT 0.2+0.2 0.2 0.1-1.1 0.004°-0.02 0.03 100 % 6
p,p'-DDT 0.2+0.2 0.1 <MDL-1.2 0.008"-0.02° 0.02 98 % 15¢
Sum 3 DDXs 0.9+0.9 0.7 0.2-4.8 >8
Dieldrin 2+1 2 <MDL-6 0.08°-0.3° 0.4 86% 10°
Heptachlor-exo-epoxide 1.2+0.7 1.1 <MDL-4 0.09°-0.3° 0.4 86 % 6°
trans-Chlordane 0.2+0.1 0.1 <MDL-2.4 0.006°-0.03 0.04 95 % 10°
cis-Chlordane 0.8+0.4 0.7 0.4-2.4 0.01°-0.04° 0.04 100 % 4
Oxy-chlordane 0.7+0.3 0.6 <MDL-1.8 0.04°-0.2° 0.2 95% 6°
trans-Nonachlor 0.7+0.3 0.6 0.3-1.9 0.008"-0.02° 0.03 100 % 4
cis-Nonachlor 0.10+0.07 0.10 <MDL-0.35 0.004°-0.04° 0.05 79% 5¢
Sum 4 Chlordanes 1.7+0.8 1.5 0.7-5.1 >4
Endosulfan-I 2+1 2 0.7-6 0.009°-0.1° 0.2 100 % 7

2 Number of samples:

PCBs and PeCB/HCB: n =44. Three samples excluded due to low instrument sensitivity and unexpectedly low detection
of many of the congeners (e.g. PCB-153).

HCHs and DDXs: n =46. One sample not analyzed.
Other OCPs: n =43. Two samples not analyzed and two samples excluded due to unknown amount of internal standard,

high recovery % and unexpectedly low concentrations.
b Instrument detection limit

¢ Minimum value = method detection limit

4 Excluding outliers
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Table SI-2.2a. Concentrations in air (pg/m?) for all target PCBs at the individual sites. Concentrations
below MDL set to %2 MDL (grey).

Site No. Type: PCB 18" PCB 28" PCB 31" PCB 33" PCB37° PCB 47" PCB52° PCB 66 PCB74° PCB 99" PCB 101
1 Urban 2.5 1.5 1.5 0.83 0.22 0.63 2.4 0.44 0.30 0.45 1.9
2 Urban 2.6 13 1.2 0.64 0.13 0.44 1.8 0.34 0.24 0.29 1.2
3 Urban 3.9 2.1 2.0 1.1 0.23 0.55 2.5 0.40 0.28 0.37 1.7
4 Urban 15 9.5 9.6 6.1 1.3 3.1 13 2.7 1.8 2.3 11
5 Urban 17 10 10 6.4 1.2 4.0 13 0.01 1.9 1.9 9.9
6 Urban 23 9.6 9.1 5.2 0.81 2.0 9.0 1.2 0.89 0.82 4.4
7 Urban 10 4.8 4.4 2.3 0.47 2.1 7.6 0.91 0.69 1.00 4.4
8 Urban 13 7.4 7.5 4.4 1.1 2.5 9.8 1.8 1.3 1.6 11
9 Urban¢
10 Urban 7.7 5.1 4.8 3.1 0.73 1.5 5.3 1.1 0.74 0.79 3.9
11 Remote  0.65 0.47 0.47 0.23 0.04 0.21 0.66 0.16 0.13 0.15 0.44
12 Remote 1.6 1.0 0.85 0.43 0.08 0.32 1.1 0.19 0.15 0.33 0.77
13 Remote  0.91 0.70 0.56 0.25 0.08 0.22 0.69 0.12 0.07 0.15 0.37
14 Remote 0.62 0.62 0.44 0.22 0.02 0.18 0.81 0.12 0.14 0.22 0.49
15 Remote 1.1 0.83 0.87 0.76 0.38 0.31 13 0.25 0.21 0.38 0.88
16 Remote n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
17 Remote n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
18 Remote n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
19 Remote 1.0 0.55 0.53 0.24 0.04 0.19 0.62 0.12 0.09 0.15 0.44
20 Remote  0.76 0.50 0.49 0.24 0.06 0.16 0.67 0.12 0.11 0.17 0.45
21 Remote  0.46 0.28 0.27 0.14 0.03 0.10 0.33 0.04 0.04 0.07 0.20
22 Remote  0.50 0.30 0.28 0.11 0.02 0.12 0.35 0.06 0.05 0.08 0.24
23 Remote  0.40 0.26 0.25 0.10 0.02 0.09 0.36 0.05 0.05 0.06 0.22
24 Remote  0.44 0.35 0.30 0.16 0.04 0.15 0.45 0.08 0.07 0.10 0.31
25 Remote  0.63 0.54 0.58 0.29 0.06 0.22 0.80 0.13 0.13 0.18 0.53
26 Remote 1.3 0.75 0.83 0.35 0.03 0.35 14 0.17 0.17 0.28 0.83
27 Remote  0.55 0.40 0.37 0.17 0.03 0.17 0.50 0.06 0.07 0.11 0.36
28 Remote 1.2 0.46 0.45 0.20 0.03 0.22 0.68 0.11 0.10 0.17 0.47
29 Remote  0.48 0.30 0.26 0.12 0.02 0.12 0.37 0.06 0.05 0.08 0.24
30 Remote  0.91 0.29 0.29 0.12 0.01 0.11 0.34 0.05 0.04 0.07 0.24
31 Remote  0.64 0.36 0.33 0.14 0.02 0.14 0.47 0.08 0.08 0.10 0.32
32 Remote  0.71 0.41 0.37 0.17 0.03 0.18 0.52 0.09 0.09 0.13 0.38
33 Remote  0.98 0.41 0.38 0.18 0.02 0.17 0.56 0.09 0.09 0.11 0.37
34 Remote  0.71 0.37 0.33 0.14 0.02 0.15 0.46 0.08 0.08 0.10 0.32
35 Remote 1.0 0.55 0.59 0.26 0.04 0.23 0.79 0.11 0.09 0.17 0.54
36 Remote  0.52 0.30 0.28 0.13 0.01 0.11 0.37 0.05 0.04 0.08 0.25
37 Remote  0.52 0.29 0.27 0.12 0.01 0.10 0.35 0.04 0.04 0.07 0.23
38 Remote 1.7 0.74 0.71 0.31 0.04 0.32 1.0 0.16 0.14 0.22 0.77
39 Remote  0.73 0.51 0.49 0.24 0.04 0.23 0.74 0.13 0.11 0.15 0.56

40 Remote  0.74 0.44 0.42 0.18 0.03 0.17 0.58 0.09 0.07 0.11 0.41
41 Remote  0.88 0.41 0.41 0.19 0.03 0.16 0.54 0.08 0.07 0.11 0.37
42 Remote 1.5 0.61 0.58 0.24 0.02 0.34 1.4 0.13 0.12 0.21 0.70
43 Remote  0.80 0.38 0.35 0.16 0.02 0.17 0.53 0.09 0.08 0.11 0.47
44 Remote  0.69 0.42 0.38 0.18 0.03 0.19 0.62 0.12 0.09 0.13 0.44
45 Remote  0.54 0.31 0.29 0.12 0.02 0.14 0.43 0.07 0.07 0.09 0.30
46 Remote 1.1 0.46 0.46 0.20 0.03 0.22 0.66 0.12 0.11 0.14 0.49
47 Remote 1.2 0.69 0.67 0.34 0.07 0.34 1.1 0.25 0.20 0.23 0.76
48 Remote 1.7 1.1 0.99 0.49 0.10 0.53 1.5 0.37 0.32 0.33 1.1
49 Remote 1.7 1.1 1.1 0.54 0.11 0.56 1.6 0.42 0.33 0.34 1.2
50 Remote  0.88 0.56 0.56 0.26 0.05 0.27 0.78 0.19 0.15 0.16 0.57
51 Remote  0.68 0.45 0.42 0.20 0.04 0.19 0.60 0.14 0.11 0.11 0.37
52 Remote 1.6 1.1 1.1 0.52 0.11 0.54 1.6 0.40 0.32 0.37 13
53 Remote  0.73 0.51 0.46 0.21 0.05 0.23 0.66 0.17 0.13 0.15 0.49
54 Remote  0.79 0.48 0.45 0.20 0.04 0.20 0.59 0.14 0.11 0.11 0.39
55 Remote 1.3 0.84 0.81 0.38 0.08 0.35 1.0 0.24 0.19 0.21 0.72
96 Pristine 0.93 0.63 0.61 0.35 0.07 0.20 0.63 0.15 0.12 0.13 0.33
97 Pristine 0.54 0.34 0.31 0.15 0.02 0.16 0.53 0.11 0.10 0.14 0.34

2 Coeluting with PCB-106 in the PRCs. Excluded.
b Included in sum 18 PCBs

¢Included in sum 6 PCBs

4 Contaminated. Excluded.

n.d. = Not detected
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Table SI-2.2a. Concentrations in air (pg/m?3) for all target PCBs at the individual sites (continued).
Concentrations below MDL set to % MDL (grey).

Site No. Type: PCB105° PCB114 PCB118* PCB122 PCB123 PCB128 PCB138" PCB141°® PCB149° PCB 153" PCB 156
1 Urban 0.13 0.01 0.01 0.01 0.08 0.64 0.22 1.6 1.29 0.03
2 Urban 0.08 0.02 0.02 0.01 0.04 0.26 0.10 0.68 0.57 0.01
3 Urban 0.10 0.02 0.01 0.01 0.05 0.42 0.13 0.91 0.77 0.02
4 Urban 0.81 0.07 0.01 0.03 0.32 2.7 0.80 5.9 5.3 0.11
5 Urban 0.75 0.06 0.01 0.03 0.28 2.1 0.58 4.2 4.2 0.09
6 Urban 0.19 0.04 0.05 0.01 0.10 0.85 0.29 2.3 1.8 0.04
7 Urban 0.22 0.01 0.01 0.01 0.11 0.83 0.29 2.6 1.9 0.03
8 Urban 0.50 0.05 0.01 0.02 0.26 2.7 1.0 9.5 6.2 0.10
9 Urban¢
10 Urban 0.30 0.03 0.01 0.01 0.16 1.3 0.38 2.7 2.5 0.06
11 Remote 0.04 0.01 0.00 0.01 0.03 0.14 0.04 0.26 0.25 0.01
12 Remote 0.11 0.02 0.01 0.01 0.04 0.28 0.06 0.39 0.36 0.01
13 Remote 0.03 0.03 0.03 0.03 0.02 0.15 0.03 0.26 0.22 0.01
14 Remote 0.06 0.02 0.02 0.02 0.02 0.02 0.06 0.29 0.27 0.01
15 Remote 0.15 0.02 0.02 0.02 0.05 0.42 0.10 0.58 0.54 0.01
16 Remote n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
17 Remote n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
18 Remote n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
19 Remote 0.04 0.01 0.01 0.01 0.01 0.16 0.03 0.30 0.22 0.01
20 Remote 0.04 0.01 0.01 0.01 0.02 0.17 0.04 0.41 0.24 0.01
21 Remote 0.01 0.01 0.01 0.01 0.01 0.07 0.03 0.16 0.13 0.01
22 Remote 0.02 0.01 0.01 0.01 0.01 0.08 0.03 0.20 0.14 0.01
23 Remote 0.01 0.01 0.01 0.01 0.01 0.07 0.02 0.17 0.13 0.01
24 Remote 0.03 0.01 0.01 0.01 0.01 0.11 0.04 0.30 0.18 0.01
25 Remote 0.04 0.02 0.01 0.01 0.03 0.20 0.06 0.48 0.31 0.01
26 Remote 0.06 0.02 0.02 0.03 0.01 0.32 0.06 0.63 0.51 0.01
27 Remote 0.02 0.02 0.01 0.01 0.01 0.14 0.04 0.34 0.23 0.01
28 Remote 0.04 0.02 0.01 0.01 0.01 0.17 0.05 0.43 0.31 0.01
29 Remote 0.02 0.01 0.01 0.01 0.01 0.09 0.03 0.23 0.15 0.01
30 Remote 0.01 0.01 0.01 0.01 0.01 0.07 0.03 0.18 0.12 0.01
31 Remote 0.02 0.01 0.00 0.01 0.01 0.11 0.04 0.29 0.18 0.01
32 Remote 0.03 0.02 0.01 0.01 0.01 0.13 0.04 0.35 0.23 0.01
33 Remote 0.02 0.02 0.01 0.01 0.01 0.13 0.04 0.34 0.22 0.01
34 Remote 0.02 0.01 0.01 0.01 0.01 0.11 0.03 0.27 0.18 0.01
35 Remote 0.04 0.02 0.01 0.02 0.01 0.22 0.07 0.54 0.37 0.01
36 Remote 0.01 0.02 0.01 0.01 0.01 0.09 0.02 0.22 0.14 0.01
37 Remote 0.02 0.02 0.01 0.01 0.01 0.09 0.03 0.22 0.15 0.01
38 Remote 0.05 0.02 0.01 0.01 0.03 0.27 0.09 0.72 0.45 0.01
39 Remote 0.03 0.02 0.01 0.01 0.02 0.20 0.06 0.47 0.32 0.01
40 Remote 0.02 0.01 0.01 0.01 0.01 0.13 0.04 0.32 0.23 0.01
41 Remote 0.03 0.01 0.01 0.01 0.01 0.13 0.04 0.34 0.23 0.01
42 Remote 0.04 0.03 0.01 0.01 0.02 0.18 0.07 0.51 0.35 0.01
43 Remote 0.02 0.01 0.01 0.01 0.02 0.26 0.09 0.52 0.37 0.02
44 Remote 0.03 0.02 0.01 0.01 0.01 0.16 0.05 0.37 0.27 0.01
45 Remote 0.02 0.01 0.01 0.01 0.01 0.11 0.03 0.26 0.18 0.01
46 Remote 0.03 0.01 0.01 0.01 0.02 0.17 0.05 0.43 0.29 0.01
47 Remote 0.05 0.02 0.01 0.01 0.03 0.31 0.07 0.60 0.50 0.01
48 Remote 0.07 0.03 0.01 0.03 0.02 0.43 0.14 1.0 0.73 0.01
49 Remote 0.08 0.03 0.01 0.02 0.05 0.48 0.12 0.98 0.78 0.02
50 Remote 0.03 0.01 0.01 0.01 0.02 0.22 0.06 0.44 0.35 0.01
51 Remote 0.02 0.02 0.01 0.01 0.01 0.13 0.04 0.34 0.22 0.01
52 Remote 0.09 0.03 0.01 0.01 0.05 0.55 0.15 13 0.95 0.03
53 Remote 0.03 0.02 0.01 0.01 0.02 0.20 0.06 0.45 0.34 0.01
54 Remote 0.02 0.02 0.01 0.01 0.01 0.14 0.04 0.32 0.25 0.01
55 Remote 0.04 0.02 0.01 0.01 0.02 0.23 0.07 0.55 0.39 0.01
96 Pristine 0.03 0.01 0.01 0.01 0.02 0.10 0.01 0.19 0.15 0.01
97 Pristine 0.03 0.02 0.01 0.01 0.01 0.13 0.01 0.19 0.18 0.01

2 Coeluting with PCB-106 in the PRCs. Excluded.

® Included in sum 18 PCBs
¢Included in sum 6 PCBs

4 Contaminated. Excluded.
n.d. = Not detected
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Table SI-2.2a. Concentrations in air (pg/m?3) for all target PCBs at the individual sites (continued).

Concentrations below MDL set to % MDL (grey).

® Included in sum 18 PCBs

¢ Included in sum 6 PCBs

¢ Contaminated. Excluded.
n.d. = Not detected

27

Site No. Type: PCB157 PCB167 PCB170 PCB 180" PCB183 PCB187° PCB189 PCB194 PCB206 PCB209 Sum 18 PCBs Sum 6 PCBs
1 Urban 0.01 0.01 0.05 0.23 0.08 0.23 0.01 0.02 0.02 0.01 17 8
2 Urban 0.01 0.01 0.01 0.07 0.04 0.08 0.01 0.02 0.02 0.01 12 5
3 Urban 0.01 0.01 0.01 0.10 0.04 0.08 0.01 0.02 0.02 0.01 17 7.5
4 Urban 0.02 0.05 0.15 0.62 0.24 0.60 0.01 0.02 0.02 0.01 92 42
5 Urban 0.01 0.05 0.12 0.47 0.20 0.51 0.01 0.02 0.02 0.01 89 40
6 Urban 0.01 0.01 0.05 0.21 0.10 0.26 0.01 0.02 0.02 0.01 72 26
7 Urban 0.01 0.01 0.05 0.20 0.09 0.23 0.01 0.02 0.02 0.01 45 20
8 Urban 0.01 0.04 0.14 0.74 0.34 0.76 0.01 0.02 0.02 0.01 83 38
9 Urband
10 Urban 0.01 0.03 0.10 0.39 0.16 0.40 0.01 0.02 0.01 0.01 43 18
11 Remote 0.01 0.01 0.03 0.06 0.02 0.06 0.01 0.02 0.01 0.01 4.5 2.0
12 Remote 0.01 0.01 0.01 0.06 0.02 0.06 0.01 0.02 0.01 0.01 8.2 3.6
13 Remote 0.01 0.01 0.03 0.03 0.02 0.03 0.02 0.02 0.02 0.01 4.9 2.2
14 Remote 0.01 0.01 0.03 0.02 0.02 0.02 0.01 0.01 0.02 0.01 4.6 22
15 Remote 0.01 0.01 0.03 0.10 0.05 0.11 0.02 0.01 0.02 0.01 9.2 4.1
16 Remote n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
17 Remote n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
18 Remote n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
19 Remote 0.01 0.01 0.01 0.04 0.02 0.05 0.01 0.01 0.01 0.01 4.8 2.0
20 Remote 0.01 0.01 0.01 0.03 0.03 0.05 0.01 0.01 0.01 0.01 4.7 21
21 Remote 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 24 1.0
22 Remote 0.01 0.01 0.01 0.03 0.01 0.03 0.01 0.01 0.01 0.01 2.6 11
23 Remote 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0.01 0.01 23 1.0
24 Remote 0.01 0.01 0.01 0.04 0.01 0.05 0.01 0.01 0.01 0.01 3.2 14
25 Remote 0.01 0.01 0.01 0.06 0.03 0.09 0.01 0.01 0.01 0.01 5.3 24
26 Remote 0.01 0.01 0.02 0.10 0.02 0.13 0.01 0.01 0.01 0.01 8.2 3.9
27 Remote 0.01 0.01 0.01 0.04 0.02 0.06 0.01 0.01 0.01 0.01 3.7 1.7
28 Remote 0.01 0.01 0.01 0.05 0.02 0.08 0.01 0.01 0.01 0.01 5.2 21
29 Remote 0.01 0.01 0.01 0.03 0.01 0.04 0.01 0.01 0.01 0.01 2.7 1.2
30 Remote 0.01 0.01 0.01 0.01 0.01 0.03 0.01 0.01 0.01 0.01 29 11
31 Remote 0.01 0.00 0.01 0.03 0.02 0.05 0.01 0.01 0.01 0.01 3.4 15
32 Remote 0.01 0.01 0.01 0.04 0.02 0.06 0.01 0.01 0.01 0.01 4.0 1.7
33 Remote 0.01 0.01 0.01 0.04 0.01 0.06 0.01 0.02 0.01 0.01 4.2 1.7
34 Remote 0.01 0.01 0.01 0.03 0.01 0.04 0.01 0.01 0.01 0.01 3.4 15
35 Remote 0.01 0.01 0.03 0.06 0.04 0.09 0.01 0.02 0.01 0.01 5.8 25
36 Remote 0.01 0.01 0.01 0.02 0.01 0.04 0.01 0.01 0.01 0.01 2.7 1.2
37 Remote 0.01 0.01 0.01 0.02 0.01 0.04 0.01 0.01 0.01 0.01 2.6 11
38 Remote 0.01 0.01 0.01 0.08 0.04 0.12 0.01 0.02 0.01 0.01 7.9 33
39 Remote 0.01 0.01 0.01 0.06 0.03 0.09 0.01 0.01 0.01 0.01 5.2 24
40 Remote 0.01 0.01 0.01 0.04 0.01 0.06 0.01 0.01 0.01 0.01 4.1 1.8
41 Remote 0.01 0.01 0.01 0.04 0.02 0.06 0.01 0.01 0.01 0.01 4.1 1.7
42 Remote 0.01 0.01 0.02 0.05 0.02 0.08 0.01 0.02 0.02 0.01 7.2 33
43 Remote 0.01 0.01 0.04 0.11 0.04 0.10 0.01 0.01 0.01 0.01 4.7 21
44 Remote 0.01 0.01 0.01 0.05 0.02 0.07 0.01 0.01 0.01 0.01 4.3 2.0
45 Remote 0.01 0.01 0.01 0.03 0.01 0.05 0.01 0.01 0.01 0.01 31 14
46 Remote 0.01 0.01 0.01 0.05 0.03 0.08 0.01 0.01 0.01 0.01 5.0 2.1
47 Remote 0.01 0.01 0.01 0.08 0.04 0.13 0.01 0.02 0.01 0.01 7.6 34
48 Remote 0.01 0.01 0.05 0.13 0.07 0.21 0.01 0.03 0.02 0.01 11 5.0
49 Remote 0.01 0.01 0.04 0.14 0.06 0.21 0.01 0.02 0.02 0.01 12 5.3
50 Remote 0.01 0.01 0.01 0.06 0.03 0.10 0.01 0.01 0.01 0.01 5.7 25
51 Remote 0.01 0.01 0.01 0.03 0.01 0.05 0.01 0.01 0.01 0.01 4.2 1.8
52 Remote 0.01 0.01 0.05 0.16 0.08 0.24 0.01 0.03 0.02 0.01 13 5.7
53 Remote 0.01 0.01 0.01 0.06 0.03 0.08 0.01 0.01 0.01 0.01 5.0 23
54 Remote 0.01 0.01 0.01 0.04 0.02 0.05 0.01 0.01 0.01 0.01 4.4 19
55 Remote 0.01 0.01 0.01 0.06 0.03 0.09 0.01 0.01 0.01 0.01 7.6 33
96 Pristine 0.01 0.01 0.01 0.02 0.01 0.03 0.01 0.02 0.01 0.01 4.7 19
97 Pristine 0.01 0.01 0.01 0.03 0.01 0.05 0.01 0.02 0.01 0.01 3.4 1.6

2 Coeluting with PCB-106 in the PRCs. Excluded.




Table SI-2.2b. Concentrations in air (pg/m?3) for all target OCPs at the individual sites. Concentrations

below MDL set to %2 MDL (grey).

Site No. Type: Dieldrin Aldrin Isodrin Endrin Heptachlor-exo-epoxide Heptachlc do-epoxid trans-Chlordane cis-Chlordane  Oxy-chlordane
1 Urban 134 14 44 45 93] 76 2.7 5.2 30
2 Urban 106 11 36 36 74 61 2.2 4.1 24
3 Urban 105 11 35 36 74 60 21 4.1 24
4 Urban 116 12 39 39 81 66 24 45 26
5 Urban 114 12 38 39 80 65 23 4.4 26
6 Urban 144 15 47 48 100 81 29 5.6 32
7 Urban 129 13 42 43 90 73 26 5.0 29
8 Urban 135 14 44 45 94 77 238 53 30
9 Urban 145 15 47 48 101 82 3.0 5.7 32
10 Urban 98 11 33 34 69 56 2.0 3.8 22
11 Remote 2.2 0.36 1.4 14 0.98 21 0.15 0.83 0.82
12 Remote 1.8 0.48 11 0.20 13 0.23 0.13 0.81 0.74
13 Remote 0.34 0.44 1.05 0.18 0.27 0.21 0.02 0.59 0.68
14 Remote 1.8 0.34 0.82 0.14 0.21 0.16 0.13 0.69 0.63
15 Remote 2.9 0.25 0.59 0.10 15 0.11 0.24 13 0.89
16 Remote 0.41 0.33 0.77 0.21 13 0.20 0.02 0.77 0.80
17 Remote 0.24 0.39 0.93 0.16 0.89 0.71 0.56 11 0.88
18 Remote 0.25 0.35 0.84 0.14 0.21 0.17 0.07 0.41 0.26
19 Remote 1.6 0.35 0.84 0.14 13 0.17 0.12 0.74 0.71
20 Remote 2.7 0.32 0.76 0.13 15 0.15 0.20 1.0 0.88
21 Remote 0.73 0.34 0.80 0.14 0.20 0.16 0.08 0.36 0.09
22 Remote 1.0 0.34 0.80 0.14 0.76 0.16 0.09 0.46 0.38
23 Remote 0.78 0.35 0.84 0.15 0.21 0.17 0.08 0.40 0.10
24 Remote 1.7 0.35 0.84 0.15 11 0.17 0.13 0.68 0.56
25 Remote 37 0.37 0.89 0.15 21 0.18 0.24 13 0.99
26 Remote 6.6 0.15 0.34 0.45 3.6 0.06 0.44 24 1.8
27 Remote 1.7 0.37 0.87 0.15 11 0.17 0.12 0.60 0.44
28 Remote n.a. n.a. na. na. n.a. n.a. n.a. n.a. na.
29 Remote 13 0.36 0.85 0.15 0.76 0.17 0.10 0.50 0.39
30 Remote 11 0.35 0.84 0.15 0.68 0.17 0.10 0.44 0.36
31 Remote 1.4 0.31 0.74 0.13 0.92 0.15 0.11 0.57 0.47
32 Remote 2.0 0.36 0.86 0.15 1.2 0.17 0.15 0.74 0.68
33 Remote 1.9 0.46 11 0.19 1.4 0.22 0.33 12 1.0
34 Remote 15 0.35 0.84 0.15 0.96 0.17 0.12 0.69 0.54
35 Remote 34 0.49 12 0.20 2.0 0.23 0.28 11 0.95
36 Remote 11 0.36 0.87 0.15 0.61 0.17 0.11 0.44 0.34
37 Remote 0.88 0.36 0.87 0.15 0.77 0.17 0.09 0.42 0.33
38 Remote 3.2 0.44 11 0.18 2.0 0.21 0.25 11 0.95
39 Remote 2.2 0.36 0.85 0.15 14 0.17 0.17 0.86 0.69
40 Remote 11 0.36 0.85 0.15 0.81 0.17 0.12 0.44 0.35
41 Remote 15 0.34 0.82 0.14 0.89 0.16 0.15 0.60 0.50
42 Remote 2.8 0.64 15 0.27 2.0 0.31 0.23 1.02 0.86
43 Remote 2.0 0.35 0.85 0.15 11 0.17 0.15 0.66 0.53
44 Remote 2.3 0.36 0.86 0.15 11 0.17 0.14 0.59 0.49
45 Remote 15 0.35 0.83 0.14 0.83 0.17 0.10 0.43 0.38
46 Remote 2.5 0.35 0.83 0.14 13 0.16 0.14 0.75 0.65
47 Remote 43 0.51 12 0.21 19 0.24 0.25 11 0.82
48 Remote 5.0 0.69 1.7 0.29 24 0.34 0.25 11 11
49 Remote 5.0 0.61 15 0.26 24 0.30 0.38 13 1.0
50 Remote 2.2 0.36 0.85 0.15 1.2 0.17 0.15 0.59 0.53
51 Remote 1.4 0.37 0.87 0.15 0.78 0.17 0.12 0.42 0.40
52 Remote 5.1 0.68 1.6 0.28 2.2 0.33 0.31 12 1.0
53 Remote 1.8 0.37 0.87 0.15 0.90 0.17 0.14 0.49 0.41
54 Remote b b b b b b b b b
55 Remote b b b b b b b b b
96 Pristine 13 0.29 1.0 1.2 1.4 1.4 0.17 1.0 0.94
97 Pristine n.a. n.a. n.a. n.a. n.a. n.a. n.a n.a. n.a.

2 Analytical error. Excluded.
b Excluded due to unknown amount of internal standard, high recovery % and unexepectedly low concentrations.
n.a. = Not analyzed
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Table SI-2.2b. Concentrations in air (pg/m?3) for all target OCPs at the individual sites (continued).
Concentrations below MDL set to % MDL (grey).

Site No.  Type: Chlordene Heptachlor trans-Nonachlor cis-Nonachlor Endosulfan-l Endosulfan-1l  Endosulfan-sulphate Trifluralin Mirex
1 Urban 19 33 2.6 11 7.8 16 18 5.7 4.6
2 Urban 15 28 21 8.6 6.2 13 14 4.7 3.6
3 Urban 15 28 21 8.6 6.2 13 14 4.7 3.6
4 Urban 16 30 2.3 9.5 6.8 14 16 5.1 4.0
5 Urban 16 30 2.2 9.3 6.7 14 15 5.0 3.9
6 Urban 20 35 2.8 12 8.4 18 20 6.1 5.0
7 Urban 18 32 2.5 11 7.5 16 17 5.5 4.4
8 Urban 19 34 2.7 11 7.9 16 18 5.8 4.6
9 Urban 20 36 29 12 8.5 18 20 6.1 5.0
10 Urban 14 27 1.9 8.0 5.8 12 13 4.5 33
11 Remote 0.17 0.35 0.64 0.12 2.65 0.22 0.17 0.07 0.11
12 Remote 0.28 0.39 0.63 0.03 12 0.20 0.15 0.10 0.16
13 Remote 0.26 0.36 0.42 0.03 0.90 0.19 0.14 0.10 0.15
14 Remote 0.20 0.29 0.52 0.02 1.0 0.14 0.10 0.08 0.11
15 Remote 0.14 0.22 1.0 0.12 15 0.10 0.08 0.06 0.08
16 Remote 0.19 0.27 0.65 0.02 12 0.13 0.17 0.07 0.11
17 Remote 0.23 0.32 0.80 0.13 14 0.16 0.12 0.08 0.13
18 Remote 0.20 0.29 0.30 0.02 0.69 0.15 0.45 0.08 0.11
19 Remote 0.20 0.29 0.63 0.13 2.8 0.14 0.30 0.08 0.11
20 Remote 0.18 0.27 0.86 0.18 32 0.13 0.10 0.07 0.10
21 Remote 0.20 0.28 0.27 0.02 1.2 0.14 0.10 0.07 0.11
22 Remote 0.20 0.28 0.37 0.02 1.6 0.14 0.10 0.07 0.11
23 Remote 0.21 0.29 0.32 0.02 1.2 0.15 0.11 0.08 0.11
24 Remote 0.21 0.29 0.56 0.02 24 0.15 0.11 0.08 0.11
25 Remote 0.22 0.31 1.0 0.24 3.8 0.15 0.11 0.08 0.12
26 Remote 0.07 0.15 1.9 0.35 6.4 0.16 0.04 0.04 0.27
27 Remote 0.21 0.31 0.52 0.12 1.7 0.15 0.27 0.08 0.12
28 Remote n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
29 Remote 0.21 0.30 0.42 0.09 13 0.15 0.11 0.08 0.11

30 Remote 0.21 0.29 0.35 0.07 14 0.15 0.11 0.08 0.11
31 Remote 0.18 0.26 0.49 0.11 23 0.13 0.09 0.07 0.10
32 Remote 0.21 0.30 0.60 0.13 2.6 0.15 0.11 0.08 0.12
33 Remote 0.27 0.37 0.80 0.13 2.8 0.19 0.14 0.10 0.15
34 Remote 0.21 0.29 0.56 0.10 2.2 0.15 0.11 0.08 0.11
35 Remote 0.29 0.40 0.97 0.17 33 0.21 0.15 0.11 0.16
36 Remote 0.21 0.31 0.39 0.06 15 0.15 0.11 0.08 0.12
37 Remote 0.21 0.31 0.37 0.06 13 0.15 0.11 0.08 0.12
38 Remote 0.26 0.36 0.92 0.13 43 0.19 0.14 0.10 0.15
39 Remote 0.21 0.30 0.67 0.14 34 0.15 0.11 0.08 0.12
40 Remote 0.21 0.30 0.38 0.06 1.8 0.15 0.11 0.08 0.11
41 Remote 0.20 0.28 0.51 0.08 23 0.14 0.11 0.08 0.11
42 Remote 0.39 0.51 0.92 0.13 4.6 0.66 0.20 0.14 0.22
43 Remote 0.21 0.30 0.59 0.09 2.6 0.15 0.11 0.08 0.11
44 Remote 0.21 0.31 0.49 0.08 1.6 0.15 0.11 0.08 0.11
45 Remote 0.21 0.29 0.39 0.05 16 0.15 0.24 0.08 0.11
46 Remote 0.20 0.29 0.65 0.11 29 0.14 0.11 0.08 0.11
47 Remote 0.30 0.41 0.93 0.11 3.0 0.22 0.16 0.25 0.17
48 Remote 0.42 0.55 11 0.14 37 0.30 0.22 0.15 0.24
49 Remote 0.37 0.49 11 0.14 37 0.26 0.19 0.13 0.21
50 Remote 0.21 0.30 0.55 0.08 2.2 0.15 0.11 0.08 0.11
51 Remote 0.21 0.31 0.39 0.05 14 0.15 0.11 0.08 0.12
52 Remote 0.41 0.54 1.0 0.14 35 0.29 0.21 0.14 0.23
53 Remote 0.21 0.31 0.42 0.05 14 0.15 0.11 0.08 0.11
54 Remote b b b b b b b b b

55 Remote b b b b b b b b b

96 Pristine 0.18 0.24 0.75 0.16 35 0.17 0.13 0.06 0.10
97 Pristine n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

@ Analytical error. Excluded.

® Excluded due to unknown amount of internal standard, high recovery % and unexepectedly low concentrations.
n.a. = Not analyzed
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Table SI-2.2b. Concentrations in air (pg/m?3) for all target OCPs at the individual sites (continued).
Concentrations below MDL set to %2 MDL (grey).

Site No. Type: PeCB HCB a-HCH B-HCH g-HCH o.p'-DDE p,p'-DDE o0,p'-DDD p,p'-DDD o,p'-DDT
1 Urban 17 73 4.1 6.1 12 0.38 3.1 0.43 0.44 0.50
2 Urban 14 68 34 4.8 34 0.30 1.2 0.34 0.35 0.39
3 Urban 11 45 3.4 4.8 34 0.29 0.89 0.34 0.34 0.39
4 Urban 15 58 3.7 5.3 12 0.33 3.5 0.38 0.38 14
5 Urban 29 85 3.6 5.2 2 0.32 3.9 0.37 0.37 1.8
6 Urban 23 70 43 6.6 11 0.40 14 0.46 0.47 0.53
7 Urban 19 76 4.0 5.9 8.2 0.36 2.7 0.42 0.42 0.47
8 Urban 16 73 4.1 6.2 10 0.38 2.5 0.44 0.44 1.1
9 Urban 17 71 43 6.6 9.7 0.41 1.2 0.47 0.48 0.54
10 Urban 14 65 8.0 4.5 10 0.27 2.9 0.32 0.32 1.3
11 Remote 28 88 8.5 0.14 1.7 0.06 0.34 0.02 0.05 0.11
12 Remote 25 99 8.1 0.27 17 0.04 0.35 0.02 0.08 0.20
13 Remote 24 81 5.8 0.21 1.4 0.04 0.20 0.02 0.07 0.13
14 Remote 25 78 6.5 0.16 1.4 0.03 0.24 0.03 0.06 0.14
15 Remote 25 85 8.2 0.25 2.0 0.07 0.50 0.06 0.04 0.26
16 Remote n.a. n.a. 7.4 0.15 15 0.03 0.25 0.03 0.05 0.17
17 Remote n.a. n.a. 8.4 0.19 1.6 0.03 0.33 0.04 0.07 0.19
18 Remote n.a. n.a. 49 0.16 11 0.03 0.14 0.01 0.06 0.08
19 Remote 22 75 7.5 0.16 1.8 0.03 0.26 0.01 0.06 0.15
20 Remote 22 90 8.1 0.15 17 0.03 0.31 0.03 0.05 0.18
21 Remote 17 54 3.8 0.16 11 0.03 0.14 0.01 0.06 0.07
22 Remote 20 60 4.9 0.16 1.1 0.03 0.16 0.01 0.06 0.10
23 Remote 18 54 43 0.17 1.2 0.03 0.15 0.01 0.06 0.08
24 Remote 19 64 5.5 0.16 15 0.03 0.22 0.01 0.06 0.12
25 Remote 22 92 8.2 0.18 2.2 0.03 0.45 0.04 0.06 0.18
26 Remote 23 73 13 0.19 43 0.08 0.74 0.06 0.02 0.30
27 Remote 20 67 5.8 0.17 1.6 0.03 0.24 0.03 0.06 0.09
28 Remote 21 71 7.4 0.17 23 0.03 0.44 0.04 0.06 0.19
29 Remote 17 52 43 0.17 14 0.03 0.25 0.01 0.06 0.10
30 Remote 16 55 5.1 0.17 1.3 0.03 0.16 0.01 0.06 0.07
31 Remote 18 70 6.0 0.14 1.7 0.02 0.20 0.03 0.05 0.13
32 Remote 18 77 6.6 0.17 2.2 0.03 0.28 0.01 0.06 0.15
33 Remote 19 83 7.1 0.22 2.0 0.04 0.29 0.02 0.08 0.16
34 Remote 23 76 3.7 0.17 1.0 0.03 0.14 0.01 0.06 0.06
35 Remote 19 81 8.4 0.23 2.8 0.04 0.53 0.08 0.08 0.25
36 Remote 20 57 4.7 0.17 1.4 0.03 0.23 0.01 0.06 0.11
37 Remote 19 53 4.4 0.17 14 0.03 0.22 0.01 0.06 0.10
38 Remote 21 85 8.4 0.21 43 0.04 0.76 0.02 0.07 0.37
39 Remote 20 69 7.1 0.17 34 0.03 0.55 0.03 0.06 0.26
40 Remote 18 52 4.4 0.17 2.7 0.03 0.48 0.01 0.06 0.18
41 Remote 17 57 5.4 0.16 2.6 0.03 0.40 0.01 0.06 0.21
42 Remote 18 83 8.2 0.31 6.5 0.05 0.54 0.02 0.11 0.31
43 Remote 23 77 6.3 0.17 2.7 0.03 0.72 0.01 0.06 0.33
44 Remote 21 66 5.1 0.17 3.0 0.03 0.62 0.03 0.06 0.16
45 Remote 16 55 43 0.17 24 0.03 1.2 0.01 0.06 0.21
46 Remote 22 75 6.4 0.16 33 0.03 0.59 0.03 0.06 0.18
47 Remote 20 78 8.3 0.24 5.8 0.14 13 0.04 0.09 0.33
48 Remote 25 103 9.7 0.34 7.4 0.06 1.9 0.06 0.12 0.57
49 Remote 22 85 8.8 0.30 7.1 0.08 1.9 0.07 0.11 0.73
50 Remote 22 61 5.5 0.17 3.7 0.03 0.67 0.01 0.06 0.28
51 Remote 24 61 4.7 0.17 2.7 0.03 0.55 0.01 0.06 0.18
52 Remote 26 101 8.4 0.33 6.4 0.06 2.6 0.07 0.12 11
53 Remote 23 57 4.2 0.17 2.7 0.03 0.72 0.03 0.06 0.23
54 Remote 23 52 3.6 0.33 2.7 0.03 0.55 0.01 0.06 0.12
55 Remote 24 64 49 0.17 3.6 0.03 0.81 0.01 0.06 0.24
96 Pristine 38 130 12 0.14 1.7 0.02 0.14 0.01 0.05 0.07
97 Pristine 31 136 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

2 Analytical error. Excluded.
b Excluded due to unknown amount of internal standard, high recovery % and unexepectedly low concentrations.
n.a. = Not analyzed
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Table SI-2.3. Literature data of background concentrations in air with PAS

Kalina et al. 2018 |Kurt-Karakus et al. 2018 |Gioia et al. 2007 Halse etal. 2011 [Jaward et al. 2004 [Pozo et al. 2009
Study area Czech Republic. |Turkey. n =16 (rural Northern Europe  |Europe, 35 Europe, 22 Globally, 17
n=13 only) (Ireland, UK, countries. n=96 |countries.n=40 [countries. n=23
Norway, Denmark, (rural/remote (background only)
Sweden, Finland, only)
Russia) n=23
Study period 2015 (July-Sep.) 2014 (Aug.-Oct.) 2004 (Aug.-Oct.) 2006 (July-Oct.)  |2002 (June/July) 2005 (June-Sep.)
Sum 6 PCB 11- 60 ng/m3 5.6-47 pg/m3f 13-32 pg/m32k 2-121pg/m3© 1.0-33pg/m*¢  [<MDL- 702 pg/m3¢
HCB 43 - 76 pg/m? 19- 1261 pg/m? 39- 61 pg/m3® 23 - 115 pg/m? 1.4-8.9pg/m?
a-HCH 6- 16 pg/m? <MDL- 482¢ 5- 156 pg/m? 1.7-10pg/m? <MDL- 55 pg/m?
g-HCH 8-20pg/m? 1.8- 170 pg/m? 1.1-65pg/m? <MDL- 56 pg/m?
p,p'-DDE 9-129 pg/m? 18- 1666 pg/m?* & <MDL- 281 pg/m?|0.05- 1.5 pg/m* |<MDL- 137 pg/m?
o,p'-DDT <MDL - 39 pg/m?
p,p'-DDT <MDL- 46 pg/m*® [0.08- 11 pg/m?

cis-Chlordane
trans-Chlordane
trans-Nonachlor
cis-Nonachlor

<MDL- 4.6 pg/m?
<MDL- 7.3 pg/m?
<MDL- 7.0 pg/m?
<MDL- 0.5 pg/m?

0.05- 1.4 pg/m?
0.05- 1.3 pg/m?

<MDL- 39 pg/m?
<MDL- 41 pg/m?
<MDL- 47 pg/m?

heptachlor and
heptachlor-epoxide,
sum of endosulfan-I, -1l
and - sulphate
respectively.

Heptachlor 7-389 pg/m3e <MDL
Heptachlor-epoxide <MDL- 46 pg/m?
Endosulfan-I 12-303 pg/m3¢ 2-491 pg/m?
Endosulfan-Ii <MDL- 103 pg/m?
Endosulfan-sulphate <MDL- 8pg/m?
Comments: fPCB118 additionally. |* PCB118instead of [ PCB118 dCoelution ¢ Sum 48 PCB only

8Sum of OCPs, i.e. sum |PCB138. Coelution [additionally. PCB90/101 and available.

of a-, b-, g,- d-HCH, sum |PCB90/101. ® PCB153/132.

of (o,p'-DDT, -DDD, - Limited to

DDE) and (p,p'-DDT, - Denmark, Finland,

DDD, -DDE), sum of Norway, UK.

Table SI-2.4 Comparison of MMRs at six selected sites (Oslo excluded) between 2006 and 2016.

Site MMR 2006 MMR 2016
Sum 6 PCB 4 3
PCB28 3 3
PCB153 11 5
HCB 3 2
Sum 3 DDX 2 15
op/pp-DDT 2 2
pp-DDT/-DDE 10 1
a-HCH 3 2
g-HCH 4 4
Sum 2 HCH 2 2
a/g-HCH 6 6
Sum CD 3 2
trans/cis-CD 5 2
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Table SI-2.5. Comparison of concentrations in air obtained from PAS with concentrations in air
obtained from AAS (Bohlin-Nizzetto et al., 2017), at the Norwegian monitoring sites during the same
time period (Table SI-1.1). Except PCB-47 and the tri-tetra-CB at Zeppelin, PAS generally
overestimates the concentrations in air (i.e. negative deviation values).

Birkenes (site 49) Andgya (site 26) Zeppelin (site 96) MMR Birkenes/Andgya
PAS AAS |Deviation| PAS AAS |Deviation| PAS AAS |Deviation PAS AAS
PCB congener: [ pg/m?3 pg/m3 % pg/m3 pg/m? % pg/m? pg/m3 % pg/m? pg/m?
18 1.74% 0.019 1.28 0.313 -308 % 0.935 3.89 76 %
" 28 1.13 0.716 -58 % 0.745 0.276 -170% 0.633 3.48 82 % 1.5 2.6
M 31 1.10 0.644 -71% 0.827 0.250 -231% 0.611 3.32 82 %
f 33 0.539 0.340 -58% 0.347 0.126 -176 % 0.353 2.58 86 %
f 37 0.109 0.065 -68 % <MDL 0.019 0.070 0.328 79 %
47 0.559 1.23 55% 0.347 0.753 54 % 0.204 0.566 64 %
M 52 1.63 0.928 -76 % 1.36 0.346 -292% 0.632 1.08 42 %
f 66 0.407 0.231 -76 % 0.170 0.071 -139% 0.147 0.217 32%
f 74 0.316 0.162 -95% 0.171 0.053 -223% 0.119 0.157 24 %
99 0.340 0.178 -92% 0.281 0.070 -304 % 0.126 0.087 -46 %
f 101 1.20 0.598 -101% 0.834 0.209 -299 % 0.333 0.269 -24%
f 105 0.080 0.038 -113% 0.057 0.013 -352 % 0.030 0.015 -95%
138 0.468 0.208 -125% 0.322 0.067 -378% 0.102 0.048 -112%
f 141 0.117 0.065 -80% 0.059 0.017 -241% <MDL 0.012
M 149 0.963 0.430 -124% 0.626 0.140 -348% 0.189 0.107 -76 %
f 153 0.773 0.381 -103 % 0.515 0.117 -340 % 0.145 0.077 -90 % 1.5 3.3
180 0.127 0.065 -95 % 0.101 0.018 -473 % 0.021 0.010 -103 %
187 0.201 0.081 -150 % 0.126 0.028 -350% 0.033 0.015 -122%
Sum 6 PCB 5.33 2.90 -84% 3.87 1.03 -275% 1.87 4.97 62 % 1.4 2.8
Sum 18 PCB 10.1 6.38 -58 % 8.16 2.88 -183 % 4.68 16.3 71% 1.2 2.2
HCB 85.0 45.3 -88 % 72.8 19.2 -279% 130 81.2 -60 % 1.2 2.4
a-HCH 8.90 5.74 -55% 12.7 3.40 -274% 12.3 5.45 -125% 0.7 1.7
y-HCH 7.01 3.96 -77% 4.32 1.11 -290 % 1.73 0.773 -124% 1.6 3.6
o,p'-DDD 0.072 0.028 -156 % 0.060 0.010 -500 % < MDL 0.007 1.2 2.8
o,p'-DDE 0.104 0.053 -96 % 0.084 0.024 -252% <MDL 0.011 1.2 2.2
o,p'-DDT 0.776 0.303 -156 % 0.299 0.074 -302 % 0.073 0.033 -121% 2.6 4.1
p,p'-DDD <MDL 0.018 <MDL 0.006 < MDL 0.007 3.1
p,p'-DDE 1.97 0.854 -131% 0.736 0.155 -373% 0.142 0.051 -178 % 2.7 5.5
p,p'-DDT 0.955 0.343 -178 % 0.185 0.054 -241% < MDL 0.019 5.2 6.3
Sum 3 DDX 3.70 1.50 -147 % 1.22 0.284 -329% 0.215 0.103 -108 % 3.0 5.3

2 Analytical error
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Table SI-2.6. Contributions (in %) from secondary emissions (re-emission from surface
compartments) and primary anthropogenic emissions nationally and of selected EMEP countries, as
well as other sources within/outside the EMEP domain, predicted by GLEMOS for all sampling sites.

Site No.  |Site Secondary| Start Norway | Belgium | Germany | Denmark | Finland France UK Netherlands | Russia Sweden | Other EMEP | Non-EMEP
1 Baerum 77% 0% 15% 0% 1% 0% 0% 1% 2% 0% 0% 0% 0% 3%
2 Holmenkollen 77% 0% 15% 0% 1% 0% 0% 1% 2% 0% 0% 0% 0% 3%
3 Maridalen 77 % 0% 15% 0% 1% 0% 0% 1% 2% 0% 0% 0% 0% 3%
4 Skgyen 76 % 0% 17% 0% 1% 0% 0% 1% 2% 0% 0% 0% 0% 3%
5 Sofienbergparken 76 % 0% 16 % 0% 1% 0% 0% 1% 2% 0% 0% 0% 0% 2%
6 Alnabru 76 % 0% 16 % 0% 1% 0% 0% 1% 2% 0% 0% 0% 0% 2%
7 Gamle Oslo 76 % 0% 16 % 0% 1% 0% 0% 1% 2% 0% 0% 0% 0% 2%
8 Botanisk hage 76 % 0% 16 % 0% 1% 0% 0% 1% 2% 0% 0% 0% 0% 2%
9 Dronningparken 76 % 0% 17% 0% 1% 0% 0% 1% 1% 0% 0% 0% 0% 2%
10 Kjeller 79% 0% 13% 0% 1% 0% 0% 1% 2% 0% 0% 1% 0% 3%
11 Grgtfjord 76 % 0% 4% 0% 1% 0% 1% 1% 2% 0% 0% 0% 0% 15%
12 Karpdalen 88 % 0% 1% 0% 0% 0% 1% 0% 1% 0% 3% 0% 0% 6%
13 Neiden 90 % 0% 1% 0% 0% 0% 2% 0% 0% 0% 2% 0% 0% 4%
14 Ekkergy 89 % 0% 1% 0% 0% 0% 1% 0% 1% 0% 1% 0% 0% 6%
15 Vardg 85 % 0% 0% 0% 0% 0% 1% 1% 1% 0% 1% 0% 0% 9%
16 Vestertana 88 % 0% 1% 0% 0% 0% 3% 0% 1% 0% 0% 0% 0% 6%
17 Hopseidet 86 % 0% 0% 0% 1% 0% 2% 1% 1% 0% 0% 0% 0% 8%
18 Lakselv 86 % 0% 1% 0% 1% 0% 5% 1% 1% 0% 0% 0% 0% 6%
19 Karasjok 89 % 0% 0% 0% 0% 0% 5% 0% 0% 0% 0% 0% 0% 4%
20 Slatten 85 % 0% 1% 0% 1% 0% 1% 1% 1% 0% 0% 0% 0% 9%
21 Kvaenangsbotn 79% 0% 1% 0% 1% 0% 8% 1% 1% 0% 0% 0% 1% 7%
22 Tamokdalen 76 % 0% 3% 0% 1% 0% 4% 1% 1% 0% 0% 1% 1% 1%
23 @Pverbygd 77% 0% 4% 0% 1% 0% 2% 1% 1% 0% 0% 1% 1% 10 %
24 Innhavet 7% 0% 3% 0% 1% 0% 0% 1% 1% 0% 0% 1% 1% 12%
25 Bg i Vesteralen 75% 0% 3% 0% 1% 0% 0% 1% 2% 0% 0% 0% 1% 15%
26 Andgya 73% 0% 3% 0% 1% 0% 0% 1% 2% 0% 0% 1% 1% 17%
27 Svolvaer 79% 0% 3% 0% 1% 0% 0% 1% 2% 0% 0% 0% 1% 1%
28 Moskenes 74% 0% 1% 1% 1% 0% 0% 2% 3% 0% 0% 0% 1% 16 %
29 Bodg 76 % 0% 6% 0% 1% 0% 0% 1% 2% 0% 0% 1% 1% 12%
30 @Pvrevatn 75% 0% 4% 1% 1% 0% 0% 1% 1% 0% 0% 4% 1% 1%
31 Balvatn 1% 0% 1% 1% 2% 0% 0% 2% 1% 0% 0% 8% 1% 12%
32 Junkerdal 76 % 0% 3% 0% 1% 0% 0% 1% 1% 0% 0% 4% 1% 1%
33 Tustervatn 80 % 0% 3% 0% 1% 0% 0% 1% 1% 0% 0% 1% 1% 10 %
34 Namsvatn 82 % 0% 1% 0% 1% 0% 0% 1% 1% 0% 0% 2% 1% 9%
35 Aglen 85 % 0% 2% 0% 1% 0% 0% 1% 2% 0% 0% 0% 1% 7%
36 Momyra 83 % 0% 2% 1% 2% 0% 0% 2% 2% 0% 0% 0% 1% 8%
37 Bjgrndalselva 82% 0% 4% 1% 2% 0% 0% 2% 2% 0% 0% 0% 1% 7%
38 Hummelfjell 89 % 0% 2% 0% 1% 0% 0% 1% 1% 0% 0% 0% 1% 4%
39 Valdalen 88 % 0% 1% 0% 1% 0% 0% 1% 1% 0% 1% 1% 1% 4%
40 Osen 90 % 0% 2% 0% 1% 0% 0% 1% 1% 0% 0% 1% 0% 3%
41 Lom 77% 0% 3% 1% 3% 0% 0% 2% 2% 0% 0% 0% 2% 9%
42 Karvatn 82 % 0% 3% 0% 2% 0% 0% 2% 1% 0% 1% 0% 1% 7%
43 Utvikfjellet 81% 0% 4% 1% 2% 0% 0% 2% 2% 0% 0% 0% 1% 7%
44 Furuneset 92% 0% 1% 0% 1% 0% 0% 1% 2% 0% 0% 0% 0% 2%
45 Ulvik 75% 0% 2% 1% 3% 0% 0% 3% 3% 1% 0% 0% 1% 9%
46 Vatnedal 76 % 0% 1% 1% 4% 0% 0% 3% 4% 1% 0% 0% 1% 8%
47 Utbjoa 88 % 0% 2% 1% 1% 0% 0% 2% 3% 0% 0% 0% 0% 3%
48 Ualand 85% 0% 1% 1% 2% 0% 0% 3% 4% 1% 0% 0% 0% 3%
49 Birkenes 83% 0% 2% 1% 2% 1% 0% 2% 3% 1% 0% 0% 0% 3%
50 Solhomfjell 84 % 0% 2% 1% 2% 1% 0% 2% 3% 1% 0% 0% 1% 4%
51 Hvittingfoss 86 % 0% 4% 1% 2% 1% 0% 2% 1% 0% 0% 0% 0% 3%
52 Prestebakke 85% 0% 2% 0% 1% 1% 0% 1% 2% 0% 0% 6% 0% 2%
53 Aremark 87 % 0% 1% 0% 1% 1% 0% 1% 2% 0% 0% 4% 0% 2%
54 Aurskog 86 % 0% 5% 0% 1% 0% 0% 1% 1% 0% 0% 1% 0% 3%
55 Hurdal 82% 0% 9% 0% 1% 0% 0% 1% 1% 0% 0% 1% 0% 3%
96 Svalbard (Zeppelin) 54 % 0% 0% 0% 0% 0% 0% 0% 1% 0% 1% 0% 1% 42 %
97 Svalbard (Erlingvatn) 54 % 0% 0% 0% 0% 0% 0% 0% 2% 0% 1% 0% 1% 42 %
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Text/Figures:

2.1 The occurrence of POPs in Norway

2.1.1 PCB
Boxplot concentrations of the six indicator PCB congeners is given in Figure SI-2.1. Figures SI-2.2a-b

show the spatial distribution of the volatile PCB-28 and PCB153 respectively in background air across

Norway.
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Figure SI-2.1 Boxplot concentrations of six selected PCB congeners in air (pg/m?) at Norwegian
background sites (n = 44). Outliers are excluded. The average abundance of each congener given
relative to SsPCBs is indicated.
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Figure SI-2.2a-b. The spatial distribution of concentrations of PCB28 and PCB153 in background air
across Norway.
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2.1.2 Latitudinal correlations
Figure SI-2.3 shows the trend of the selected POPs with latitude, as described in SI 1.6.3. In Figure SI-

2.4 the correlation with latitude between 2006 and 2016 is compared, according to SI 1.6.6.

2.5

15

log pg/m3

-1.5
Latitude
Sum 18 PCB_|PCB28 |PCB153 [HCB  |a-HCH |g-HCH SumHCH [Sum DDX [Sum 4 CD |Dieldrin |HepX Endo |
Correlation p -0.33| -021| -046 o041 027 -0.68 -0.12 -0.71 -0.02 -0.43 -0.29] -0.24
p-value 0.030] 0.16| 0.0016| 0.0058| 0.0700|<0.001 0.43/<0.001 0.92] 0.004 0.06| 0.12
Lin.reg RA2 0.11 021 0.17 0.47 0.51 0.18

Figure SI-2.3. Linear correlation of log concentrations with latitude of selected compounds. CD =
Chlordanes, Hepx = Heptachlor-exo-epoxide, Endo | = Endosulfan-I.
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Figure SI-2.4 Comparison of correlation of the logarithmic concentration with latitude between 2006
and 2016. P-values below 0.05 indicate there is a significant difference in the latitudinal gradient

between 2006 and 2016.

2.1.3 Comparison with active air sampling (AAS)

Figures SI-2.5a—e show a simple comparison of concentrations of selected POPs in air obtained from

PAS with concentrations in air obtained from AAS (Bohlin-Nizzetto et al., 2017). A more thorough

comparison is given in Table SI-2.5.
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Figure SI-2.5 a-e. Comparison of concentrations in air of (a)PCBs, (b)HCB, (c)a-HCH, (d)y-HCH and
(e)DDXs obtained from PAS (blue), with concentrations in air obtained from AAS (blue dotted)
(Bohlin-Nizzetto et al., 2017).

2.1.4 HCB and PeCB
Release of HCB has been suggested to continue due to by-production and usage of chlorinated

compounds contaminated with HCB in some parts of the world (Hung et al., 2016). The highest
concentrations of HCB and PeCB were found on Svalbard, almost two times the median, and
indicated as outliers in the boxplot in Figure SI-2.6. The HCB concentration is two to three times
higher than the average concentrations found in Europe (Halse et al., 2011; Aas & Bohlin-Nizzetto,
2018). Also PeCB is mostly associated with unintentional emissions, but less information is available
on atmospheric concentrations. The concentrations found in the present study are in the same

range as those measured in North America using XAD-based PAS (Shen et al., 2005).

In Figure SI-2.3, HCB is the only OCP that shows a significant positive correlation with latitude (p-
value 0.0058, corr 0.41). By excluding the two elevated concentrations at Svalbard, the increasing

trend is no longer significant (p-value 0.47, corr 0.11).
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Figure SI-2.6. Boxplot concentrations of HCB at 44 sites. The two outliers from Svalbard are indicated
with circles (> 120 pg/m°).
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2.1.5 HCHs
HCHs were used as insecticides, originally in a technical mixture of several isomers, containing 60-70

% a-HCH and 10-12 % y-HCH, and later in lindane, consisting almost entirely of the y-isomer (Li &
Macdonald, 2005). As expected, a- and y-HCH were the most abundant HCH-isomers, contributing
71 % and 29 % respectively to the average concentration. The average concentration of the sum of
a- and y-HCHs (3, HCHs) was 9 pg/m?3 (SD + 3 pg/m?), and in the same range as observed for other
background areas (Hung et al., 2016; Pozo et al., 2009).
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Figure SI-2.7. Concentrations of a-HCH in air at 8 coastal- (circles) and 10 inland (diamond) sites in
Norway.

2.1.6 DDXs
DDT has been widely used as an insecticide in the past, but is now limited to use in control of malaria

disease and as an intermediate in the production of Dicofol (UNECE, 1998). In the environment, DDT
is converted to DDE and DDD, and DDX is a term to include both DDT and its metabolites. Technical
DDT is composed of a mixture of isomers, with 75 % p,p’-DDT, 15 % o,p’-DDT and 5 % p,p’-DDE, and
a dominance of these compounds are expected. The average concentration of sum p,p’-DDE, o,p’-
DDT and p,p’-DDT (53 DDXs) in air at Norwegian background sites (0.9 + 0.9 pg/m?3) was in agreement
with levels found in the other studies (Table SI-2.3). The metabolite p,p’-DDE was the dominating
compound (57 %), followed by its parent p,p’-DDT (20 %) and o,p’-DDT (23 %). The spatial

distribution of Y3 DDXs across Norway is given in Figure SI-2.8.
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While the high p,p’-DDE/p,p’-DDT ratio for all sampling sites indicates old sources of DDT, the ratio
of the o,p’-DDT isomer compared to p,p’-DDT (0.8-1.8) may indicate influence of usage of the
miticide Dicofol, which is on the proposal list under the Stockholm Convention. Dicofol is synthesized
from DDT (Qiu et al., 2005) and has shown to have a higher content of the o,p’-DDT isomer
compared to technical DDT (Qju et al., 2005). It is worth noting that o,p’-DDT/p,p’-DDT ratio was
correlated to latitude with significantly lower values observed in southern Norway (p-value < 0.001).
This may indicate that the influence of Dicofol is stronger in northern Norway, or that there are

differences in the LRAT potential of the two isomers.
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Figure SI-2.8 The spatial distribution of concentrations of sum 3 DDXs in background air across
Norway.

2.1.7 Chlordanes
Technical Chlordane was widely used in agriculture and in control of termites, ants and others. The

insecticide consists mainly of cis- and trans-Chlordane (19 % and 24 % respectively), but contains
also Heptachlor and trans-Nonachlor in reasonable amounts (both 7 %) (Dearth & Hites, 1991;
Sovocool et al., 1977). Heptachlor has additionally been used in an independent technical mixture. In
our study, five Chlordane-related compounds were detected in more than 60 % of the samples, i.e.
trans-/cis-Chlordane (trans-/cis-CD), Oxy-Chlordane, trans-/cis-Nonachlor (trans-/cis-NO) and
Heptachlor-exo-epoxide (HepX). The spatial distribution of 4 Chlordanes across Norway is given in

Figure SI-2.9a. Despite being banned for many years, Chlordanes were found in air at the Norwegian
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background sites, with an average concentration of Y4 Chlordanes (3 trans/cis-Chlordane and
trans/cis-Nonachlor) of 1.7 + 0.8 pg/m3. Cis-Chlordane and trans-Nonachlor were the most dominant
compounds, accounting for 46 % and 38 % respectively of >4 Chlordanes. These values are consistent
with the other studies (Table SI-2.3) and remarkably similar to the concentrations found under
AMAP (Bohlin-Nizzetto et al., 2017). While Heptachlor-exo-epoxide were among the OCPs with
highest measured levels (1.2 + 0.7 pg/m3), Oxy-Chlordane was detected in comparable levels to cis-
Chlordane and trans-Nonachlor (0.7 + 0.3 pg/m?3). Despite relatively high concentrations, both
compounds were only 2-3 times higher than the MDL and are in the same range as found in
background areas (Hung et al., 2016; Pozo et al., 2009). Heptachlor, Heptachlor-endo-epoxide and

Chlordene were not detected.

While the Chlordanes showed no latitudinal gradient (Figure SI-2.3), the metabolite Heptachlor-exo-
epoxide showed a slightly declining trend with latitude (corr -0.29). However, there was no
significant difference between the southern- and northern levels (p-value 0.12). The spatial

distribution of Heptachlor-exo-epoxide across Norway is given in Figure SI-2.9b.
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Figure SI-2.9 a-b. The spatial distribution of concentrations of sum 4 Chlordanes and the metabolite
Heptachlor-exo-epoxide in background air across Norway
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2.1.8 Endosulfans
Endosulfan was widely used throughout the world (Li & Macdonald, 2005; Weber et al., 2010) until

its regulation in 2011, and elevated concentrations in air in areas with agricultural activity have been
reported by Pozo et al. (2006) and Harner et al. (2004). In our study, Endosulfan | was also detected
(Figure SI-2.10), but in much lower concentrations (2 + 1 pg/m?) compared to the previous studies

(Table SI-2.3). The degradation product Endosulfan sulphate was detected only in a limited number

of samples (7 %).
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Figure SI-2.10 The spatial distribution of concentrations of Endosulfan | in background air across
Norway.
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2.1.9 Dieldrin
The spatial distribution of the insecticide Dieldrin across Norway is given in Figure SI-2.11, and was

measured at comparable levels to Endosulfan | (2 + 1 pg/m3). Dieldrin is also a degradation product
of Aldrin. The concentrations found were in the lower range of what Pozo et al. (2009) reported
globally and in the same range as found in the Arctic (Hung et al., 2016). Aldrin, on the other hand,

was not detected in any of the samples, nor were the two corresponding stereoisomers, Endrin and

Isodrin.
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Figure SI-2.11 The spatial distribution of concentrations of Dieldrin in background air across Norway.
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2.2 Comparison with an urban environment
The concentrations in urban air were generally approximately 10 times higher than the

concentrations in background air for 3¢PCBs and 4.5 times higher for 33DDXs. The concentrations of

HCB and Y,HCHs were roughly the same in urban and background air.

In addition to the PCB congeners found in the background samples, PCB114, PCB156 and PCB170
were also detected in > 80 % of the urban samples. Tri-CBs were the dominating congener group,
with the proportion of Tri-CBs in the urban samples (50 %) being somewhat larger than in the
background samples (43 %). However, comparing the proportion of each of the PCB-congeners with
matched pair Wilcoxon signed rank test (Sl 1.6.5), there was no significant difference found between
the composition of urban and background air (p-value 0.13). Similar to the rest of southern Norway,

PCB-28 is more dominating (two times higher fraction) than PCB-153 in the urban samples.

Due to challenges with matrix and dilution of the extracts for the urban samples, a high MDL (0.3 -
115 pg/m?3) was retrieved for the OCPs, resulting in a low detection frequency of the compounds
(Table SI-2.2 b). PeCB/HCB and the most abundant HCHs and DDXs were detected, though all (except
PeCB/HCB and p,p’DDE) to a smaller extent than in the background samples. While a-HCH, for
instance, was detected in all of the background samples, it was only detected in one of the ten urban
samples due to the elevated detection limit. The same compounds were included in the sums even

though they were detected in less than 60 % of the samples.

While the map in Figure SI-2.12 shows the distribution of the measured concentrations of PCB-153
around Oslo, Figures SI-2.13 - 2.14 show the predicted source contributors to the overall
concentration of PCB-153 in Oslo (given by site 8), simulated by GLEMOS and FLEXPART, respectively.
Both models show influence from western Europe, but GLEMOS also suggests considerable national

contribution from primary sources.

PCB153 concentration | |
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Figure SI-2.12. Map of concentrations of PCB-153 in air across the urban area showing approximately

ten times higher concentrations compared to the Norwegian background levels (average: 0.3 pg/m3).
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Figure SI-2.13. The relative contributions to the overall concentration of PCB-153 at site 8 (Oslo),
simulated with GLEMOS, showing considerable national contribution from primary sources, but also
strong influence from secondary sources.
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Figure SI-2.14. Maps of footprint emission contribution at site 8 (Oslo), simulated with FLEXPART,
showing strong influence from western Europe, similar to the rest of southern Norway.
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2.3 Model predictions of PCB-153
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Figure SI-2.15a. The modelled versus observed concentrations of PCB-153 in Norway for GLEMOS
expressed on a logarithmic basis. The brackets represent the accuracy (factor two) of the PAS-
derived concentrations (Shoeib & Harner, 2002a). The dashed yellow lines represent deviations of a
factor of two from the observed concentrations, while the solid red lines represent deviations of a
factor of three. Largest deviations are found for the urban samples (dark blue).
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Figure SI-2.15b. The modelled versus observed concentrations of PCB-153 in Norway for FLEXPART
expressed on a logarithmic basis. The brackets represent the accuracy (factor two) of the PAS-
derived concentrations (Shoeib & Harner, 2002a). The dashed yellow lines represent deviations of a
factor of two from the observed concentrations, while the solid red lines represent deviations of a
factor of three. Largest deviations are found for the urban samples (dark blue) and for the sites at
Svalbard (lower end of the figure).
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Figure SI-2.15c. The modelled concentrations of PCB-153 simulated with FLEXPART, compared with
the modelled concentrations of PCB-153 simulated with GLEMOS. Both expressed on a logarithmic
basis. The dashed yellow lines represent deviations of a factor of two between FLEXPART and
GLEMOS concentrations, while the solid red lines represent deviations of a factor of three. 61% of
the FLEXPART concentrations were higher than those predicted by the GLEMOS model. The
concentrations at Svalbard simulated with FLEXPART were more than a factor of three lower than
the GLEMOS model.
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Figure SI-2.16a. The relative contributions to the overall concentration of PCB-153 at site 49
(southern Norway), simulated with GLEMOS, showing strong influence from western Europe (e.g. UK
and Germany).
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Figure SI-2.16b. Maps of footprint emission contribution at site 49 (southern Norway), simulated
with FLEXPART, showing strong influence from western Europe.

48



Initial; 0 % ) ) ¥ Germany
= Finland

= France

\ m UK
= Norway
= Sweden

® Non-EMEP

m Other EMEP

Figure SI-2.17a. The relative contributions to the overall concentration of PCB-153 at site 23
(northern Norway), simulated with GLEMOS, showing influence from western Europe (e.g. Germany)
and minor contributions from other countries (e.g. Norway and Finland).
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Figure SI-2.17b. Maps of footprint emission contribution at site 23 (northern Norway), simulated
with FLEXPART, showing influence from western Europe, and minor influence from east.
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Figure SI-2.18a. The relative contributions to the overall concentration of PCB-153 at site 12
(eastern-most part of northern Norway), simulated with GLEMOS, showing influence from non-
EMEP countries and e.g. Russia.
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Figure SI-2.18b. Maps of footprint emission contribution at site 12 (eastern-most part of northern
Norway), simulated with FLEXPART, showing influence from western Europe and e.g. Kola peninsula.
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Figure SI-2.19a. The relative contributions to the overall concentration of PCB-153 at site 96

(Svalbard), simulated with GLEMOS, showing less contribution from secondary emissions compared
to the other sites and strong influence from primary sources outside EMEP.
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Figure SI-2.19b. Maps of footprint emission sensitivities (ES) and emission contribution (EC) at site 96
(Svalbard), simulated with FLEXPART, showing air masses generally from west (top).
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Concentration data on POPs in air is necessary to assess the effectiveness of international regulations aiming to
reduce the emissions of persistent organic pollutants (POPs) into the environment. POPs in European background
air are continuously monitored using active- and passive air sampling techniques at a limited number of at-
mospheric monitoring stations. As a result of the low spatial resolution of such continuous monitoring, there is
limited understanding of the main sources controlling the atmospheric burdens of POPs across Europe. The key
objectives of this study were to measure the spatial and temporal variability of concentrations of POPs in
background air with a high spatial resolution (n = 101) across 33 countries within Europe, and to use obser-
vations and models in concert to assess if the measured concentrations are mainly governed by secondary
emissions or continuing primary emissions. Hexachlorobenzene (HCB) was not only the POP detected in highest
concentrations (median: 67 pg/m®), but also the only POP that had significantly increased over the last decade.
HCB was also the only POP that was positively correlated to latitude. For the other targeted POPs, the highest
concentrations were observed in the southern part of Europe, and a declining temporal trend was observed.
Spatial differences in temporal changes were observed. For example, y-HCH (hexachlorocyclohexane) had the
largest decrease in the south of Europe, while a-HCH had declined the most in central-east Europe. High
occurrence of degradation products of the organochlorine pesticides and isomeric ratios indicated past usage.
Model predictions of PCB-153 (2,2',4,4',5,5'-hexach10r0biphenyl) by the Global EMEP Multi-media Modelling
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System suggest that secondary emissions are more important than primary emissions in controlling atmospheric
burdens, and that the relative importance of primary emissions are more influential in southern Europe
compared to northern Europe. Our study highlights the major advantages of combining high spatial resolution
observations with mechanistic modelling approaches to provide insights on the relative importance of primary-
and secondary emission sources in Europe. Such knowledge is considered vital for policy makers aiming to assess
the potential for further emission reduction strategies of legacy POPs.

1. Introduction

Persistent organic pollutants (POPs) are regulated organic chemicals
that may cause harmful health- and environmental effects, due to their
toxicity and bioaccumulating properties. They are persistent and can be
transported over long distances, far away from their sources. The at-
mosphere represents an important pathway of environmental transport
across national boundaries and into remote areas (Wania and Mackay,
1993).

Though international regulations have reduced the primary emis-
sions of POPs into the environment, POPs are still present both in source
regions and remote regions like the Arctic (Wong et al., 2021). The
occurrence of POPs in the atmosphere and other environmental com-
partments may in part be due to continuing primary emissions (Breivik
et al., 2004; UNEP, 2020). However, the relative importance of sec-
ondary sources from historically contaminated surface media (Jones,
1994; Li and Wania, 2018) is excpected to increase, due to the decrease
in primary emissions (Nizzetto et al., 2010) and/or increased global
temperatures (Ma et al., 2011). Monitoring of POPs in air is therefore
important to identify the main sources controlling the atmospheric
burdens, and to assess the effectiveness of control measures for legacy
POPs (Wohrnschimmel et al., 2016).

POPs have been included in the air monitoring programme of EMEP
(the European Monitoring and Evaluation Programme) since 1999
(Tgrseth et al., 2012). In 2016, 12 atmospheric monitoring stations in
Europe, utilizing active air sampling (AAS) techniques, reported con-
centrations of POPs in background air to EMEP (Aas and
Bohlin-Nizzetto, 2018). These samplers, driven by pumps, provide data
with high temporal resolution, but are costly and thereby result in low
spatial coverage. The continous monitoring under EMEP is crucial for
time-trend analysis at individual sites, but the analysis of spatial vari-
ability in Europe is hampered by a low number of EMEP sites and
chemical analysis performed by different laboratories. Passive air sam-
plers (PAS) based on diffusive uptake, are independent of electricity and
represent a simple and low-cost alternative. PAS may complement AAS
by expanding the spatial coverage of air measurement assessments
(Jaward et al., 2004; Shoeib and Harner, 2002), such as the EMEP
programme. Within Europe, two PAS monitoring networks (Kalina et al.,
2019; Schuster et al., 2021) and a few case-studies (Gioia et al., 2007;
Halse et al., 2011; Jaward et al., 2004) have contributed to assess the
spatial trends, but except Halse et al. (2011) (n = 86), the number of
sampling sites in background areas within Europe has been limited (n <
46). Therefore, a need exists for studies aiming to improve the under-
standing of the spatial patterns of POPs in European air, as the source
contributions are known to be variable across Europe, e.g. due to dif-
ferences in production and use from country to country. In more central
parts of Europe, the production and use of POPs have been widespread
(Barber et al., 2005; Breivik et al., 1999, 2002), and we therefore expect
the influence of primary emissions to be higher in this region, compared
to remote areas in Europe (Jaward et al., 2004; Lunder Halvorsen et al.,
2021; Meijer et al., 2003). Furthermore, it is also known that there are
major spatial differences in the historical use of legacy POPs within
Europe. A notable example is the insecticide lindane (>99% g-HCH)
which was used more extensively in western parts of Europe, whereas
the historical use of technical HCH (predominantly a-HCH) mainly
occurred in eastern parts of Europe (Breivik et al., 1999). We therefore
hypothesize that the concentrations of POPs in air within Europe may be

a) variable across regions, b) variable for different POPs (both on a
group level and for individual compounds), c) likely to have decreased
over time in response to primary emission reductions, and d) increas-
ingly influenced by secondary emissions.

The main objective of this study was to assess the spatial and tem-
poral variability of legacy POPs in air across Europe, using a combina-
tion of measurements and modelling, both with high resolution. In this
study, a comprehensive passive air sampling campaign with 101 sites
across Europe was conducted in 2016, mapping background concen-
trations of POPs in air. The analysis of all PAS was performed by one
laboratory, providing a consistent dataset. The study focuses on legacy
POPs, that have seen significant historical use in the study region, and
enables us to assess the spatial distribution of POPs in European air and
their temporal change in concentrations by comparing with studies
carried out in the past, including data from a similar PAS campaign
conducted in 2006 (Halse et al., 2011). Lunder Halvorsen et al. (2021)
recently proposed a strategy on how to combine high spatial resolution
measurements with modelling approaches to better understand the main
sources controlling atmospheric burdens of POPs across a nation. In our
study, the approach was expanded to the whole of Europe.

2. Materials and methods

2.1. Sampling

Passive air samples were collected at 101 background sites across 33
countries within Europe (35°N to 82°N, 52°W to 48°E, Figure SI-1.1) ina
coordinated and comprehensive sampling campaign during summer
2016. Most of the sites (n = 96) were monitoring stations reporting
various inorganic and organic compounds in air to EMEP (see e.g.
Torseth et al. (2012)). Among these, 11 sites (Figure SI-1.1) reported
some of the targeted POPs based on AAS to EMEP in 2016 (Aas and
Bohlin-Nizzetto, 2018). Passive air samplers were deployed and
collected by trained personnel already involved in the EMEP program
(Table SI-3.1), following standard operating procedures for passive air
sampling of POPs.

Polyurethane foam based passive air samplers (PUF-PAS) with the
MONET design of the sampler housing (diameter upper and lower bowl
30 and 24 cm respectively) were used for sampling (Kalina et al., 2017;
Markovic et al., 2015). The PUF disks (14 cm diameter x 1.4 cm thick-
ness, 0.027 g/cmg) were purchased from Sunde Skumplast
AS/Carpenter (Norway). Prior to deployment, the PUF disks were
pre-cleaned, spiked with sampling performance reference compounds
(PRCs, Table 1.2a) and distributed to the sampling sites by NILU. The
PUF-PAS were deployed at or close-by the monitoring stations and
exposed from July to October (77-125 days). Details of sampler prep-
aration and deployment are described in Lunder Halvorsen et al. (2021)
while an overview of the sampling sites is presented in the Supporting
Information (Table SI-1.1).

2.2. Sample extraction and clean-up
The exposed PUF disks were returned to the laboratory at NILU for

analysis. A description of sample extraction and clean-up is given in SI
1.2
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2.3. Instrumental analysis

Prior to instrumental analysis, an instrument performance standard
was added to the samples. The samples were analyzed for 31 poly-
chlorinated biphenyls (PCBs), penta- and hexachlorobenzene (PeCB/
HCB) and 27 organochlorine pesticides (OCPs). This included the six
indicator PCBs (PCB-28, -52, —101, —138, —153 and —180), hexa-
chlorocyclohexanes (HCHs), dichlorodiphenyldichloroethylenes (DDTs),
chlordanes (CDs), aldrin, endosulfans, and their metabolites. A list of all
target compounds is given in Table SI-1.2b-c. Analysis was performed
with a gas chromatograph (GC) coupled to a high-resolution mass spec-
trometer (HRMS) following the method described in Lunder Halvorsen
et al. (2021).

2.4. QA/QC

Blank level control was performed by extracting and analyzing 14
method blank samples and 11 field blank samples in the same way as the
exposed samples. The method detection limits (MDLs) were calculated
as the average plus three times the standard deviation of target analytes
in blank samples, normalized by the average sample volume (Table SI-
2.1b). While the levels in field- and method blanks for the OCPs were
comparable and were all used to calculate the MDL, only the method
blanks were used to calculate the MDL for PCB and PeCB/HCB. Of the 60
targeted analytes, only analytes with more than 60% detection fre-
quency, i.e. 30 PCBs, PeCB/HCB and 16 OCPs, were evaluated in this
study. The median concentrations of these analytes exceeded the MDLs
by a factor of 6-111. For the calculation of sum, average and median,
and for the statistical analysis, concentrations below MDL were replaced
by !~ MDL, for consistency with Halse et al. (2011). There are un-
certainties related to the statistical interpretation of data when
substituting values below MDL, especially for analytes with less than
85% detection frequency (Helsel, 2006).

The internal standard recoveries of deployed samples, field- and
method blanks are given in Table SI-1.3. For further method quality
control, a known amount of 12C target analytes was added to three clean
PUF disks to assess the method bias (—2%-6% for PCBs and —13%-27%
for OCPs, Table SI-1.4a). PUF-PAS were co-deployed at 11 selected sites
to assess the reproducibility of the PAS method (0-33 RSD%, Table SI-
1.4b).

2.5. Deriving air concentrations

Air concentrations were derived from the amounts found in the
samplers and air volumes estimated from the template of Harner (2017),
with the same approach described in Lunder Halvorsen et al. (2021). A
detailed description of the required parameters is included in SI section
1.3. In short, site-specific sampling rates (2.0-15 m>/day, median: 3.7
m3/day, Table SI-1.5) were estimated accounting for i) the measured
loss of PRCs from the PUF-PAS, and ii) site-specific environmental
conditions, i.e. ambient air temperature (—13-29 °C) and wind speed
(2-7 m/s). The median sampling rate in our study is within the range
often reported for PUF-PAS (3-4 m3/day) (Wania and Shunthirasing-
ham, 2020).

The PCBs and OCPs targeted in our study are predominantly in gas-
phase (Bohlin et al., 2014), and the lower uptake efficiency for particles
with the MONET sampler (Bohlin et al., 2014; Markovic et al., 2015) is
therefore not taken into consideration when estimating air volumes. For
more volatile compounds with Koy < 108 (e.g. HCB and PCB-18),
equilibrium is reached during the 3-month deployment period (Fran-
cisco et al., 2017). The Harner-template accounts for this and the esti-
mated air volumes of HCB are consequently lower than e.g. PCB-153
(Table SI-1.5). However, the PAS does not provide a true
time-averaged concentration as the rate of uptake is decreasing during
the sampling period. The amount of HCB in the PUF that is in equilib-
rium with the atmosphere may also change. (Wania and
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Shunthirasingham, 2020).
2.6. Data analysis

The ratio between maximum and minimum concentrations in air
(MMR) was used as a simple measure of the spatial variability. For
comparison with the Norwegian study (Lunder Halvorsen et al., 2021),
MMR was calculated excluding outliers (SI 1.4.1).

Regional differences in the measured concentrations of POPs be-
tween north, south, central-east and west (Figure SI-1.1), according to
the geographical division of Europe by the European Union (EuroVoc,
2021), were assessed using significance tests. The spatial variability was
further assessed by examining possible correlations between the target
compounds, with latitude/longitude as well as with population density
estimated within 50 km of each sampling site (SI 1.4.2). All data, except
latitude/longitude were log-transformed prior to the correlation tests.

Significance tests were also performed to assess the temporal change
in concentrations between this study and an earlier European campaign
from 2006 (Halse et al., 2011), for 73 sites that were included in both
studies. A consistent comparison to the earlier campaign was assured by
using similar sampling and analytical methods, and the same approach
for deriving air concentrations accounting for the temperature depen-
dence of Kpyg.air-

All statistical analyses were performed by using R Studio with R 4.1.1
(details in SI 1.4).

2.7. Source-receptor modelling tools

Model simulations of concentration of PCB-153 in air were carried
out for each individual site, corresponding to the actual deployment
periods, using the GLEMOS model (Malanichev et al., 2004). The results
were initially used to evaluate if the observed spatial pattern is
explained by the model. For each site, the relative contributions
attributed to primary- and secondary emissions were predicted by
GLEMOS. While the total primary emissions are separated into contri-
butions from national emissions and transboundary transport (with-
in/outside EMEP), this is not specified for the secondary emissions. A
correlation between the predicted contribution from national emissions
and population density (within 50 km of each site, SI 1.4.2) was
examined. Furthermore, regional differences in the relative contribution
of the main sources were examined, by using significance tests.

To further examine the source regions and contributions from pri-
mary emissions alone, simulations of PCB-153 were also carried out
using the Lagrangian particle dispersion model FLEXPART V10.4 in
backward mode (Pisso et al., 2019; Stohl et al., 1998). FLEXPART pre-
dicts so-called “footprints” that illustrate where the air mass had the
potential to take up pollutants from sources near the ground. Combining
the footprints with emission data (Breivik et al., 2007) enables us to
identify the primary source regions contributing to the predicted con-
centration at each sampling site.

We refer to Lunder Halvorsen et al. (2021) for further details on the
model simulations that were carried out.

3. Results and discussion
3.1. Overall results

An overview of concentrations in air, detection frequencies (i.e.
percentage of samples above MDL) and MMRs of selected POPs in air is
provided in Table SI-2.1a, while concentrations for all target analytes at
the individual sites are presented in Tables SI-2.2a-b. The median con-
centration of S 30PCBs was 29 pg/m> (range: 3-405 pg/m>), and 30 of
the 31 targeted PCB congeners were detected in more than 60% of the
samples. The six indicator PCBs (45% of > 30PCBs), PCB-18 (11%), PCB-
31 (8%), and PCB-149 (8%) were most abundant. The concentrations of
S 6PCBs (median: 13 pg/m°, range: 1-241 pg/m>) were comparable to
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previously reported passive air data from European background sites in
the Global Atmospheric Passive Sampling (GAPS) network (n = 11, 5
coinciding with our study) between 2011 and 2014 (median ) 7PCBs:
12 pg/m3) (Schuster et al., 2021). The median ratio between PAS con-
centrations of > ¢PCB in our study and AAS concentrations reported to
EMEP (Aas and Bohlin-Nizzetto, 2018) for the same sites (n = 10) and
sampling period, was 1.8 (PAS/AAS-ratio: 0.4-9.6, Figure SI-1.3a),
which is within the uncertainty of PAS and AAS in combination (Holt
et al., 2017).

The highest concentrations were measured for HCB (median: 67 pg/
m>) and PeCB (median: 25 pg/m3). Of the 27 targeted OCPs, 16 were
detected in more than 88% of the samples (Table SI-2.1a). The other 11
OCPs were only detected in <60% of the samples with median con-
centrations <0.7 pg/m°. o- and y-HCHs were detected in highest
amounts (median: 9 pg/ms), followed by p,p’-DDE, dieldrin and endo-
sulfan I (medians: 6, 4 and 3 pg/m?, respectively). On average, p,p’-DDE
accounted for 58% of the sum of all six targeted DDTs (median > ¢DDXs:
10 pg/m®), while p,p’-DDT and o,p’-DDT accounted for 18% and 14%
respectively. Heptachlor-exo-epoxide, a degradation product of Hepta-
chlor, was detected in all samples, with concentrations (median: 2 pg/
m?) similar to the concentrations of the sum of four chlordanes (Table SI-
2.1a, median 3 4chlordanes: 2 pg/m>). Of the chlordanes, cis-chlordane
and trans-nonachlor were dominating (41% and 38% of median
> schlordanes respectively). The oxygenated metabolite of chlordanes,
oxy-chlordane, was found in similar concentrations to trans-nonachlor
and cis-chlordane (median: 1 pg/m3).

The median concentrations of HCHs, Dieldrin, cis-chlordane and
trans-nonachlor in this study were within a factor of two of the con-
centrations from PAS deployed at European background sites in the
study of Schuster et al. (2021). However, the median concentration of
endosulfan I in our study was a factor of five lower than in the study by
Schuster et al. (2021) (16 pg/m?>). This may be explained by the steeper
declining rate of endosulfan I compared to other compounds, as a
consequence of later phase-out (i.e. 2011) and higher environmental
degradation rate (Schuster et al., 2021). The concentrations of HCB,
HCHs, Y 3DDXs (p,p’-DDD/-DDE/-DDT) and Dieldrin using PAS in our
study were on average 2.4 times higher (PAS/AAS-ratio: 1.0-23) than
the concentrations from AAS reported to EMEP (n = 11) for the same
sites and time period (Figures SI-1.3 b-f) (Aas and Bohlin-Nizzetto,
2018). Differences between studies may be caused by analytical un-
certainties (due to e.g. different chemical laboratories) and uncertainty
in the estimated sampling volumes (due to sampling artifacts or envi-
ronmental conditions not being fully accounted for in the calculations,
SI-1.3.1). A direct comparison to EMEP is further affected by differences
in sampling methodology, including differences in AAS strategies within
the EMEP program.

3.2. Spatial variability

The spatial variability of > ¢PCBs in Europe, when excluding outliers
(MMR in this study = 60) (SI 1.4.1), is considerably larger than in
Norway (MMR~4) (Lunder Halvorsen et al., 2021). The lowest con-
centrations of ) ¢PCBs (<5 pg/m®) were generally found in northern
Europe (e.g. Norway, Sweden, Finland) and on the British Isles (west
region) (Figure SI-2.2a). The correlation analysis (Table SI-2.4) further
showed a significant north-south gradient for PCBs (r = —0.46, p <
0.001), whereby the median concentration within the south region (13
pg/m?®, Table SI-2.3) was twice as high as in the north (6.5 pg/m>, p =
0.008). The larger spatial variability within Europe compared to Nor-
way, together with the observed north-south gradient, implies that the
atmospheric concentrations of PCBs at southern latitudes in Europe may
be influenced by primary emissions of PCBs to a larger extent than at
northern latitudes (Breivik et al., 2007; Jaward et al., 2004). The low
levels of PCBs on the British Isles may be explained by the prevailing
wind regimes with transport of air masses arriving from the Atlantic
Ocean, as shown by the map of footprint emission sensitivities for
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PCB-153 (e.g. Yarner Wood, site 92, UK, Figure SI-2.3).

Hotspots (outliers >60 pg/m>) for PCBs were Abastumani (site 29,
Georgia) and Zmeiny Island (site 88, Ukraine) in the central-east region
(241 and 100 pg/m>), Ayia Marina (site 7, Cyprus) in the south region
(90 pg/ms), Keldsnor (site 11, Denmark), Risoe (site 13, Denmark) and
Nuuk (site 40, Greenland) in the north region (73, 70 and 66 pg/mg),
and De Zilk (site 60, the Netherlands, 70 pg/m®) in the west region.
Significantly elevated concentrations of PCBs at a specific site may
indicate influence from local sources and imply that the site may not be
representative for background concentrations in that area. Examples of
sources resulting in possible local influence may be populated areas (e.g.
Nuuk, Greenland), forest fires (e.g Ayia Marina, Cyprus) (San-Migue-
l-Ayanz et al., 2017) and PCB contaminated building materials, equip-
ment etc. in the vicinity of the sampler (e.g. Keldsnor, Denmark) (Halse
et al., 2011). However, such possible local influences are less likely
when several sites in the same area are consistently high (e.g. the
Netherlands, 52-70 pg/m?, n = 3).

The lowest spatial variabilities were found for HCB (and PeCB)
(MMR = 15 and 6). HCB has previously been shown to be evenly
distributed across Europe (Jaward et al., 2004) and the globe (Shun-
thirasingham et al., 2010) explained by the long residence time of HCB
in the atmosphere (Beyer et al., 2003). Elevated concentrations at e.g.
Rucava (site 52, Latvia, 413 pg/m3) may however implicate that emis-
sions of HCB are still ongoing in the vicinity of some sites (Fig. 1a). This
has also been suggested by Hung et al. (2016).

Interestingly, HCB was the only POP in our study that was signifi-
cantly positively correlated to latitude (r = 0.44, p < 0.001, Table SI-
2.4). After Rucava (Latvia), the highest concentrations were observed at
the Arctic sites; Station Nord (site 41, Greenland, 247 pg/m3) and
Zeppelin (site 96, Spitsbergen, 130 pg/m3). As HCB has reached equi-
librium between the PUF and air well within the sampling period at all
sites, the sample volumes for this compound are largely depended on
Kpup-air (Francisco et al., 2017). Consequently, the low temperatures at
Zeppelin (Spitsbergen) and Station Nord (Greenland) (4 °C and —13 °C
respectively, Table SI-1.5) resulted in sample air volumes (355 m® and
297 m®) in the upper range of the other sites (average 217 m?3
Table SI-1.5). When comparing the concentrations at these sites with
concentrations from the co-located AAS reported to EMEP
(Figures SI-1.3b) (Aas and Bohlin-Nizzetto, 2018), the PAS/AAS-ratio
was 1.6 and 3.3 respectively. These ratios are within the expected
range (2-3) (Holt et al., 2017) and hence reflect that the environmental
conditions have been compensated for in the estimation of sampling
volumes. Enhanced re-emissions from previously contaminated surface
reservoirs (Ma et al., 2011) and increasing primary emissions have been
put forward as possible explanations (Platt et al., 2022) for the higher
concentrations of HCB in the Arctic compared to central Europe. Model
predictions in the latter study suggested that Arctic haze periods with
high concentrations of HCB in air in the Norwegian Arctic were asso-
ciated with transport of contaminated air masses from Asia. When
excluding the three above-mentioned sites, there is still a significant
positive correlation with latitude (r = 0.37, p < 0.001), suggesting
generally higher concentrations of HCB in northern Europe, not only in
the Arctic.

Similar to PCBs, a north-south gradient (r < 0, Table SI-2.4) was also
observed for the OCPs, though not statistically significant for all. One
example is the HCHs, for which only y-HCH was significantly negatively
correlated to latitude (r = —0.55, p < 0.001), while a minor correlation
was found for a-HCH (r = —0.14, p = 0.15). The spatial variability for
y-HCH (2-109 pg/m®, MMR = 55) was also larger compared to a-HCH
(4-47 pg/m®, MMR = 12). These differences may reflect the higher
LRAT potential of a-HCH compared to y-HCH (Beyer et al., 2003), but
also that Lindane (>99% y-HCH) was exempted from the SC for use in
the control of head lice and scabies (UNEP, 2020), and hence used more
recently than technical HCH (55-80% o-HCH, 8-15% y-HCH (Breivik
et al.,, 1999)). The HCHs were furthermore correlated to longitude; the
highest concentrations of a-HCH (Figure SI-2.4a) were observed in the
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Fig. 1. (a) Concentrations of HCB in air across Europe (n = 101, this study), and (b) measured concentrations of HCB in 2016 (this study) divided by measured
concentrations of HCB in 2006 (Halse et al., 2011) at European sites for which data for both years are available (n = 73).

central-east region (median: 18 pg/m>), while the highest concentra-
tions of y-HCH (Figure SI-2.4b) were observed in the west region (me-
dian: 27 pg/m®). This may reflect the later phase-out and large
stockpiles of pesticides in the central-east region (e.g. Moldova and
Ukraine) (Pribylova et al., 2012), and that Lindane was extensively used
in e.g. France in the west region (Breivik et al., 1999; Vijgen et al.,
2019).

The ) ¢DDXs (Figure SI-2.5) showed the largest variability in Europe
(0.3-286 pg/m°®, MMR >~ 6DDX >953) of the targeted compounds. The
variability of e.g. p,p’-DDT (MMR~433) was substantially larger in
Europe, compared to Norway (MMR~15) (Lunder Halvorsen et al.,

2021). This suggests that some European sites may be influenced by
continuing primary sources. The most significant difference (p < 0.001)
between the south- and the north region were also found for > ¢DDXs
(south/north-ratio 6.5, Table SI-2.3), reflecting that the LRAT potential
is less than for the more volatile HCB and HCHs (Shen et al., 2005), but
also the continued use of DDT (UNEP, 2020). Like a-HCH, a west-east
gradient was observed for ) ¢DDXs, with highest median concentra-
tion of > ¢DDXs in the central-east region (35 pg/m>), approximately
four times higher than the west region (9.2 pg/m®). High concentrations
of Y ¢DDX were measured at sites in e.g. Ukraine, Moldova and the
Czech Republic (146-286 pg/m®), in line with previous findings (Halse



H. Lunder Halvorsen et al.

et al., 2011; Pribylova et al., 2012).

Similar to > ¢DDXs, significantly (p < 0.001) higher concentrations
were observed for endosulfan I in the south region than in the north
region (south/north-ratio 4.6, Table SI-2.3), with the proximity to pri-
mary sources in the south region as a possible explanation. Though
elevated concentrations of endosulfan I (16-21 pg/m°, Figure SI-2.6)
were measured in Armenia (site 1, Amberd) and Georgia (site 29,
Abastumani) in the central-east region, endosulfan I was not signifi-
cantly correlated to longitude. The very high concentrations of endo-
sulfan I at Iskrba (site 72, Slovenia, 82 pg/m3) may be an indication of
local contribution.

The correlation analysis between the target POPs (Table SI-2.4) ap-
pears to reflect some similarities in the spatial patterns of emission
sources. The positive correlation between all targeted POPs (except
HCB) is likely to be a result of consistently higher concentrations in
southern Europe compared to northern Europe. Furthermore, the posi-
tive correlation with estimated population density (within 50 km of the
sampling sites) observed for all POPs (except HCB and a-HCH), suggests
that high concentrations of most POPs can largely be attributed to
elevated emissions occurring in the most populated areas in Europe.

The strongest correlation (0.84 < r < 0.95) was found between
dieldrin (<MDL-37 pg/m3), > 4chlordanes (0.5-35 pg/m3), heptachlor-
exo-epoxide (0.4-63 pg/m3) and oxy-chlordane (<MDL-9 pg/m3). These
OCPs also have similar spatial patterns, with highest concentrations
measured in the west region (e.g. Netherlands and Belgium, Figures SI-
2.7-2.10). The median concentrations of these OCPs in the west region
were up to three times higher than the median concentrations in the
central-east region (Table SI-2.3). This finding aligns with the results by
Halse et al. (2011), who also reported elevated levels of Y _4chlordanes in
the Netherlands and Belgium.

3.3. Temporal change

When comparing our results on the basis of median concentrations of
all POPs with the 73 common European sites in the study of Halse et al.
(2011), only HCB had higher median concentration in 2016 than in
2006 (56% increase, Table SI-2.5). The increase for HCB (i.e.
2016/2006-ratio >1.2) was evident at 68% of the sampling sites
(Fig. 1b), while no obvious change (i.e. 2016/2006-ratio: 0.8.-1.2) was
observed for the remaining sites. Data from long-term monitoring sites
based on AAS shows an inconsistent time-trend in HCB concentrations
(Gusev et al., 2015; Ilyin et al., 2022; Kalina et al., 2019; Wong et al.,
2021). Of three sites with available AAS-data for both 2006 and 2016 (i.
e. Zeppelin, Birkenes and Kosetice), only Zeppelin showed an increase in
the HCB concentration with a 2016,/2006 ratio of 1.1 (Table SI-2.6),
while the ratio was below 1 at the other two sites. In comparison, our
PAS results showed an increase at two of the three sites, i.e Birkenes and
Zeppelin, with a 2016/2006 ratio of 1.8 and 1.3 respectively. This dif-
ference may be explained by that the PAS and AAS have been exposed to
different air masses (i.e. time-average of 3 months-vs.
daily/weekly-samples).

No clear spatial pattern was observed, but the increase was larger at
some specific sites. For example, at Rucava (site 52, Latvia), the con-
centration of HCB in 2016 was almost eight times higher than in 2006,
substantiating possible local contribution at this site in 2016. The in-
crease observed in the Arctic (e.g. site 96, Zeppelin, 2016/2006-ratio:
1.3), is in accordance with the stable or increasing concentrations re-
ported in the Arctic from 1992 to 2018 by Wong et al. (2021).

The concentrations of the other POPs (i.e. PCBs, HCHs, DDXs and
chlordanes) have decreased significantly (p < 0.05) between 2006 and
2016 (Table SI-2.5), i.e. —28% decrease in the median concentrations
for Y ¢PCBs, —59% for a-HCHs, —48% for y-HCHs, —12% for > 4DDXs
(p,p’-DDD/-DDE/-DDT, o0,p’-DDT) and —23% for > 4chlordanes. For
both ) 4DDXs and ) 4chlordanes, a significant decrease was only
observed in the west region (—45% and —27% respectively). This is
consistent with the overall decreasing trend reported for these POPs at
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AAS sites within EMEP (Gusev et al., 2015; Hung et al., 2016; Kalina
et al., 2019). While there were small differences in the median con-
centrations of ) 4chlordanes between the four regions, in both 2006
(2.2-3.7 pg/m>) and 2016 (2.0-3.1 pg/m>), >~ 4DDXs were substantially
higher for the central-east region (77 pg/m°® in 2006 and 61 pg/m® in
2016), compared to the other regions (Figure SI-2.11 c).

It should be noted that the detection frequencies of the DDXs were
higher in 2016 than in 2006. This may be explained by a lower method
detection limit in 2016. For example, the MDL for p,p’-DDE was 0.18 pg/
m® in 2016 while 1.6 pg/m3 in 2006, and consequently p,p’-DDE was
detected in all samples in 2016, while only in 74% of the samples in
2006. When disregarding the 20 sites where the concentration of p,p’-
DDE in 2006 was below MDL, a decrease in the median concentration of
p,p’-DDE for the remaining 53 sites was still observed (Figure SI-2.12),
but it was not statistically significant (p = 0.084). As a consequence of
lower MDL and the ability to detect lower concentrations in 2016, the
variability of p,p’-DDE was substantially larger in our study (MMR 1017)
when considering all sites, than reported by both Halse et al. (2011)
(MMR>177) and Jaward et al. (2004) (MMR>29).

For PCBs, the largest decrease in median concentrations was
observed in the north- and central-east regions (—48% and —35%),
followed by the west region (—22%). On the other hand, the median
concentration of y ¢PCBs in the south region in 2016 were comparable
to 2006. The MMR of > ¢PCBs in 2016 is 211 when including all sites,
which is higher than previously reported for the background sites in the
European studies of Schuster et al. (2021) (MMR > 7PCBs = 58, n =11)
and Jaward et al. (2004) (MMR ) ¢PCBs >24, n = 46). A smaller dif-
ference in MMRs is observed when comparing only with the common
sites (n = 73) in the study of Halse et al. (2011) (MMR 45 in 2006 and
MMR 88 in 2016). The high MMR when including all sites in 2016 may
therefore likely reflect the larger spatial coverage across Europe in our
study compared to previous studies, which illustrates the benefits of
high spatial resolution.

a-HCH was found at highest concentrations in the central-east region
in both 2016 (median 17 pg/ms) and in 2006 (median 55 pg/m3), but
the median concentration has decreased substantially (—69%). In the
north region, the decrease of a-HCH was smaller than in the other re-
gions (—22%) (Figure SI-2.11 a-d). This may be explained by the
northern sites being more influenced by climate change and thereby
from increased re-volatilization from sea and ice melting (Halse et al.,
2012; Ma et al., 2011; Shen et al., 2004), compared to the other regions
in Europe. For y-HCH, the decrease was substantially higher for the
south- (—76%), central-east- (—56%) and west region (—45%),
compared to the north region (—21%). Consequently, the
south/north-ratio (of medians) was reduced from 6.7 in 2006 to 2.0 in
2016. The largest decrease for a-HCH and y-HCH is observed in the
historical primary source regions were technical HCH and Lindane have
been more extensively used, respectively (Breivik et al., 1999), and
reflect that the immediate effect on air concentrations from emissions
reductions is larger in source areas, compared to more remote areas.

3.4. Source indications

A higher proportion of the more chlorinated PCBs is expected closer
to source regions, as heavier PCBs tend to be less prone to LRAT (Beyer
et al, 2003). Accordingly, high relative abundance of PCB-153,
compared to PCB-28 (Figure SI-2.13), in combination with elevated
measured concentrations, may reveal potential source areas and/or
locally affected sites. Consequently, higher PCB-153/PCB-28 ratios were
observed in southern Europe than in northern Europe. The highest ratio
was observed for Abastumani (site 29, Georgia, PCB-153/PCB-28-ratio:
14, Figure SI-2.13), followed by Keldsnor (site 11, Denmark), Porspoder
(site 26, France) and Risoe (site 13, Denmark) (PCB-153/PCB-28-ratios:
3-4). For all these sites (except Porspoder), the high ratios are accom-
panied with elevated > ¢PCB concentrations (i.e. outliers >70 pg/m>,
Figure SI-2.2a), substantiating that sources may exist in the vicinity.
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The o-/y-HCH-ratios in this study (range: 0.1-7.7, Figure SI-2.14)
and within EMEP (range: 0.2-41 (Aas and Bohlin-Nizzetto, 2018),) were
highest in northern Europe (correlation with latitude in this study; r =
0.53, p < 0.001), suggesting that LRAT and/or re-volatilization of
a-HCH are important in this region (Halse et al., 2012; Shen and Wania,
2005). The lower o-/y-HCH-ratios in southern Europe may further
reflect the vicinity to countries which have experienced significant
historical use and emissions of y-HCH (Breivik et al., 1999). For
example, the a-/y-HCH-ratio at Waldhof (site 35, Germany) were 0.3 in
this study and 0.2 within EMEP respectively.

Isomeric ratios can be used to assess whether more “weathered”
isomers are dominating, and hence indicate possible shifts from
primary-to secondary sources (Becker et al., 2012; Pozo et al., 2006).
One example is the DDXs, for which a weathered signal with the ratio (p,
p’-DDE + p,p’-DDD)/p,p’-DDT larger than 1.3 was found at 92% of the
sites (Figure SI-2.15a), indicating past usage of technical DDT in Europe.
(Li and Macdonald, 2005; Ricking and Schwarzbauer, 2012). A weath-
ered signal of p,p’-DDT in European air was also shown in 2006 (Halse
et al., 2011). When comparing the ratio for the 53 sites above MDL in
2006 with the ratio in 2016, 17 sites had a lower ratio in 2016
(Figure SI-2.15b). For Montelibretti (site 47) and Ispra (site 46) in Italy,
the ratios decreased from 2.8 to 1.5 and 2.6 to 1.5 respectively. As the p,
p’-DDT concentration at the site had increased, while there was no
reduction in the p,p’-DDE concentration, the observed decrease may be a
result of possible influence from primary emissions of p,p’-DDT.

Several countries in Europe (e.g. Spain, Italy and Turkey) have uti-
lized dicofol in agriculture (Denier van der Gon et al., 2007). Dicofol is
synthesized from DDT (Qiu et al., 2005) and has shown to have a higher
content of the o,p’-DDT isomer compared to technical DDT. In our study,
29% of the sites had o,p’-DDT/p,p’-DDT ratios between 1.0 and 3.2
(Figure SI-2.15¢), and influence from dicofol may therefore be expected.
However, elevated ratios up to 14 have previously been reported in
areas where dicofol is suspected to be the dominant source (Ricking and
Schwarzbauer, 2012). The highest ratios in our study were found in
northern Europe (including Svalbard with ratio 3.2), which instead may
be explained by differences in the LRAT potential of the two isomers due
to a greater vapour pressure of the o,p’-DDT isomer (Spencer and Cliath,
1972). Preferential mobilization of the o,p’-DDT isomer from soil to air
(Ricking and Schwarzbauer, 2012) may also explain the elevated ratios
at some of the sites in our study.

The expected proportion of trans- and cis-chlordane from technical
chlordane in ambient air is 1.6 (Jantunen et al., 2000). Due to greater
reactivity of trans-chlordane compared to cis-chlordane in the envi-
ronment (Becker et al., 2012; Bidleman et al., 2002), the low trans-/-
cis-chlordane ratio observed in our study (median 0.27, less than 1.6 at
99% of the sites) may indicate that the occurrence of chlordanes in
European atmosphere is mostly influenced by historical use. This is
further supported by the high detection frequency of oxy-chlordane
(99%), which is a metabolite of the chlordanes. Houtem (site 4) in
Belgium, with the highest concentration of }_4chlordanes (35 pg/m>),
also shows a high ratio of trans-/cis-chlordane (2.2, Figure SI-2.16),
which implicates possible influence from more recent use of technical
chlordane in the vicinity of the site.

Technical chlordane also contains 7% of heptachlor (Dearth and
Hites, 1991). The dominance of the degradation product
heptachlor-exo-epoxide (detected at all sites) in our study, compared to
heptachlor (7% detected frequency), could therefore indicate past usage
of technical chlordane in Europe, but could also be due to past usage of
technical heptachlor (Bidleman et al., 2002). It should be noted that
heptachlor was detected with highest concentration in the sample from
Houtem (21 pg/m3, 32 times the MDL). This substantiates possible fresh
usage of one of these pesticides at the site (Hung et al., 2002).

While aldrin was not detected in any of the samples, dieldrin was
detected in 98% of the samples. Aldrin is degraded to dieldrin in the
environment (Gannon and Bigger, 1958), and the high abundance of
dieldrin may therefore implicate re-volatilization of either dieldrin

.
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and/or aldrin.

The technical mixture of endosulfan consists of >95% of the endo-
sulfan I and —II, in ratios between 2:1 and 7:3 (Weber et al., 2010). While
endosulfan I was detected at all sites, the detection frequency of endo-
sulfan II was only 45%. This may be explained by the higher content of
endosulfan I in the technical mixture and that endosulfan II may be
converted to endosulfan I in the environment (Schmidt et al., 1997;
Weber et al., 2010). The high median endosulfan I/endosulfan II-ratio
(8.5) across Europe may further suggest high degree of conversion of
endosulfan II, and hence implicates previous use of endosulfan. In
contrast, the low ratios at Iskrba (site 72, Slovenia, ratio: 1.4) and Capo
Granitola (site 50, Spain, ratio: 2.4) (Figure SI-2.17), accompanied with
the highest measured concentrations of both endosulfan I (82 and 24
pg/m°) and endosulfan-II (58 and 9.9 pg/m?), suggest more recent use at
these sites. It is also noteworthy that the detection frequency of endo-
sulfan II is higher compared to the detection frequency in the Norwegian
study (5% only) (Lunder Halvorsen et al., 2021), which may be a result
of endosulfan II being washed out more easily during atmospheric
transport (Shen et al., 2005).

3.5. Model predictions of PCB-153

Concentrations of PCB-153 in air predicted by GLEMOS and FLEX-
PART were within a factor of three of the observed concentrations for
62% and 65% of the sampling sites respectively. Both models generally
underestimated the measured concentrations, i.e. the ratio of measured/
predicted concentrations was larger than one for 81% of the sites with
GLEMOS and 84% of the sites with FLEXPART. The highest deviations
were found in the north and east regions (Figure SI-2.18). The under-
estimation observed for both FLEXPART and GLEMOS may in part be
due to uncertainties in the emission data used as input to the models
(Lunder Halvorsen et al., 2021). Secondly, FLEXPART ignores secondary
emissions, hence lower predicted concentrations with FLEXPART are
expected. However, FLEXPART predicted lower concentrations only at
45% of the sites and the FLEXPART/GLEMOS ratio ranged from 0.3 to
3.0. Thirdly, there are also uncertainties related to the estimated at-
mospheric loss during transport with the two models. A comparison of
predicted and observed concentrations (Figure SI-2.18), may help
identifying sites or areas where emissions are either under- or over-
estimated. The most noticeable example is Abastumani (site 29, Geor-
gia) where the highest measured concentration of PCB-153 (78 pg/m®)
was found in this study. The measured concentration at this site far
exceeds what both GLEMOS (0.45 pg/m3) and FLEXPART (0.31 pg/m3)
predict. When excluding the concentration measured at Abastumani, the
spatial variabilities of PCB-153 obtained from the two models (MMR =
566 for GLEMOS, MMR = 229 for FLEXPART), are larger than the
observed spatial variability (MMR = 161) in the study region. The un-
derestimation with GLEMOS is largest when low concentrations are
predicted (e.g. in the north region, Figure SI-2.18), resulting in a
possible overestimated MMR.

GLEMOS (Table SI-2.7) predicts that secondary emissions are, on
average, four times more important (median 78%) than total primary
emissions (i.e. national emissions and transboundary transport within/
outside EMEP) in controlling atmospheric burdens. The contributions
from secondary emissions (Fig. 2) are predicted to be largest at sites in
Russia and Finland (92-95%, e.g. Pinega, site 64, Figure SI-2.19a). The
footprint map of Pinega, obtained from FLEXPART (Figure SI-2.19b),
shows low input of primary emissions from other areas.

According to GLEMOS, the contributions from total primary emis-
sions (Fig. 2) to the measured concentrations on the sites varied from 5%
to 61% (median 22%), with the exception of Station Nord at Greenland
(site 41, 94%). Significantly larger (p-value<0.001) contribution from
primary emissions in the south and west region (median 35% and 28%
respectively), compared to the north and central-east region (median
18% and 16% respectively) were observed. National primary emissions
(Fig. 2) were predicted to contribute 0-53% (median 11%) to the
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Fig. 2. Predicted relative contribution of secondary and primary emissions of PCB-153 attributed to national emissions and transboundary transport from countries
within/outside EMEP, predicted by The Global EMEP Multi-media Modeling System (GLEMOS). The different study regions are indicated in the background map.

concentrations of PCB-153 and followed a similar spatial pattern as the
total primary emissions. Barcarotta in Spain (site 78, south region,
Figure SI-2.20a) is an example of a site that is predicted to be highly
influenced by national emissions (41%). The footprint map (Figure SI-
2.20b), showing largest input in the vicinity to the sampling site, also
reflects this.

It should be noted that many of the selected background sites are not
necessarily designated sites for the measurement of PCBs, but rather
background sites for other air quality indicators. Both the observed
concentrations of PCB-153 and the predicted total primary emissions
correlated significantly (p-values <0.001) with the estimated popula-
tion density within 50 km radius of the sampling site (r = 0.63 and r =
0.51). The highest densities (690-2700 persons per km?) were found for
nine sampling sites which had a city within this region (red circles in
Figure SI-1.8), and it may therefore be questioned if these are repre-
sentative background sites in the measurement of PCBs. For example,
Alfragide (site 63, Portugal) was located in the immediate vicinity of
Lisbon city. Not surprisingly, the observed concentrations of PCB-153
for these “suburban” sites (3.3-17 pg/m>) were found to be signifi-
cantly higher (p < 0.001) than all other sites (median 1.8 pg/m3, <610
habitants/km?). This “suburban effect” was largely captured by GLE-
MOS, which predicted the influence from national emissions to be
significantly higher (p-value = 0.01) for the “suburban” sites (5-53%),
compared to the other sites (median 11%).

On the other hand, the influence from transboundary transport
within/outside EMEP (Fig. 2) were 5% and 2% (medians) respectively,
and were predicted to be largest in the north region (median 9%). This is
in line with the findings in our Norwegian study (Lunder Halvorsen
et al., 2021), in which 15% was attributed to LRAT. Both Station Nord
(site 41, Greenland) and Zeppelin (site 96, Spitsbergen) in the north
region were predicted to be highly influenced by primary sources
outside EMEP (93% and 42% respectively), compared to the other sites
(<17%). This was also demonstrated in the footprint map for Zeppelin
(Lunder Halvorsen et al., 2021). Malanichev et al. (2004) has further
shown that American emission sources are one of the main contributors
to the atmospheric concentrations of PCB-153 in the Arctic in summer.
In contrast, e.g. Houtem (site 4, Belgium) had the largest predicted in-
fluence from transboundary transport within EMEP (58%),

predominantly from France (56%) (Figure SI-2.21a). The footprint map
(Figure SI-2.21b) further showed high emission contributions beyond
the nation’s boundaries, within the EMEP region. The EMEP countries
that contributed most frequently to the atmospheric burdens of PCB-153
at sites in other countries, were France (67%), Germany (48%), UK
(38%), Belgium (18%), Italy (18%), Russia (17%), Spain (16%), Sweden
(16%), Finland (11%), Netherlands (10%), Denmark (10%) and Ukraine
(9%). However, these numerical values are affected by the geographical
location and density of sites, as well as the predominant air flow across
Europe (west to east). For example, as the number of sites is relatively
large east of the French border, a relatively large number of sites are
likely to have been influenced by emissions in France.

4. Conclusions

In this extensive spatial mapping study, HCB and HCHs were found
to dominate the atmospheric background concentrations of POPs across
Europe. The highest spatial variability, on the other hand, was found for
> 6DDXs (MMR>953) and > cPCB (MMR = 240). For most POPs, higher
concentrations were observed in southern Europe than in northern
Europe, reflecting the proximity to historical source regions. In contrast,
the concentrations of HCB increased with latitude. The elevated con-
centrations of HCB observed in the Arctic may be explained by enhanced
influence of re-volatilization, but primary emissions of HCB have also
been suggested to be influential (Platt et al., 2022).

HCB was the only POP with higher concentrations in 2016 than in
2006. An increase was observed at 68% of the sites, distributed across
Europe, with an increase of 56% in the median concentration of HCB
from 2006 to 2016. High concentrations of HCB due to pesticide use
have previously been reported in central parts of Europe (Barber et al.,
2005), and enhanced influence of secondary emissions from previously
contaminated soil may be possible. However, the increase in concen-
trations of HCB in air could also be a consequence of an increase in
primary emissions. This highlights the need for further studies sepa-
rating the contributions from primary and secondary sources of HCB,
and future source-receptor modelling studies should therefore target
HCB. The increased concentrations also imply that further monitoring of
HCB is needed.
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On the other hand, the observed decline in the median atmospheric
concentrations from 2006 to 2016 for a-HCH (—59%), y-HCH (—48%),
>"6PCBs (—28%), >_4chlordanes (—23%) and ) 4DDXs (—12%) reflects
that the primary emissions in the study region have declined. The largest
decreases are observed in historical primary source regions while the
smallest decreases are observed in remote regions which are more
influenced by secondary emissions and/or long-range atmospheric
transport from outside Europe. For the PCBs, no significant decrease and
a higher proportion of the more chlorinated PCB-153 than PCB-28 was
observed in the south region, implying more influence of primary
sources in this region. This was supported by model predictions of PCB-
153 using GLEMOS that showed that the contribution from secondary
emissions is, on average, four times higher than primary emissions in
most of the study area while primary emissions of PCB-153 are more
influential at southern latitudes.

For ) ¢DDXs and »_4chlordanes, the decrease was only significant in
the west region. Isomeric ratios for OCPs showed that most sites are
influenced by secondary sources from historical usage of pesticides. For
DDXs, however, the isomeric ratio indicates that some sites may be
influenced by primary emissions of technical DDT. Furthermore, the
spatial patterns of the dominating isomers suggest that the influence of
secondary sources was largest at southern latitudes in Europe. Second-
ary emissions from applications of technical aldrin, -chlordane and
-heptachlor were more dominating in the west region than the east
region.

Implications of continued influence of primary emissions of PCBs and
DDXs in some regions, suggest that these compounds should be priori-
tized in future monitoring of POPs. Within EMEP, the MMRs based on
active air sampling concentrations were 11 for Y ¢PCB (n = 10) and 328
for sum of p,p’-DDD/DDE/DDT (n = 11). This is substantially lower than
the spatial variability (240 and 1135 respectively) based on all sites in
our study (n = 101) and suggests that the spatial variability of PCBs and
DDXs in Europe is not fully captured by the ongoing monitoring activ-
ities within EMEP.

Our study highlights the advantages of combining high spatial res-
olution observations with mechanistic modelling approaches as an
important supplement to ongoing long-term monitoring efforts at EMEP
sites. As this study offers results which provide new insights on the
relative importance of primary and secondary emission sources on a
European scale, it thereby also offers knowledge which can be used by
policy makers to assess potential opportunities for further emission re-
ductions of legacy POPs. While this study has focused on selected legacy
POPs only, the strategy of combining high resolution monitoring and
modelling can be expanded towards a wider range of semi-volatile
organic chemicals in the future. However, due to the lower uptake ef-
ficiency for particles with our MONET-sampler (Markovic et al., 2015),
alternative sampling strategies will ideally be required if targeting
trace-levels of particle-associated chemicals.
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1 Materials and Methods detailed

Tables:

Table SI-1.1. Location of all sampling sites

Site no. |Country Sampling site Region EMEP code | Latitude |Longitude | Sampling | Sampling

(EuroVoc, 2021) (DD) (DD) start End

1 Armenia Amberd Central-east AMOOO1R 40.38 44.26 |24.06.2016| 23.09.2016
2 Austria IlImitz West ATO002R 47.77 16.77 |22.06.2016( 27.09.2016
3 Austria Vorhegg West ATO005R 46.68 12.97 |13.07.2016| 05.10.2016
4 Belgium Houtem West BEOO13R 51.02 2.58 01.07.2016| 30.09.2016
5 Belgium Koksijde West BEOO14R 51.12 2.66 01.07.2016| 30.09.2016
6 Croatia Zavizan Central-east HROOO04R 44.81 14.98 |30.06.2016]| 29.09.2016
7 Cyprus Ayia Marina South CYO002R 35.04 33.06 |[23.06.2016]| 15.09.2016
8 Czech Rep Kosetice ? Central-east CZ0003R 49.57 14.98 |24.06.2016( 26.09.2016
9 Czech Rep Svratouch Central-east CZ0001R 49.73 16.03 |22.06.2016( 23.09.2016
10 Denmark Tange North DKOO0O03R 56.35 9.60 30.06.2016| 29.09.2016
11 Denmark Keldsnor North DKOOO5R 54.75 10.74 | 27.06.2016| 16.09.2016
12 Denmark Anholt North DKOOO8R 56.72 11.52 |01.07.2016 01.10.2016
13 Denmark Risoe (Lille Valby) North DK0041R 55.69 12.09 |24.06.2016| 04.10.2016
14 Faroe Islands Norduri a Fossum North 62.18 -7.19 |01.07.2016( 01.10.2016
15 Finland Pallas ® North FIO036R 67.97 24.12 [30.06.2016| 04.10.2016
16 Finland Ahtiri | North FIO004R 62.58 24.18 [30.06.2016| 30.09.2016
17 Finland Uto North FIO009R 59.78 21.38 [01.07.2016| 02.10.2016
18 Finland Virolahti Il North FIOO17R 60.53 27.69 [01.07.2016] 30.09.2016
19 Finland QOulanka North FI0022R 66.32 29.40 [01.07.2016] 30.09.2016
20 Finland Hailuoto Il North FIOO53R 65.00 24.69 [04.07.2016| 04.10.2016
21 Finland Hyytidla North FIOO50R 61.86 24.29 [04.07.2016] 03.10.2016
22 France Donon West FROOO8R 48.50 7.13 05.07.2016| 04.10.2016
23 France Peyrusse Vieille West FROO13R 43.62 0.18 28.06.2016( 27.09.2016
24 France La Tardiére West FROO15R 46.66 -0.75 |28.06.2016( 27.09.2016
25 France Le Casset West FROO16R 45.00 6.47 28.06.2016| 27.09.2016
26 France Porspoder West FROO90R 48.52 -4.75 02.07.2016| 05.10.2016
27 France Revin West FROOO9R 49.90 4.63 28.06.2016| 27.09.2016
28 France Saint-Nazaire-Le-Désert West FROO23R 47.31 -2.15 05.07.2016| 11.10.2016
29 Georgia Abastumani Central-east GEOOO1R 41.76 42.83 |21.06.2016| 14.09.2016
30 Germany Westerland @ West DEOOO1R 54.93 8.31 01.07.2016| 05.10.2016
31 Germany Schmiicke West DEOOO8R 50.65 10.77 |01.07.2016| 30.09.2016
32 Germany Zingst ® West DEOOO9R 54.44 12.73 |01.07.2016( 30.09.2016
33 Germany Schauinsland West DEOOO3R 47.91 7.91 01.07.2016| 30.09.2016
34 Germany Neuglobsow West DEOOO7R 53.17 13.03 |01.07.2016( 04.10.2016
35 Germany Waldhof? West DEO0O2R 52.80 10.76 |01.07.2016( 30.09.2016
36 Germany Melpitz West DEO044R 51.53 12.93 |20.06.2016| 19.09.2016
37 Germany Hohenpeissenberg West DE0043G 47.80 11.02 | 28.06.2016( 28.09.2016
38 Greece Aliartos South GROOO1R 38.38 23.11 [07.07.2016]| 07.10.2016
39 Greece Finokalia (Crete) South GROOO2R 35.34 25.67 [28.06.2016| 04.10.2016
40 Greenland Nuuk North DK0011G 64.17 -51.73 ]10.06.2016| 12.09.2016
41 Greenland Station Nord @ North DK0010G 81.60 -16.67 ]01.09.2016( 04.12.2016
42 Hungary K-puszta Central-east HUOOO2R 46.97 19.55 |30.06.2016( 30.09.2016
43 Ireland Mace Head West IEO031R 53.33 -9.90 |13.07.2016( 11.10.2016
44 Ireland Malin Head West IEO006R 55.38 -7.34 101.06.2016]| 29.09.2016
45 Ireland Carnsore Point West IEOOO8R 52.18 -6.37 13.07.2016| 12.10.2016
46 Italy Ispra South ITOO04R 45.30 8.63 01.07.2016| 30.09.2016
47 Italy Montelibretti South ITOO01R 42.10 12.63 |30.06.2016| 29.09.2016
48 Italy Longobucco South ITOO11R 39.39 16.61 |04.07.2016 17.10.2016
50 Italy Capo Granitola (Sicily) ® South ITO014R 37.58 12.66 |17.06.2016| 21.09.2016
51 Italy Monte Curcio ® South 39.32 16.42 | 04.07.2016( 17.10.2016

2 POP-EMEP AAS site
b Part of the framework [-AMICA




Table SI-1.1. Location of all sampling sites continued

Site no. |Country Sampling site Region EMEP code | Latitude |Longitude | Sampling | Sampling
(EuroVoc, 2021) (DD) (DD) start End
52 Latvia Rucava North LVOO010R 56.16 21.17 [01.07.2016( 21.10.2016
53 Latvia Zoseni North LVO016R 57.14 2591 [05.07.2016( 24.10.2016
54 Lithuania Preila North LTOO015R 55.38 21.03 [01.07.2016( 01.10.2016
55 Lithuania Rugsteliskis North 55.43 26.07 |[19.07.2016( 19.10.2016
56 Malta Giordan lighthouse South MTO001R 36.07 14.22 |30.09.2016( 07.10.2016
57 Moldova Leova Central-east MDO0013R 46.50 28.27 [04.07.2016| 04.10.2016
58 Netherlands Kollumerwaard West NLOOO9R 53.33 6.28 13.07.2016] 19.10.2016
59 Netherlands Vredepeel West NLOO10R 51.54 5.85 12.07.2016( 18.10.2016
60 Netherlands De Zilk West NLO091R 52.30 4.50 14.07.2016| 19.10.2016
97 Norway Birkenes 2 North NOOOO2R 58.39 8.25 11.07.2016| 10.10.2016
98 Norway Tustervatn North NOOO15R 65.83 13.91 |30.06.2016( 29.09.2016
99 Norway Karvatn North NOOO39R 62.78 8.88 06.07.2016| 02.10.2016
100 |Norway Hurdal North NOOO56R 60.37 11.08 |14.07.2016| 12.10.2016
101 |Norway Karasjok North NOOO55R 69.48 25.48 [23.06.2016( 23.09.2016
102 |Norway Andgya ® North NOOO90R 69.28 16.01 |27.06.2016| 05.10.2016
96 Spitsbergen Zeppelin® North NO0042G 78.91 11.89 |07.07.2016( 28.09.2016
61 Poland Diabla Gora Central-east PLOOO5R 54.12 22.04 [01.07.2016( 01.10.2016
62 Portugal Monte Velho South PTO004R 38.08 -8.80 |07.07.2016| 07.10.2016
63 Portugal Alfragide South PTOOO6R 38.74 -9.21 |08.07.2016( 10.10.2016
64 Russia Pinega Central-east RUOO13R 64.56 43.22 |01.07.2016] 30.09.2016
65 Russia Lesnoy Central-east RUO020R 56.45 32.95 [12.07.2016] 10.10.2016
66 Russia Astrakhan © Central-east 45.75 47.92 |13.07.2016| 10.10.2016
67 Russia Caucasus © Central-east 43.70 40.22 09.07.2016| 12.10.2016
68 Russia Voronezh © Central-east 51.90 39.60 [12.07.2016| 12.10.2016
69 Russia Danki Central-east RUOO18R 54.90 37.80 [01.07.2016( 01.10.2016
95 Russia Smolenskoe Poozerie Central-east 55.50 31.85 [21.07.2016| 21.10.2016
70 Slovakia Chopok Central-east SKO002R 48.97 19.60 |01.07.2016( 04.10.2016
71 Slovakia Starina Central-east SKOO06R 49.04 22.26 [01.07.2016] 03.10.2016
72 Slovenia Iskrba Central-east SI0008R 45.56 14.86 |01.07.2016| 30.09.2016
73 Spain Viznar South ESO007R 37.24 -3.53 |27.07.2016( 04.11.2016
74 Spain Niembro South ESOO08R 43.44 -4.85 109.08.2016| 09.11.2016
75 Spain Els Torms South ESO014R 41.39 0.73 05.08.2016| 07.11.2016
76 Spain San Pablo de los Montes South ESO001R 39.55 -4.35 |02.08.2016( 02.11.2016
77 Spain Mahon South ESOOO6R 39.88 -4.32 |02.08.2016| 02.11.2016
78 Spain Barcarrota South ESO011R 38.47 -6.92 | 28.07.2016| 28.10.2016
79 Sweden Ra6 2 North SE0014R 57.40 11.92 |27.06.2016| 03.10.2016
80 Sweden Aspvreten ? North SE0012R 58.81 17.39 |07.07.2016| 03.10.2016
81 Sweden Vavihill North SEO011R 56.02 13.15 |13.06.2016( 30.09.2016
82 Sweden Bredkalen North SEO005R 63.84 15.32 | 05.07.2016| 11.10.2016
83 Sweden Esrange North SE0013R 67.88 21.07 |[21.06.2016( 24.10.2016
84 Sweden Abisko North SEO093R 68.35 18.82 |23.06.2016( 26.09.2016
85 Sweden Vindeln North SE0035R 64.23 19.77 |30.06.2016| 10.10.2016
86 Switzerland Jungfraujoch West CH0001G 46.55 7.99 13.07.2016| 06.10.2016
87 Switzerland Payerne West CHOOO02R 46.81 6.94 06.07.2016| 12.10.2016
88 Ukraine Zmeiny Island Central-east UAOOO8SR 45.26 30.20 [01.07.2016| 30.09.2016
89 United Kingdom [Chilbolton West GB1055R 51.15 -1.44 129.06.2016( 27.09.2016
90 United Kingdom [Aucencorth Moss West GBO048R 55.79 -3.24 |01.07.2016( 28.09.2016
91 United Kingdom [Lough Navar West GBOO06R 54.43 -7.90 |01.07.2016| 03.10.2016
92 United Kingdom [Yarner Wood West GBO013R 50.70 -3.72 |05.07.2016( 11.10.2016
93 United Kingdom [High Muffles West GB0014R 54.33 -0.80 |29.06.2016| 28.09.2016
94 United Kingdom [Strath Vaich Dam West GB0015R 57.73 -4.78 |01.07.2016| 03.10.2016

2 POP-EMEP AAS site
¢ Part of the Integrated Background Monitoring Network (IBMoN)




Table SI-1.2a. Target analytes PRCs

Performance Reference Compounds (PRCs) Full name

D g-HCH Lindane

13CPCB-1 2-CB

13C PCB-8 2,4'-DiCB

12C PCB-14 3,5-DiCB

12C PCB-30 2,4,6-TriCB

13C PCB-32 2,4',6-TriCB

12C PCB-106° 2,3,3',4',5-PenCB
12C PCB-198 2,3,3,4,4'5,5'-HepCB

2 Coeluting with PCB-118. Excluded.

Table SI-1.2b. Target analytes PCBs

Target analytes (PCBs) Full name

12C PCB-18 2,2',5-TriCB

12C PCB-28°¢ 2,4,4'-TriCB

12C PCB-31 2,4',5-TriCB

12C PCB-33 2',3,4-TriCB

12C PCB-37 3,4,4'-TriCB

12C PCB-47 2,2',4,4'-TetCB

12C PCB-52°¢ 2,2'5,5'-TetCB

12C PCB-66 2,3',4,4'-TetCB

12C PCB-74 2,4,4' 5-TetCB

12C PCB-99 2,2',4,4',5-PenCB

12C PCB-101° 2,2',4,5,5'-PenCB

12C PCB-105 2,3,3',4,4'-PenCB

12C PCB-114 2,3,4,4',5-PenCB

12C PCB-118? 2,3',4,4',5-PenCB

12C PCB-122 2'3,3'4,5-PenCB

12C PCB-123 2',3,4,4',5-PenCB

12C PCB-128 2,2',3,3',4,4'-HexCB
12C PCB-138° 2,2',3,4,4',5'-HexCB
12C PCB-141 2,2',3,4,5,5'-HexCB
12C PCB-149 2,2',3,4',5',6-HexCB
12C PCB-153¢ 2,2',4,4',5,5'-HexCB
12C PCB-156 2,3,3',4,4',5-HexCB
12C PCB-157 2,3,3',4,4',5'-HexCB
12C PCB-167 2,3',4,4',5,5'-HexCB
12C PCB-170 2,2',3,3',4,4',5-HepCB
12C PCB-180° 2,2',3,4,4',5,5'-HepCB
12C PCB-183 2,2',3,4,4',5',6-HepCB
12C PCB-187 2,2',3,4',5,5',6-HepCB
12C PCB-189° 2,3,3,4,4'5,5'-HepCB
12C PCB-194 2,2',3,3',4,4',5,5'-0OctCB
12C PCB-206 2,2',3,3',4,4'5,5',6-NonCB
12C PCB-209 Deca CB

@ Coeluting with PCB-106 in the PRCs. Excluded.
®Notincluded in sum 30 PCBs
¢Included in sum 6 PCBs




Table SI-1.2c. Target analytes OCPs

Target analytes (OCPs)

Full name

12C a-HCH?

12C B-HCH

12C y-HCH?

12C Dieldrin

12C Aldrin

12C Endrin

12C Mirex

12CIsodrin

12C Trifluralin

12C Trans-chlordene
12C cis-Chlordane (a)
12C trans-Chlordane (y)
12C Oxychlordane

12C Trans-nonachlor
12C Cis-nonachlor

12C Heptachlor

12C Heptachlor epoxide (exo)
12C Heptachlor epoxide (endo)
12C Endosulfan | (a)

12C Endosulfan II (B)
12C Endosulfan sulphate
12C HCB

12C PeCB

12C 0.p.DDEP

12C p.p.DDEP

12C 0.p.DDDP

12C p.p.DDD"

12C 0.p.DDT®

12C p.p.DDT®

a-Hexachlorocyclohexane
B-Hexachlorocyclohexane
Lindane

Hexachlorobenzene
Pentachlorbenzene
2,4'-Dichlorodiphenyldichloroethylene
4,4'-Dichlorodiphenyldichloroethylene
2,4'-Dichlorodiphenyldichloroethane
4,4'-Dichlorodiphenyldichloroethane
2,4'-Dichlorodiphenyltrichloroethane
4,4'-Dichlorodiphenyltrichloroethane

2 Included in sum 2 HCHs
b Included in sum 6 DDXs




Table SI-1.3. Recoveries (%) - ranges (median) for the internal standards for exposed samples, field
blanks and method blanks, as well as PRCs for field- and method blanks.

Range (median)

ISTD: Exposed samples |Method blanks |Field blanks
13C PCB-28 39 -94 (55) 41-67 (53) 34 - 68 (50)
13C PCB-52 44 - 102 (60) 50 - 93 (60) 50 - 84 (58)
13C PCB-101 51-115 (75) 64 - 126 (74) 44 - 87 (69)
13C PCB-138 42 - 118 (73) 71 - 120 (84) 40 - 93 (78)
13C PCB-153 38-123(70) 68 - 131 (79) 39-87(75)
13C PCB-180 40 - 140 (74) 76 - 133 (88) 40 - 104 (80)
13C PeCB 7-82(23) 15 - 94 (25) 12 - 33 (24)
13C HCB 17 -139 (34) 23 - 108 (34) 17 - 46 (34)
13C a-HCH 13 - 85 (27) 13 - 40 (19) 5-39(19)
13C g-HCH 11 - 66 (22) 11 - 38 (19) 12 - 35 (19)
13C p,p'-DDE 57 -122 (76) 70 - 126 (88) 76 - 99 (88)
13C o,p'-DDD 30-97 (62) 38 - 113 (63) 43 - 97 (69)
13C p,p'-DDT 53 -160 (89) 59 - 156 (81) 69 - 141 (85)
13C Dieldrin 46 - 148 (78) 52-92 (69) 58 - 113 (73)
13C Heptachlor-exo-epoxide 29 -93 (49) 45 -76 (57) 43 - 85 (59)
13C Oxy-Chlordane 43 -100 (62) 52 -81(69) 61 - 101 (68)
13C trans-Chlordane 43 - 109 (63) 61 - 94 (76) 66 - 106 (79)
13C cis-Chlordane 34 - 94 (56) 57 - 84 (69) 59 -97 (71)
13C trans-Nonachlor 34 -96 (60) 63-91(77) 71-107 (80)
13C cis-Nonachlor 28 -94 (51) 53 -92 (69) 55 - 95 (74)
13C Endosulfan-I 44 - 116 (67) 45 - 84 (69) 59 -108 (72)
PRCs:

D g-HCH 88-89(89)* | 97-114 (105)°
13C PCB-1 95 -109 (102)2 83
13C PCB-8 149 - 153 (151)° 82¢d
12C PCB-14 169 - 171 (170)3® 79¢

12C PCB-30 114 - 124 (119)° 72

13C PCB-32 100 - 101 (100)® | 61-93 (77)
12C PCB-198 100 - 103 (101)® | 98 - 103 (100)°

@ Based on two blanks. Calculated from added amount of PRC

b High recovery. Based on 13C PCB-4 as internal standard which could behave differently

during clean-up.

¢ Based on two blanks. Calculated from amount of PRC in method blanks.

40nly one blank due to instrumental issues.




Table SI-1.4a. The relative deviation from the theoretical value (bias %) of '°C target analytes of three
spiked PAS

QC1 QC2 QC3
PCB-28 0% -1% 0%
PCB-52 6 % 0% 2%
PCB-101 3% 2% 0%
PCB-138 2% 2% -1%
PCB-153 2% 2% 0%
PCB-180 2% -1% 2%
Sum 6 PCB 2% -1% -1%
Sum 30 PCB 1% 3% 2%
PeCB -10 % -12 % -14 %
HCB -1% -7 % -10 %
a-HCH 16 % 12 % 7%
g-HCH 7% 9% 13%
Sum 2 HCHs 12 % 11% 9%
o.p'-DDE 20 % 17 % 20 %
p,p'-DDE 15 % 10 % 11 %
o,p'-DDD 16 % 8% 10 %
p,p'-DDD 26 % 12 % 27 %
0,p'-DDT 5% 2% 2%
p,p'-DDT 8% 9% 9%
Sum 6 DDXs 15% 9% 12 %
Dieldrin 2% -4 % 0%
Heptachlor-exo-epoxide 1% -4 % 2%
oxy-Chlordane 3% -7% -3%
trans-Chlordane 5% 2% 8%
cis-Chlordane 7% 5% 0%
trans-Nonachlor 3% 0% 1%
cis-Nonachlor 3% -13% -6 %
Sum 4 Chlordanes 5% -4 % 1%
Endosulfan-I n.a n.a n.a

n.a = Not available



Table SI-1.4b. The relative standard deviations of two parallel PAS

Site no: 1 8 15 30 35 53 73 79 88 92 97
Country: Armenia Czech Rep. Finland Germany Germany Latvia Spain Sweden  Ukraine UK Norway
PCB-28 b 9% 0% 10% 1% 3% ¢ ¢ 6% 4% 0%
PCB-52 b 9% 1% 9% 1% 2% N N 12% 3% 1%
PCB-101 b 14 % 1% 6 % 1% 3% ¢ ¢ 10 % 5% 2%
PCB-138 b 15% 1% 8% 1% 2% ¢ N 6% 3% 2%
PCB-153 b 14 % 2% 9% 2% 2% ¢ ¢ 8% 3% 1%
PCB-180 i 17 % 1% 14 % 6% 2% ¢ ¢ 5% 4% 9%
Sum 6 PCB b 12 % 1% 9% 1% 3% ¢ N 9% 4% 0%
Sum 30 PCB ° 12% 6% 9% 2% 1% ¢ ¢ 8% 3% 0%
PeCB b 4% 1% 3% 3% 1% ¢ ¢ 8% 0% 2%
HCB ° 5% 1% 1% 1% 0% ¢ ¢ 2% 8% 0%
a-HCH 5% N 0% 3% 4% 3% 6% 4% 3% 8% 2%
g-HCH 2% ¢ 1% 10 % 7% 4% 4% 11% 3% 4% 2%
Sum 2 HCHs 4% ¢ 0% 8% 4% 3% 5% 8% 1% 5% 0%
o.p'-DDE 9% ¢ 0% 15% 8% 15% 11% 1% 18 % 10 % 2
p,p'-DDE 11% ¢ 3% 12% 4% 7% 8% 4% 2% 14 % 5%
o,p'-DDD 15% N 11% 13 % 8% 1% 8% 3% 16 % 1% 15%
p,p'-DDD 10% ¢ 2 10% 7% 7% 10% 3% 20% 8% 2
o,p'-DDT 17 % N 1% 6% 2% 6% 1% 3% 13 % 7% 8%
p,p'-DDT 13% ¢ 4% 12% 33% 4% 20 % 4% 16 % 12 % 5%
Sum 6 DDXs 12% ¢ 0% 11% 8% 6% 4% 4% 4% 12% 6%
Dieldrin 4% 10 % 0% 10 % 3% 9% 1% 12% 12% 14 % 4%
Heptachlor-exo-epoxide 3% 7% 5% 7% 1% 10% 2% 12% 18% 5% 2%
oxy-Chlordane 8% 7% 6% 14 % 5% 4% 6% 14 % 15% 13 % 1%
trans-Chlordane 6% 10% 2% 10 % 2% 1% 3% 10% 13% 10% 3%
cis-Chlordane 2% d 1% 8% 2% 1% 1% 3% 12% 13% 2%
trans-Nonachlor 2% 13% 1% 11% 2% 4% 1% 5% 14 % 12 % 0%
cis-Nonachlor 7% 16 % 3% 8% 1% 1% 1% 6% 10 % 7% 5%
Sum 4 Chlordanes 0% 15% 1% 9% 1% 2% 1% 5% 13% 12 % 0%
Endosulfan-I 8% 10% 0% 7% 0% 2% 4% 9% 14 % 9% 1%

2 Below MDL. Excluded.

b Possible contamination of one parallel. Excluded.

¢ High RSD% due to not prepared/analyzed in parallel. Excluded.
9 Possible interference. Excluded.
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Table SI-1.5. Modelled meteorological data and estimated sampling rates (R) from the spiking of
PUFs with PRCs.

Modelled from ECMWF Reference | Correction
Deployment|Sampling rate Sampling volume |Sampling volume| Average |Average Wind| Altitude | Altitude | Average
Site no.|time (days):| (m3®/day): |No.of PRCs®: HCB (m3): PCB-153 (m3): |Temp. (°C): | speed (m/s): |(m.a.s.l.)’:| (m.a.s.l.)’: |Temp. (°C):
1 91 4.4/3.9¢ 4/5¢ 212/202 389/351 18.0 2.4 1707 2080
2 97 3.5¢ 1 185 337 20.5 2.9 213 117
3 84 3.2 3 185 270 14.9 2.0 1135 1020
4 91 3.9 4 201 352 18.3 4.2 27 10
5 91 4.0 5 202 357 18.3 4.2 27 4
6 91 49" 5 260 441 20.4 3.4 376 1594 12.5
7 84 3.0 3 129 247 29.0 3.2 122 520
8 94 3.0/2.8° 4/4¢ 176/171 277/262 18.3 2.9 482 535
9 93 3.5 5 190 324 18.7 3.0 447 737
10 91 3.6 4 204 328 16.0 4.5 20 13
11 81 3.4 3 176 270 17.5 5.4 15 10
12 92 3.7 5 203 335 16.8 6.6 13 40
13 102 4.2¢ 1 228 422 16.7 5.3 12 10
14° 92 6.3" 4 307 567 10.9 7.3 0 300
15 96 3.0/3.0° 3/3¢ 206/205 289/287 11.4 2.9 303 340
16 92 2.8 2 183 257 13.7 3.1 141 162
17 93 4.4 5 229 406 15.9 6.4 3 7
18 91 3.8 4 211 345 15.7 5.2 21 4
19 91 2.8 2 186 255 12.4 2.8 242 310
20 92 3.8 4 221 350 13.9 5.1 5 4
21 91 2.5 3 170 230 13.6 3.1 141 181
22 91 2.6 3 157 231 18.6 2.4 359 775
23 91 3.7 4 187 333 20.0 2.0 457 200
24 91 3.0 4 168 267 19.6 3.2 107 133
25 91 4.2 4 225 379 15.1 1.6 1571 1750
26 95 5.3 2 244 496 16.8 5.9 144 50
27 91 2.7 3 163 241 17.9 3.2 196 390
28 98 3.7 4 205 359 17.8 2.8 906 605
29 85 3.4 5 175 283 19.2 2.0 1393 1650
30 96 6.5/6.5° 2/2¢ 260/260 606/605 16.9 5.9 7 12
31 91 3.4 5 188 304 17.6 2.9 388 937
32 91 3.8 5 200 339 17.6 6.2 8 1
33 91 47" 5 245 425 18.7 2.1 499 1205 14.1
34 95 3.4 4 191 317 18.1 3.4 44 62
35 91 3.6/3.5¢ 5/5¢ 193/189 327/313 18.2 3.5 48 74
36 91 6.1 2 229 545 19.6 3.1 147 86
37 92 5.8 2 249 522 16.7 2.2 766 985
38 92 6.0 2 193 533 24.1 2.9 280 110
39 98 4.8¢ 0 179 456 25.2 7.1 97 250
408 94 8.2" 2 385 763 7.7 2.4 -1 320
41 94 434 1 355 401 -12.8" 5.5 -1 20
42 92 3.3 4 175 301 20.6 2.6 116 125
43 90 5.0¢ 0 246 439 14.6 7.5 12 5
44 120 5.8 2 296 683 14.3 6.8 -6 20
45 91 4.7¢ 0 235 417 15.4 6.7 54 9
46 91 3.2 4 174 286 19.8 2.0 671 209
47 91 3.4 2 163 305 23.6 2.0 339 48
48 105 2.3 4 147 242 23.2 2.6 268 1379
50 96 3.9¢ 0 171 368 24.7 44 58 5
51 105 45" 4 262 467 23.2 2.6 268 1796 13.3

2 Number of PRCs with 40-80 % loss during deployment
 Meters above sea level
¢ Parallel PAS

4 No significant loss of PRCs. Found from correlation
with wind speed (v): R = 2.8456 x €”(0.074 x v).

¢ Had fallen down on the ground when collected

f PAS opened during sampling

& Deployed on a roof top

h Sampled during winter (01.09 - 04.12)

" Lunder Halvorsen et al. 2021

J One PRC excluded. Agrees with sampling rate from wind correlation.
X High sampling rate. Sampled at high altitude.

' Sampling rate from first parallel used for both.

™ Higher uncertainty, not included when deriving the R(v)-expression.
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Table SI-1.5 continued. Modelled meteorological data and estimated sampling rates (R) from the
spiking of PUFs with PRCs.

Modelled from ECMWF Reference | Correction
Deployment [Sampling rate Sampling volume [Sampling volume| Average |Average Wind| Altitude | Altitude | Average
Site no.|time (days):| (m3/day): |No. of PRCs®: HCB (m3): PCB-153 (m3): |Temp. (°C):| speed (m/s): |(m.a.s.l.)":| (m.a.s.l.)P: |Temp. (°C):
52 112 4.2 5 247 463 15.3 5.8 19 18
53 111 3.4/3.5¢ 5/4¢ 276/279 376/383 13.2 3.8 113 188
54 92 4.1¢ 1 213 374 17.1 5.0 17 5
55 92 3.0 2 192 275 13.6 3.6 142 120
56 91 3.9¢ 0 169 350 25.5 4.4 -8 167
57 92 4.3 2 192 387 21.4 3.1 126 156
58 98 4,54 1 229 432 16.9 6.1 1 1
59 98 5.6 2 247 534 17.2 3.4 47 28
60 97 4.3¢ 1 223 413 17.2 5.7 -3 4
97' 91 2.0/2.0° 2/2¢ 141/141 181/181 14.2 3.8 241 199
98’ 91 2.7 2 185 246 10.8 2.7 566 475
99' 88 2.0" 1 139 171 12.0 2.8 503 208
100’ 90 3.6" 0 215 322 12.8 2.6 390 280
101" 92 3.6" 0 226 329 11.1 3.0 343 308
102' 100 10.1" 3 370 985 11.0 5.2 39 338
96 77 5.0 2 297 409 4.3 3.8 206 474
61 92 4.5 4 225 410 16.6 3.3 126 157
62 92 4.2 2 192 380 21.3 5.4 33 43
63 94 4.9 2 203 452 21.5 5.2 89 109
64 91 3.9 1 218 354 14.9 3.1 74 28
65 90 3.8 1 213 337 14.6 3.9 229 340
66 89 2.9 5 151 251 23.1 4.2 -20 -25
67 95 2.3 3 145 219 21.1 2.8 446 400
68 92 3.7¢ 0 198 336 17.8 3.6 160 145
69 92 3.7¢ 0 203 338 17.0 3.7 175 150
95 92 3.7¢ 0 219 336 13.2 3.5 198
70 95 15.3" 2 465 1415 16.4 2.4 621 2008 7.3
71 94 3.8 4 203 351 17.7 2.6 424 345
72 91 2.4 3 147 215 19.7 2.5 431 520
73 100 4.2/4.9°" 4/2¢ 236/252 417/479 235 2.7 -22 1265 15.1
74 92 3.2 3 187 295 17.2 4.2 457 134
75 94 3.0 3 172 281 19.8 2.0 479 470
76 92 4.2 4 210 382 22.7 2.5 199 917 18.1
77 92 3.7 2 178 330 21.6 2.4 438 78
78 92 3.7 2 170 333 23.5 2.4 89 393
79 98 5.9/5.9¢ 2/1¢ 264/264 566/566 15.8 4.5 65 5
80 88 3.3 2 187 283 16.0 3.8 15 20
81 109 3.5 4 217 374 16.4 4.3 46 175
82 98 4.7 2 275 456 10.9 2.9 438 404
83 125 3.9 4 295 477 9.1 2.8 514 475
84 95 3.0 3 205 279 10.2 2.5 646 385
85 102 3.4 4 226 345 12.6 3.2 155 225
86 85 9.8 3 323 813 13.2 1.5 1440 3578 -0.7
87 98 5.1 2 250 487 15.7 2.1 850 489
88 91 4.0/4.0¢¢ 0 178/178 354/354 22.8 4.5 7
89 90 6.1 2 248 539 17.2 4.3 35 78
90 89 6.5 2 276 571 14.5 4.6 -6 260
91 94 4.1¢ 0 232 383 14.1 5.0 8 126
92 98 4.1/3.1° 5/4¢ 226/194 399/302 16.1 6.0 10 119
93 91 3.9 5 214 350 15.4 5.6 8 267
94 94 4.8 5 260 446 12.8 5.1 -6 270

2 Number of PRCs with 40-80 % loss during deployment

 Meters above sea level

< Parallel PAS

9 No significant loss of PRCs. Found from correlation
with wind speed (v): R = 2.8456 x e”(0.074 x v).
¢ Had fallen down on the ground when collected

f PAS opened during sampling

€ Deployed on a roof top
h Sampled during winter (01.09 - 04.12)
" Lunder Halvorsen et al. 2021

7 One PRC excluded. Agrees with sampling rate from wind correlation.
X High sampling rate. Sampled at high altitude.
' Sampling rate from first parallel used for both.

™Higher uncertainty, not included when deriving the R(v)-expression.
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Text/Figures:

1.1 Sampling sites details
Figure SI-1.1 shows the spatial coverage of passive air samplers in our study, EMEP sites also

monitoring POPs using AAS (n=11), and the four study regions. The passive air samplers were
deployed in close connection to existing monitoring stations (Figure SI-1.2). The locations of all

sampling sites are given in Table SI-1.1.
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Figure SI-1.1. The spatial coverage of sampling sites using PAS (white/grey) in this study along with
the spatial coverage of EMEP sites monitoring POPs using AAS (grey). The background colors
represents the regions included in the study area (EuroVoc, 2021).

Figure SI-1.2. Passive air samplers deployed in close connection to existing monitoring stations,
illustrated by site 4 (Houtem) in Belgium (photo: E. Adriaenssens) and site 13 (Risoe) in Denmark
(photo: T. Ellermann).
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1.2 Sample extraction and clean-up
The samples were spiked with 3C-labelled internal standards, prior to Soxhlet extraction for 8 hours

in acetone:hexane (1:1), as described in Lunder Halvorsen et al. (2021). The extracts were
concentrated and solvent-exchanged to acetonitrile before clean-up. Unlike the extracts within
Lunder Halvorsen et al. (2021), the clean-up was done with a dual layer SPE method. SPE cartridges
were prepared by weighing 2 g of a mixture of zirconia-coated silica (Supel QUE Z-sep, SigmaAldrich)
and C18 polymerical bonded silica (Discovery DSC-18, SigmaAldrich) in the bottom sorbent bed, and
2 g activated magnesium silicate coated silica (Supelclean LC-Florisil, SigmaAldrich) in the top
sorbent bed, separated with a frit. Acetonitrile was used as eluent, and the resulting acetonitrile
extract was back-extracted to n-hexane, in the same way as the extracts within Lunder Halvorsen et

al. (2021).

Zirconium-based SPE has shown to be well suited for removing fatty compounds co-extracted from
sample matrices (K. Stenerson & Brown, 2015; K. K. Stenerson et al., 2015). Zirconia-coated silica, in
combination with C18 and Florisil sorbents, is able to remove interfering compounds through Lewis
acid-base interactions, additionally to polar and non-polar interactions. Polyurethane (PUR) is a
polymer with intramolecular urethane bonds (carbamate ester bond, i.e. NHR,COOR;) with a variety
of additives (e.g surfactants), and it was expected that clean-up with the described SPE-method also

was suitable for the retention of co-extracted substances in air samples.

Similarly to SPE clean-up with Florisil only (Lunder Halvorsen et al., 2021), the analysis of DDXs
showed interferences and degradation of DDT in the injector also with the dual layer SPE method.
Consequently, the hexane extract was splitted 20:80. The larger aliquot (80%) was further cleaned
with concentrated sulfuric acid (Lunder Halvorsen et al., 2021) in order to remove co-extracted
sample matrix prior to preparation for instrumental analysis of PCBs, PeCB/HCB, HCHs and DDXs.
Some OCPs, including Dieldrin, Endrin, Endosulfan | + Il and trans-Heptachlor epoxide, could be
sulfonized when treated with concentrated sulfuric acid (Chung & Chen, 2011), and the smaller
aliquot (20%) was only concentrated and solvent exchanged to isooctane prior to instrumental

analysis of the rest of the OCPs.

1.3 Deriving air concentrations
Air concentrations are derived using the same approach described in Lunder Halvorsen et al. (2021).

The PUF characteristics and temperature adjusted Koa-values are similar to the data given in the
above-mentioned study. Other input to the template of Harner are given in Table SI-1.5. Similar to
Lunder Halvorsen et al. (2020), the average air temperatures and wind speeds at each site during the
exposure period were retrieved from the ERA Interim database from European Centre for Medium-

Range Weather Forecasts (ECMWF). For seven high altitude sites, large differences (> 700 m)
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between the model altitude and the altitude at the sites were noted. In these cases, the ECMWF

data were adjusted by assuming a temperature decrease by altitude of -0.65 °C per 100 m.

The amount loss of PRCs is the basis in the estimation of sample air volumes. The average amounts
of PRCs in two spiked field blanks were used as reference to account for any losses not caused by
sampling. The loss differs between different PRCs and is next corrected based on the stable PCB-198,
that is expected to not volatilize from the PAS. Only the compounds that experienced (corrected)
losses between 40 % and 80 % were used in the calculation of an average site-specific sampling rate.

Hence in practice, 13C PCB-1 was not used in the determination of the sampling rates.

For the sites with none- or only one PRC fulfilling the required loss, the sampling rates were
estimated from the modelled wind speed (v) at the given sites (Moeckel et al., 2009; Tuduri et al.,
2006). The correlation between sampling rate and wind speed (r=0.14, p<0.001) was found from the
other sites (n=78), where the sampling rates were confirmed by two or more PRCs, and by excluding
high-altitude sites and other sites with possible sampling artifacts (Table SI-1.5); R (m3/day) =
2.8456e%074,

For verification, the PAS derived concentrations of 5¢PCB, HCB, HCHs, 53DDXs (p,p’-DDD/-DDE/-DDT)
and Dieldrin in our study were compared with the concentrations from routine active air
measurements reported to EMEP for the same sampling period (Aas & Bohlin-Nizzetto, 2018)

(Figures SI 1.3 a-f).
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Figure SI-1.3a-f. Comparison of PAS derived concentrations in air obtained in our study with the
concentrations from routine AAS measurements reported to EMEP for the same sampling period (Aas

& Bohlin-Nizzetto, 2018).
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1.3.1 Sampling artifacts
The range of all derived sampling rates are presented in Figure SI-1.4a. Elevated sampling rates

(outliers) are found for PAS exposed to high wind (e.g. high-altitude/coastal sites). The sites with

highest sampling rates (outliers) are illustrated in Figure 1.4b-c.
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Figure SI-1.4b. Site 70 (Chopok, Slovakia) and site 86 (Jungfraujoch, Switzerland), situated at high
altitudes (2008 and 3578 m.a.s.l. respectively), resulting in both low temperatures and high exposure
to wind (and hence elevated sampling rates).

Figure SI-1.4c. Site 40 (Nuuk, Greenland) and site 102 (Andaya, Norway), situated on top of a roof top
and on top of a hill (by the coast) respectively, resulting in elevated sampling rates due to high
exposure to wind.
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The uptake with PUF-PAS is generally influenced by both windspeed and temperature at a given site.
Though the PUF is sheltered with two surrounding steel bowls, it has been shown that wind
generally has the strongest influence on the uptake rate (Klanova et al., 2008; Tuduri et al., 2006). In
our study, the sampling locations ranged from sea level (majority of sites) and up to almost 4000 m
(Table SI-1.5), resulting in high variations in both temperature and wind speed (Table SI-1.5). Other
irregularities during sampling (e.g. opening of PAS) may also cause potential overexposure of the
PUF-PAS. In our study, the PRCs compensate for different sampling conditions in the estimation of
site-specific sampling rates. However, contamination from precipitation may still influence the

measured concentration of POPs in the PUF.

1.4 Data analysis

1.4.1 Outliers
When calculating MMR, outliers outside the maximum according to a box-whisker plot (Figure SI-

1.7) may be excluded. These are defined as datapoints higher than Q3 + 1.5 x IQR, where Q3 is the

75 % percentile and IQR is the interquartile range.

O <— QOutliers (> Q3 + 1.5x IQR)

R — <«+— Maximum

+— 75 % percentile (Q3)

Interquartile range (IQR) <+«— Median

<+— 25 % percentile (Q1)

Em— <+— Minimum

Figure SI-1.5. Illustration and explanation of boxplots (Lunder Halvorsen et al., 2021).

1.4.2 Estimating population density within 50km radius
From the population density dataset in the collection “Gridded Population of the World, version 4”

(CIESIN, 2016), estimates of the mean number of persons within 50 km of each sampling site were
retrieved, by using the zonal statistics tool in QGIS ver.3.0.1 (Figure SI-1.8). The population density
used was consistent with national censuses and population registers, for the year 2015. Further the

grid cell area (in km?) at each site was calculated from the following equation;

. cos(latitude)x6371km X2m 6371km X2m
Grid cell area (km?) = ( ( ) ) ( )

360XxX60X2 360X60X2

The population density within 50 km of each sampling site was then estimated;

mean number of persons

Population density (persons per km?) = grid cell area (km?)
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The results revealed nine sampling sites (red circles) with elevated population density due to the
presence of a city within 50 km radius from the sites, indicating that these are not designated

background sites for the measurement of POPs.
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Figure SI-1.8. The spatial distribution of the estimated population density within 50 km of each site,
with the gridded population across Europe in the background (CIESIN, 2016).

1.4.3 Correlation tests

1.4.3.1 Linear correlation
The Pearson correlation coefficient (r) gives a measure of the linear relationship between two

variables (Y and X). The correlation can be either negative or positive (between -1 and 1).

In order to decide how two variables (e.g. POP concentrations, latitude/longitude or population
density within 50 km) correlates, a linear regression model of how y is depending on x were fitted by
using R Studio (method of least squares, Eq. 1). All POP concentrations were log-transformed in

order to fulfill the assumption of normality.

Eg.1 yi=bo+b1x

The null hypothesis that b; = 0 were tested, versus the alternative hypothesis that b; # 0.

p-values less than 0.05, mean that we can reject the Ho with more than 95 % significance, and that

there is a linear relationship (given by r) between the two variables.

19



1.4.4  Significant tests

1.4.4.1  Wilcoxon signed rank test
A Wilcoxon test was used to compare two-and-two regions, without log-transforming the

concentrations, by using R Studio. In this case, the null-hypothesis tests if one region is lower or
higher than another, i.e Ho: Difference < 0 or Difference > 0 (one-sided). The null-hypothesis was
rejected when p < 0.05.

1.4.4.2 Matched pair Wilcoxon signed rank test

To compare the POP concentrations in air with data from a similar PUF-PAS campaign conducted all
over Europe by Halse et al. (2011) in 2006, a Wilcoxon test was run in R Studio by comparing the
concentrations at the 73 common sites pairwise. It should be noted that the air samples from 2006
were analyzed at the same laboratory with the same methodology and same type of

instrumentation (Halse et al., 2011), and the concentrations are therefore comparable.

The null-hypothesis tests if the 2016-data are lower or higher than the 2006-data, i.e Ho: Difference <

0 or Difference > 0 (one-sided). The null-hypothesis was rejected when p < 0.05.
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2 Results and Discussion

Tables:

Table SI-2.1a. Summary of measured concentrations in air (pg/m?) of selected PCBs and OCPs at
European background sites, including detection frequencies and max-min ratios

Background concentrations in air in Europe®

Compounds Average £SD Median Measured range [ Detection frequency | MMR MMR®
pg/m? pg/m? pg/m? %

PCB-28 4+6 2 0.3-28 100 % 93 27
PCB-52 5+6 3 0.4-36 100 % 90 25
PCB-101 5+8 3 0.2-69 100 % 345 60
PCB-138 3+5 1 0.07-42 100 % 600 86
PCB-153 4+8 2 0.1-78 100 % 780 80
PCB-180 0.8+1.3 0.4 0.02-11 100 % 550 100
Sum 6 PCB 22+30 13 1-241 240 60
Sum 30 PCB 49 +59 29 3-405 135 31
PeCB 26+10 25 13-74 100 % 6 3
HCB 72+43 67 28-413 100 % 15 4
a-HCH 12+8 4-47 100 % 12
g-HCH 16+17 9 2-109 100 % 55 21
Sum 2 HCHs 28+20 22 7-116 17 11
0.p'-DDE 0.7+1.4 0.2 <MDL-10 95% 1000° 150°
p,p'-DDE 17+31 6 <MDL-183 100 % 1017 194
0,p'-DDD 0.4+1.2 0.1 <MDL-12 94 % 1200° 60°
p,p'-DDD 03+1.2 0.1 <MDL-12 838% 1200° 50°
0,p'-DDT 4+6 1 0.07-37 100 % 529 333
p,p'-DDT 5+ 10 2 <MDL-81 99 % 2700° 433°
Sum 6 DDXs 28 +47 10 0.3-286 > 953 > 200
dieldrin 6+7 4 <MDL-37 98 % 93° 35°
heptachlor-exo-epoxide 3+7 0.4-63 100 % 158 15
oxy-chlordane 1+1 <MDL-9 99 % 45° 10°
trans-chlordane 0.6+17 0.3 <MDL-16 99 % 800" 45°
cis-chlordane 1+1 1 0.2-7 100 % 35 100
trans-nonachlor 1+1 1 0.2-10 100 % 50 10
cis-nonachlor 0.2+0.2 0.1 <MDL-0.8 95% a0° 20°
Sum 4 chlordanes 3+4 2 0.5-35 >70 >14
endosulfan-| 5+9 3 0.4-82 100 % 205° 25"

2 Number of samples:

PCBs and PeCB/HCB: n = 101.

HCHs and DDXs: n = 101.

Other OCPs: n =99. Two samples not analyzed.

® Minimum value = method detection limit

“Excluding outliers (SI 1.4.1)
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Table SI-2.1b. Summary of concentrations in field blanks and method blanks, including method
detection limit (MDL), for selected PCBs and OCPs

Field blanks (n=11)? Method blanks (n=14)?

Compounds Median Measured range| Median Measured range MDL"

pg/m? pg/m? pg/m? pg/m? pg/m?
PCB-28 0.03 0.02-0.06 0.02° 0.01°-0.04 0.04
PCB-52 0.03 0.02-0.05 0.02 0.01-0.03 0.03
PCB-101 0.02 0.01-0.04 0.01 0.006-0.04 0.04
PCB-138 0.009 0.005-0.04 0.006 0.001%-0.02 0.03
PCB-153 0.01 0.007-0.06 0.01 0.001°-0.03 0.03
PCB-180 0.005 0.003-0.03 0.004  0.001°-0.008 0.01
Sum 6 PCB
Sum 30PCB
PeCB 0.8 0.6-13 0.4 0.2-0.7 0.9
HCB 0.4 0.2-0.6 0.2 0.1-0.7 0.8
a-HCH 0.1° 0.04°-0.8 0.1° 0.05%-0.2° 0.3
g-HCH 0.2° 0.04°-0.3 0.1° 0.04%0.2° 0.3
Sum 2 HCHs
0.p'-DDE 0.002  0.0010.005° | 0.004°  0.001°-0.01° 0.01
p,p'-DDE 0.03 0.01-0.1 0.04 0.006-0.1 0.18
o,p'-DDD 0.006° 0.003%-0.01° 0.006° 0.003%-0.01° 0.01
p,p'-DDD 0.006° 0.003%0.01° 0.007° 0.003%-0.01° 0.01
o,p'-DDT 0.01° 0.004°-0.02 0.01° 0.004°-0.02° 0.03
p,p'-DDT 0.01° 0.006-0.02 0.02° 0.004°-0.02° 0.03
Sum 6 DDXs
dieldrin 0.3° 0.2°0.5° 0.3 0.1-0.4° 0.4
heptachlor-exo-epoxide 0.2° 0.2°-0.4° 0.2° 0.1-0.3° 0.3
oxy-chlordane 0.1° 0.08%-0.14° 0.08° 0.06°0.11° 0.2
trans-chlordane 0.01° 0.01°-0.02° 0.01° 0.008°-0.02° 0.02
cis-chlordane 0.03¢ 0.02°-0.04° 0.02° 0.01°-0.03° 0.03
trans-nonachlor 0.02° 0.01°-0.02° 0.01° 0.009°-0.02° 0.02
cis-nonachlor 0.01° 0.009°-0.02° 0.009° 0.006°-0.01° 0.02
Sum 4 chlordanes
endosulfan-I 0.02° 0.02°-0.06° 0.02° 0.01°-0.03¢ 0.1

® Based on averaged sample volume of all sites (excluding sites 40, 41, 44, 70, 86 and 102)

b For PCBs and PeCB/HCB: MDL based on method blanks only.
“Instrument detection limit
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Table SI-2.2a. Concentrations in air (pg/m?) for all target PCBs at the individual sites. Concentrations
below MDL set to %2 MDL (grey).

Countryno. Siteno. PCB18 PCB28° PCB31 PCB33 PCB37 PCBA47 PCB52X PCB66 PCB74 PCB99 PCB101°
1 1° 13.7 13.7 12.3 7.09 2.34 5.06 14.8 8.54 6.01 6.55 12.9
2 2 12.7 12.4 11.2 6.57 1.91 4.93 12.9 4.74 3.36 2.43 11.8
2 3 3.40 2.87 2.62 1.34 0.29 1.11 3.33 0.92 0.71 0.70 3.09
3 4 3.11 3.56 3.23 2.09 0.75 1.95 6.82 2.61 1.69 2.30 7.32
3 5 3.49 3.93 3.60 2.37 0.82 2.18 8.19 3.02 1.97 2.78 8.80
4 6 5.84 5.01 4.46 2.59 0.67 1.58 461 1.65 1.19 1.03 3.74
5 7 27.2 26.0 22,9 13.7 4.52 7.82 26.5 19.4 13.5 16.7 20.9
6 8 4.4 4.88 3.91 2.23 0.65 2.04 4.05 1.73 1.18 0.77 3.91
6 9 6.39 7.04 5.52 3.20 1.05 3.80 5.55 2.40 1.61 1.01 5.33
7 10 2.42 2.23 2.08 1.24 0.34 3.54 3.44 1.04 0.66 0.77 2.94
7 11 439 4.26 4.09 2.63 0.76 2.09 12.5 2.52 1.71 2.57 25.7
7 12 1.87 1.99 1.81 1.06 0.31 1.17 2.98 1.04 0.62 0.79 3.15
7 13 3.62 5.15 5.32 3.05 1.09 2.42 12.4 2.51 1.77 2.10 20.5
8 14 0.88 0.53 0.50 0.26 0.05 0.25 0.86 0.20 0.16 0.20 0.59
9 15° 0.95 0.84 0.70 0.36 0.09 2.79 0.98 0.30 0.26 0.27 0.77
9 16 1.23 1.11 0.98 0.52 0.14 0.61 1.17 0.35 0.30 0.26 0.89
9 17 2.15 1.89 1.71 0.90 0.28 0.83 2.25 0.78 0.60 0.68 2.14
9 18 2.55 2.40 2.00 1.13 0.40 0.83 2.19 0.89 0.68 0.69 1.84
9 19 1.33 1.13 0.94 0.51 0.14 0.51 1.01 0.34 0.28 0.28 0.69
9 20 1.42 1.11 1.02 0.52 0.14 0.55 131 0.39 0.33 0.36 1.13
9 21 1.68 1.42 1.23 0.64 0.17 0.60 1.60 0.45 0.39 0.37 1.31

10 22 2.97 2.75 2.66 1.49 0.34 1.48 5.13 1.51 1.15 1.16 4.64
10 23 0.95 0.96 0.92 0.54 0.16 0.54 1.96 0.67 0.45 0.56 1.92
10 24 1.04 1.06 1.00 0.61 0.16 0.53 2.05 0.69 0.48 0.59 1.91
10 25 2.01 2.06 1.83 1.02 0.28 0.95 3.53 1.04 0.76 0.91 3.63
10 26 0.82 0.82 0.78 0.43 0.15 0.50 2.04 0.75 0.51 0.86 2.66
10 27 3.53 3.28 2.94 1.73 0.46 1.45 5.40 1.60 1.09 1.25 4.48
10 28 1.69 1.74 1.62 0.95 0.27 1.21 3.53 1.10 0.81 1.06 3.99
11 29 4.76 5.60 4.94 2.42 2.46 3.11 35.9 6.06 7.17 12.2 68.5
12 30° 2.81° 3.12¢ 2.78° 1.60 0.57 1.82 5.13 2.00 1.11° 1.65 6.20
12 31 5.21 4.76 439 2.42 0.62 2.70 6.49 2.10 1.55 1.30 6.28
12 32 2.22 2.09 1.85 1.06 0.26 1.18 2.56 0.83 0.50 0.60 2.33
12 33 4.25 3.78 3.94 2.20 0.57 2.01 7.35 2.38 1.75 1.55 7.49
12 34 2.87 2.65 2.36 1.37 0.34 1.44 4.65 1.16 0.76 1.07 4.92
12 35¢ 2.80 2.89 2.76 1.56 0.39 2.11 4.08 1.43 1.01 0.79 4.03
12 36 5.15 4.48 3.98 2.20 0.57 1.91 4.58 1.55 1.10 1.01 4.46
12 37 5.32 4.65 4.85 2.60 0.70 3.51 9.15 2.71 2.09 2.08 9.46
13 38 4.67 4.29 3.91 2.42 0.67 1.09 3.01 1.33 0.84 0.60 1.51
13 39 5.46 5.60 5.11 2.85 0.66 1.90 5.83 2.75 1.87 1.94 4.80
14 40 21.7 15.9 19.4 9.59 2.63 8.64 29.61 10.2 6.90 3.70 12.9
14 41 4.16 3.05 3.18 1.68 0.39 1.49 4.89 1.57 1.09 0.75 2.29
15 42 13.2 6.55 5.31 3.11 1.13 2.01 4.13 2.15 1.33 0.62 2.21
16 43 1.74 1.44 1.36 0.78 0.22 0.77 2.10 0.59 0.44 0.50 1.40
16 44 0.82 0.63 0.61 0.36 0.14 0.30 0.85 0.29 0.20 0.21 0.61
16 45 4.07 3.96 3.33 1.86 0.87 1.76 4.39 2.30 1.20 1.47 3.67
17 46 9.62 7.68 7.03 4.43 1.26 2.97 15.0 3.79 2.90 3.94 11.5
17 47 4.12 3.72 3.39 2.19 0.70 1.46 5.99 2.08 1.49 1.78 7.32
17 48 2.73 2.16 1.94 1.13 0.23 0.79 2.63 0.77 0.64 0.66 2.42
17 50 3.39 5.09 4.55 3.40 2.52 2.25 6.76 4.68 2.60 2.29 7.61
17 51 2.34 2.04 1.85 1.06 0.25 0.87 2.90 0.90 0.68 0.81 3.04

2 Coeluting with PCB-106 in the PRCs. Excluded.
" Not included in sum 30 PCBs.
¢Included in sum 6 PCBs.

4 Blank contribution possible.
¢ Average of two parallel PAS.

fLunder Halvorsen et al., 2021
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Table SI-2.2a. (continued) Concentrations in air (pg/m?) for all target PCBs at the individual sites.
Concentrations below MDL set to %2 MDL (grey).

Countryno. Siteno. PCB18 PCB28° PCB31 PCB33 PCB37 PCB47 PCB52 PCB66 PCB74 PCB99 PCB 101°
18 52 4.17 3.13 2.63 1.55 0.41 1.01 2.64 0.99 0.67 0.68 1.78
18 53¢ 4.53 3.96 3.26 1.94 0.43 1.16 2.74 1.00 0.71 0.63 1.49
19 54 3.79 5.83 4.93 3.13 1.03 2.21 6.02 2.59 1.70 2.34 6.06
19 55 2.65 2.59 2.01 1.10 0.30 0.91 1.98 0.90 0.59 0.65 1.24
20 56 2.90 2.59 2.43 1.43 0.36 1.51 5.36 1.94 1.45 2.01 7.40
21 57 22.9 12.5 10.2 6.02 2.89 2.52 7.65 4.29 2.88 2.31 4.52
22 58 9.77 10.5 9.83 6.03 1.95 5.27 13.5 5.90 3.63 3.60 12.4
2 59 15.5 13.5 13.3 9.02 2.62 5.54 14.7 5.99 3.83 2.57 10.0
2 60 10.2 11.6 11.0 6.74 2.42 6.48 18.2 7.12 4.25 5.11 14.9
23 97% 1.72 1.13 1.11 0.54 0.11 0.56 1.62 0.42 0.33 0.34 1.18
23 o8’ 0.98 0.41 0.38 0.18 0.02 0.17 0.56 0.09 0.09 0.11 0.37
23 99' 1.54 0.61 0.58 0.24 0.02 0.34 1.39 0.13 0.12 0.21 0.70
23 100° 1.29 0.84 0.81 0.38 0.08 0.35 1.05 0.24 0.19 0.21 0.72
23 101f 1.02 0.55 0.53 0.24 0.04 0.19 0.62 0.12 0.09 0.15 0.44
23 102 1.28 0.75 0.83 0.35 0.03 0.35 1.36 0.17 0.17 0.28 0.83
23 9% 0.93 0.63 0.61 0.35 0.07 0.20 0.63 0.15 0.12 0.13 0.33
24 61 1.76 2.77 2.14 1.22 0.32 1.09 2.57 0.97 0.67 0.64 1.85
25 62 1.61 1.28 1.19 0.90 0.23 0.46 1.35 0.49 0.32 0.35 1.27
25 63 2.73 2.58 2.38 1.60 0.64 1.22 3.27 1.16 0.82 0.84 4.59
26 64 0.67 0.98 0.72 0.40 0.11 0.27 0.68 0.28 0.19 0.19 0.37
26 65 2.16 2.88 2.10 1.16 0.35 0.75 2.04 0.89 0.63 0.67 1.21
26 66 4.90 4.44 3.55 2.05 0.53 1.04 3.47 1.41 0.98 1.27 2.45
26 67 3.43 3.67 2.89 1.42 0.41 1.23 3.49 1.47 1.06 1.50 2.69
26 68 19.3 7.71 6.15 3.44 1.02 1.60 5.05 2.25 1.55 1.51 2.56
26 69 63.4 28.3 21.3 11.4 4.28 5.35 13.8 6.46 4.36 3.36 5.55
26 95 19.1 6.42 5.57 3.02 0.63 1.50 4.47 131 1.02 1.16 2.25
27 70 6.73 7.77 6.34 3.64 1.03 2.38 5.50 2.46 1.63 0.92 4.02
27 71 13.0 22.8 15.8 10.8 6.79 6.22 9.90 15.0 7.28 1.76 4.37
28 7 9.54 5.88 5.84 3.69 0.57 5.12 4.29 0.79 0.62 0.32 2.07
29 73¢ 1.47 1.04 0.97 0.64 0.18 0.46 1.34 0.39 0.29 0.36 1.33
29 74 3.99 3.02 2.87 1.84 0.48 1.30 3.17 1.18 0.77 0.68 2.67
29 75 2.43 2.09 1.94 1.22 0.30 0.78 2.20 0.67 0.47 0.45 1.75
29 76 7.27 4.73 4.29 2.70 0.74 0.81 1.98 0.82 0.50 0.20 1.01
29 77 1.49 1.32 1.20 0.72 0.16 0.68 2.39 0.66 0.41 0.76 2.67
29 78 0.93 0.67 0.63 0.40 0.10 0.25 0.72 0.20 0.16 0.17 0.62
30 79° 1.80 1.56 1.47 0.91 0.25 0.96 2.33 0.78 0.55 0.56 271
30 80 3.86 3.77 3.62 2.14 0.66 2.59 6.43 2.50 1.75 1.99 9.12
30 81 4.11 3.66 3.58 2.02 0.55 2.34 5.91 2.13 1.49 1.66 6.98
30 82 0.83 0.65 0.58 0.30 0.07 0.32 0.79 0.23 0.17 0.17 0.70
30 83 1.54 1.4 1.39 0.76 0.20 0.97 2.09 0.74 0.52 0.44 2.07
30 84 0.81 0.59 0.53 0.26 0.05 0.26 0.80 0.19 0.17 0.20 0.67
30 85 0.91 0.66 0.59 0.30 0.06 0.37 0.85 0.20 0.18 0.20 0.75
31 86 2.83 2.04 2.00 1.08 0.21 1.05 4.15 0.97 0.78 0.83 3.04
31 87 4.49 2.98 2.94 1.69 0.45 1.58 8.05 1.71 1.41 1.94 7.72
32 88° 21.7 28.2 23.6 12.8 5.16 7.79 25.9 13.1 8.17 10.3 19.9
33 89 2.46 2.16 2.04 1.27 0.40 1.11 2.63 0.86 0.62 0.66 2.01
33 90 1.04 0.98 0.88 0.49 0.16 0.48 1.16 0.38 0.27 0.26 0.79
33 91 0.37 0.30 0.30 0.16 0.03 0.15 0.44 0.08 0.07 0.07 0.20
33 92° 1.87 1.60 1.47 0.85 0.24 0.86 2.07 0.62 0.46 0.56 1.59
33 93 1.97 1.84 1.68 1.11 0.34 1.34 2.08 0.70 0.57 0.47 1.49
33 94 0.59 0.45 0.41 0.21 0.05 0.25 0.71 0.16 0.14 0.15 0.46

2 Coeluting with PCB-106 in the PRCs. Excluded.
®Not included in sum 30 PCBs.
¢Included in sum 6 PCBs.

4 Blank contribution possible (< 10%)
¢ Average of two parallel PAS.
fLunder Halvorsen et al., 2021
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Table SI-2.2a. (continued) Concentrations in air (pg/m?) for all target PCBs at the individual sites.

Concentrations below MDL set to %2 MDL (grey).

Countryno. Siteno. PCB105 PCB114 PCB118° PCB122 PCB123 PCB128 PCB138° PCB141 PCB149 PCB153° PCB156
1 1¢ 5.09 0.42 0.24 0.18 1.33 5.64 1.40 7.32 7.35 0.33
2 2 1.36 0.12 0.22 0.04 1.11 7.11 2.39 12.53 12.5 0.29
2 3 0.32 0.06 0.05 0.01 0.23 1.50 0.48 2.75 2.72 0.06
3 4 0.90 0.09 0.08 0.01 0.59 5.15 1.03 5.86 6.51 0.19
3 5 1.06 0.10 0.09 0.01 0.65 5.55 1.08 6.45 6.80 0.19
4 6 0.32 0.05 0.06 0.02 0.21 1.58 0.54 3.35 2.79 0.07
5 7 14.4 1.15 0.41 0.53 2.73 8.29 1.00 5.67 8.18 0.65
6 g 0.37 0.07 0.07 0.04 0.30 2.24 0.79 4.23 4.18 0.09
6 9 0.53 0.06 0.09 0.02 0.45 3.29 1.15 6.01 6.17 0.13
7 10 0.22 0.05 0.04 0.01 0.15 1.23 0.33 2.04 1.77 0.06
7 11 1.03 0.17 0.34 0.08 0.92 11.0 3.96 21.0 17.1 0.41
7 12 0.26 0.04 0.05 0.01 0.16 1.50 0.39 2.55 2.19 0.06
7 13 0.96 0.14 0.27 0.04 1.01 11.9 4.13 20.0 17.4 0.44
8 14 0.04 0.01 0.01 0.002 0.03 0.20 0.05 0.43 0.37 0.01
9 15° 0.06 0.02 0.01 0.01 0.02 0.27 0.09 0.56 0.43 0.01
9 16 0.07 0.03 0.01 0.02 0.04 0.32 0.11 0.65 0.53 0.02
9 17 0.18 0.03 0.02 0.01 0.14 1.15 0.32 1.85 1.82 0.06
9 18 0.20 0.03 0.02 0.01 0.10 0.75 0.22 1.28 1.17 0.04
9 19 0.07 0.03 0.01 0.004 0.03 0.23 0.07 0.44 0.36 0.01
9 20 0.09 0.03 0.01 0.003 0.06 0.47 0.16 0.85 0.76 0.03
9 21 0.09 0.04 0.01 0.004 0.05 0.46 0.16 0.89 0.76 0.02

10 2 0.39 0.06 0.05 0.01 0.23 2.33 0.56 3.44 3.37 0.08
10 23 0.21 0.03 0.02 0.01 0.13 1.10 0.24 1.58 1.51 0.04
10 24 0.20 0.04 0.02 0.01 0.12 1.07 0.22 1.36 1.42 0.04
10 25 0.28 0.04 0.04 0.005 0.18 1.74 0.44 2.94 2.69 0.05
10 26 0.33 0.04 0.03 0.002 0.25 2.19 0.43 2.38 2.80 0.08
10 27 0.38 0.05 0.04 0.01 0.21 2.07 0.47 3.05 2.83 0.06
10 28 0.56 0.05 0.05 0.09 0.27 2.33 0.50 3.00 2.93 0.08
11 29 4.86 0.23 1.18 0.11 5.86 41.9 15.0 71.0 77.7 1.16
12 30° 0.46 0.08 0.11 0.03 0.49 421 1.07 6.23 5.97 0.15
12 31 0.68 0.07 0.10 0.02 0.45 3.03 1.01 5.49 491 0.13
12 32 0.14 0.03 0.03 0.01 0.11 1.11 0.30 1.92 1.77 0.04
12 33 0.60 0.07 0.08 0.02 0.43 4.29 1.04 5.88 5.22 0.14
12 34 0.31 0.05 0.06 0.02 0.23 2.05 0.59 3.30 2.94 0.08
12 35° 0.24 0.05 0.05 0.004 0.22 2.66 0.67 3.61 3.27 0.08
12 36 0.49 0.05 0.07 0.01 0.37 2.37 0.76 4.25 3.82 0.10
12 37 1.15 0.10 0.17 0.03 0.77 4.66 1.63 8.30 7.34 0.21
13 38 0.38 0.04 0.03 0.01 0.19 0.79 0.20 1.17 1.10 0.04
13 39 1.51 0.13 0.13 0.04 0.89 3.32 0.73 4.48 412 0.17
14 40 1.25 0.11 0.12 0.07 0.44 2.97 0.94 5.08 4.04 0.18
14 M 0.20 0.03 0.02 0.01 0.08 0.53 0.16 1.03 0.80 0.03
15 a2 0.20 0.02 0.01 0.01 0.09 1.15 0.34 2.10 1.81 0.05
16 43 0.11 0.02 0.01 0.01 0.07 0.51 0.12 1.01 0.92 0.02
16 a4 0.05 0.01 0.01 0.004 0.03 0.23 0.06 0.48 0.38 0.01
16 45 0.46 0.05 0.05 0.03 0.34 2.13 0.36 2.99 3.43 0.07
17 46 1.19 0.10 0.10 0.05 0.47 3.36 1.06 6.32 5.87 0.15
17 47 0.86 0.07 0.09 0.04 0.49 3.95 1.15 6.08 6.04 0.18
17 48 0.20 0.05 0.03 0.004 0.14 1.09 0.35 2.21 1.82 0.04
17 50 1.27 0.10 0.14 0.05 0.81 5.29 1.26 7.05 8.05 0.26
17 51 0.30 0.03 0.04 0.01 0.19 1.47 0.45 2.89 2.51 0.06

2 Coeluting with PCB-106 in the PRCs. Excluded.

" Not included in sum 30 PCBs.
¢Included in sum 6 PCBs.

4 Blank contribution possible.
¢ Average of two parallel PAS.
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Table SI-2.2a. (continued) Concentrations in air (pg/m?) for all target PCBs at the individual sites.

Concentrations below MDL set to %2 MDL (grey).

Country no. Siteno. PCB105 PCB114 PCB118* PCB122 PCB123 PCB128 PCB138° PCB141 PCB149 PCB153° PCB 156
18 52 0.29 0.04 0.01 0.004 0.12 0.95 0.18 113 112 0.04
18 53° 0.18 0.03 0.005 0.01 0.07 0.59 0.12 0.91 0.76 0.02
19 54 0.93 0.09 0.09 0.03 0.65 4.80 0.98 6.35 6.24 0.21
19 55 0.39 0.04 0.004 0.005 0.11 0.72 0.11 0.65 0.71 0.05
20 56 0.82 0.07 0.12 0.02 0.70 4.99 1.30 8.00 7.42 0.19
21 57 1.03 0.09 0.05 0.06 0.40 2.53 0.44 2.49 2.79 0.15
22 58 1.08 0.15 0.17 0.07 1.08 10.0 1.90 13.0 11.8 0.28
22 59 1.04 0.11 0.12 0.05 0.64 5.53 1.40 7.27 6.52 0.22
22 60 136 0.17 0.18 0.01 119 10.1 177 13.5 125 0.32
23 97°f 0.08 0.03 0.01 0.02 0.05 0.48 0.12 0.98 0.78 0.02
23 98’ 0.02 0.02 0.01 0.01 0.01 0.13 0.04 0.34 0.22 0.01
23 99f 0.04 0.03 0.01 0.01 0.02 0.18 0.07 0.51 0.35 0.01
23 100f 0.04 0.02 0.01 0.01 0.02 0.23 0.07 0.55 0.39 0.01
23 101° 0.04 0.01 0.01 0.01 0.01 0.16 0.03 0.30 0.22 0.01
23 102 0.06 0.02 0.02 0.03 0.01 0.32 0.06 0.63 0.51 0.01
23 96 0.03 0.01 0.00 0.01 0.02 0.10 0.01 0.19 0.15 0.005
24 61 0.17 0.01 0.01 0.01 0.08 0.98 0.25 1.62 1.33 0.03
25 62 0.12 0.03 0.02 0.01 0.08 0.69 0.20 1.13 1.10 0.04
25 63 0.46 0.04 0.07 0.02 0.40 3.16 1.06 4.17 4.58 0.20
26 64 0.05 0.01 0.003 0.004 0.01 0.11 0.03 0.19 0.18 0.01
26 65 0.30 0.01 0.003 0.004 0.10 0.64 0.10 0.57 0.67 0.07
26 66 0.81 0.09 0.05 0.03 0.30 1.00 0.17 1.10 1.17 0.06
26 67 112 0.12 0.05 0.04 0.35 1.26 0.20 113 1.43 0.09
26 68 0.44 0.02 0.01 0.02 0.13 0.85 0.14 0.95 0.95 0.04
26 69 1.09 0.10 0.04 0.06 0.28 1.86 0.29 197 2.09 0.10
26 95 0.32 0.02 0.00 0.02 0.11 0.80 0.14 0.91 0.93 0.04
27 70 0.50 0.04 0.07 0.01 0.37 231 0.74 4.07 4.16 0.10
27 71 132 0.13 0.09 0.05 0.33 176 0.52 3.04 291 0.08
28 72 0.07 0.04 0.01 0.004 0.05 0.55 0.20 1.26 0.96 0.03
29 73° 0.13 0.02 0.02 0.01 0.08 0.62 0.21 1.18 1.02 0.03
29 74 0.25 0.05 0.03 0.01 0.14 1.20 0.38 2.32 2.13 0.06
29 75 0.17 0.03 0.02 0.01 0.12 1.02 0.24 1.65 1.38 0.03
29 76 0.08 0.02 0.02 0.02 0.07 0.88 0.38 1.64 1.69 0.04
29 77 0.27 0.01 0.01 0.01 0.21 1.94 0.49 2.93 2.99 0.06
29 78 0.07 0.02 0.01 0.00 0.05 0.33 0.10 0.59 0.51 0.02
30 79° 0.23 0.04 0.04 0.01 0.28 2.41 0.72 3.23 3.35 0.12
30 80 0.83 0.06 0.17 0.03 0.98 7.60 2.38 10.2 10.9 0.48
30 81 0.62 0.06 0.10 0.02 0.64 5.03 1.56 7.36 7.59 0.29
30 82 0.05 0.02 0.01 0.02 0.04 0.35 0.12 0.60 0.55 0.02
30 83 0.13 0.02 0.02 0.00 0.12 112 0.38 1.87 1.72 0.06
30 84 0.05 0.03 0.01 0.01 0.03 0.26 0.08 0.52 0.41 0.01
30 85 0.05 0.02 0.01 0.02 0.04 0.33 0.10 0.63 0.51 0.02
31 86 0.29 0.03 0.04 0.01 0.14 113 0.36 2.06 173 0.05
31 87 0.74 0.06 0.07 0.03 0.36 2.56 0.73 4.26 3.62 0.13
32 88° 7.81 0.54 0.40 0.26 3.16 11.2 1.76 10.4 13.1 0.70
33 89 0.21 0.03 0.02 0.01 0.12 0.86 0.22 1.43 1.29 0.04
33 90 0.07 0.02 0.01 0.004 0.04 0.28 0.07 0.55 0.43 0.02
33 91 0.01 0.002 0.002 0.01 0.01 0.07 0.02 0.13 0.11 0.01
33 92° 0.15 0.03 0.02 0.01 0.09 0.64" 0.16 112 1.06° 0.03
33 93 0.14 0.03 0.02 0.01 0.07 0.51 0.14 1.00 0.79 0.04
33 94 0.04 0.02 0.002 0.01 0.02 0.18 0.05 0.36 0.29 0.01

2 Coeluting with PCB-106 in the PRCs. Excluded.

®Not included in sum 30 PCBs.
¢Included in sum 6 PCBs.

4 Blank contribution possible.
¢ Average of two parallel PAS.
fLunder Halvorsen et al., 2021
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Table SI-2.2a. (continued) Concentrations in air (pg/m?) for all target PCBs at the individual sites.

Concentrations below MDL set to %2 MDL (grey).

Country no. Siteno. PCB157 PCB167 PCB170 PCB180° PCB183 PCB187 PCB189° PCB194 PCB206 PCB209 Sum 30PCBs Sum 6 PCBs
1 1° 0.05 0.24 0.39 1.14 0.47 1.09 0.01 0.05 0.02 0.01 136 55.6
2 2 0.03 0.27 0.77 2.57 1.04 2.52 0.02 0.12 0.05 0.03 130 59.2
2 3 0.01 0.06 0.13 0.48 0.21 0.51 0.003 0.02 0.01 0.01 30.0 14.0
3 4 0.03 0.12 0.48 154 0.44 161 0.02 0.08 0.04 0.03 60.2 30.9
3 5 0.03 0.14 0.43 141 0.46 1.50 0.02 0.08 0.03 0.02 67.2 347
4 6 0.01 0.04 0.16 0.57 0.27 0.73 0.01 0.04 0.02 0.02 43.2 18.3
5 7 0.13 0.40 0.18 0.42 0.17 0.29 0.01 0.02 0.02 0.01 244 90.3
6 8° 0.01 0.08 0.25 0.87 0.37 0.87 0.01 0.04 0.01 0.01 44.7 20.1
6 9 0.01 0.12 0.40 1.43 0.57 1.34 0.01 0.09 0.02 0.01 64.8 28.8
7 10 0.01 0.03 0.12 0.38 0.15 0.42 0.003 0.03 0.01 0.01 27.7 12.0
7 11 0.04 0.23 0.86 2.86 1.30 3.05 0.02 0.07 0.01 0.01 128 733
7 12 0.01 0.04 0.13 0.41 0.17 0.51 0.003 0.02 0.01 0.01 253 12.2
7 13 0.05 0.24 0.95 2.93 1.20 2.96 0.01 0.07 0.01 0.02 125 70.3
8 14 0.00 0.01 0.02 0.06 0.03 0.11 0.002 0.01 0.01 0.01 5.89 2.62
9 15° 0.001 0.00 0.02 0.07 0.04 0.10 0.003 0.01 0.004 0.003 10.0 3.37
9 16 0.002 0.01 0.02 0.09 0.04 0.12 0.003 0.01 0.005 0.003 9.65 4.10
9 17 0.01 0.03 0.12 0.34 0.16 0.41 0.002 0.02 0.01 0.01 209 9.60
9 18 0.01 0.02 0.06 0.20 0.09 0.24 0.002 0.01 0.004 0.01 20.1 8.54
9 19 0.002 0.01 0.01 0.05 0.03 0.07 0.003 0.01 0.005 0.003 8.61 3.47
9 20 0.01 0.02 0.05 0.14 0.07 0.16 0.01 0.01 0.01 0.01 11.2 4.92
9 21 0.004 0.01 0.04 0.13 0.06 0.16 0.004 0.01 0.01 0.003 12.8 5.68
10 22 0.01 0.05 0.18 0.63 0.23 0.63 0.004 0.03 0.02 0.01 37.6 18.9
10 23 0.01 0.02 0.09 0.28 0.11 0.31 0.003 0.02 0.01 0.01 15.4 7.73
10 24 0.01 0.02 0.09 0.30 0.10 0.30 0.003 0.02 0.01 0.01 15.4 7.80
10 25 0.01 0.04 0.12 0.48 0.21 0.61 0.002 0.02 0.01 0.01 27.9 14.1
10 26 0.01 0.06 0.25 0.73 0.21 0.70 0.01 0.04 0.01 0.01 20.8 11.2
10 27 0.01 0.04 0.14 0.48 0.20 0.58 0.004 0.02 0.02 0.003 379 18.5
10 28 0.01 0.05 0.14 0.51 0.20 0.58 0.002 0.03 0.01 0.01 294 15.0
11 29 0.25 2.76 3.25 11.13 5.30 10.3 0.07 0.22 0.01 0.01 405 241
12 30° 0.02 0.11 0.41 1.34 0.48 1.50° 0.01 0.06 0.02 0.02 51.6 26.0
12 31 0.02 0.11 0.27 0.88 0.38 0.91 0.01 0.04 0.01 0.01 56.3 26.3
12 32 0.01 0.02 0.09 0.31 0.13 0.36 0.003 0.01 0.01 0.01 21.9 10.2
12 33 0.01 0.10 0.31 1.02 0.42 111 0.01 0.05 0.04 0.01 58.1 29.2
12 34 0.01 0.05 0.14 0.44 0.21 0.49 0.003 0.02 0.01 0.01 34.6 17.6
12 35° 0.01 0.06 0.21 0.71 0.28 0.72 0.005 0.03 0.01 0.01 36.7 17.6
12 36 0.01 0.08 0.22 0.69 0.30 0.74 0.01 0.03 0.02 0.01 45.4 20.4
12 37 0.02 0.19 0.49 1.47 0.62 1.47 0.01 0.06 0.02 0.02 75.9 36.7
13 38 0.01 0.03 0.07 0.24 0.09 0.25 0.003 0.02 0.01 0.01 29.0 10.9
13 39 0.03 0.11 0.31 0.91 0.35 0.97 0.01 0.06 0.05 0.07 57.1 24.6
14 40 0.03 0.09 0.29 0.81 0.33 0.74 0.02 0.06 0.03 0.02 159 66.2
14 41 0.004 0.01 0.04 0.13 0.06 0.16 0.002 0.01 0.01 0.01 27.9 11.7
15 42 0.01 0.02 0.19 0.36 0.15 0.40 0.004 0.01 0.01 0.01 48.7 16.2
16 43 0.004 0.01 0.03 0.12 0.07 0.28 0.002 0.01 0.01 0.02 14.7 6.50
16 44 0.003 0.01 0.02 0.07 0.04 0.13 0.001 0.01 0.01 0.01 6.59 2.78
16 45 0.02 0.06 0.15 0.51 0.23 1.10 0.01 0.04 0.03 0.02 40.9 18.1
17 46 0.02 0.09 0.27 1.23 0.50 1.70 0.003 0.07 0.04 0.01 92.7 44.6
17 47 0.03 0.10 0.40 1.52 0.56 1.47 0.01 0.09 0.04 0.03 57.5 28.5
17 48 0.002 0.03 0.11 0.40 0.18 0.54 0.004 0.03 0.02 0.02 234 10.5
17 50 0.05 0.16 0.59 2.18 0.77 235 0.02 0.15 0.12 0.10 75.9 35.0
17 51 0.01 0.03 0.15 0.57 0.26 0.76 0.004 0.03 0.04 0.06 26.6 125

@ Coeluting with PCB-106 in the PRCs. Excluded.

® Not included in sum 30 PCBs.

¢Included in sum 6 PCBs.

4 Blank contribution possible.

€ Average of two parallel PAS.

f Lunder Halvorsen et al., 2021
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Table SI-2.2a. (continued) Concentrations in air (pg/m?) for all target PCBs at the individual sites.
Concentrations below MDL set to %2 MDL (grey).

Country no. Siteno. PCB157 PCB167 PCB170 PCB180° PCB183 PCB187 PCB189 PCB194 PCB206 PCB209 Sum30PCBs Sum 6PCBs
18 52 0.01 0.02 0.07 0.16 0.07 0.21 0.002 0.01 0.01 0.39 24.5 9.78
18 53¢ 0.004 0.01 0.06 0.10 0.05 0.13 0.002 0.004 0.003 0.01 24.9 9.65
19 54 0.03 0.11 0.43 1.24 0.41 1.28 0.01 0.06 0.03 0.03 63.6 30.2
19 55 0.01 0.02 0.04 0.09 0.04 0.10 0.003 0.01 0.005 0.003 18.0 7.32
20 56 0.04 0.11 0.61 2.13 0.79 2.46 0.02 0.18 0.08 0.08 59.5 29.9
21 57 0.02 0.07 0.24 0.47 0.17 0.41 0.002 0.02 0.01 0.01 90.1 30.4
22 58 0.04 0.23 0.59 2.17 0.77 2.74 0.02 0.09 0.05 0.10 129 60.4
22 59 0.03 0.13 0.39 144 0.46 117 0.02 0.06 0.02 0.03 123 51.8
22 60 0.05 0.24 0.62 2.21 0.75 2.72 0.02 0.10 0.05 0.05 146 69.6
23 97°f 0.01 0.01 0.04 0.14 0.06 0.21 0.01 0.02 0.02 0.01 12.2 5.33
23 98f 0.005 0.01 0.01 0.04 0.01 0.06 0.01 0.02 0.01 0.01 4.33 1.72
23 99f 0.01 0.01 0.02 0.05 0.02 0.08 0.01 0.02 0.02 0.01 7.36 3.29
23 100 0.004 0.01 0.01 0.06 0.03 0.09 0.01 0.01 0.01 0.01 7.73 3.28
23 101" 0.004 0.01 0.01 0.04 0.02 0.05 0.01 0.01 0.01 0.01 4.96 2.03
23 102 0.01 0.01 0.02 0.10 0.02 0.13 0.01 0.01 0.01 0.01 8.36 3.87
23 96 0.003 0.00 0.01 0.02 0.01 0.03 0.01 0.02 0.01 0.01 4.79 1.87
24 61 0.003 0.01 0.08 0.23 0.11 0.29 0.01 0.01 0.004 0.01 21.2 9.72
25 62 0.01 0.02 0.08 0.25 0.10 0.29 0.002 0.02 0.01 0.01 13.7 5.94
25 63 0.03 0.12 0.41 1.25 0.45 0.97 0.02 0.07 0.02 0.01 39.3 19.4
26 64 0.001 0.00 0.003 0.02 0.01 0.03 0.002 0.005 0.004 0.002 5.51 2.34
26 65 0.01 0.02 0.05 0.08 0.03 0.07 0.003 0.005 0.004 0.005 17.6 7.53
26 66 0.01 0.04 0.05 0.12 0.05 0.11 0.003 0.01 0.01 0.02 313 12.6
26 67 0.02 0.07 0.04 0.13 0.05 0.11 0.004 0.01 0.01 0.01 29.5 12.7
26 68 0.01 0.02 0.09 0.08 0.03 0.07 0.003 0.005 0.004 0.01 56.0 17.2
26 69 0.02 0.04 0.12 0.17 0.07 0.16 0.003 0.005 0.01 0.02 176 51.8
26 95 0.01 0.01 0.003 0.11 0.04 0.11 0.003 0.01 0.004 0.01 50.0 15.0
27 70 0.01 0.08 0.26 0.91 0.38 0.92 0.01 0.05 0.03 0.01 57.4 24.7
27 71 0.01 0.07 0.19 0.63 0.25 0.63 0.01 0.05 0.02 0.01 126 42.3
28 72 0.002 0.01 0.04 0.15 0.07 0.16 0.004 0.01 0.01 0.004 42.3 13.9
29 73¢ 0.004 0.02 0.08 0.29 0.11 0.32 0.002 0.02 0.01 0.005 12.6 5.64
29 74 0.01 0.03 0.16 0.52 0.21 0.64 0.01 0.03 0.02 0.01 30.2 12.7
29 75 0.01 0.02 0.09 0.34 0.12 0.43 0.003 0.03 0.01 0.01 20.0 8.78
29 76 0.03 0.03 0.27 0.99 0.27 0.76 0.01 0.06 0.02 0.01 323 113
29 77 0.01 0.04 0.23 0.78 0.25 0.78 0.003 0.04 0.03 0.02 23.6 121
29 78 0.004 0.01 0.04 0.14 0.05 0.16 0.003 0.01 0.004 0.00 6.98 2.99
30 79° 0.02 0.07 0.34 0.97 0.30 0.79 0.01 0.04 0.01 0.01 26.9 133
30 80 0.06 0.28 1.09 3.10 110 2.63 0.03 0.13 0.03 0.02 80.5 40.9
30 81 0.03 0.17 0.64 1.90 0.73 1.83 0.02 0.08 0.03 0.02 63.1 311
30 82 0.00 0.01 0.05 0.13 0.05 0.13 0.002 0.01 0.003 0.002 6.97 3.17
30 83 0.01 0.03 0.13 0.43 0.18 0.42 0.005 0.02 0.01 0.01 18.8 8.86
30 84 0.001 0.01 0.02 0.08 0.04 0.10 0.003 0.01 0.005 0.003 6.22 2.81
30 85 0.003 0.01 0.03 0.09 0.04 0.12 0.002 0.005 0.004 0.002 7.10 3.20
31 86 0.01 0.03 0.11 0.41 0.15 0.42 0.004 0.03 0.01 0.01 26.0 12.5
31 87 0.02 0.07 0.20 0.64 0.27 0.69 0.01 0.04 0.01 0.01 49.5 25.6
32 88° 0.14 0.49 0.65 1.96 0.74 1.68 0.03 0.12 0.06 0.06 232 100
33 89 0.01 0.02 0.07 0.25 0.11 0.35 0.004 0.02 0.02 0.01 21.3 9.20
33 20 0.001 0.01 0.02 0.09 0.04 0.14 0.003 0.01 0.01 0.01 8.70 3.73
33 91 0.001 0.002 0.01 0.03 0.01 0.03 0.002 0.004 0.003 0.002 2.62 114
33 92° 0.01 0.02 0.05 0.19° 0.09 0.28 0.003 0.01 0.01 0.01 16.2 7.16
33 93 0.01 0.01 0.05 0.16 0.08 0.23 0.01 0.02 0.01 0.01 17.0 6.88
33 94 0.001 0.005 0.02 0.08 0.03 0.09 0.002 0.01 0.01 0.01 4.82 2.17

2 Coeluting with PCB-106 in the PRCs. Excluded.
®Not included in sum 30 PCBs.
¢Included in sum 6 PCBs.

9 Blank contribution possible.
€ Average of two parallel PAS.

fLunder Halvorsen et al., 2021
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Table SI-2.2b. Concentrations in air (pg/m?3) for all target OCPs at the individual sites. Concentrations
below MDL set to % MDL (grey).

Country no. Site no. PeCB HCB a-HCH B-HCH g-HCH o.p'-DDE  p,p'-DDE o0,p'-DDD p,p'-DDD o0,p'-DDT p,p'-DDT
1 1° 26.5 69.4 33.5° 3.04 7.27° 3.51 50.5° 0.77 0.33 8.68 6.94
2 2 46.0 82.0 19.9 1.40 54.2 1.90 139 0.63 0.55 12.1 20.0
2 3 22.1 70.1 9.08 0.36 13.3 0.19 3.12 0.04 0.03 1.28 1.31
3 4 22.2 713 11.3 3.41 58.6 0.27 11.9 0.26 0.23 2.78 5.76
3 5 20.9 57.9 10.3 1.75 40.1 0.29 115 0.26 0.16 1.98 3.22
4 6 31.1 81.6 17.3 0.39 19.9 0.77 23.8 0.18 0.10 5.12 5.41
5 7 50.4 82.8 10.6 1.65 5.99 1.36 12.2 0.22 0.15 4.49 4.82
6 8 28.8° 105° 16.5 1.58 26.1° 221 95.5 0.78 0.61 194 26.9
6 9 32.5 93.0 17.7 1.22 21.0 1.09 50.1 0.40 0.33 8.31 13.3
7 10 20.4 64.7 6.38 0.30 7.44 0.14 4.12 0.12 0.08 1.05 1.38
7 11 17.8 66.9 6.64 1.18 12.8 0.43 15.2 0.26 0.23 3.84 5.37
7 12 20.6 65.7 7.49 0.71 8.70 0.19 5.44 0.15 0.10 1.29 1.74
7 13 23.6 64.1 8.40 0.77 11.8 0.41 17.5 0.31 0.20 3.11 4.59
8 14 23.7 743 10.42 0.17 3.79 0.06 0.72 0.05 0.03 0.20 0.15
9 15° 27.1 92.2 8.50 0.33 261 0.05 0.64 0.03 0.01 0.30 0.21
9 16 223 73.2 6.58 0.37 3.13 0.05 0.88 0.04 0.02 0.41 0.40
9 17 219 65.9 7.66 1.45 4.10 0.12 3.03 0.11 0.10 0.81 0.85
9 18 219 67.8 7.89 0.28 3.71 0.13 2.05 0.12 0.10 0.53 0.70
9 19 25.2 80.2 7.97 0.38 2.29 0.06 0.57 0.03 0.01 0.24 0.24
9 20 26.9 79.9 7.76 0.28 4.01 0.07 2.81 0.10 0.17 2.36 6.83
9 21 40.0 87.7 8.07 0.42 4.93 0.07 1.44 0.05 0.03 0.59 0.59
10 22 27.0 78.5 14.2 1.78 38.4 0.15 3.71 0.05 0.02 1.03 1.23
10 23 139 38.1 8.18 1.44 33.0 0.12 4.75 0.06 0.04 0.89 1.48
10 24 17.2 47.5 14.1 3.43 49.1 0.10 3.39 0.05 0.03 0.81 1.18
10 25 26.6 74.6 14.1 1.02 26.3 0.20 2.14 0.05 0.02 1.14 1.03
10 26 21.3 55.0 14.6 2.12 334 0.16 2.36 0.19 0.15 2.06 2.58
10 27 19.1 60.4 11.1 2.78 353 0.11 3.18 0.06 0.04 0.64 1.07
10 28 339 58.5 16.0 2.28 37.1 0.19 3.35 0.06 0.04 1.37 1.66
11 29 222 51.9 37.9 7.55 216 4.80 325 0.81 0.41 10.9 10.1
12 30° 24.5 57.9 8.70 0.70 20.5 0.36 9.11 0.61 0.38 1.95 2.67
12 31 26.6 87.6 17.3 0.99 29.3 0.57 233 0.27 0.22 6.41 8.49
12 32 21.7 64.9 7.44 0.88 12.9 0.72 23.0 0.63 0.55 9.52 15.5
12 33 229 67.4 15.5 1.91 62.8 0.18 5.44 0.07 0.05 1.38 211
12 34 224 61.9 7.82 0.31 18.0 0.89 37.6 0.73 0.70 15.2 26.0
12 35° 20.2 67.2 7.93 0.33 24.5 0.38 17.8° 0.21 0.16 5.76 10.7
12 36 26.0 55.0 114 1.59 273 1.81 84.4 0.84 0.55 204 27.4
12 37 25.8 71.0 16.4 1.39 51.6 0.27 5.72 0.11 0.08 2.95 4.73
13 38 237 35.6 11.7 294 8.78 3.59 53.5 0.75 0.48 13.3 21.4
13 39 15.2 40.1 135 10.37 7.09 1.82 29.6 0.86 0.44 17.0 12.2
14 40 31.0 100 17.5 0.13 5.77 0.06 0.54 0.06 0.06 0.24 0.34
14 41 69.1 247 289 0.24 3.75 0.12 1.16 0.04 0.02 0.33 0.20
15 42 39.8 49.8 12.2 1.74 16.7 1.48 66.3 0.30 0.16 7.62 7.08
16 43 22.6 60.9 19.3 1.12 7.59 0.13 1.61 0.14 0.10 0.37 0.27
16 44 14.9 45.6 8.70 0.15 7.85 0.04 0.65 0.07 0.04 0.20 0.21
16 45 28.5 71.2 12.1 5.18 11.0 0.27 6.81 0.31 0.22 1.01 0.99
17 46 251 48.2 7.78 0.50 9.72 0.99 5.50 0.31 0.12 2.89 3.77
17 47 24.9 52.3 6.69 0.43 7.59 0.80 9.53 0.20 0.13 4.56 6.44
17 48 30.7 92.7 10.9 0.41 7.91 0.63 7.93 0.13 0.08 297 3.38
17 50 17.5 37.2 6.89 1.56 8.37 4.47 102 2.23 1.90 23.1 81.0
17 51 16.0 69.4 12.2 0.36 8.58 0.56 7.49 0.12 0.07 3.42 4.30

? Average of two parallel PAS.

® Matrix effects, possible interferring compounds

¢ Blank contribution possible (< 10%)

4 Blank contribution possible (< 40%)

€ Lunder Halvorsen et al., 2021

fExcluded due to unknown amount of internal standard, high recovery % and unexepectedly low concentrations.
n.a. = Not analyzed
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Table SI-2.2b. (continued) Concentrations in air (pg/m?3) for all target OCPs at the individual sites.
Concentrations below MDL set to %2 MDL (grey).

Countryno. Siteno. PeCB HCB a-HCH B-HCH g-HCH o0.p'-DDE p,p'-DDE o,p'-DDD p,p'-DDD o,p'-DDT p,p'-DDT
18 52 38.8 413 10.3 1.05 5.28 0.29 6.79 0.34 0.16 4.30 3.15
18 53° 42.8 97.8 11.7 0.65 4.98 0.21 3.80° 0.09 0.06 1.44 1.29
19 54 17.1 58.3 13.2 4.26 12.5 0.88 29.0 1.67 1.23 8.06 9.87
19 55 26.5 74.1 8.44 0.77 4.17 0.16 3.23 0.08 0.05 1.22 1.14
20 56 19.7 44.0 10.9 4.26 13.2° 1.38 15.0 1.14 0.80 8.83 16.3
21 57 24.6 50.8 47.4 8.74 23.0 5.19 126 1.48 0.67 25.1 215
22 58 50.6 110 17.0 1.19 39.0 0.93 36.2 0.59 0.59 5.20 9.81
22 59 35.1 77.3 12.7 1.30 423 0.41 13.6 0.34 0.20 4.60 9.12
22 60 28.0 76.3 15.2 0.63 345 0.85 30.5 0.94 0.68 3.96 6.39
23 97*¢ 21.8 85.0 0.30 7.13 15.9 191 0.07 0.11 0.73 0.92 3.81
23 98° 18.6 82.6 7.13 0.22 2.03 0.04 0.29 0.02 0.08 0.16 0.13
23 99° 17.8 83.0 8.22 0.31 6.49 0.05 0.54 0.02 0.11 0.31 0.24
23 100° 23.8 63.6 4.95 0.17 3.56 0.03 0.81 0.01 0.06 0.24 0.27
23 101° 21.8 74.9 7.53 0.16 1.82 0.03 0.26 0.01 0.06 0.15 0.10
23 102° 22.7 72.8 12.7 0.19 4.32 0.08 0.74 0.06 0.02 0.30 0.18
23 96 37.5 130 12.3 0.14 1.73 0.02 0.14 0.01 0.05 0.07 0.02
24 61 19.8 62.6 11.3 1.18 10.1 0.51 19.1 0.45 0.31 6.23 7.19
25 62 14.2 31.8 3.62 0.26 6.89 0.09 1.67 0.05 0.04 0.38 0.57
25 63 16.0 27.8 3.55 0.22 19.5 0.19 3.62 0.09 0.07 1.20 2.00
26 64 26.1 54.6 5.58 0.41 1.65 0.04 0.41 0.03 0.02 0.33 0.34
26 65 27.3 64.2 9.40 0.43 3.47 0.11 191 0.05 0.02 0.90 0.69
26 66 24.9 60.7 35.2 4.70 7.04 0.64 10.3 0.54 0.39 3.15 5.17
26 67 27.3 62.2 22.7 4.21 4.64 0.72 7.32 0.21 0.10 3.36 1.84
26 68 32.9 73.7 23.6 211 6.11 0.82 13.8 0.23 0.09 4.42 3.13
26 69 32.2 66.6 15.9 1.48 5.54 0.49 8.91 0.25 0.16 3.49 331
26 95 50.8 99.3 19.3 1.17 7.63 0.27 3.57 0.12 0.08 1.83 1.75
27 70 25.0 56.8 20.1 1.20 20.0 0.88 28.3 0.26 0.12 7.54 7.06
27 71 294 66.0 17.6 1.07 12.2 1.04 34.9 0.59 0.66 6.88 6.93
28 72 74.2 100 8.91 0.46 14.5 0.27 8.21 0.06 0.04 1.38 1.83
29 73° 34.7° 73.8 5.71° 0.66 6.84 0.57 8.03 0.06 0.03 1.06 1.48
29 74 30.2 733 8.50 4.83 18.9 0.09 1.06 0.07 0.02 0.67 0.65
29 75 36.2 71.4 8.73 0.73 14.4 0.47 5.92 0.21 0.15 1.29 1.27
29 76 23.4 47.2 7.02 0.89 109 0.40 7.92 0.04 0.02 0.69 0.71
29 77 19.1 46.3 6.16 1.45 18.5 0.46 8.21 0.32 0.24 2.16 3.09
29 78 20.7 42.5 5.81 0.30 3.80 0.36 9.17 0.09 0.06 0.82 1.70
30 79° 18.4 48.1 7.75 1.05 9.31 0.30 9.96 0.23 0.15 2.55 3.30
30 80 20.9 74.8 5.33 0.34 3.48 0.06 1.69 0.04 0.03 0.44 0.49
30 81 18.8 61.3 6.00 0.26 8.51 0.23 9.12 0.15 0.10 2.55 3.39
30 82 16.3 45.0 4.08 0.21 6.62 0.03 0.41 0.03 0.02 0.43 0.45
30 83 12.9 45.1 8.03 0.20 2.49 0.05 0.56 0.02 0.01 0.28 0.19
30 84 21.7 87.8 7.89 0.34 2.17 0.03 0.33 0.01 0.01 0.19 0.12
30 85 25.9 70.3 6.00 0.28 2.26 0.05 0.53 0.02 0.01 0.30 0.27
31 86 26.4 99 12.5 0.23 8.7 0.18 1.50 0.03 0.02 0.94 0.98
31 87 26.1 50.1 8.68 0.62 17.1 0.23 5.56 0.10 0.12 241 5.34
32 88* 26.0 68.0 46.0 60.8 23.9 10.0 183°¢ 12.1 12.4 37.2 321
33 89 16.4 41.1 6.65 0.18 31.3 0.12 6.63 0.10 0.66 0.84 114
33 90 19.4 53.5 7.14 0.17 12.7 0.07 1.72 0.12 0.06 0.44 0.44
33 91 20.0 47.9 3.88 0.25 10.8 0.01 0.17 0.03 0.01 0.08 0.07
33 92° 25.1 60.8 7.14 0.28 15.8 0.11 2.24 0.07 0.04 0.62 0.65
33 93 38.1 59.3 6.60 0.28 25.9 0.17 4.95 0.17 0.10 0.84 0.95
33 94 19.5 63.5 7.69 0.62 4.98 0.04 0.50 0.04 0.02 0.17 0.14

? Average of two parallel PAS.

® Matrix effects, possible interferring compounds
¢ Blank contribution possible (< 10%)

4 Blank contribution possible (< 40%)

¢ Lunder Halvorsen et al., 2021

fExcluded due to unknown amount of internal standard, high recovery % and unexepectedly low concentrations.
n.a. =Not analyzed
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Table SI-2.2b. (continued) Concentrations in air (pg/m?3) for all target OCPs at the individual sites.

Concentrations below MDL set to %2 MDL (grey).

Country no. Site no.  Dieldrin Aldrin Isodrin Endrin Heptachl, p -endo-epoxid: trans-Chlordane cis-Chlordane Oxy-chlordane
1 1? 0.96 0.09 0.59 0.16 0.94 0.13 0.07 0.67 0.44
2 2 15.3 0.10 0.66 0.18 8.02 0.14 0.70 255 2.26
2 3 3.44 0.11 0.75 0.21 2.57 0.17 0.29 1.07 0.81
3 4 30.1 0.09 0.62 0.17 62.6 0.13 16.2 7.38 8.83
3 5 183 0.09 0.61 0.17 13.9 0.13 2.19 234 3.02
4 6 6.80 0.07 0.48 0.13 3.47 0.11 0.38 1.47 1.10
5 7 271 0.14 0.95 0.27 1.87 0.20 0.57 1.29 0.69
6 8 435 0.11 0.76 0.21 3.03 0.17 0.25 1.08 0.93
6 9 5.61 0.10 0.67 0.19 3.65 0.15 0.32 132 111
7 10 6.72 0.09 0.64 0.18 2.07 0.14 0.30 111 0.95
7 11 6.98 0.11 0.77 0.21 213 0.17 0.29 0.90 0.76
7 12 8.56 0.09 0.64 0.18 234 0.14 0.29 1.28 0.95
7 13 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. na.
8 14 4.77 0.06 0.38 0.11 212 0.08 0.30 1.65 1.10
9 15° 2.11 0.10 0.69 0.19 1.40 0.16 0.15 0.88 0.76
9 16 1.69 0.11 0.78 0.22 1.03 0.18 0.13 0.62 0.57
9 17 4.41 0.08 0.53 0.15 1.68 0.12 0.23 1.15 0.89
9 18 294 0.09 0.61 0.17 1.42 0.14 0.17 0.86 0.71
9 19 1.36 0.11 0.78 0.22 1.01 0.18 0.14 0.63 0.63
9 20 2.57 0.09 0.60 0.17 141 0.13 0.18 0.92 0.74
9 21 433 0.13 0.86 0.24 1.23 0.20 0.14 0.74 0.61
10 22 1.22 0.13 0.89 0.25 1.00 0.20 0.09 0.24 0.29
10 23 218 0.10 0.66 0.19 112 0.15 0.14 0.21 0.26
10 24 1.49 0.12 0.79 0.22 0.76 0.17 0.10 0.21 0.20
10 25 4.62 0.25 0.84 0.16 2.63 0.20 0.33 141 0.94
10 26 1.79 0.07 0.46 0.15 1.29 0.11 0.17 0.41 0.37
10 27 7.18 0.13 0.85 0.24 9.94 0.19 0.82 135 223
10 28 1.01 0.09 0.61 0.17 0.62 0.13 0.07 0.19 0.16
11 29 0.97 0.11 0.75 0.21 1.14 0.17 0.14 0.69 0.51
12 30° 12.7 0.06 0.40 0.11 3.30 0.08 0.46 1.63 1.23
12 31 5.72 0.10 0.70 0.19 5.14 0.15 0.49 1.44 1.44
12 32 4.47 0.09 0.63 0.18 1.90 0.14 0.22 0.82 0.75
12 33 1.13 0.12 0.61 0.22 0.79 0.17 0.08 0.26 0.23
12 34 3.82 0.10 0.68 0.19 2.42 0.15 0.24 0.77 0.79
12 35° 7.70 0.10 0.67 0.19 3.52 0.15 0.38 0.87 0.90
12 36 4.66 0.07 0.45 0.12 3.63 0.09 0.32 1.02 1.04
12 37 7.09 0.07 0.44 0.12 4.64 0.09 0.55 1.86 1.43
13 38 5.16 0.07 0.50 0.14 2.89 0.10 1.56 124 0.65
13 39 9.33 0.08 0.57 0.16 5.34 0.11 0.83 2.62 1.55
14 40 8.19 0.04 0.29 0.08 1.98 0.06 1.06 171 1.23
14 41 5.32 0.07 0.47 0.13 2.65 0.11 0.63 235 1.60
15 42 6.13 0.11 0.73 0.20 1.83 0.16 0.20 0.74 0.65
16 43 135 0.07 0.49 0.14 531 0.11 1.24 4.54 243
16 44 6.43 0.05 0.35 0.09 191 0.07 0.29 1.55 0.93
16 45 19.0 0.08 0.52 0.14 6.46 0.11 0.92 4.41 2.83
17 46 3.90 0.11 0.75 0.21 2.87 0.16 0.62 0.91 0.87
17 47 4.28 0.11 0.75 0.21 2.66 0.16 1.45 1.90 0.81
17 48 4.63 0.13 0.90 0.25 3.58 0.19 0.41 1.70 0.93
17 50 10.5 0.10 0.66 0.18 6.13 0.14 135 3.09 1.81
17 51 5.68 0.07 0.46 0.13 3.90 0.10 0.53 2.19 1.37

 Average of two parallel PAS.

® Matrix effects, possible interferring compounds

¢ Blank contribution possible (< 10%)
4 Blank contribution possible (< 40%)

€ Lunder Halvorsen et al., 2021

" Excluded due to unknown amount of internal standard, high recovery % and unexepectedly low concentrations.
n.a. = Not analyzed
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Table SI-2.2b. (continued) Concentrations in air (pg/m?3) for all target OCPs at the individual sites.
Concentrations below MDL set to %2 MDL (grey).

Country no. Site no. Dieldrin Aldrin  Isodrin  Endrin Heptachlor-exo-epoxide Heptachlor-endo-epoxide trans-Chlordane cis-Chlordane Oxy-chlordane
18 52 271 0.07 0.48 0.13 1.28 0.10 0.14 0.72 0.62
18 537 231 0.08 0.55 0.15 1.35 0.13 0.14 0.78 0.71
19 54 12.5 0.09 0.58 0.16 4.30 0.13 0.52 2.69 1.99
19 55 1.32 0.11 0.74 0.20 0.87 0.17 0.08 0.43 0.47
20 56 20.2 0.10 0.68 2.04 11.8 0.14 1.06 4.75 291
21 57 2.98 0.09 0.60 0.17 1.90 0.13 0.42 0.74 0.60
22 58 26.1 0.08 0.52 0.14 11.2 0.11 1.56 3.01 2.78
22 59 19.2 0.07 0.44 0.12 18.4 0.09 3.08 2.35 3.70
22 60 37.2 0.08 0.54 1.67 11.6 0.12 2.46 431 3.14
23 97*¢ 5.05 0.61 1.47 0.26 2.39 0.30 0.38 1.26 1.00
23 98° 191 0.46 1.09 0.19 1.38 0.22 0.33 1.18 1.00
23 99° 2.82 0.64 1.54 0.27 1.98 0.31 0.23 1.02 0.86
23 100e f f f f f f f f f
23 101° 1.63 0.35 0.84 0.14 1.30 0.17 0.12 0.74 0.71
23 102° 6.57 0.15 0.34 0.45 3.57 0.06 0.44 2.40 179
23 9% 134 0.29 1.01 1.15 1.43 1.44 0.17 1.03 0.94
24 61 4.00 0.08 0.54 0.15 1.95 0.12 0.17 1.00 0.95
25 62 2.97 0.09 0.61 0.17 1.15 0.13 0.36 1.00 0.47
25 63 4.62 0.08 0.53 0.65 0.87 0.11 0.55 1.00 0.40
26 64 0.22 0.09 0.60 0.16 0.40 0.13 0.03 0.25 0.20
26 65 0.81 0.09 0.62 0.17 0.84 0.68 0.05 0.38 0.38
26 66 1.02 0.13 0.87 0.24 1.04 0.19 0.01 0.74 0.47
26 67 0.92 0.14 0.95 0.27 111 0.21 0.10 0.55 0.55
26 68 0.83 0.09 0.64 0.18 0.64 0.14 0.04 0.32 0.28
26 69 0.83 0.09 0.63 0.18 0.76 0.14 0.07 0.42 0.40
26 95 1.27 0.09 0.61 0.17 1.08 0.14 0.11 0.63 0.53
27 70 7.10 0.03 0.18 0.05 3.58 0.04 0.33 1.56 127
27 71 4.33 0.09 0.62 0.17 2.37 0.13 0.21 1.08 0.92
28 72 2.42 0.14 0.96 0.27 1.58 0.21 0.14 0.62 0.55
29 73° 2.86 0.08 0.49 0.14 2.92 0.11 0.42 0.95 0.60
29 74 6.06 0.10 0.71 0.20 271 0.16 0.45 141 1.01
29 75 0.71 0.11 0.76 0.21 0.50 0.17 0.08 0.20 0.09
29 76 2.28 0.09 0.58 0.16 1.60 0.12 0.32 0.84 0.44
29 77 7.40 0.10 0.68 0.19 3.73 0.15 0.60 1.55 1.01
29 78 1.66 0.10 0.70 0.19 1.04 0.15 0.18 0.70 0.40
30 79° 8.24 0.06 0.41 0.11 2.78 0.09 0.34 1.40 1.06
30 80 1.99 0.11 0.73 0.20 0.83 0.16 0.11 0.54 0.43
30 81 4.16 0.09 0.58 0.16 1.52 0.13 0.18 0.73 0.66
30 82 0.63 0.07 0.46 0.13 0.55 0.10 0.10 0.34 0.30
30 83 2.13 0.06 0.43 0.12 1.40 0.10 0.16 0.96 0.74
30 84 221 0.10 0.71 0.20 1.41 0.16 0.14 0.98 0.78
30 85 1.70 0.09 0.60 0.17 1.02 0.13 0.11 0.62 0.58
31 86 2.65 0.07 0.49 0.14 2.06 0.11 0.32 1.58 0.88
31 87 5.74 0.07 0.46 0.13 2.04 0.10 0.42 0.87 0.68
32 8g8° 7.71 0.10 0.66 0.18 4.45 0.14 1.04 1.92 1.59
33 89 19.7 0.06 0.43 0.12 2.66 0.09 0.41 1.17 0.92
33 90 8.71 0.06 0.40 0.11 1.81 0.09 0.39 124 0.85
33 91 1.96 0.08 0.55 0.15 0.57 0.12 0.08 0.39 0.32
33 92° 11.1 0.09 0.62 0.17 2.79 0.14 0.34 1.16 0.91
33 93 18.7 0.09 0.60 0.17 2.13 0.13 0.33 1.13 0.91
33 94 7.00 0.07 0.48 0.13 1.48 0.11 0.29 1.26 0.75

? Average of two parallel PAS.

® Matrix effects, possible interferring compounds
¢ Blank contribution possible (< 10%)

9Blank contribution possible (< 40%)

¢ Lunder Halvorsen et al., 2021

"Excluded due to unknown amount of internal standard, high recovery % and unexepectedly low concentrations.
n.a. = Not analyzed

32



Table SI-2.2b. (continued) Concentrations in air (pg/m?3) for all target OCPs at the individual sites.
Concentrations below MDL set to %2 MDL (grey).

Country no. Site no. Chlordene Heptachlor trans-Nonachlor cis-Nonachlor Endosulfan-l Endosulfan-1l  Endosulf; hate Trifluralin Mirex
1 1° 0.16 0.32 0.46 0.05 21.0 3.74 0.72 0.06 0.08
2 2 0.17 0.36 2.89 0.42 12.0 2.73 1.02 171 0.42
2 3 0.21 0.38 1.07 0.13 3.82 0.49 0.71 0.07 0.11
3 4 0.17 20.7 10.4 0.84 12.4 249 0.87 4.90 0.20
3 5 0.16 1.36 3.64 0.36 8.15 1.51 0.44 1.82 0.08
4 6 0.13 0.25 1.39 0.21 5.64 0.55 0.42 0.05 0.24
5 7 0.24 0.52 0.94 0.18 8.70 1.92 0.47 1.09 0.12
6 8 0.21 0.39 1.07 0.15 321 0.31 0.17 0.89 0.25
6 9 0.18 0.35 1.26 0.18 3.99 0.37 0.52 4.04 0.09
7 10 0.18 0.33 1.09 0.17 1.63 0.11 0.15 3.16 0.09
7 11 0.21 0.39 0.97 0.11 1.46 0.13 0.18 0.63 0.11
7 12 0.17 0.33 1.14 0.17 1.65 0.11 0.14 0.29 0.09
7 13 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
8 14 0.10 0.21 1.24 0.21 1.61 0.06 0.08 0.04 0.15
9 15° 0.20 0.34 0.71 0.13 1.44 0.12 0.17 0.06 0.10
9 16 0.22 0.39 0.51 0.08 1.08 0.14 0.19 0.15 0.11
9 17 0.14 0.29 0.94 0.16 1.20 0.09 0.12 0.05 0.14
9 18 0.17 0.32 0.69 0.11 1.25 0.10 0.14 0.65 0.08
9 19 0.22 0.38 0.51 0.08 1.01 0.14 0.19 0.07 0.11
9 20 0.16 0.31 0.74 0.14 117 0.10 0.14 0.06 0.08
9 21 0.25 0.42 0.58 0.10 1.13 0.15 0.21 0.27 0.13
10 22 0.25 0.45 0.33 0.03 0.84 0.15 0.21 0.08 0.12
10 23 0.18 0.36 0.29 0.03 0.76 0.11 0.14 0.49 0.09
10 24 0.22 0.41 0.23 0.03 0.80 0.13 0.18 1.00 0.11
10 25 0.32 0.79 1.22 0.17 5.52 0.65 0.43 0.06 0.20
10 26 0.12 0.26 0.40 0.05 0.43 0.07 0.10 0.52 0.06
10 27 0.24 0.43 2.88 0.24 3.87 0.63 0.20 0.77 0.12
10 28 0.16 0.33 0.22 0.03 1.05 0.21 0.13 0.06 0.08
11 29 0.20 0.39 0.52 0.06 16.1 2.56 143 0.07 0.10
12 30° 0.10 0.24 1.51 0.24 2.50 0.27 0.08 0.92 0.18
12 31 0.19 0.36 1.68 0.20 4.15 0.44 0.53 0.46 0.09
12 32 0.17 0.34 0.74 0.11 1.57 0.10 0.14 0.21 0.08
12 33 0.14 0.31 0.30 0.04 0.98 0.08 0.11 0.05 0.10
12 34 0.18 0.36 0.80 0.10 2.05 0.11 0.15 0.07 0.09
12 35° 0.18 0.35 0.94 0.12 2.43 0.28 0.15 0.27 0.09
12 36 0.11 0.27 117 0.17 311 0.37 0.10 0.77 0.21
12 37 0.11 0.25 1.99 0.29 7.11 1.18 0.70 0.12 0.26
13 38 0.12 0.32 0.93 0.12 8.02 1.76 0.37 11.0 0.11
13 39 0.14 0.35 2.02 0.44 6.67 1.13 0.12 0.06 0.56
14 40 0.08 2.53 132 0.20 1.74 0.05 0.06 0.03 0.11
14 41 0.14 0.21 1.81 0.32 3.19 0.09 0.12 0.04 0.20
15 42 0.19 0.39 0.65 0.10 3.64 0.58 0.41 4.01 0.10
16 43 0.13 1.40 3.34 0.57 3.85 0.08 0.11 031 0.40
16 44 0.09 0.20 1.15 0.21 1.61 0.05 0.07 0.28 0.16
16 45 0.14 0.28 3.76 0.56 3.69 0.09 0.12 0.83 0.50
17 46 0.20 0.39 1.06 0.12 5.07 0.71 0.17 0.47 0.10
17 47 0.19 0.41 1.47 0.22 6.36 1.26 0.16 5.31 0.09
17 48 0.24 0.47 141 0.22 8.61 1.23 0.60 0.09 0.12
17 50 0.16 0.38 2.94 0.60 23.82 9.93 1.51 0.40 0.36
17 51 0.12 0.25 1.76 0.29 10.81 1.52 0.45 0.05 0.34

? Average of two parallel PAS.

° Matrix effects, possible interferring compounds
¢ Blank contribution possible (< 10%)
4 Blank contribution possible (< 40%)

€ Lunder Halvorsen et al., 2021

f Excluded due to unknown amount of internal standard, high recovery % and unexepectedly low concentrations.

n.a. = Not analyzed
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Table SI-2.2b. (continued) Concentrations in air (pg/m?3) for all target OCPs at the individual sites.
Concentrations below MDL set to %2 MDL (grey).

Country no. Siteno. Chlordene Heptachlor trans-Nonachlor cis-Nonachlor Endosulfan-I Endosulfan-1l Endosulfan-sulphate Trifluralin Mirex
18 52 0.13 0.26 0.60 0.09 1.23 0.08 0.12 0.33 0.06
18 53° 0.15 0.29 0.64 0.10 1.41 0.09 0.16 0.34 0.08
19 54 0.16 0.31 2.38 0.47 3.87 0.37 0.16 0.22 0.50
19 55 0.21 0.37 0.39 0.05 0.87 0.13 0.18 0.27 0.11
20 56 0.17 0.38 4.43 0.77 12.2 1.95 0.75 0.44 0.69
21 57 0.15 0.34 0.71 0.11 1.97 0.09 0.13 48.0 0.07
22 58 0.14 0.28 3.64 0.43 7.84 1.04 n.a 1.76 1.23
22 59 0.11 1.45 3.95 0.33 9.58 2.19 1.55 0.89 0.05
22 60 0.14 1.09 4.57 0.63 8.44 1.44 0.40 1.86 0.41
23 97*¢ 0.37 0.49 1.10 0.14 3.72 0.26 0.19 0.13 0.21
23 98° 0.27 0.37 0.80 0.13 2.80 0.19 0.14 0.10 0.15
23 99° 0.39 0.51 0.92 0.13 4.57 0.66 0.20 0.14 0.22
23 1ooe f f f f f f f f f
23 101° 0.20 0.29 0.63 0.13 2.75 0.14 0.30 0.08 0.11
23 102° 0.07 0.15 1.89 0.35 6.36 0.16 0.04 0.04 0.27
23 96 0.18 0.24 0.75 0.16 3.51 0.17 0.13 0.06 0.10
24 61 0.14 0.29 0.89 0.15 3.99 0.94 0.97 0.52 0.07
25 62 0.16 0.34 0.80 0.12 4.34 1.55 0.13 0.06 0.07
25 63 0.13 0.31 0.77 0.13 5.73 1.01 0.11 0.06 0.06
26 64 0.16 0.31 0.22 0.01 0.41 0.10 0.14 0.06 0.08
26 65 0.17 0.32 0.31 0.01 0.67 0.10 0.15 0.06 0.09
26 66 0.23 0.46 0.51 0.09 1.25 0.14 0.19 0.69 0.11
26 67 0.26 0.49 0.45 0.01 3.06 0.45 0.22 0.20 0.13
26 68 0.17 0.34 0.27 0.01 0.66 0.11 0.14 4.66 0.09
26 69 0.17 0.33 0.36 0.05 1.18 0.10 0.14 0.24 0.08
26 95 0.17 0.31 0.48 0.07 1.02 0.11 0.14 0.06 0.09
27 70 0.04 0.12 1.38 0.21 6.86 0.68 0.61 0.12 0.22
27 71 0.17 0.33 0.90 0.14 3.54 0.51 0.14 0.21 0.08
28 72 0.27 0.48 0.54 0.08 82.1 57.5 3.38 0.09 0.13
29 73° 0.13 0.27 0.98 0.12 8.60 1.59 0.42 0.26 0.07
29 74 0.20 0.37 118 0.16 2.01 0.12 0.16 0.07 0.10
29 75 0.21 0.40 0.19 0.02 0.83 0.13 0.17 0.07 0.10
29 76 0.15 0.31 0.66 0.10 3.05 0.39 0.13 0.06 0.07
29 77 0.18 0.37 1.45 0.23 3.24 0.39 0.15 0.07 0.09
29 78 0.18 0.39 0.51 0.09 3.00 0.44 0.14 0.07 0.09
30 79° 0.10 0.24 1.27 0.20 1.88 0.15 0.09 0.24 0.05
30 80 0.20 0.37 0.43 0.06 0.70 0.12 0.17 0.07 0.10
30 81 0.16 0.31 0.68 0.10 1.34 0.09 0.13 0.12 0.08
30 82 0.13 0.54 0.26 0.04 0.59 0.08 0.11 0.11 0.06
30 83 0.12 0.23 0.72 0.13 1.44 0.07 0.10 0.04 0.06
30 84 0.20 0.35 0.76 0.14 1.43 0.13 0.17 0.07 0.10
30 85 0.17 0.30 0.51 0.08 0.98 0.10 0.14 0.06 0.08
31 86 0.14 0.25 1.22 0.19 4.48 0.23 0.24 0.05 0.23
31 87 0.12 0.26 1.07 0.12 4.01 0.91 0.28 0.44 0.06
32 88’ 0.17 0.37 1.78 0.29 3.97 0.17 0.14 4.84 0.36
33 89 0.11 0.25 1.24 0.16 1.75 0.07 0.09 1.58 0.05
33 90 0.10 0.23 0.94 0.15 1.42 0.06 0.13 0.47 0.05
33 91 0.15 0.29 0.31 0.01 0.57 0.09 0.13 0.15 0.08
33 92° 0.17 0.32 111 0.16 181 0.10 0.17 1.30 0.08
33 93 0.16 0.32 1.04 0.15 1.66 0.10 0.17 7.33 0.08
33 94 0.13 0.25 0.94 0.17 1.59 0.08 0.11 0.05 0.06

? Average of two parallel PAS.

® Matrix effects, possible interferring compounds

¢ Blank contribution possible (< 10%)
4 Blank contribution possible (< 40%)

€ Lunder Halvorsen et al., 2021

fExcluded due to unknown amount of internal standard, high recovery % and unexepectedly low concentrations.

n.a. =Not analyzed

34




Table SI-2.3. Median concentrations (pg/m?) for the four European regions (Figure SI-1.1)

North South Central-East|West All
26PCBs 6.5 13 18 18 13
HCB 74 47 66 62 67
a-HCH 7.9 7.8 18 11 9.0
y-HCH 4.1 8.6 12 27 10
26DDXs 2.3 15 35 9.2 10
24CDs 2.0 3.2 1.4 2.8 2.5
Dieldrin 2.8 4.6 2.4 7.0 4.3
HepX 1.4 2.9 1.6 2.6 2.0
OxyCD 0.8 0.8 0.5 0.9 0.8
Endo | 1.4 6.4 3.5 2.5 2.8

Table SI-2.4. Correlation analysis of log-transformed concentrations of the detected PCBs and OCPs,
Latitude, Longitude and log-transformed estimations of population density within 50 km of the
sampling site (ref. Sl 1.4.2). The Pearson correlation coefficient (r) is stated when the correlation is
significant (p-value < 0.05).

Longitude| YsPCBs Dieldrin
Longitude | :
>6PCBs
HCB
a-HCH
y-HCH
2sDDXs 0.75%
34CDs 0.33?
Dieldrin 0.33°
HepX 0.42°
OxyCD 0.29
Endo | -0.44° 0.442
Pop.dens | -0.51° -0.30 0.607

2 Significance level of more than 99.9% (p<0.001)

Table SI-2.5: Comparison of median concentrations at 73 common European sites in 2006 (Halse et
al., 2011) and 2016 (this study).

Sum 6 PCB HCB a-HCH g-HCH Sum 4 DDX| Sum4CD
p-value’ 0.003 <0.001 <0.001 <0.001 0.047 0.014
Difference (median) -28% 56 % -59 % -48 % -12% -23%
Min. Difference (region) |0 % (south/west)| 44 % (west) [-22 %(north) [-47 %(north) [43 %(north)| -8 %(east)
Max. Difference (region) | -48% (north) |77 % (south)| -69 %(east) |-76 %(south)|-45 %(west)|-27 %(west)

"Two-sample Wilcoxon, paired, 1-sided. P-value <0.05 implies that the difference is significant.

Table SI-2.6: Measured concentrations of HCB in 2016 (this study) divided by measured
concentrations of HCB in 2006 (Halse et al., 2011) at European sites for which also AAS-data for both
years are available (n=3), and a comparison to the same ratio obtained from the AAS-data.

PAS 2016/2006 | AAS 2016/2006
Kosetice (site 8, Czech Rep.) 1.0 0.4
Zeppelin (site 96, Spitsbergen) 1.3 1.1
Birkenes (site 97, Norway) 1.8 0.7
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Table SI-2.7. The estimated population density within radius 50 km (SI 1.4.2) and results from
predictions by GLEMOS (GLEMOS, 2020) and FLEXPART (FLEXPART, 2022), at the individual sites.

b no data

36

Population| PCB153 | Primary | Primary Primary PCB153
density GLEMOS | national | EMEP [ outside EMEP |Secondary | FLEXPART
Site no. |Country: Sampling site: (perkm?) | (pg/m3) (%) (%) (%) (%) (pg/m?3)

1 Armenia Amberd 502 0.63 31 3 3 63 0.45
2 Austria IlImitz 223 1.5 5 11 1 83 1.8
3 Austria Vorhegg 60 1.0 1 16 1 82 1.7
4 Belgium Houtem 526 8.7 3 58 0 39 2.7
5 Belgium Koksijde 565 7.3 4 53 0 43 2.7
6 Croatia Zavizan 32 0.80 1 8 2 90 1.1
7 Cyprus Ayia Marina 195 0.39 9 5 2 84 0.24
8 Czech Rep Kosetice 121 1.7 7 6 1 87 1.8
9 Czech Rep Svratouch 187 1.7 8 5 1 86 2.3
10 Denmark Tange 226 0.72 12 8 2 78 0.69
11 Denmark Keldsnor 168 1.2 2 20 1 76 1.16
12 Denmark Anholt 19 0.79 7 12 2 79 0.54
13 Denmark Risoe (Lille Valby) 958° 1.2 20 8 1 71 0.75
14 [Faroe Islands Norduri & Fossum 17 b b b b b 0.04
15 Finland Pallas 3 0.20 11 2 2 86 0.20
16 Finland Ahtéri | 18 0.37 4 2 2 93 0.30
17 Finland Uto 38 0.46 5 8 2 85 0.28
18 Finland Virolahti Il 77 0.53 1 4 1 95 0.36
19 Finland Oulanka 6 0.15 1 3 2 93 0.21
20 Finland Hailuoto Il 84 0.41 14 1 1 84 0.24
21 Finland Hyytidla 131 0.38 5 2 1 92 0.29
22 France Donon 199 4.9 22 8 0 70 3.8
23 France Peyrusse Vieille 70 1.8 24 2 1 72 2.0
24 France La Tardiére 142 1.8 26 2 2 70 2.2
25 France Le Casset 32 0.98 18 10 2 70 2.0
26 France Porspoder 429 0.56 34 3 6 58 0.73
27 France Revin 126 12 50 4 0 46 4.0
28 France Saint-Nazaire-Le-Dése) 64 2.4 16 2 1 82 3.1
29 Georgia Abastumani 48 0.45 11 2 1 86 0.31
30 Germany Westerland 117 1.4 8 12 2 79 1.0
31 Germany Schmiicke 259 3.0 15 3 0 81 3.2
32 Germany Zingst 176 1.1 18 6 1 75 1.2
33 Germany Schauinsland 469 4.2 18 10 0 72 3.9
34 Germany Neuglobsow 94 1.7 20 3 1 77 2.3
35 Germany Waldhof 150 2.3 18 3 1 78 3.3
36 Germany Melpitz 252 3.1 23 3 0 74 3.4
37 Germany Hohenpeissenberg 288 2.9 15 3 0 81 3.2
38 Greece Aliartos 77 0.51 19 5 2 74 0.49
39 Greece Finokalia (Crete) 104 0.41 3 10 3 84 0.39
40 |Greenland Nuuk 11942 b b b b b

41 Greenland Station Nord b 0.02 0 1 93 5 0.02
42 Hungary K-puszta 130 1.6 29 5 1 65 1.4
43 Ireland Mace Head 31 0.15 7 16 73 0.24
44 Ireland Malin Head 218 0.28 5 15 6 74 0.14
45 Ireland Carnsore Point 128 0.41 6 20 6 68 0.41
46 Italy Ispra 7312 8.5 48 2 0 50 3.8
47 Italy Montelibretti 988° 4.0 53 2 1 45 3.3
43 Italy Longobucco 219 1.2 25 3 1 71 1.8
50 Italy Capo Granitola (Sicily) 278 1.4 34 6 2 58 1.7
51 Italy Monte Curcio 243 1.5 34 3 1 62 1.8

2 Suburban sites with a city within 50 km (Figure SI-1.8)




Table SI-2.7. (continued) The estimated population density within radius 50 km (Sl 1.4.2) and results
from predictions by GLEMOS (GLEMOS, 2020) and FLEXPART (FLEXPART, 2022), at the individual

sites.
Population| PCB153 | Primary | Primary Primary PCB153
density GLEMOS | national | EMEP [ outside EMEP |Secondary | FLEXPART
Site no. |Country: Sampling site: (perkm?) | (pg/m3) (%) (%) (%) (%) (pg/m?3)
52 Latvia Rucava 106 0.59 2 11 1 85 0.55
53 Latvia Zoseni 35 0.30 9 4 1 85 0.52
54 Lithuania Preila 203 0.85 4 10 2 84 0.75
55 Lithuania Rugsteliskis 44 0.54 6 5 1 87 0.75
56 Malta Giordan lighthouse 18032 0.95 5 28 3 64 1.6
57 Moldova Leova 113 0.67 12 10 2 76 0.78
58 Netherlands Kollumerwaard 470 2.5 9 10 1 80 1.7
59 Netherlands Vredepeel 815° 5.0 12 20 0 67 4.4
60 Netherlands De Zilk 2695° 4.6 29 13 0 58 2.6
97 Norway Birkenes 109 0.37 2 12 3 83 0.44
98 Norway Tustervatn 9 0.08 3 8 10 80 0.14
99 Norway Karvatn 11 0.09 3 8 7 82 0.26
100 |Norway Hurdal 253 0.27 9 6 3 82 0.37
101 [Norway Karasjok 2 0.16 0 7 4 89 0.12
102 [Norway Andgya 32 0.06 3 7 17 73 0.08
96 Spitsbergen Zeppelin 1 0.06 0 4 42 54 0.02
61 Poland Diabla Gora 97 0.94 5 10 1 84 0.83
62 Portugal Monte Velho 46 0.62 28 5 4 63 0.54
63 Portugal Alfragide 11532 0.57 35 5 4 56 0.50
64 Russia Pinega 3 0.14 2 1 2 95 0.20
65 Russia Lesnoy 14 0.42 3 2 1 95 0.45
66 Russia Astrakhan 31 0.29 14 2 3 81 0.28
67 Russia Caucasus 100 0.32 23 2 2 73 0.40
68 Russia Voronezh 332 0.95 34 1 1 64 0.90
69 Russia Danki 190 1.3 23 0 0 77 1.8
95 Russia Smolenskoe Poozerie 13 0.39 4 3 1 92 0.53
70 Slovakia Chopok 129 1.3 13 6 1 80 1.4
71 Slovakia Starina 119 0.81 4 10 1 85 1.0
72 Slovenia Iskrba 118 1.1 1 7 1 91 1.3
73 Spain Viznar 152 0.54 10 3 6 81 1.6
74 Spain Niembro 35 2.7 30 1 1 68 1.4
75 Spain Els Torms 153 1.4 29 4 1 65 1.8
76 Spain San Pablo de los Mont 41 0.62 16 2 4 79 1.5
77  |Spain Mahon 99 0.76 25 2 3 71 1.9
78 Spain Barcarrota 50 0.87 41 2 3 55 1.1
79 [Sweden Ra6 690° 0.81 9 8 2 81 0.65
80 Sweden Aspvreten 153 0.34 12 3 2 82 0.39
81 [Sweden Vavihill 390 1.2 12 13 1 73 0.65
82 [Sweden Bredkalen 0.10 3 4 5 88 0.23
83 Sweden Esrange 3 0.07 3 7 7 82 0.16
84 Sweden Abisko 9 0.06 5 10 13 72 0.11
85 Sweden Vindeln 18 0.14 12 4 3 81 0.22
86 Switzerland Jungfraujoch 109 1.8 11 8 1 80 2.1
87 Switzerland Payerne 440 3.6 31 8 0 61 3.1
88 Ukraine Zmeiny Island 56 0.68 12 5 2 81 0.55
89 United Kingdom |Chilbolton 612 2.0 30 3 1 65 1.6
90 United Kingdom |Aucencorth Moss 511 0.81 37 1 2 60 0.68
91 United Kingdom |Lough Navar 64 0.18 7 6 7 80 0.24
92 United Kingdom |Yarner Wood 329 0.84 30 5 3 62 0.65
93 United Kingdom |High Muffles 386 1.8 28 2 1 69 1.0
94 United Kingdom |Strath Vaich Dam 40 0.28 5 2 4 89 0.23
2 Suburban sites with a city within 50 km (Figure SI-1.8)

bno data
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Text/Figures:

2.1 Overall results

The boxplot in Figure SI-2.1 illustrates that the HCB concentrations are dominating across Europe.

The results further show that the DDXs have the largest variability across Europe.

Europe all

log pg/m3

'
-

T T T T T T T T T T
PCBs HCB aHCH gHCH DDXs CDs Dieldrin HepX OxyCD Endo |

Figure SI-2.1. Comparison of the logarithmic concentrations of >sPCBs and selected OCPs in air at
European background sites.
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2.2 Spatial variability
In the following section maps of selected POPs are given.

a)
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Concentration (pg/m3):
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Figure SI-2.2a-c. The spatial distribution of concentrations of >¢PCBs (a), and the individual PCB-28 (b)
and PCB-153 (c) in background air across Europe.
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Figure SI-2.2a-c. (continued) The spatial distribution of concentrations of >sPCBs (a), and the
individual PCB-28 (b) and PCB-153 (c) in background air across Europe.
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Figure SI-2.3 Map of footprint emission sensitivities (ES) for PCB-153 of Yarner Wood (site 92, UK),
predicted to be influenced by air masses from west.
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Figure SI-2.4a-b. The spatial distribution of concentrations of a-HCH (a) and y-HCH (b) in background

air across Europe.
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Figure SI-2.6. The spatial distribution of concentrations of Endosulfan I in background air across
Europe.
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Figure SI-2.8. The spatial distribution of concentrations of Dieldrin in background air across Europe.
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Figure SI-2.9. The spatial distribution of concentrations of Heptachlor-exo-epoxide in background air
across Europe.
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Figure SI-2.10. The spatial distribution of concentrations of oxy-Chlordane in background air across
Europe.
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2.3 Temporal change

b)

a)

20

05

0.0

cuwBd o)

-05

90z 832
900z 532
910z 5Xaa
9002 sXaad
910Z HOHB
900Z HOHE
9i0Z HOHE
9002 HOHE
910z 90H
9002 90H
910z 58924

900z s92d

910z 502
900z 52
9102 $Xaa
9002 $xXad
910Z HOHB
9002 HOHE
9102 HOHE
900Z HOHE
9402 82H
900z 80H
910Z sg92d

900z s490d

o -4
k- -1
I S
-
T T T T
cwyBd Bo|

e
-
o -4
-- -1
HIl
- -4
o I}
]
T T
cuwbd Bo)

g0z sado
400z sao
a0z sXad
an0z sXad
9410z HaHB
00z HoHB
G0z HOHE
400z HOHE
gi0z 8oH
a00z g2H
910 s92d

400z $80d

9L0z 8a2
900Z sa2
90z sXaa
900z $Xaa
9102 HOHB
900Z HOHB
9L0Z HOHE
9002 HOHE
9102 80H
900Z 90H
910z 8824

9002 880d

Figure SI-2.11 a-d. Comparison of the logarithmic concentrations of >sPCBs and selected OCPs

between the north region (a), south region (b), central-east region (c) and west region (d) in Europe

(Figure SI-1.1), from 2006 (Halse et al., 2011) to 2016 (this study).
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Figure SI-2.12. Measured concentrations of p,p’-DDE in 2016 (this study) divided by measured
concentrations of p,p’-DDE in 2006 (Halse et al., 2011) at European sites for which data above MDL
for both years are available (n=53).
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2.4 Source indications
2.4.1 Observations

Jal /i

Figure SI-2.13: Relative abundance of PCB-153/PCB-28 across Europe.
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Figure SI-2.14. The relative abundance of a-HCH/y-HCH across Europe.
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Figure SI-2.15a. The relative abundance of (p,p’-DDE+ p,p’-DDD)/p,p’-DDT across Europe.
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Figure SI-2.15b. The relative abundance of (p,p’-DDE+ p,p’-DDD)/p,p’-DDT in 2016 (this study) divided
by the relative abundance of (p,p’-DDE+ p,p’-DDD)/p,p’-DDT in 2006 (Halse et al., 2011) at European
sites for which data above MDL for both years are available (n=53).
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Figure SI-2.15c. The relative abundance of o,p’-DDT/p,p’-DDT across Europe.
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Figure SI-2.17. The relative abundance of endosulfan I/endosulfan Il across Europe.



2.4.2 Model predictions
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Figure SI-2.18. The ratio of the observed concentrations of PCB-153 in Europe relative to the modelled
concentration with GLEMOS.
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Figure SI-2.19a. The relative contributions to the overall concentration of PCB-153 at Pinega (site 64,
Russia), simulated with GLEMOS.
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Figure SI-2.19b. Map of footprint emission contribution (EC) of Pinega (site 64, Russia), simulated
with FLEXPART.
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Figure SI-2.20a. The relative contributions to the overall concentration of PCB-153 at Barcarotta (site
78, Spain), simulated with GLEMOS.
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Figure SI-2.20b. Map of footprint EC of Barcarotta (site 78, Spain), simulated with FLEXPART.
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Figure SI-2.21a. The relative contributions to the overall concentration of PCB-153 at Houtem (site 4,
Belgium), simulated with GLEMOS.
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Figure SI-2.21b. Map of footprint EC of Houtem (site 4, Belgium), simulated with FLEXPART.
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Spatial distribution of Dechlorane
Plus and dechlorane related
compounds in European
background air

Lovise P. Skogeng'?*, Helene Lunder Halvorsen'?, Knut Breivik'?,
Sabine Eckhardt?, Dorte Herzke'?, Claudia Moeckel* and
Ingjerd S. Krogseth'?

'Department of Environmental Chemistry, NILU—Norwegian Institute for Air Research, Tromse, Norway,
2Department for Arctic and Marine Biology, UiT—The Arctic University of Norway, Tromsg, Norway,
*Department of Chemistry, University of Oslo, Oslo, Norway, “Department of Materials and Environmental
Chemistry, Stockholm University, Stockholm, Sweden

The highly chlorinated chemical Dechlorane Plus (DP) was introduced as a
replacement flame retardant for Mirex, which is banned through the Stockholm
Convention (SC) for its toxicity (T), environmental persistence (P), potential for
bioaccumulation (B) and long-range environmental transport potential (LRETP).
Currently, Dechlorane Plus is under consideration for listing under the Stockholm
Convention and by the European Chemical Agency as it is suspected to also have
potential for P, B, T and LRET. Knowledge of atmospheric concentrations of
chemicals in background regions is vital to understand their persistence and
long-range atmospheric transport but such knowledge is still limited for
Dechlorane Plus. Also, knowledge on environmental occurrence of the less
described Dechlorane Related Compounds (DRCs), with similar properties and
uses as Dechlorane Plus, is limited. Hence, the main objective of this study was
to carry out a spatial mapping of atmospheric concentrations of Dechlorane Plus and
Dechlorane Related Compounds at background sites in Europe. Polyurethane foam
passive air samplers were deployed at 99 sites across 33 European countries for
3 monthsin summer 2016 and analyzed for dechloranes. The study showed that syn-
and anti-DP are present across the European continent (<MDL-2.6 pg/m*® and
<MDL-12.3 pg/m?, respectively), including parts of the Arctic. This supports that
these compounds have potential for long-range atmospheric transport to remote
regions. The highest concentrations of Dechlorane Plus were observed in central
continental Europe, with anti-DP fractions close to the commercial mixture of
Dechlorane Plus. The only detected Dechlorane Related Compounds was
Dechlorane-602, which was found in 27% of the samples (<MDL-0.33 pg/m°).
The measured concentrations and spatial patterns of Dechlorane Plus and
Dechlorane-602 in air across Europe indicate the influence of primary sources of
these compounds on background concentrations in European air. Future air
monitoring efforts targeting dechloranes is needed in both background and
source areas, including consistent temporal trends.

KEYWORDS

passive air sampling (PAS), spatial distribution, flame retardant, background air, emerging
contaminant
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1 Introduction

Dechlorane Plus (bis(hexachlorocyclopentadieno) cyclooctane,
CigH1,Cly,) (DP, sometimes referred to as DDC-CO (Bergman
et al, 2012), Supporting Information (SI) Supplementary Table S1,
S2) is a highly chlorinated flame retardant used in industrial
polymers such as electrical coatings and building materials. It
first mid-1960s by OxyChem
(United States) as a replacement product for the flame retardant

was introduced in the
and pesticide Mirex (Dechlorane, Supplementary Table S1, S2)
(Hoh et al, 2006) and later for the flame retardant
Decabromodiphenyl ether (Deca-BDE) (Sverko et al, 2011),
which are both listed for elimination of production and use
through the international Stockholm Convention (SC) under
annex A (UNEP, 2020).

The production volume of DP is highly uncertain, with estimated
global production volumes varying between 750 and 6000 tonnes
annually in 2020, and Europe is predicted to be accountable for 24% of
the global emissions of DP to the atmosphere (Hansen et al., 2020).
ECHA (2021) reports that there is no production of DP in Europe, but
between 90 and 230 tons of DP are estimated to be imported annually.
The commercial mixture of DP consists of the stereoisomers syn- and
anti-DP, with an approximate ratio of 1:3, i.e., anti-DP fraction (f,,; =
anti-DP/(syn-DP + anti-DP)) of 0.75, but usually between 0.59 and
0.80 (Wang et al, 2010). Some Dechlorane Related Compounds
(DRCs, Supplementary Table S1, S2), ie. Dechlorane-601 (Dec-
601 or DDC-ID), Dechlorane-602 (Dec-602 or DDC-DBF),
Dechlorane-603 (Dec-603 or DDC-Ant), and Dechlorane-604
(Dec-604 or HCTBPH), have also been used as replacements for
Mirex and were introduced as flame retardants in polymers in the late
1960s (Shen et al., 2010). Production volumes for the DRCs are even
less known than for DP.

DP remains unregulated at international level but has been
proposed for listing under the SC since 2018 (UNEP, 2022). In
January 2022, the Persistent Organic Pollutant Review Committee
moved DP to the next review stage, which includes evaluating risk
management and control measures. Parallel to this, DP is under review
by the European Chemicals Agency (ECHA) for restrictions under the
EU regulation Registration, Evaluation, Authorisation and restriction
of Chemicals (REACH) (ECHA, 2021). The DRCs are expected to
behave similarly to DP and Mirex in the environment (Shen et al.,
2010), but to our knowledge, the DRCs are currently not under review
for international restrictions.

DP was first detected in the environment in 2004, in air and
sediments from the Great Lakes region (US/Canada), close to the local
DP manufacturing plant (Hoh et al.,, 2006). DRCs are often detected
together with DP in environmental samples (Wang et al., 2010; Moller
et al., 2011; Moller et al., 2012). Dec-602, Dec-603 and Dec-604 were
first detected in 2009 in biota, and also in sediment core samples dated
back to the 1960s-70s (Shen et al, 2010), coinciding with the
introduction of DP in the mid-1960s (Hoh et al., 2006). According
to literature, Dec-602 is more ubiquitously detected than Dec-601,
Dec-603 and Dec-604 (Wang et al., 2010; Moller et al., 2011; Moller
etal., 2012; Yu et al,, 2015; Bohlin-Nizzetto, 2020a; Nipen et al., 2021).

DP has also been measured in air close to point-sources of DP (e.g.,
landfills or urban regions), in e.g., China (Ren et al., 2008; Wang et al.,
2010; Chen et al.,, 2011; Zhang et al., 2015), Tanzania (Nipen et al.,
2021), and Norway (Morin et al., 2017). Many studies of DP in the
atmosphere also report detectable concentrations of Dec-602 (Wang
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et al., 2010; Moller et al., 2011; Moller et al., 2012; Yu et al., 2015;
Bohlin-Nizzetto et al., 2020b; Nipen et al., 2021). Though studies of
both DP and DRCs in background regions exist (Moller et al., 2012;
Bohlin-Nizzetto et al., 2020¢; Schuster et al., 2021a), the knowledge of
the spatial distribution of DP and DRCs in background regions in
Europe is limited.

The main objective of this study was to carry out a spatial mapping
of atmospheric concentrations of DP and DRCs at background sites in
Europe to provide insight into 1) the spatial distribution of the
dechlorane compounds across the European continent, 2) possible
primary source regions and influence of local sources of dechlorane
compounds on measured concentrations, 3) the long-range
(LRATP) of
compounds, and 4) knowledge of the background concentrations of

atmospheric  transport  potential dechlorane
these compounds prior to possible international restrictions. To
achieve this, a passive air sampling (PAS) campaign at 99 sites
across Europe was carried out in 2016. PAS was chosen as it allows
for coordinated deployment of a high number of samples, without the
need of electricity, and provides estimates of time-averaged
concentrations suitable for evaluation of spatial trends (Shoeib and

Harner, 2002; Jaward et al., 2004).

2 Materials and methods
2.1 Air sampling

Between 95% (Zhang et al., 2015) and 99% (Sverko et al.,, 2011) of
DP may be particle-bound in the atmosphere due to its high octanol-
air partition coefficient (Supplementary Table S1). In this study,
passive air samplers (PAS) of the MONET design (Shoeib and
Harner, 2002; Kalina et al, 2017) were used for air sampling.
This sampler tends to accumulate particles, but the sampling
efficiency of particle-associated compounds has shown to be
lower compared to gas-phase compounds (Bohlin et al, 2014;
Markovic et al, 2015). The samplers consisted of a PUF disk
(14 cm diameter x 1.4 cm thickness, 0.027 g/m3, Sunde Skumplast
AS/Carpenter, Norway) as sampling medium, protected by a housing
made from two stainless steel bowls (diameter 30 and 24 cm) and a
metal rod and PUF disks (14 cm diameter x 1.4 cm thickness,
0.027 g/m* Sunde Skumplast AS/Carpenter, Norway) as sampling
media. All metal parts of the sampler were pre-cleaned with alkali
soap and water, followed by rinsing with acetone and n-hexane. PUF
disks were pre-cleaned with toluene, acetone, and n-hexane
consecutively, dried under vacuum, wrapped in aluminium foil
and stored cool in zip-lock bags until shipment. More details on
the preparation of samplers are described elsewhere (Lunder
Halvorsen et al., 2021).

The PAS were deployed by site keepers at 99 sampling locations
across Europe (from 35°N to 82°N, and 52°W to 48°E) for
2016  (Lunder
Halvorsen et al., in review). The locations were chosen based on

approximately 3 months during summer
the European Monitoring and Evaluation Programme (EMEP)
sampling network (Torseth et al, 2012). Details on sample
locations and deployment periods can be found in
Supplementary Table S3. After sampling, the PUF disks were
wrapped in aluminium foil and zip-lock bags, and sent to the
NILU laboratory in Kjeller, Norway, where they were stored at

-20°C awaiting further processing.
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2.2 Chemical analysis

The sample PUF disks were spiked with isotopic-labelled syn-DP
(Cambridge Isotope Laboratories, Inc.) as internal standard, followed
by 8 h Soxhlet extraction with 1:1 acetone/n-hexane. A multi-analyte
clean-up method based on Rohler et al. (2021) was initially chosen in
order to include acid-labile organic contaminants simultaneously with
dechloranes. Therefore, 2g of a mixture of Supel QuE Z-zep
(SigmaAldrich) and Discovery DSC-18 (SigmaAldrich) in the
bottom sorbent bed, and 2 g Supelclean LC-Florisil (Sigma Aldrich)
in the top sorbent bed was used for solid phase extraction. Acetonitrile
was used for elution, and the samples were further back-extracted to
n-hexane and cleaned with concentrated sulfuric acid in order to
sufficiently remove co-extracted sample matrix (Lunder Halvorsen
et al., in review). Prior to instrumental analysis, the volume was
reduced and 1,2,3,4-tetrachloronaphthalene (ULTRA scientific, now
a part of Agilent) was added as an instrument performance standard.

The samples were analyzed for syn- and anti-DP, Dec-601, Dec-
602, Dec-603 and Dec-604 using an Agilent 7890 gas chromatograph
(GC) coupled to an Agilent 7200 high-resolution quadruple time-of-
flight mass spectrometer (HRqToFMS) (details in SI section 1). The
chromatograms were processed using MassHunter Quant version
B.09.00, and integrated areas of target analytes and isotopic labelled
syn-DP were used to quantify the concentration of dechloranes from
the relative response factors of calibration standards (i.e., internal
standard method).

2.3 Quality assurance and quality control

Selected sampling locations (Finland/Pallas, Ukraine/Zmeiny
Island, and United Kingdom/Yarner Wood, Supplementary Table
S3) were supplied with field blanks (FB) (n = 3). These were pre-
cleaned PUF-disks, transported together with the samples and
exposed during mounting and dismantling of the samplers. This
was done to account for possible contamination during
deployment, handling in the field and transport of the samples.
Additionally, laboratory blanks (LB) were included (n = 14) to
account for potential contamination during the laboratory
procedures. These blanks

procedures as the exposed samples. The DP concentrations in

underwent the same laboratory
FB and LB were comparable (average syn-DP concentrations
were 16 + 7.8 pg/sample and 13 * 5.2 pg/sample in LB and FB,
respectively; and average anti-DP concentrations were 36 + 22 pg/
sample and 25 + 12 pg/sample in LB and FB, respectively),
indicating that the blank contribution from sampling and
The anti-DP

concentrations in blank samples (FB and LB) were 13% and

transport was minimal. average syn- and
7.1% of the average concentrations in the samples, respectively.
All samples were blank corrected for using all blanks (average of FB
and LB). Similarly, all blanks were used to calculate the method
detection limit (MDL, in pg), given as three times the standard
deviation of DP concentration in blanks (normalized by the average
sample volume 212 m® to give the MDL in pg/m?®). The MDLs of
syn-DP and anti-DP were 22 pg/sample (0.11 pg/m?) and 64 pg/
sample (0.30 pg/m®), respectively. In calculations of sum, median,
average concentrations, standard deviations, and for the statistical
analysis, samples below MDL were set to 1/2 of the respective MDL.

None of the DRCs were detected in the blank samples. Thus, the
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instrumental detection limits were used for these compounds. The
MDLs for Dec-601, Dec-602, Dec-603 and Dec-604 were 3.0 pg/
sample (0.01 pg/m®), 2.2 pg/sample (0.01 pg/m?), 2.6 pg/sample
(0.01 pg/m’) and 6.7 pg/sample (0.03 pg/m?), respectively.

The internal standard compensates for possible loss during sample
preparation, and was quantified relative to the instrument
performance standard to monitor recovery rates for the extraction
and clean-up procedure. Recovery >130% may indicate possible
matrix effects. The internal standard recoveries of both exposed
and blank samples are listed in Supplementary Table S4.

To investigate the reproducibility of the PAS, 11 sampling
locations were supplied with two parallel samples. These were
treated and analysed in the same way, and the relative standard
deviation (RSD) of the two samples for each location was
calculated. The RSDs were 9-85% (n = 5), 3-52% (n = 5) and 3%
(n = 1) for syn-DP, anti-DP and Dec-602, respectively, for samples
where the compounds were detected in both parallels (Supplementary
Table S5). Dec-601, Dec-603 and Dec-604 were not detected in any
parallel samples. The RSDs of syn- and anti-DP at some sites (i.e.
Czech Republic/Kosetice, Germany/Waldhof and Sweden/005240) are
larger compared to the RSDs found for e.g. PCB-180 and p,p’-DDE at
the same sites (<17%) in (Lunder Halvorsen et al., in review). The log
Koa of DP is even higher than for these two POPs, and the larger RSDs
found in our study may therefore imply that the uptake of particles are
more variable than for more gaseous compounds. For further data
analysis, the dechlorane concentrations from the sites supplied with
parallel PAS were averaged.

2.4 Deriving concentrations in air

Due to variability in the sampling period (81-125 days)
(Supplementary Table S3), all measured concentrations (in pg/
sample) were normalized to a sample period of 90 days. The
concentrations per sample (pg/sample) were used when assessing
the spatial patterns in our study.

To enable comparison with other studies, a conversion to
volumetric air concentrations was done by using a generic
sampling rate from the literature. The sampling rates for are
typically in the range 4 + 2m?/day (Harner et al., 2014).
However, the uptake efficiency for particles with the MONET
sampler (54%) (Markovic et al., 2015) suggest a lower sampling
rate for particle-bound compounds (Bohlin et al., 2014). Drage
et al. (2016) collected both gaseous and particulate phases and
derived a sampling rate of 2.3 m*/day for BDE-209 and DP. This
sampling rate reflects the lower uptake efficiency of particles
reported by Markovic et al. (2015). Even lower uptake
efficiency (10%) and uptake rates (0.7 m’/day) of particle-
bound PAHs with the MONET sampler have been reported by
Kldnova et al. (2008).

However, as both DP and Dec-602 are likely to predominantly
sorb to atmospheric particles (similar to BDE-209), a sampling rate
of 2.3 m*/day was chosen to derive concentrations in air (in pg/m?)
for both DP and Dec-602 in our study, consistent with Drage et al.
(2016). The selection of 2.3 m*/day contrary to 0.7 m*/day (Klanova
et al,, 2008), may be considered to pose the potential risk of
underestimation rather than overestimation of air concentrations.
This is a semiquantitative approach (Wania and Shunthirasingham,
2020).
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TABLE 1 Detection frequency (%), method detection limit (MDL), range, average + standard deviations (St.dev.) and median for the atmospheric concentrations of
Dechlorane Plus syn- and anti-isomers, ZDP (the sum of syn-DP and anti-DP), and Dec-602, at 97 sites across Europe. The results are given in mass per sample (pg/

sample) and in mass per volume (pg/m?) in brackets (derived from a sampling rate of 2.3 m®/day).

Dechlorane Detection MDL pg/sample

(pg/m?)

frequency
%

Range pg/sample
(pg/m?)

Average + St.dev. pg/sample
(pg/m?)

Median pg/sample
(pg/m?)

syn-DP 48 23 (0.1) <MDL—390 (<MDL—1.9) 49 + 70 (0.2 + 0.3) <MDL (<MDL)
‘ anti-DP 4 64 (0.3) <MDL—2300 (<MDL—11) 210 + 410 (1.0  2.0) <MDL (<MDL)
‘ ¥DP 54 43 <MDL—2700 (<MDL—13) 250 + 470 (12 + 2.3) 63 (0.3)

Dec-602 27 22 (0.01) <MDL—74 (<MDL—0.33) 47 + 9.3 (0.02 + 0.04) <MDL (<MDL)

*Calculated with 0.5-MDL.
“Fraction of samples with one or two of the DP-isomers above MDL.

2.5 Statistical analysis

Possible linear relationships between the concentration of XDP
and latitude, longitude, wind speed, temperature, f,,;, and Dec-602
concentrations were investigated by using the Pearson’s correlation
coefficient (r). The concentrations of ¥DP and Dec-602, wind speed
and temperature were log-transformed prior to the correlation test.
The Wilcoxon signed-rank test was used for group comparison to
investigate possible influence of elevated population density. All
statistical analyses were performed by using R Studio with R
4.1.1 and a significance level of p < 0.05.

3 Results and discussion

Detection frequency, MDL, range, median, average and standard
deviation of the measured concentrations for the dechlorane
listed in Table 1. of the
dechloranes in individual samples are listed in Supplementary
Table S6.

compounds are Concentrations

3.1 Concentrations of dechlorane plus in
European background air

When evaluating all samples together, syn-DP and anti-DP were
detected in 51% and 44% of the samples, respectively. The concentrations
of ZDP (syn-DP + anti-DP) ranged from <MDL to 31,000 pg/sample
(median: 63 pg/sample) (1 = 99). Generally, the highest number of sites
with concentrations below MDL were found in northern Europe (e.g.,
Norway, Sweden, and Russia), and the highest concentrations were found
in central continental Europe (e.g., northern France, Austria, Netherlands,
and Germany). The highest concentration of DP (31,000 pg/sample),
measured in the sample from Hungary/Puszta, was 490 times higher than
the median, and indicates possible local contribution at this site. The
second highest concentration was measured in the sample from
Greenland/Nuuk (3200 pg/sample), but this sampler was installed on a
rooftop in the city of Nuuk and may thus be influenced by local sources.
Hence, these outliers were excluded from the dataset. This provided a
concentration range of XDP in the remaining samples of <MDL to
2700 pg/sample (n = 97) (Figure 1A, Table 1).

Applying a sampling rate of 2.3 m*/day provided XDP concentrations
ranging from <MDL to 13 pg/m’ (n = 97). Air concentrations of
dechloranes from other studies are compiled in Supplementary Table

Frontiers in Environmental Science

S8 for comparison. The lowest concentrations of 2DP above MDL in our
study (0.12-0.13 pg/m®), found in Great Britain and Ireland, are
2-4 times lower than concentrations reported for two remote locations
in North America using active air sampling (AAS) in the period
2005-2013 (0.26-0.43 pg/m’) (Liu et al,, 2016). Low concentrations of
2DPs (0.01-1.8 pg/m’) were also obtained with a flow-through sampler in
a sub-Arctic region in Canada from 2011-2014 (Yu et al, 2015). The
upper concentration range in our study (12-13 pg/m?), found in France
and Austria, is within the range reported at a rural site in China in
2007-2008 using AAS (0.47-36 pg/m’) (Chen et al., 2011).

The concentration range in our study is also in line with Schuster
et al. (2021b), reporting concentrations of ZDP sampled with PAS in
the Global Atmospheric Passive Sampling (GAPS) network in
2005-2006; <MDL to 9.9 pg/m* and <MDL to 8.7 pg/m’ for
35 background and five polar sites, respectively. Five sampling sites
were identical in our study and in Schuster et al, 2021a: Czech
Republic/Kosetice, Finland/Pallas, Ireland/Malin Head, Spitsbergen/
Zeppelin Mountain and Russia/Danki. The concentrations in
2005-2006 were lower compared to 2016 (our study) for four of
the sites (ratio Schuster/Skogeng: 0.2-0.6) (Supplementary Table 57),
indicating possible increased emission of DP. Increasing trends have
also previously been suggested at three of five Great Lake sites from
2005 to 2013 (Liu et al., 2016), and in an urban area in China from
2008 to 2013 (Li et al., 2016). On the other hand, the sample from
Spitsbergen/Zeppelin station had a ratio of 2.1. In Schuster et al,
20214, elevated and varied concentrations of DP were observed at this
site, which may explain the higher ratio. No conclusions of temporal
trends in atmospheric concentrations of XDP can be made based on
only two time-points. Furthermore, comparison between the two
datasets may be hampered by differences in sampling methodology
and analytical procedures; While the MONET sampler used in our
study is placed in freely hanging position, the PAS used within GAPS
(diameter 24.5 and 19.5 cm) is placed in a fixed position and has a
PUF-disk with lower density (0.021 g/cm®) (Hoh et al., 2006). The
GAPS sampler has been shown to have higher efficiency of particle
collection than the MONET sampler (Chaemfa et al., 2009; Markovic
etal, 2015). Such differences should though have been adjusted for by
using a lower sampling rate for the MONET sampler. A generic
sampling rate was used in our study, while Schuster et al., 2021a used
site-specific sampling rates in the estimation of the sampling volumes.
Additionally, Schuster et al. (2021b), sampled through all seasons in
2005-2006 (Schuster et al., 2021a), while our study was performed
during summer only and seasonal variations in atmospheric
concentrations of 2DP may occur.
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FIGURE 1

Spatial distribution of ZDP (syn-DP + anti-DP) (A) and Dechlorane-602 (B). Concentrations are displayed as log pg/sample to allow for visual comparison
between the sample locations. Note the different scales between the two maps. Locations with concentrations of both DPs/Dec-602 below MDL are shown
as white points. Equivalent maps for syn- and anti-DP separately are given in Supplementary Figure S1.

Spitsbergen/Zeppelin station is included in the Norwegian
monitoring program for environmental contaminants in air and
precipitation. The first AAS of dechloranes at Zeppelin were done
in 2017. The syn-DP and anti-DP were detected in 35% and 30% of the

Frontiers in Environmental Science

active air samples collected on weekly basis in 2017 with
concentrations of  <0.02-0.16 pg/m®> and  <0.05-0.21 pg/m’,
respectively ~ (Bohlin-Nizzetto et al, 2018). The measured
concentrations at Zeppelin in our study (0.6 pg/m’ for syn-DP and
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1.4 pg/m® for anti-DP) were 30 times higher than the MDLs (i.e.
medians) with AAS in 2017. This deviation is higher than observed for
POPs at Zeppelin in the study of Lunder Halvorsen (SUBMITTED)
and more than expected when considering the uncertainty of PAS and
AAS in combination (Holt et al,, 2017). Differences between the
studies may be caused by different sampling techniques (AAS vs.
PAS), different sampling periods (2016 vs. 2017) and different seasons
(summer vs. annual). The uncertainty in the estimated sampling
volumes is also higher when using a constant sampling rate of
23m’/day as in this study, compared to using site-specific
sampling rates as in Lunder Halvorsen (SUBMITTED). A constant
sampling rate does not account for sampling conditions such as
temperature and wind speed at the sampling sites. Hence, it is
possible that the elevated concentrations at Zeppelin measured in
this study are caused by an underestimated sampling rate. However,
the predominantly particle-bound dechloranes (Hansen et al., 2020)
are less affected by changes in temperature than more volatile
compounds, as the uptake is still in the linear phase regardless of
the temperature (Shoeib and Harner, 2002; Bohlin-Nizzetto et al.,
2020Db). Neither was an elevated average wind speed observed at the
site (Supplementary Table S3).

Figure 1A illustrates that while DP was detected across the whole
study area, the abundance of samples above MDL was highest in
central continental Europe. This indicates higher emissions in this
region. Furthermore, a significant (p = 0.04) linear correlation was
observed when plotting the logarithmic concentrations of DP against
latitude (r = -0.21), which may reflect LRAT from areas of high use to
more remote areas. A similar pattern was also predicted by Hansen
et al. (2020), which further suggested that DP in the Arctic is
transported directly from source areas and that secondary re-
emissions to air from surface media is less likely. In our study, no
significant correlation with longitude was found (r = -0.13, p = 0.22).

Corresponding to Lunder Halvorsen (SUBMITTED), the sample
locations were categorized into the regions northern Europe (NE),
central-eastern Europe (CEE), southern Europe (SE) and western
Europe (WE), based on the EuroVoc system (Supplementary Figure
S2, Retrieved from https://eur-lex.europa.eu/browse/eurovoc.html). The
highest detection frequencies of DP were observed in SE and WE (71%
and 70%, respectively), compared to CEE and NE (47% and 30%,
respectively). In SE, the concentrations of ZDP ranged from <MDL to
1400 pg/sample (median 140 pg/sample), with the highest concentration
measured in Cyprus/Ayia Marina. In WE, the concentrations of >DP
ranged from <MDL to 2700 pg/sample (France/Donon) and a median of
72 pg/sample. The median values in CEE and NE were both < MDL. The
higher atmospheric concentrations of 2DP observed in SE and WE may
be linked to higher population density in these areas, compared to CEE
and NE (Supplementary Figure S3). In our study, seven “suburban” sites
were identified to have elevated population within an area of 50 km
radius, due to a nearby city (Supplementary Figure S3) (Lunder Halvorsen
et al, in review). This questions whether these seven sites are
representative background sites in the measurement of dechloranes.
The observed median concentration of ) DP for these sites were
significantly (p = 0.002) higher (280 pg/sample) than the median
concentration of Y DP in the 90 remaining samples (50 pg/sample),
substantiating that there is a correlation between population density
and atmospheric concentrations of ) DP.

Large variations in atmospheric contaminant concentrations across a
region may be interpreted as a continuing influence of primary emissions
on atmospheric levels (Jaward et al., 2004; Halse et al., 2011). The spatial
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variability of XDP, represented by the ratio between the maximum
measured concentration (excluding outliers) and the minimum value
(from MDLs), is 61. This is in the lower range of the variability found for
POPs in European background air (max-min ratio <700) (Jaward et al.,
2004; Halse et al., 2011). The max-min ratio is also lower than for the low-
volatile POPs (e.g., >200 for sum of dichlorodiphenyldichloroethylenes
(DDTs), outliers excluded) in the study of Lunder Halvorsen
(SUBMITTED). This may be explained by higher and more variable
contribution from blanks for XDP than for the legacy POPs, consequently
resulting in higher MDLs and lower detection frequency. Still, compared
to the even distribution of HCB (max-min ratio = 4) in Lunder Halvorsen
(SUBMITTED), the spatial variability for Y DP is higher. This may reflect
the lower LRATP of less volatile compounds.

There is some uncertainty in the sampling methodology which may
have affected the observed differences in measured concentrations
between sites (Wania and Shunthirasingham, 2020). The uptake of
contaminants to the PUF is influenced by the meteorological conditions
at a given site. Though the PUF is sheltered with two surrounding steel
bowls, it has been shown that wind generally has the strongest influence
on the uptake rate (Schuster et al. (2021b),; Herkert et al., 2018). In our
study, the sampling locations represented a broad range of elevations,
ranging from sea level up to almost 4000 m (Supplementary Table S3),
with variations in both temperature and wind speed. The average wind
speeds (from European Centre for Medium-Range Weather Forecasts)
for the sampling sites in the sampling period ranged from 2 to 7 m/s
across the study region (Supplementary Table S3) (Lunder Halvorsen et
al., in review). Similar to the study of Bohlin-Nizzetto et al. (2020a), no
correlation with temperature was found. The concentrations of ) DP (in
pg/sample) were negatively correlated to wind speed (r =-0.24, p = 0.02),
indicating that high concentrations are related to sites with low wind.

The detected syn-DP in our study ranged from <MDL to 390 pg/
sample (1.9 pg/m®) with a median concentration <MDL, as more than
half of samples were below MDL (Table 1). Anti-DP ranged from <MDL
to 2300 pg/sample (11 pg/m’) with a median concentration <MDL
(Table 1). Both syn- and anti-DP followed the same spatial pattern as
for 2DP, with the highest detection frequencies in SE and WE, compared
to CEE and NE. Excluding the previously discussed outliers, the highest
and second highest syn- and anti-DP concentrations were found in WE:
390 pg/sample syn-DP in Germany/Waldhof followed by 350 pg/sample
syn-DP in France/Donon, and 2300 pg/sample anti-DP in France/Donon
followed by 2000 pg/sample anti-DP in Austria/Vorhegg.

3.2 DP isomer fractional abundances

Anti-DP may be more prone to degradation in the environment
than syn-DP, due to syn-DP being more sterically hampered
(Olukunle et al., 2018). Hence, the isomer fraction f,, can indicate
whether DP has been affected by degradation and suggest if the
measured DP originate from on-going emissions or not. For the
sites that had concentrations >MDL of both DP isomers (37%),
funi was calculated (range: 0.40-0.91, Supplementary Table S6).
The spatial distribution of f,,; is shown in Figure 2. The lowest
fanti> found in Kosetice/Czech Republic, is well below the commercial
mixture f,,; range (Figure 3). This site was supplied with two parallel
samples and had a high RSD for syn-DP measured in the two parallels
(85% for syn-DP, but 5% for anti-DP) (Supplementary Table S5). One
of the parallels had ten times higher concentration of syn-DP than the
other (360 pg/sample vs. 31 pg/sample), providing f,.; for each
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FIGURE 2

The fraction of the anti-DP isomer (f, = anti-DP/(ZDP)) in samples where both the anti- and the syn-DP isomers are present. Sample locations where
one or both DP isomers were below MDL are shown as white points. The commercial mixtures of DP have a f,.; between 0.59 and 0.80 (Wang et al., 2010).
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FIGURE 3
The range of the anti-DP fraction, f,.y, for the four different regions
Western Europe (WE) (n = 16), Southern Europe (SE) (n = 9), Northern
Europe (NE) (n = 5) and Central-Eastern Europe (CEE) (n = 6). The range
of fani in commercial mixtures of DP is indicated as the orange
shaded area. An outlier in the CEE region (Czech Republic/Kosetice) is
seen as a blue cross at f, 0.4 and is discussed in the text.

parallel separately of 0.28 and 0.81, respectively. Hence, large
uncertainty is associated with the f,,; for this site.

Disregarding f,; from Czech Republic/Kosetice, the observed range
of f,n for the other sites (0.58-0.91) was close to the range for the
commercial mixture of DP (0.59-0.80) (Wang et al., 2010). It is also in
the same range as found for the background (0.63 + 0.16) and polar
(0.74 £ 0.15) sites in Schuster et al,, 2021a. The overlapping f,,,; ranges
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for the EuroVoc regions SE, NE, WE, and CEE (Figure 3) show that
there are no considerable differences in f,,,; between the four regions.
The f,,,; was positively correlated with the measured concentration of
> DP concentrations (r = 0.30, p = 0.004), indicating that f,,,; decreases
with distance from source areas. This makes sense as it reflects a higher
atmospheric degradation of anti-DP further from source areas where
> DP concentrations are lower. Hence, there are many indications in
this study of existing sources of ) DP to the European atmosphere,
which is expected considering that DP is an unregulated compound.

3.3 Dechlorane related compounds

Of the DRCs, only Dec-602 was detected above MDL
(<0.01-0.33 pg/m?). This indicates that the three other DRCs (Dec-
601, -603, and -604) are not present or only present at low
concentrations (MDLs: 2.6-6.7 pg/sample or 0.01-0.03 pg/m®) in
the European background atmosphere. Higher detection frequency
of Dec-602, compared to the other DRCs has also been reported in
other studies (Supplementary Table S8). In the study of Yu et al. (2015)
from Canada’s Western Sub-Arctic, Dec-602 was in the range <MDL-
0.06 pg/m’ (n = 42) during 2011-2014, whereas Dec-604 was detected
in 2014. In the marine atmosphere from East China Sea to the Arctic,
Dec-602 (<MDL - 0.2 pg/m?), Dec-603 (<MDL—0.4 pg/m®) and Dec-
604 (<MDL - 0.05 pg/m?) were all detected using AAS (Moller et al.,
2011; Moller et al., 2012). Higher concentrations of Dec-602, than in
our study, were observed in the vicinity of a Chinese manufacturing
facility (4.1-5.1 pg/m®) (Wang et al., 2010), while Dec-603 and Dec-
604 were not detected. Atmospheric concentrations of Dec-602 and
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Dec-603 using PAS were detected (<MDL—0.2 pg/m®) close to an
urban region in Tanzania (Nipen et al., 2021).

The detection frequency of Dec-602 was 27% with concentrations
ranging from <MDL to 74 pg/sample (Table 1), considerably lower
than the concentrations of syn-DP and anti-DP. In samples where
both Dec-602 and DP were detected (n = 23), Dec-602 was 1-18% of
the concentration of 2DP. This likely reflects lower primary emissions
of Dec-602 than of DP in Europe.

The spatial distribution of Dec-602 is shown in Figure 1B. The
highest Netherlands/
Kollumerwaard (74 pg/sample, 0.33 pg/m?), followed by Malta/
Giordan Lighthouse (27 pg/sample, 0.13 pg/m’) and the Netherlands/
De Zilk (24 pg/sample, 0.11 pg/m?). Dec-602 has previously been

concentration was measured in the

measured in background atmospheric samples from Canada
(0.004 pg/m*—0.06 pg/m®) (Yu et al, 2015); and in an Asian-Arctic
marine transect (<0.003 pg/m>—0.02 pg/m?) (Moller et al., 2012). These
concentrations are in the lower range of our measured Dec-602
concentrations. Since 2017, Dec-602 has been continuously screened
for at the Zeppelin station, but not detected above MDLs (<0.025 pg/m?)
(Bohlin-Nizzetto et al., 2020b). Dec-602 was not detected at Zeppelin in
our study either (Supplementary Table S6).

A significant linear correlation was found between Dec-602 and
2DP concentrations (r = 0.35, p < 0.001, n = 97) (Supplementary
Figure S2A-C). This suggests that the sources and/or source regions of
Dec-602 and DP are likely to be similar. For example, it cannot be
excluded that Dec-602 may be an impurity in DP. As both Dec-602
and DP are likely to be predominantly sorbed to particles in the
atmosphere, and have similar atmospheric half-lives (Zhang et al.,
2016), their LRATP behaviour is also likely to be similar.

4 Conclusion

This study shows that syn- and anti-DP are present across the
European continent, including parts of the Arctic. This supports that
these compounds have potential for LRAT to remote regions.
Concentrations of Y DP correlated with latitude, with low detection
of DP in northern Europe, and the highest concentrations observed in
central continental Europe.

The individual isomers follow a similar spatial pattern. With
fany fractions close to that of the commercial mixture of DP, the
concentrations of DP in Europe are expected to be influenced by
primary emissions. The max-min ratio of } DP concentrations
(61), when excluding outliers, give further indications of
continuing influence of primary emissions in the study area.
Elevated concentrations of ) DP for seven “suburban” sites, may
suggest that primary emissions of DP are related to population
density. More atmospheric monitoring, including consistent
time-trends, is needed to elucidate the temporal trend of
dechloranes in the atmosphere.

Dec-602 was the only DRC detected in our study, but was detected
at lower concentrations compared to syn-/anti-DP (i.e., 1-18% of
Y DP). The other analysed DRCs were not detected above MDL at any
of the sites across Europe (<0.03 pg/m?). This suggests generally lower
primary emissions of DRCs than DPs, and a significant correlation
between Dec-602 and DP concentrations indicates similar sources and
environmental behaviour of these compounds.

Our study shows that despite uncertainty related to the PAS
methodology, it is suitable for assessing the spatial distribution of
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the dechloranes and estimate the background concentrations of the
unregulated DP. However, the dominance of concentrations close to
or below MDL indicates a need to reduce blank contamination or to
consider measures increasing the sampling volume of DP and DRCs.
This can be explored in future studies by deploying the PAS samplers
for prolonged time periods, or by using sampling strategies targeting
particle phase (e.g. AAS).

While ongoing air monitoring projects in Europe mainly focuses
on POPs (Aas and Pernilla, 2018; Kalina et al., 2019; Schuster et al.
(2021b)), our study shows that there is a need for future air monitoring
efforts targeting dechloranes.
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Supplementary Material

1. Supplementary text

Instrumental analysis and quantification
The samples were analyzed for syn- and anti-DP, Dec-601, Dec-602, Dece-603 and Dec-604

using an Agilent 7890 gas chromatograph (GC) coupled to an Agilent 7200 high resolution
quadruple time-of-flight mass spectrometer (HRqToFMS). 1 uL of the concentrated extract was
injected into a Gerstel programmed temperature vaporization (PTV) injector operated in solvent
vent mode. Two 15 m 0.25mmx0.25um Agilent HPS UI columns connected in series were used
for separation, with Helium at 1.4 mL/min constant flow as carrier gas. The temperature program
was 55°C, 2 min, 70°C/min to 200°C, 1 min, 10°C/min to 310°C, 0 min, 70 min°C/min to 325
min, 10 min. The MS was operated in electron capture negative ionization (ECNI) mode using
methane as moderating gas and with an ion source at 120°C. The quantification was performed
using MassHunter Quant version B.09.00, and integrated areas of targeted analytes and internal

standards were used to quantify the concentration of Dechloranes (i.e. internal standard method).
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Table S2: Chemical structures of Mirex, Dechlorane Plus and Dechlorane Related Compounds
Dechlorane-601, -602, -603, and -604. Collected from https://pubchem.ncbi.nlm.nih.gov/ (Kim,
2021).

Mirex Dechlorane Plus Dechlorane-601
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Table S4: Recoveries of the isotope-labelled internal standard in laboratory blanks, field blanks
and exposed samples, given as the range, average + standard deviation, and median of recoveries
in %.

Range (%) | Average £ St.Dev (%) | Median (%)
Laboratory blanks (n=14) | 81.2 - 173.8 | 108.2 +£23.8 105.6
Field blanks (n=3) 84.9-145.5|110.9£25.5 102.4
Exposed samples (n=115) | 22.8 — 187.5 | 80.0 +26.3 80.5

Table S5: Relative standard deviation (RSD) (%) calculated from the concentration (pg/sample)
of syn-DP, anti-DP and Dec-602 in two parallel PAS deployed at each station (n=11). Stations
where the compounds were below MDL in one or both samples, thus prohibiting the calculation

of the RSD, are indicated with “-*.

Station Country | Syn-DP | Anti-DP | Dec-602
RSD RSD RSD
(%) (%) (%)
ARM/Amberd Armenia - - -
CZE/Kosetice Czech 85 5 -
Republic.
DEU/Waldhof Germany 33 40 -
DEU/Westerland | Germany 15 3 -
ESP/Viznar Spain 9 17 -
FIN/Pallas Finland - - -
GBR/Yarner Great 13 8 -
Wood Britain
LVA/Zoseni Latvia 8 7 -
NOR/Birkenes Norway - - -
SWE/Rao Sweden 37 52 -
UKR/Zmeiny Ukraine - - 4
Island
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2.2. Figures
Figure S1: Maps of the spatial distribution of the Dechlorane Plus (DP) isomers Syn-DP (A),
Anti-DP (B). The amounts in pg/sample are log transformed to allow for a better visual
comparison between the sample locations. Note the differences in scales between the maps.
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Figure S2: The spatial coverage of sampling sites using PAS in this study. The background
colors represent the regions included in the study area (EuroVoc, 2021).
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