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Environmental Significance Statement

Manuscript: Industrial and public infrastructure as local sources of organic
contaminants in the Arctic

Corresponding author: Roland Kallenborn, NMBU/KBM

The Arctic is often viewed as a remote and pristine region, yet this review reveals that
local infrastructure—including domestic, industrial, and military installations—is a
significant and overlooked source of organic pollution. Drawing on decades of
monitoring data and recent research, the manuscript demonstrates that Persistent
Organic Pollutants (POPs) and Chemicals of Emerging Arctic Concern (CEACs) are
frequently emitted from infrastructure-related activities such as heating, waste
management, transportation, and firefighting. These pollutants include polycyclic
aromatic hydrocarbons (PAHs), per- and polyfluoroalkyl substances (PFAS),
pharmaceuticals, flame retardants, and plastic additives, many of which persist under
cold Arctic conditions.

The review highlights how climate change amplifies the environmental mobility and
ecological risks of these contaminants, particularly through permafrost thaw and
altered hydrological cycles. It identifies distinct pollution profiles for diWerent infras
tructure types and emphasizes the need for integrated monitoring and policy
frameworks that account for both long-range and local sources of contamination.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

This work provides a critical shift in perspective, urging researchers and
policymakers to recognize and mitigate the growing impact of local infrastructure on
Arctic ecosys tems and communities, thereby contributing to more eWective
environmental protection strategies in a rapidly changing region.
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Industrial and public infrastructure as local sources of organic
contaminants in the Arctic

Roland Kallenborn,*2 Geir Wing Gabrielsen®, Katrin Vorkamp¢, Lars-Otto Reiersend, Anita Evensete,
Kristin B. Pedersene, Simonetta Corsolinifé, Nicoletta Ademollog, Yifan Li", Zi-Feng Zhang', Hakon
Austad Langberg), William F. Hartz%!, Frank von Hippel™, Derek Muir", Cynthia A. de Wit°, Maria J.
Gunnarsdottir?, Pernille Erland Jensend, Gunvor Marie Kirkelundd, Gijsbert Breedveld™, Susan
Bengtson Nashs, Jan Ludvig Lyche!, and Elena Barbaro#

Arctic pollution has been a focal point in environmental research over the past five decades. Recently, the number of priority
pollutants identified as relevant to the Arctic has significantly increased. Consequently, the expert group on Persistent
Organic Pollutants (POPs) and Chemicals of Emerging Arctic Concern (CEAC) of the Arctic Monitoring and Assessment
Programme (AMAP) has prepared a series of assessments of contaminants in the Arctic, including influences of climate
change. This review addresses local sources of Arctic organic pollutants associated with infrastructure in the Arctic.
Industrial, military, and public infrastructures, including domestic installations, sewage treatment, solid waste management,
and airports, were identified as significant local pollution sources. Additionally, operational emissions (e.g., from shipping,
transportation, heating, and power production) contribute to the overall local pollution profile. Based on currently available
scientific information, elevated POP and CEAC levels are mostly found in close proximity to identified local pollution sources.
To date, hazardous effects have only been confirmed for a few selected chemicals, such as polycyclic aromatic compounds
(PAC) and certain pharmaceutical residues. However, studies are biased in the sense that they often focus on well-known
contaminants, at a risk of overlooking CEAC and their effects. The review identifies several important measures to reduce
human impacts on local Arctic environments. These actions include:
. Including local indicator pollutants in ongoing national monitoring schemes.
. Harmonizing emission reduction policies and licensing of industrial activities in the region to minimize exposure
risks and environmental pollution.
. Encouraging local municipalities, industries, and related stakeholders to coordinate their activities to minimize
pollutant emissions.
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in the Arctic” 8.
settlements in the Arctic has been documented since the 1980s for

several locations Also, local pollution near
polycyclic aromatic hydrocarbons (PAH), POPs and trace metals %12,
During a pilot study in Svalbard (Norwegian Arctic), the characteristic
emission profiles for selected power plants in Longyearbyen, Svea,
Barentsburg and Pyramiden were investigated for PAH emissions 3.
Furthermore, a complementary study on emissions from cargo and
cruise ships revealed a considerable contribution to pollution levels
in harbours of Svalbard 4. Based on these investigations, locally
emitted aerosols are assumed to contribute significantly to the
overall atmospheric deposition of anthropogenic pollution onto
Svalbard surfaces. Similar results were reported from Greenland,
Canada, and Alaska as well as the Russian Arctic 1519,
Recently, local sources of selected per- and polyfluoroalkyl
substances (PFAS) were detected in the Western Arctic including the
European Arctic?. As for POPs that might be emitted locally, these
sources add to the long- and medium-range transport that is known
for PFAS, also involving precursors of environmentally stable PFAS,
and oceanic and riverine long-range transport 2123, A considerable
potential for local pollution was identified for several CEACs?4,
besides unregulated PFAS including current-use flame retardants,
pharmaceuticals and personal care products (PPCPs), siloxanes,
phthalates and other chemicals. However, to date, for most of the
CEACs no science-based evidence is available with respect to:
e Local contamination source characterisation.
e Mechanisms for short- and medium-range transport 25,
e Water-based environmental mobility.
e Information on deposition properties under Arctic conditions.
e Uptake by and exposure profile of Arctic biota.
e Hazardous consequences and direct effects of relevant local
pollutants in Arctic biota.

This review presents and discusses local pollution associated with
domestic, public, industrial, and military infrastructures in the Arctic
including solid waste handling. The term “domestic infrastructures”
covers all supporting installations in settlements and cities
associated with life support of the local population, such as electric
power supply, drinking water supply, wastewater treatment, solid
waste treatment facilities, heating, and transport-related
infrastructure, such as harbors and airports. Industrial infrastructure
includes the exploitation of natural resources such as oil, gas (on land
and offshore), and minerals as well as fisheries and aquaculture.
Military infrastructure includes installations associated with military
activities, currently or in the past, such as airports, early warning
sites, dedicated shipyards, and bases. Here, also military vessels and
large-scale exercises are included. The focus of this review will be on
organic environmental pollutants, i.e. POPs and CEACs, as opposed
to e.g. heavy metals, radionuclides or nutrients. Based on the
available scientific literature, monitoring data and national reports,

this review addresses the following questions:
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1.How important are infrastructure-related emissians, as. dogal
sources for the overall contamination in BRe KretieoWithAOfgdiie
pollutants?

2.Can spatial and temporal trends be identified for infrastructure
contribution to local pollution in the Arctic?

3.Do characteristic pollution patterns and profiles exist for
infrastructure-related pollutant sources in the Arctic?

4.How is Arctic climate change influencing local infrastructure and
their associated chemical emissions?

Transport, fate and effects of POPs and CEACs

For centuries, polar regions were considered pristine and unspoiled
by anthropogenic pollution. However, already from the 1500s
onwards, local pollution sources might have been introduced when
natural resources in polar regions were vigorously exploited. In
Iceland, the walrus populations were already extinct by foreign
hunting companies in the 17t century 26 27, The observations of
abundant natural resources during the expeditions by Willem
Barents in the 1590s opened the Svalbard region and Eastern
Greenland for large-scale commercial whaling and seasonal hunting
of walrus 28 2, During the following centuries, both right-whales and
walrus populations in the Barents Sea were brought to the brink of
extinction 3036, Already during the 1600s, large seasonal settlements
were established by European whaling companies in various high
Arctic locations for processing the whale and walrus carcasses before
shipping the products to the European markets 3% 3537, These early
European settlements in the Arctic presumably produced their own
local sources of contaminants, mainly from combustion processes
(e.g. open fires for whale blubber cooking and heating of poorly
insulated houses) leading to emissions of polyaromatic compounds
including halogenated dioxins and probably also heavy metals such
as led (Pb) and mercury (Hg). The long-range transport of pollutants
has been observed for a long time by local and indigenous people.
The first observation of long-range transport by foreigners was
reported by Nansen et al. after their expedition to the Arctic in the
period 1893-1896 where they observed dark sea-ice/snow which
they interpreted as a result of long-range transport of soot from
Europe to the Arctic 38.

Today it is known that long-range transport is the major entrance
route for many POPs into the Arctic environment 2 3942, The first
comprehensive assessment of POPs in the Arctic was prepared under
the Arctic Monitoring and Assessment Programme (AMAP) in the
1990s and established the long-range transport from industrial
regions to the Arctic as the main source of Arctic POP pollution®.
Given the semi-volatile nature of most known POPs, the main
environmental transport identified for these contaminants is by air
44 However, for some compounds, such as B-hexachlorocyclohexane
(B-HCH) and PFAS, ocean transport is considered as particularly
important 4530, Since this early AMAP assessment, the knowledge of
long-range atmospheric transport as the main pollution source of
POPs in the Arctic has been updated repeatedly®! 5257, and the
different long-range environmental transport processes were
reviewed by Hung et al. >8. A historical review of the role of AMAP in

This journal is © The Royal Society of Chemistry 20xx
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the coordinated efforts of circum-Arctic pollutant monitoring and
effect evaluation can be found in a recent publication °°.

Given their physical-chemical properties, a significant proportion of
POPs are transported in the atmosphere associated with particles 6%
61, The atmospheric particle composition in northern atmospheric
environments is expected to reflect a combination of emissions from
local sources (household combustion, fossil fuel combustion, minor
industrial releases) and atmospheric long-range transport 6% ©3,
However, the role of local atmospheric pollution and its effect on
human and environmental health in the Arctic is still only sparsely
investigated as stated in a recent review 4. An earlier model-based
assessment predicts increasing trends for emissions of particulate
materials including black carbon from local domestic and industrial
sources as well as increased shipping traffic in the Svalbard region 3.
Therefore, both increasing atmospheric particulate matter, and a
changing composition will have direct effects on transport and
deposition properties of POPs and other airborne pollutants such as
PAHs in the North.

We observe today that the list of CEACs is constantly growing. AMAP
has recently published a list of around 600 priority CEACs . New in-
silico and non-target screening approaches aiming at identifying new
or overlooked chemicals have the potential to extend this list
considerably®’. Their physical-chemical properties might be different
from those of well-studied POPs, with implications for transport
patterns to and in the Arctic. Furthermore, many of these substances
are associated with anthropogenic activities and consumer products,
potentially increasing the importance of local emission sources.
Therefore, scientific focus needs to be on identifying and
characterizing sources of these CEACs and their fate in the Arctic
environment.

A group of CEACs for which local sources have been clearly identified
includes pharmaceutical residues and chemicals used in personal
care products (i.e. PPCPs). PPCPs are mainly emitted to the aquatic
environment 6. Although PPCPs are usually not considered
persistent (with few exceptions), their high-volume releases into
aquatic environments often exceed transformation rates, leading to
‘pseudo-persistent’ occurrence in Arctic recipients. It can also be
assumed that pollutants, including pharmaceuticals, are more stable
at the low ambient temperatures of the Arctic, enhancing their
pseudo-persistent properties 671, It is apparent for POPs and PAHs
that environmental conditions affect physical-chemical properties
and degradation pathways, resulting in an environmental behaviour
of contaminants that might be different from that at lower latitudes.

Pharmaceuticals are designed to execute specific biochemical and
physiological functions during medical treatment. These biochemical
properties expressed under uncontrolled environmental conditions
have the potential to result in toxicological effects on Arctic fauna 72.
However, for the majority of those pharmaceutical agents, effect
thresholds in ecosystems are not known, but it can be assumed that
extended exposure to these pharmacological active chemicals may
harm non-target aquatic organisms. Today more than 100 PPCPs
have been reported from Arctic locations, and some of these, such

This journal is © The Royal Society of Chemistry 20xx

as surfactants, have been found in concentrations up to the highug/l
(sewage) or pg/g range (contaminated soil). Mdst PPCHE WO fsGhd
in the vicinity of settlements mainly associated with sewage related
emissions

Recent climate reports 4> 7372 have identified significant climate-
related changes in Arctic environments, which are also likely to
influence the short- and long-distance transport and fate of organic
pollutants in Arctic environments 77 78, The cryosphere plays a key
role in the distribution and transformation of pollutants in the Arctic
76,77 and is currently changing in an unprecedented way in geological
history 8082, Release profiles, distribution pathways as well as the
inter-compartmental exchange (atmosphere — soil/ water; water —
sediment; soil/water — biota) will be heavily influenced by the current
changes in the Arctic environment, with potential consequences for
human and environmental exposure. These changes will likely also
affect emission profiles and strength of local pollution sources in the
Arctic as discussed in detail in the review by Muir et al. & reported in
this special issue.

Public infrastructure

According to the Arctic council (AC, arctic-council.org) It is estimated
that 4 million people are living in the Arctic, based on the area
defined by AMAP. Except for a small number of larger cities in the
Arctic region such as Tromsg (Norway, approximately 70,000
inhabitants), Fairbanks (Alaska, USA, approximately 95,000
inhabitants), Reykjavik (Iceland, approximately 140,000 inhabitants)
and Murmansk (Russian Federation, approximately 300,000
inhabitants), settlements in the Arctic are usually isolated small
towns and villages with a size of 100 — 1000 inhabitants8*. Basic
public infrastructure such as water supply systems, power plants and
waste handling facilities must be operational under these community
conditions exposed to the harsh Arctic environments. Regardless of
their size, all settlements need to be continuously supplied with
goods and services, usually over large distances. This involves
complex logistic operations including long distance air cargo, ship-
based transportation, and passenger transportation. The challenges
related to running the required infrastructure, which might include
outdated, limited, or low-technology solutions, create an elevated
exposure risk (organic and inorganic pollutants) for local
environments 8588, Organic contaminants can arise from various
sources:

Energy- and heating: Energy and heating associated infrastructures
such as electric power plants, power generators, and heating
systems are essential to maintain livelihood and comfort for the daily
life in Arctic communities. However, operating these infrastructures
like power plants and heat supply facilities may contribute to the
emission of potentially harmful pollutants into the adjacent Arctic
environment 64 66,

Sewage and wastewater: Inadequate treatment of sewage and
wastewater from human settlements can introduce organic
pollutants into Arctic waterways. Besides potentially harmful
chemicals, these discharges can contain nutrients like nitrogen and
phosphorus, which can lead to eutrophication, causing algae blooms
and disrupting aquatic ecosystems 8, and the biogeochemical cycles,

J. Name., 2013, 00, 1-3 |
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including contaminants®. In addition, the local impact of wastewater
releases from a settlement is also reflected by the presence of
personal care products (such as fragrance materials) in coastal
seawater %1, Wastewater emissions as a potential local source of
organic chemicals are addressed in the review by Jensen et al.??
Landfills and waste management: Improper disposal of solid waste
can result in the release of pollutants into the environment. In the
Arctic, where waste management infrastructure may be limited,
landfills can contribute to the pollution of the surrounding soil and
water, especially as they are often comprised of waste dumped on
top of the permafrost and hence are readily mobilized °3.
Furthermore, the incineration of waste is common practice in remote
communities with insufficient waste collection systems, with the risk
of emissions particulate materials (flyash), and harmful chemicals to
air %97 Furthermore, remaining residues (bottom ash) containing
pollutant can penetrate into the surface soil and may even
contaminate ground water aquifers after permafrost is retreated.
Accidents: Oil spills from transportation activities, such as shipping
and land-based transportation, pose a serious threat to the Arctic
environment. These spills can introduce organic pollutants into the
water, affecting marine life and ecosystems for years %8,
Maintenance of infrastructure: Chemicals used in technical
maintenance and operational support, such as road deicers,
pesticides, and industrial chemicals, are also identified as local
pollutants 20 99-101,

Use of consumer products: Modern societies use many consumer
products for lifestyle and health, including cosmetics, surfactants,
pharmaceuticals, food additives, preservation agents, plasticizers,
flame protection agents and many more. Potentially problematic
chemicals can be released from these materials during use and after
disposal and may cause potential toxic effects on the local Arctic
environment 102-113,

A few examples of local Arctic pollution sources are depicted in
Figure 1.

Accidents Energy & Heating
7 Daily life
Arctic Mining

Local pollution sources

Consumer products

Airports

Figure 1: Selected examples of potential Arctic local pollution sources

In recent years, acknowledging the potential negative consequences

of infrastructure-related pollution, some municipalities have
addressed these issues by supporting transitions to cleaner energy
sources, improvements of energy efficiency, implementation of
better waste management practices, and sustainable development

in general. Additionally, international cooperation and policies aimed

| J. Name., 2012, 00, 1-3
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at reducing emissions and pollution in general are crucial .in
safeguarding the Arctic environment 114-117, DOI: 10.1039/D5VA00261C

Pollution from life supporting infrastructure in operation

Power plants in the Arctic usually rely on fossil fuels such as coal and
diesel and cause emissions of pollutants such as particulate matter,
polycyclic aromatic chemicals (PACs), volatile organic chemicals
(VOCs), nitrogen oxides, sulfur dioxide, and carbon dioxide into the
atmosphere 118120, These emissions contribute to local atmospheric
pollution and haze and might also contribute to acidification of
aqueous environments. “Arctic haze” events can be caused by
pollutants from long-range transport as well as local emissions!?’,
These events usually contain organic pollutants such as PAHs and
PCBs which will ultimately accumulate in snow and ice 17122127 Sych
Arctic haze events have been reported and scientifically documented
since the early 1950s. Pollutants associated with Arctic Haze have
also been shown to accumulate in wildlife and contaminate water
sources, with potential effects on human exposure and health 5 124
125,128-132 Besides energy generation, petroleum products also play
an important role as petrol for vehicles and jet-fuel for airplane
operations. Most petroleum products can be degraded by micro-
organisms in soil and groundwater although at considerably lower
degradation rates in the Arctic compared to those reported for low
latitude environments!33 134136 Heating infrastructure is necessary in
the Arctic all year around. In some cases, these infrastructures
operate on inefficient or outdated technologies 37139, potentially
emitting larger amounts of organic pollutants into the air than state-
of-the-art systems would. Arctic infrastructure is often the source of
a diverse array of contaminants. In a report from Ny-Alesund oil
contamination from an oil tank, which supplied oil to the power
station, was the main source of pollution of water, soil and
vegetation in the area below the oil tanks 0. A recent survey in
surface soils from an abandoned mining location in Svalbard revealed
elevated trace metal and PAH levels!?. This former mining town,
Pyramiden in Billefjord (Svalbard), has been closed and abandoned
since 1998. After a first statistical evaluation of the results, the
combination of industrial (mining) and domestic sources (fossil fuel
driven powerplant and heating circulation) were assumed to be the
main sources of these elevated levels in surface soils 4.
Longyearbyen, the largest settlement on Svalbard, has also been
investigated regarding potential local emissions from community
supporting infrastructures (power plant and heating). The short term
emission profiles for PAHs and their major nitrogen- and oxygen-
containing transformation products in air indicated a significant
contribution from power plant emissions and local traffic 42,
Furthermore, the PAC profiles in air showed a seasonal pattern that
reflected emissions from the local fossil fuel driven vehicles, heating
and the coal-fired local power plant 43, The profile of the nitrogen-
and oxygen-containing PAH transformation products is strongly
influenced by photochemical processes as this recent survey
revealed 12143, Hence, the atmospheric levels measured for oxy-and
nitro-PAHs during the polar night season are significantly higher
compared to the midnight sun season (Figure 2). However, the

This journal is © The Royal Society of Chemistry 20xx
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emission profile of parent PAHs does not seem to be affected by
seasonal patterns.
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Figure 2: Atmospheric temperature, UV radiation, and daily total
(gaseous + particulate) concentrations of 2,5 PAHSs, 2,9 oxy-PAHs,
and 235 nitro-PAHs in the urban air of Longyearbyen, figure
reproduced with permission from 143 under the Creative Commons
Attribution 4.0 International licence (CC BY 4.0).

Fossil fuel driven vehicle as pollution sources in the Arctic

For PAHs, seasonal distribution patterns have been identified in
surface snow at various locations in Svalbard. Especially retene is
found as indicator for local contamination sources 44 In Arctic
remote regions, with an average of 8-months of snow and ice
coverage annually and a very limited network of roads, snowmobiles
are often the preferred means of transport. Most snow mobiles are
operated on 2-stroke engines, which have a low combustion
effectivity and emit unburned fuel, VOCs, PAHs and other chemicals
145 A study in Longyearbyen (Svalbard) investigated the traffic-
related emission profile from snow scooters in 2007 (Figure 3) 146:147,
The daily concentrations of benzene, toluene and xylene (BTX) in air
were approximately 100 times higher during the main snowmobile
season (April — Mai) compared to the Arctic summer (June — August).
These differences were attributed to emissions from snowmobiles.
The levels during the late snowmobile season were found to be
comparable to BTX monitoring data reported from large western
cities (Figure 3). Similar results have been reported from other Arctic

regions where snowmobiles are frequently used for transportation
148-155
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Figure 3. concentrations [parts per billion = ppb) of benzene, toluene
and C2-benzenes incl. wind velocity in spring (17.04. — 24.04.2007)
and in summer (01.06. —08.06.2007), figure redrawn with permission
from Reimann et al. 156
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A survey on the spatial distribution of VOCs and PAHs jn the vicinity
of Longyearbyen conducted in 2010 showedisavenabvolatile 2and
persistent emissions from traffic- and power plant-related sources in
Svalbard >’ (figure 4). Elevated PAH concentrations were found in
soil and snow samples collected at known hotspots (power plant and
gas station). The VOC concentrations (sampling April — May 2010) in
air at Longyearbyen were lower compared to a previous screening
(2007) as depicted for benzene in Figure 3. These differences are
likely due to technical advancement and the larger proportions of 4-
stroke engine driven snowmobiles in Longyearbyen in 2010.

2.0
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1.6
1.4 1]
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—ll— Benzene 2010
1.0

0.8
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0.2 |
0 2
13.03. 02.05. 21.06. 10.08. 29.09.

18.11.

Figure 4: Benzene level comparison in Longyearbyen air between the
2007 (red) and 2010 (blue) sampling campaign, figure reproduced
with permission 157,

Furthermore, a transect of soil samples crossing over the most
frequently used snowmobile route in Svalbard close to Sassendalen
valley was characterised by elevated PAH levels with the highest
levels found for 316EPA PAHSs (i.e. expressed as the 16 priority PAHs
of the US Environmental Protection Agency) in the centre of the
transect. These characteristic patterns are most probably a result of
emissions from snowmobile use during the previous winter season.
Increased locally induced air pollution was also reported for the
usage of studded tires under Arctic climate conditions 18

Arctic settlements as local sources of pollution

Pharmaceuticals and chemicals in personal care products (PPCPs) are
identified as relevant contaminants released from domestic, public
and hospital-related sources. Most of these chemicals are released
with wastewater and/or inappropriate waste handling °%161, For
Arctic environments, sewage-related release of contaminants is
considered an important source of PPCP in freshwater and coastal
environments®® 162,163 This has been further detailed in the review
by Jensen et al.?2. The low technological standards (primary
treatment) or absence of sewage treatment in combination with low
ambient temperatures in the receiving waters are considered as
main factors for the high level emission rates and environmental
stability observed for PPCP residues in the Arctic 8. This was
demonstrated in a Norwegian study from 2007 where sewage
emissions from Oslo (60°N), Tromsg (69°N) and Longyearbyen
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(Svalbard, 78°N) were compared (Table 1) ®. The Arctic sewage
effluents contain elevated concentrations of residues that would
likely be retained in modern sewage treatment facilities such as
those often operated in lower latitude cities ( < 66° N latitude). These
chemicals include the non-steroid anti-inflammatory agents (=
NSAIDs) ibuprofen, diclofenac, and the stimulant caffeine ©8.
Introduced into the aquatic environments, PPCPs are usually readily
degraded under lower latitude environmental conditions (regions <
66° N latitude). but show a surprisingly high recalcitrance and
environmental stability under cold Arctic conditions, as discussed
above. This stability was confirmed in a field study in Tromsg and
Longyearbyen on five selected serotonin-reuptake inhibiting (SSRI-)
antidepressants and their respective transformation products. Both
parent compounds and their major transformation products were
found in all samples with the highest levels found in effluents from
Longyearbyen (sum concentrations 5 SSRI max. 3 ng/L) 164,

The group of PFAS includes several thousand individual
compounds!®. Hence the list of relevant PFAS detected in the Arctic
is also constantly increasing. PFAS have been identified as local
contaminants in the Arctic mainly associated with the application of
aqueous film forming foams (AFFF). As firefighting foams in
firefighting liquids 2% 166, open waste dumps 2% 167, sewage and
wastewater 18 as well as outdoor activities 16°-172, PFAS pollution in
the Arctic has been reviewed previously, with a focus on non-
regulated PFAS compounds % 173, Recently the presence of 36
different PFAS were confirmed in surface snow in and around
Longyearbyen on Svalbard. Several PFAS were associated with local
sources in Longyearbyen, whilst the deposition of several others was
due to their atmospheric formation from precursor compounds. This
showed that both a combination of direct local emissions and
atmospheric transformation processes contributed as major sources
in this area. A seasonal deposition profile was identified by collecting
ten precipitation events (snow samples) between January and
August 2019 on the Foxfonna ice cap in Spitsbergen (Svalbard). The
transition between the polar night season (24h darkness) into
midnight sun (24h sunlight) is reflected in the seasonal trend of
several PFAS (Figure 5) indicating a significant contribution from the
photochemical transformation of precursor PFAS as parent
compounds (e.g. fluorotelomer alcohols, hydrofluorocarbons and
perfluoroalkane sulfonamides. PFOS, FBSA, HFPO-DA (GenX) as well
as C; — Cy; perfluorocarboxylic acids (which includes TFA, PFOA etc)
all correlated with solar flux and had deposition fluxes 7.6 — 190
times higher during 24h daylight. Trifluoromethanesolfonic acid
(TFMS) was also detected ubiquitously in surface snow in this study,
but no local or long range source could be assigned.
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Figure 5: Deposition fluxes per precipitation event (ng m=2) of TFMS,
PFHxS, PFOS, FBSA, HFPO-DA (GenX) and C,—Ci1 PFCAs in surface
snow on the Foxfonna ice cap during January to August 2019,
plotted alongside the solar flux (MJ m=2). 174175 Reproduced under
the Creative Commons Attribution 4.0 International licence (CC BY
4.0).

A temporal trend study into the historical atmospheric deposition of
PFAS, including ultra-short chain compounds, was conducted using
an ice core from the Lomonosovfonna ice cap on Svalbard.?”> This
confirmed that the C,-C4 perfluorocarboxylic acids (PFCAs) and in
particular TFA are among the individual PFAS with the highest annual
deposition fluxes in Svalbard (and the Arctic) with annual fluxes up
to 8-200 ng m2 yr! 21, In this study, TFA represented ca. 71% of the
total C,-C11 PFCA. Comparisons of PFCA ratios with those in samples
taken at the Longyearbyen landfill and airport indicated that the
landfill and airport were not a source of C¢ — C1; PFCAs to the remote
Lomonosovfonna ice cap (79 km away)?L.

In Longyearbyen (population ca 2,200), surface snow samples
showed sporadic variations in PFAS deposition fluxes during January
— May 2019, which might be explained by changes in several factors
(direct local emissions, snow cover/temperature, transformation of
precursors from local source). All together these findings underscore
the importance of PFAS as widespread Arctic pollutants, which could
originate from both local and long-range sources. The sources of one
ultra-short chain PFAS are still unclear (Trifluoromethyl sulfonate =
TEMS).

PFAS was also measured and reported in consecutive sediment
surveys in Svalbard from seven locations in the coastal waters of
Isfjorden, western Spitsbergen (Figure 7). The same samples were
also analyzed for polybrominated diphenyl ethers (PBDEs) and other
POPs in 1998, 2005 and 2009. PFOS was detected in 6 of 8 analyzed
samples, while perfluorononanoic acid (PFNA) was only detected in
sediment from Adventfjorden 176, The PFAS pattern was dominated
by PFOS (0.1 — 0.5 pg/kg dw) and PFOA (< 0.1 — 1.3 pg/kg dw), but

This journal is © The Royal Society of Chemistry 20xx
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also PFHxS (< 0.01 — 0.03 pg/kg dw) and PFNA (< 0.1 — 0.4 pg/kg dw)
were detected in some of the samples (Table 1). All other PFAS were
below the detection limit. For details on other POP results, see
detailed outline in the following chapter.

Polycyclic aromatic hydrocarbons (PAHs) are considered today as
fingerprint chemicals for all types of fossil fuel-based combustion
processes 177-180 PAHs may originate either from incineration
processes (fuel burning or biomass burning) or from natural deposits
(petrogenic). Hence, pyrogenic PAHs are used to elucidate the
anthropogenic impact of domestic and industrial activities on the
Arctic environments. PAHs are ubiquitously distributed in the Arctic
as shown in ongoing long-term monitoring activities 13 181-187 The
annual trend of PAHs in Arctic surface snow demonstrates seasonal
variability ~with significant contributions from long-range
atmospheric transport during the winter, while retene shows a local
input from local coal burning in autumn and spring 44, Increased re-
emissions of PAHs deposited in Arctic cryosphere sinks are expected
to occur and contribute to elevated secondary PAH emissions due to

the cryosphere loss in the Arctic 188, as also discussed by Muir et al.83

Muir et al.8 also addressed new opportunities for agricultural
production in the North in a warming Arctic 189192, Consequently,
direct emission sources from local applications of pesticides may
potentially move closer towards or even into the Arctic region 1%3.
Currently, levels of modern current-used pesticides (CUPs) found in
Arctic environments are at low to medium level (ppb-range) in the
cryosphere (ice, snow), soil, water, and biota and considered
reflective of long-range transport from their use outside of the Arctic.
However, especially low-trophic level organisms show surprisingly

high levels indicating possible local sources close to application areas
194

Poly- and perfluoroalkyl substances (PFAS) in sediments of Isfijorden
(Svalbard): September 2005 & 2009; concentrations in [pg/kg dw]

2005 2009 | 2005 2009|2005 2009|2005 2000 | 2005 2009 | 2005 2009 | 2005 ggna 2005 2009
Adventfjordenfidventfiorden

m PFHxS

Adventfjorden| Grenfiorden CuLL bukta

i PFNA mPFOS mPFOA

Gronfiorden | Billefiorden | Billefiorden

Figure 6. Perfluoroalkyl substances (PFAS, pg/kg dry weight = dw) in
sediment from Isfjorden, September 2005 and 2009 1%

Several examples exist of local emissions of POPs from settlements
in the Arctic without a clear identification of specific infrastructure
sources. Higher PCB levels near human settlements than at remote
locations were shown for Greenland 1%. Several PCB congeners,
including the low-chlorinated PCB-5, PCB-11 and PCB-52 were found

This journal is © The Royal Society of Chemistry 20xx

to be co-synthesized during various pigment productign processes.
These congeners have recently been identifi€d if0dledated fielslin
Arctic snow, soil and even biota, with sources likely including
domestic emissions from treated surfaces in housings and waste
handling 7. However, no knowledge is currently available on specific
local sources of these unintentionally produced PCBs in the Arctic. In
2005 and 2009 regular monitoring of surface sediments (0 — 1 cm)
was conducted on 24 stations close to active and abandoned
settlements along the coast of Isfjorden on Spitsbergen, the largest
island of the Svalbard archipelago, including Longyearbyen,
Barentsburg, Pyramiden and Coles Bay. Seven of these stations had
also been sampled in 1998 1%, All samples were analysed for 2;PCB,
Hexachlorobenzene (HCB), DDTs, total hydrogen content (THC),
PAHs and metals, in addition to grain size and TOC (Figure 7). The
results from these screening campaigns are discussed below.
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Figure 7. Sampling stations for sediment in Isfjorden, Svalbard,
figure reproduced with permission from 197

In 1998 the lowest levels of 2;,PCB were measured in sediment from
Billefjorden (outside Pyramiden, 0.03 — 0.8 pg/kg dw, n = 2), with
slightly higher levels in Grgnfjorden (outside Barentsburg, 0.02 — 3.5
ug/kg dw, n = 3) and Adventfjorden (outside Longyearbyen, 0.8 — 4.3
ug/kg dw, n = 3, see Figure 6). These differences at a relatively small
geographical scale indicate variations in PCB emissions, likely related
to local sources. For a more in-depth analysis, a larger number of
stations were included in the 2005 and 2009 surveys. In 2005 and
2009 very low levels were measured in sediment from Adventfjorden
(0.1 -0.7 pug/kg dw, n = 7). Higher concentrations were measured in
sediment from Grgnfjorden (0.7 — 6.25 pg/kg dw, n = 7) and
Billefjorden (1.8 — 20.2 pg/kg dw, n = 7). The geometric mean
concentrations of £;PCB increased in Billefjorden from 1998 (2 ng/kg)
to the two next measurements in 2005 (4 pg/kg) and 2009 (8 pg/kg)
(Figure 9). In contrast, there was a significant decrease in
concentration of 2;PCB in Adventfjorden from 1998 to 2009 (from 6
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to 1 pg/kg). High levels of PCBs have been measured in soil samples
from Pyramiden and it is likely that a flood event in 2005 transported
contaminated soil to Billefjorden. In Coles Bay levels of 2;PCB were
low in both 2005 and 2009 (0.2 — 0.6 pg/kg dw, n = 3). The HCB levels
were generally low in the investigated fjords. However, slightly
elevated levels (max 1 pug/kg dw) were measured at some stations in
all areas, except Coles Bay. The highest DDT-levels were measured
outside the two Russian settlements; Barentsburg (0.8 — 7.0 pg/kg
dw) and Pyramiden (0.6 — 1.2 pg/kg dw). Sediment from
Adventfjorden had the lowest DDT-levels in 2005 and 2009 (0.06 —
0.3 pg/kg dw), but higher levels (0.4 -2.3 pg/kg dw) were measured
in 1998. Generally, DDT that has been transported over long
distances will be present as DDE, a stable metabolite of DDT.
p,p-DDD and p,p'-DDT were the dominant DDT-
compounds in the sediment samples collected outside the Russian

However,

settlements on Svalbard, suggesting some past use of DDT in these
areas. In Coles Bay, DDT-levels were low-moderate both in 2005 and
2009 (0.2 - 0.6 ug/kg dw).
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Figure 8. Concentrations in three years of the sum of 7 PCB congeners
(2,PCB = PCB 28, 52, 101, 118, 138, 153, 180) in sediment from
Isfjorden, Svalbard. Data from 1998 from 1% data from 2005 2% and
data from 2009 20, LYB1 — st. 16 = stations in Adventfjorden, BB1- st.
8 = stations in Grgnfjorden, PYR1 — st. 11 = stations in Billefjorden,
CB1—CBS5 = stations in Coles Bay, Figure reproduced with permission
from 176,

Samples collected in 2006 were analysed for tributyltin (TBT). TBT
was only detected at two stations: one in Adventfjorden (1.8 ug/kg
dw) and one in Grgnfjorden (3.6 pg/kg dw). Hence, these results
indicate minor contribution from local ships and boat traffic. Organo-
metal compounds such as organotin compounds among the most
used chemicals for antifoulant coating of ships.

Levels of PBDEs (BDE 47, 99, 100, 138, 153, 154, 183, 209) were
measured in a few sediment samples in 2005 and 2009. In 2005 the
highest levels were measured in Grgnfjorden and Billefjorden, while
highest levels were measured in Adventfjorden in 2009 (Figure 9).
The steep increase of PBDE in the vicinity of the settlements indicates
local contamination sources.

In general, levels of PAHs were highest in Adventfjorden, followed by
Grgnfjorden, Billefjorden/Coles Bay (Figure 10). Coal is a likely source
for some of these PAHs in Adventfjorden and Barentsburg, but diesel
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oil and combustion products are other possible |ocal sources.
Analysis of OPEs in sediments fpomi0.Rdvertfjordets;
Gronfjorden and Kongsfjorden showed interesting results.
This compound group was detected in both fjords, but
concentrations were significantly higher in sediment from
Gronfjorden (ZOPE (sum of 14 compounds from 6.46 - 74.0
ug/kg dw) than in sediment from Adventfjorden (0.04 - 10.5
pg/kg dw). OPEs were not found in sediment from the
reference station in Kongsfjorden. This indicates that local
sources influence the environmental status of Adventfjorden
and Grenfjorden. However, the reference station had lower
levels of organic carbon and coarser sediment (lower share of
fine-grained materials) than sediments from Adventfjorden
and Grenfjorden, and these factors could have contributed to
lower levels of OPEs at Kongsfjorden.

However, elevated levels, together with differences in contaminant
patterns (relative proportions of different compounds), provide a
strong indication that local sources are important, especially in
Grgnfjorden 202204, Some samples of spider crabs (Hyas araneus) and
fish like shorthorn sculpin (Myoxocephalus scorpius) and Atlantic cod
(Gadus morhua) were also collected in the fjords. The levels of OPEs
in great spider crabs and fish were low, both in Adventfjorden (max
SOPE 0.51 ng/g ww) and Grgnfjorden (max $OPE 1.01 ng/g ww). In
Grgnfjorden triphenyl phosphate (TPP) was detected in shorthorn
sculpins caught close to the landfills (Biota G1).

The highest detection frequency for OPEs occurred in the samples
collected close to the sewage outlet in Grgnfjorden (Biota G2). In this
area tris(2-chloroethyl) phosphate (TCEP), tris(2-chloroisopropyl)
phosphate (TCIPP), TPP and 2-ethylhexyl diphenyl phosphate (EHDP)
were detected in shorthorn sculpins, and TCEP and TCIPP in one
spider crab sample. Thus, the high levels measured in sediment from
Grgnfjorden were not reflected in elevated levels in organisms,
except for biota samples collected close to potential point sources
such as the sewage outlet. Somewhat elevated levels in organisms
collected near the sewage outlet in Barentsburg, compared to other
areas, supports the indication from the sediment samples that this
may be a local source for OPEs in Grgnfjorden. However, biological
processes are likely to change the OPE occurrence in biota compared
to sediments and OPEs have been shown to be degradable 2%,

This journal is © The Royal Society of Chemistry 20xx
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Table 1: Concentrations of pharmaceuticals and personal care
products (PPCP) in samples from the Pharmafate pilot study in 2007
206 Abbreviations: LOQ = Limit of quantification, n.a. = not analyzed,
n.d. Reproduced Reproduced under the Creative Commons
Attribution 4.0 International licence (CC BY 4.0).

ARTICLE

View Article Online

DOI: 10.1039/D5VA00261C

Conc. (ng/L) Oslo Tromsg Longyearbyen
Target PPCPs Effluent Sea water Effluent (n= Sea water Effluent (n=5) Sea water (n=2)
(n=1) (n=2) 8) (n=8)
Ibuprofen 10 n.d.-52 448 n.a. 30-403 0.4-1
Hydroxy-ibuprofen 126 188 —243 3614 n.a. 8—-1398 2-34
Carboxy-ibuprofen 42 109 -213 70170 n.a. 411 -34028 6-26
Diclofenac 25 n.d.-48 78 n.a. 30-1074 1-4
Triclosan 11 n.d. 350 n.a. 28 -803 2-23
Caffeine 23 5-96 n.a. n.a. 501 -50704 24-41
Citalopram 238 n.a. 63-102 <LoQ <L0Q n.d.
Desmethyl-citalopram 310 n.d. 118 - 215 <LoQ <LOQ n.d.
Didesmetyl-citalopram 10 n.a. 6-10 n.d. n.d. n.d.
Fluoxetine 8 n.a 1-5 n.d. n.d. n.d.
Norfluoxetine 2 n.a 0.7-2.5 n.d. n.d. n.d.
Fluvoxamine 1 n.a 0.8-1.7 n.d. n.d. 0.5-0.8
Sertraline 8 n.a 8-90 n.d. n.d. <LoQ
Desmethylsertraline 6 n.a n.d. n.d. n.d. n.d.
Paroxetine 4 <LoQ 3-13 n.d. n.d. 0.6-1.4
Tetracycline n.d. n.d. n.a. n.a. 06-1.1 n.d.
Trimethoprim 0.8-0.9 n.d. n.a. n.a. 0.07-0.15 n.d.
Sulfamethoxazole 0.2-0.3 n.d. n.a. n.a. n.d. n.d.
. = not detected, Table reproduced from ©8,
9
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Figure 9. Levels of polybrominated diphenyl ethers (PBDEs), shown
as the sum of BDE 47, 99, 100, 138, 153, 154, 183, 209, in sediment
from Isfjorden, Svalbard. Data from 2005 from Evenset et al. and
data from 2006 from Evenset et al.2%7, LYB1, 14 and 16 = stations in
Adventfjorden, 5 and 7 = stations in Grgnfjorden, 10 and 11 =
stations in Billefjorden, CB3 = station in Coles Bay, figure

reproduced with permission form 176,
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Figure 10. Time trends for polycyclic aromatic hydrocarbons
(PAHSs) (sum 16 EPA PAHs, ug/kg dry weight) in sediment from
different stations in Isfjorden, Svalbard. Data from 1998 from
Cochrane et al.?*®) data from 2005 from Evenset et al. and data
from 2006 from Evenset et al*”’. LYB1 - st. 16 = stations in
Adventfjorden, BB1- st. 8 = stations in Grenfjorden, PYRI - st.
11 = stations in Billefjorden, CB1 - CB5 = stations in Coles Bay,
Figure reprodused with permission from 7.

Arecent study indicated also local emission differences in PFAS levels
in Svalbard 23. A first surface seawater screening along the Isfjord
coast in Spitsbergen revealed an interesting feature. The PFAS
pattern in surface seawater samples influenced by the Russian
mining town Barentsburg (Grgnfjorden) in Svalbard was dominated
by perfluorobutanoic acid (PFBA), whereas the surface seawater
samples from Norwegian settlement mining town Longyearbyen
(Adventfjorden) predominantly with
perfluorooctanoic acid (PFOA) (Figure 11)?3. These different patterns
likely originate from technical

were contaminated

mixtures applied for specific
applications at the respective locations.
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Another study was able to identify the terrestrial extent of BFAS
contamination from Longyearbyen using surfdee ShowSdmpling2For
TFMS, PFHxS, PFOS, HFPO-DA (GenX) and C; — Ci1 PFCAs, the
concentration of surface snow in Longyearbyen was compared with
other sites around Svalbard: a nearby high elevation ice cap
(Foxfonna), high elevation reference locations on several other
glaciers and a remote high elevation ice core from Lomonosovfonna
(Figure 12).

SN

ng L'

H PFPeA

\E\Kilometers

Figure 11: Screening of per- and polyfluoroalkyl acids (PFAAs) in

seawater along the Icefjord (Isfjord) coastal region in Spitsbergen
(Svalbard, Arctic). The samples were collected in June 2016, figure
reproduced with permission from 23.
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Figure 12: Boxplots showing the concentrations (pg L) of TFMS,
PFHxS, PFOS, HFPO-DA (GenX) and C,—Cy; PFCAs from the Svalbard
crysopshere: in an ice core from Lomonosovfonna (Lomo, 2006—
2019), and surface snow from the settlement of Longyearbyen
(UNIS), Foxfonna (Fox) - a nearby high elevation glacier (Fox) and
remote reference sites on Spitsbergen glaciers 17°. Reproduced
under the Creative Commons Attribution 4.0 International licence
(CC BY 4.0).
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When comparing snow from Longyearbyen, with snow from the
reference sites, no significant difference was found for TFA, PFPrA
and TFMS. This suggested a common source, such as the atmospheric
degradation of hydrofluorocarbons (in the case of TFA and PFPrA).
However, the concentrations of PFHxS, PFOS and HFPO-DA (GenX)
and C4 — C1; PFCAs were 2.3 — 22 times higher in Longyearbyen
indicating a local source. This could be from the FFTS site at the local
airport, nearby by historic landfill activities, and/or diffuse sources in
the local settlement??. Bjérnsdotter et al. 174 also found that surface
snow in Longyearbyen had elevated detection frequencies of PFEtS
and PFBS compared to these same remote reference sites?%°, 166,167,
Together these studies showed that PFAS concentrations in surface
snow at the nearby icecap of Foxfonna were indistinguishable from
other remote glacier sites, indicating that PFAS contamination from
the Longyearbyen was contained within at least 16 km and below
800 m.a.s.l. (for the environment). However,
contamination from Longyearbyen’s landfill and airport is more

terrestrial

mobile in the marine environment (Figure 11).

In the Canadian Arctic, there is a long record of POP surveys near the
hamlet of Resolute Bay (also known as Qausuittug) on Cornwallis
Island (73-75 °N, 92-95 °W) 210212 Spgatijal analysis of water,
sediment, and biota from lakes on Cornwallis Island indicate local
sources of PFAS and organophosphate ester (OPE) flame retardants.
Stock et al.?’3 reported elevated concentrations of PFHxS, PFOS,
PFHpA and PFOA in water and sediment in Resolute Lake that were
up to 60-fold higher than corresponding levels in Amituk and Char
Lakes in 2003-04213 (figure 13). The local contamination that was
observed in these lakes was attributed to historical use of aqueous
film forming foam (AFFF) at the Resolute airport as well as raw
wastewater discharge from North Base from 1949 until 1990s 213
(Figure 12). Lescord et al. 224 performed PFAS analysis in biota from
lakes on Cornwallis Island. In addition to confirming high PFAS
concentrations in water and sediment from Meretta and Resolute
Lakes, much higher PFOS concentrations were also measured in
Arctic char (Salvelinus alpinus) of these lakes, i.e. 287 + 273 ng/g and
445 + 545 ng/g for Meretta and Resolute Lake, respectively. In
contrast, in char from other lakes located on Cornwallis Island, PFOS
concentrations ranged from 5.3 to 14 ng/g. Similarly, PFOS in juvenile
char whole body homogenate was reported to contain 181 + 50 ng/g
and 224 + 491 ng/g in Meretta and Resolute Lakes, whereas PFOS
concentrations ranged from 0.001 to 1.5 ng/g in the same species
from the other four lakes. Even in more recent water sampling from
2014, PFOS, PFOA and other PFAS continued to be higher in Resolute
and Meretta Lakes compared to other lakes, although levels are
declining (Figure 13). Resolute Airport served as an air force base in
the 1950s and as the main airport in the Canadian High Arctic
subsequently, with a staff of up to 150 people in the 1950s 21°,
Wastewater from cooking, washing, and sewage was held in holding
tanks and released without treatment into the upper catchment of
Meretta Lake every day between 1949 and 1998, entering the lake
through a series of small watercourses 2!, The eutrophication of the
lake was first described in the 1970s 21°, Water from Meretta Lake
flows

into Resolute Lake and thus both lakes have been

contaminated. The actual timing of use and emissions of PFAS at the

This journal is © The Royal Society of Chemistry 20xx

airport is unknown but could have been from routine fire training as
well as accidental releases. Cabrerizo et al 22/319d Fouhd \élevated
PFAS levels in soils collected near Meretta Lake, with PFOS (7.60 ng/g
dry weight) accounting for 90% of total perfluoroalkyl sulfonates
2PFSAs. PFOS concentrations in Meretta catchment soils were more
than 10-fold higher than in soils from the catchment of Resolute
Lake.

Perfluorooctane sulfonate (PFOS)

100 ? s ¥ o o o
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Figure 13. Perfluorooctane sulfonate (PFOS) and perfluorooctanoic
acid (PFOA) in water sampled in lakes near Resolute Bay with higher
concentrations [ng/L] due to local emission sources from the airport
(red star). Letters indicate location of lakes: Meretta (M), Resolute
(R), Char (C), North (N), 9-Mile (9) and Small (S). Not shown on map
is Amituk Lake on the west coast of Cornvallis Island (75.05 N, -93.81
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W). Data from Sun et al. 19, Siihring et al.l®! and De Silva et al.
unpublished data.

OPEs are widely used in consumer products, building materials etc.
and might thus be emitted from the use and disposal of these
products in the Arctic. OPEs were found in elevated concentrations
in Resolute and Char Lake compared to the other lakes in the vicinity
215 |In water, total OPE (2140PE) were 10143 ng/L and 49 + 2 ng/L
from Meretta and Resolute Lakes sampled in 2017 2% with a
predominance of tri-n-butyl phosphate (TNBP). This
corresponds with earlier reported OPE concentration in land-based

results

air samples in Resolute from 2012 which had median TNBP
corresponding to 416 pg m=3 (<LOD to 2052 pg m=3, n = 10), whereas
TNBP was below detection limits in ship-based air sampling 20 km
south of Resolute in 2013 216, A recent report proposed that TNBP
was related to the use of aircraft hydraulic fluid at the local airport .
Bartley et al.?¥’ studied PCBs, PAHs, and PFAS in marine sediment
cores from Frobisher Bay, Nunavut (Canada). One of the core
locations was in Koojesse Inlet, with the city of Iqaluit at its northwest
corner. lgaluit is the most populous city in Nunavut (population ca.
8500) and has experienced a rapid population growth and
development in recent decades. Historically, it hosted a military air
base (1942-1963) and was part of the Distant Early Warning (DEW)
Line. The sedimentary record indicated elevated PCB levels due to
Aroclor 1260 usage in the 1950s. Similarly, the profile of PAHs was
attributed to fossil fuel combustion in and around Igaluit. Significant
PFAS contamination is reported from the 1980s onwards. Local
activity also influenced the PFAS profile in sediment cores with
compounds specific to AFFF used in firefighting. In contrast,
contaminants in the sediment cores from outer Frobisher Bay
demonstrated a different pattern. For example, less chlorinated PCBs
were predominant, and diagnostic ratio analysis of PAHs revealed
petrogenic signatures consistent with long range transport. Taken
together, the results are likely to integrate over different local
sources associated with the urban settlement of Iqaluit as well as the
military infrastructure. In addition, chlorinated paraffins were
detected in samples collected near Igaluit, indicating local sources in
an urban settlement. Chlorinated paraffins (CPs) are a mixture of
technical chemicals with a very high production volume. It is
estimated that a total of 30 million metric tons of CPs have been
produced globally until today?!8. Short-chain CPs (SCCPs: C10-C13) and
medium-chain CPs (MCCPs: C14-Cy7) were found in abiotic and biotic
Arctic samples?19-22L |n the study from Igaluit 222, tissues from Arctic
char and ninespine stickleback (Pungitius pungitius) were analysed,
along with water and sediments from a creek running past the airport
and a small stream draining a former military landfill and dumpsite.
SCCPs in the water from Airport Creek had a concentration of 13.5 +
12.3 ng/L (range 3.7 and 37.2 ng/L) while MCCPs were higher than
SCCPs, averaging 88.6 + 90.4 ng/L. The highest levels of MCCPs were
found in water emerging from below an old military dumpsite
indicating a long-term and continuous source. Elevated levels of
SCCPs and MCCPs were found in nine spine sticklebacks collected
from the creek. However anadromous Arctic char (n=36) collected at
the outflow of the Sylvia Grinnell River (lgaluit) had relatively low CP
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concentrations (SCCPs 7.8 + 17.0 ng/g lipid weight (L\}); MGCPs, 6.8
+11.1 ng/g LW) compared to POPs in landlockéd cRariat e Cabadhian
Arctic. However, there are only few data for SCCP/MCCPs in fish in
the Canadian Arctic for comparison. Char collected at a site about 10
km west of Igaluit had lower CP concentrations (1.6 + 2.8 ng/g LW
and 3.7 + 1.8 ng/g LW for SCCPs and MCCPs, respectively). However,
the sample size was small (n=3). Significant concentrations of CPs in
sediment and water from some sites indicate ongoing local sources
of contamination and a lagoon associated with municipal waste
disposal had high levels of SCCP/MCCPs. A general overview on SCCP
and MCCP levels in Canadian fish is presented in a comprehensive
review publication 223, SCCPs are also reported as environmentally
mobile and long-range transported into the Arctic earlier 224, They
are classified as POPs, i.e. their long-range transport to the Arctic has
been confirmed in the POP assessment under the Stockholm
Convention. Domestic use of various technical and electronic
products, local waste handling and industrial applications have also
been described as potential local contamination sources of
hexachlorobutadiene (HCBD) 24 96225228 HCBD is an unintentionally
produced byproduct of various technical products and was found in
elevated levels in Arctic environments. However, given the volatility
of the compound, long-range atmospheric transport is a likely source
of HCBD in the Arctic, which is supported by the relatively high levels
found in Arctic air.

Plastics, including micro- and nanoplastics, have emerged as
significant local pollutants in the Arctic environment in recent years,
primarily due to the increasing presence and operation of domestic,
industrial, and military infrastructures?2®232, Also in the Arctic,
plastics are a major concern due to the high abundance of polymer
materials also in the Arctic communities. Local sources of plastic
pollution include waste handling, aquaculture operations,
transportation activities, and consumer product usage. In remote
Arctic communities, solid waste is often disposed of in open landfills
or through incineration, both of which can release plastic particles
into the surrounding environment?33-235, These landfills, frequently
located on permafrost, are vulnerable to thawing, which can mobilize
previously trapped contaminants, including plastic debris and
additives?36-238,  |ncineration,

uncontrolled, contributes to the release of microplastics and toxic

associated especially  when
compounds such as dioxins and furans.?3%-242 Aquaculture has been
identified as a growing source of plastic pollution, with infrastructure
components like nets, ropes, and feeding systems made from
synthetic polymers that degrade into micro- and nanoplastics.
Studies have found elevated levels of polypropylene, polyethylene,
and PVC in mussels collected near aquaculture sites in Northern
Norway, indicating direct exposure and accumulation in marine
organisms.236 243, 244 These plastics can also act as vectors for
persistent organic pollutants (POPs), enhancing their mobility and
bioavailability in Arctic ecosystems?4> 246 Transportation activities,
particularly the widespread use of snowmobiles and fossil fuel-driven
vehicles, contribute to plastic pollution through tire wear, fuel
combustion, and maintenance operations?4’- 248, Consumer products
such as cosmetics, detergents, and packaging materials also

This journal is © The Royal Society of Chemistry 20xx
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contribute to the release of microplastics through wastewater
discharges. Inadequate sewage treatment in Arctic settlements
exacerbates this issue, allowing plastic particles and associated
chemicals to enter freshwater and marine environments?*°, Seasonal
variations, such as snowmelt and increased UV radiation during the
midnight sun, influence the transport and transformation of these
pollutants. Atmospheric deposition has also been recognized as a
pathway for microplastic transport into the Arctic, with fibers and
fragments detected in snow and ice samples?*8, This suggests that
long-range transport complements local emissions, creating a
complex pollution profile. Climate change further amplifies the
problem by altering the cryosphere, increasing the mobility of
contaminants, and potentially enhancing degradation rates of plastic
materials into smaller particles. Monitoring data from locations such
as Longyearbyen and Ny-Alesund have confirmed the presence of
microplastics in soil, water, and biota, with concentrations varying
based on proximity to pollution sources.?*”- 250-253 The interaction
between microplastics and Arctic fauna raises concerns about
ecological and human health, as ingestion by low-trophic organisms
can lead to biomagnification through the food web.?>* 255 Despite the
growing body of evidence, many micro- and nanoplastics remain
undetected due to limitations in analytical techniques and research
biases toward known pollutants. Emerging screening methods and
non-target analyses essential to identify overlooked
contaminants and assess their environmental impact.*® The

are

persistence of microplastics in cold Arctic conditions, combined with
limited degradation and removal mechanisms, underscores the need
for improved waste management, infrastructure design, and
pollution  mitigation  strategies. International cooperation,
harmonized policies, and community engagement are critical to
addressing the multifaceted challenges posed by plastic pollution in
the Arctic?7 258, Urban settlements have also been associated with
local emissions of plastic litter, besides sources related to fisheries?3*
235 Even the atmospheric transport of microplastic particles, mainly
fibers, into the Arctic has been reported recently 2°°. Transport also

occurs by sea-ice from Russian rivers 260,

Airports as local pollution sources in the Arctic

Soil, drainage water and snow samples in the vicinity of the local
airports in Longyearbyen and Ny-Alesund in Spitsbergen (Svalbard)
showed surprisingly high PFAS concentrations with PFOS as the
major constituent 23 167, The commercial airports in Norway are
owned and operated by Avinor which is a wholly owned state limited
company under the Norwegian Ministry of Transport and
Communications. The military airbases in Norway are owned by the
Norwegian Defense Estates Agency. Avinor phased out the use of
PFOS-based AFFF in 2001262, and such foam was phased-out from all
of Norway in 2007262, Firefighting foams containing fluorotelomer-
based surfactants (such as 6:2 fluorotelomer sulfonate (6:2 FTS)
and/or related products) were used as replacements?®3, however,
the use of all PFAS-based foams was discontinued in 2012 and
between 2012-2015 at commercial and military airports, respectively
263, The Norwegian Environmental Agency has demanded an

investigation of the extent of PFAS pollution at Norwegian airports.

This journal is © The Royal Society of Chemistry 20xx

In the following, some illustrative case-study sites from the Arctic
Norwegian mainland are discussed regardingoth® #\i5€/6f Yol ltidn
and potential consequences.

PFAS-containing AFFF have been used for firefighting since the 1960s
264 Extensive use of AFFF at firefighting training areas, military sites,
and airports has resulted in significant PFAS contamination at these
sites and nearby environments 265-268, The long distances in the Arctic
in combination with the lack of road and railroad connections make
airports critical infrastructure for transport and local accessibility in
this region. There are approximately 1300 airports and heliports in
the Arctic, however most of them are small both in physical extent
as well as number of flights (Figure 13). In 2019, there were seven
large and ca. 260 medium sized airports in the Arctic region (IATA
registered). In addition, there were 265 small airports with an
International Air Transport Association (IATA) code, and 500 small
airports without an IATA code. To service incoming flights, several
chemicals are regularly applied at airports in large volumes, including
petroleum products, de-icing chemicals and firefighting products 26°.
Thus, airports can be a significant local source of pollution, resulting
from fuel spills, de-icing routines, and firefighting exercises using
AFFF that contain PFAS-based AFFF.

At Bodg Airport (northern Norway) PFAS were used in firefighting
operations and, hence, were found in stormwater and soil leachate
which drain into the surrounding marine environment. Both PFOS-
and fluorotelomer-based foams were used at the airport. PFOS was
the dominating PFAS in stormwater at the airport, while 6:2 FTS
dominated in leachate where firefighting training had been
performed during the last years before the phase-out of all PFAS-
based foams. Sediments and biota (fish and invertebrates) were
investigated at the military site at Bodg Airport 263. Higher
concentrations of PFOS were reported in biota near the Air Station
compared to a reference site on the other side of the fjord (e.g.,
Atlantic cod liver concentrations of 6.5 versus 1.6 pg kg?t).
Interestingly, almost no accumulation of 6:2 FTS was observed in fish.
This is in line with the scientific literature reporting that fish
biotransform 6:2 FTS into PFAS with shorter alkyl-chains 270-272,
However, in invertebrates, a significant accumulation of 6:2 FTS was
observed, possibly reflecting a lower biotransformation potential in
invertebrates 263, Although the concentrations in fish were relatively
low (the Environmental Quality Standard, = EQS, of the European
Water Framework Directive is 9.1 pg kg™ for PFOS in fish), the higher
concentrations in biota near the Air Station compared to the
reference station show that PFAS pollution from airports may
significantly affect biota concentrations in the local environment.
Recently, it has been reported that consumption of even limited
amounts of fish with concentrations well below the EQS will lead to
exceedance of recent tolerable intake or reference dose values in the
EU and the USA 273, C; — Cg PFAAs were also taken up by benthic
in the
Longyearbyen airport.
suspected to be probably due to the continuous release of drainage

organisms local coastal marine food web close to

The source of this contamination was

water from the local firefighting training site. However, a direct
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correlation between the local contamination and top predators
(glaucous gulls) could not be established 274, In addition, in the same
region, Warner et al. ?’°> identified three Svalbard settlements
(Longyearbyen, Barentsburg, and Pyramiden) as local sources of
contamination of eggs of snow buntings (Plectrophenax nivalis) with
PCBs, OCPs and PFAS 276,

Marine organisms are important food sources for local communities
and wildlife in the Arctic. Associations between the consumption of
fish from waters affected by PFAS pollution from Harstad/Narvik
Airport in Northern Norway and serum PFAS concentrations in
humans have been reported 277. PFOS concentrations in the muscle
of brown trout (Sa/mo trutta) from one of the lakes near the airport
were in the range of 13.6-24 pug/kg. A significant, positive association
was seen between consumption of fish from the impacted waters
and human serum PFAS concentrations (geometric mean of 28 ng
mL? in the high consumption group versus 10 ng mL?! in non-
consumers). This shows that local sources of PFAS, from use at
airports in the North, may lead to a significantly increased exposure
of local populations.

Svalbard airport (Longyearbyen) has one active and one abandoned
firefighting training site. PFAS concentrations in runoff-/leachate
water were 365 ng L't and 57 ng/L for 14-PFAS at the active and the
abandoned site, respectively and determined as a major local PFAS
sources for biota in the surrounding environment 167, At the research
station of Ny-Alesund, high PFAS concentrations were reported in
runoff water (113-119 ng L for 514-PFAS) and soil (211-800 pg kg*
dw for 214-PFAS) close to the firefighting training site of the small
airport serving the research station 2°. Local sources of PFAS on
Svalbard, including Svalbard airport, have been determined to pose
a potential risk for top predators and humans due to contamination
of surface water and local food 23.

The PFAS concentrations in Svalbard were approximately 50% of the
concentrations reported for corresponding soil samples near
Norway’s largest airport in Gardermoen, Oslo (Table 2). These results
confirm that the environmental PFAS contamination associated with
AFFFs from airport firefighting training sites is not directly correlated
with the size of the airport but influenced by other factors, for
example the retention technologies used to avoid environmental
contamination.

Table 2: PFAS (Sum C; — Ci2 PFAA) in soil samples from airport
firefighting training sites. Table modified from 2°

Location Levels [ng/g | References
dw]

Oslo Airport, Gardemoen, 2600 278

Norway

Ellsworth Air Force Base, 2400 279

USA
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Svalbard, Ny-Alesund 1100 2w Article Online

. DQ: 10.1039/D5VAP0261C
Airport

Svalbard, Longyearbyen 1600 23

Airport

As demonstrated by PFAS, Arctic airports can be important local
pollution sources. It has been estimated that as many as 152 to 420
different airport locations in Canada have PFAS-impacted surface
waters 267 (figure 14). This illustrates the large number of potentially
PFAS-polluted airports in the Arctic region. Hence, airports and
airbases in the Arctic may be significant sources of PFAS to the local
environments, with the risk of food web accumulation and
subsequent exposure of humans. This is of concern, especially in light
of current tolerable intake estimates of only 4.4 ng/week/kg body
weight for the sum of PFOS, PFOA, PFNA and PFHxS, as published by
the European Food Safety Authority 280281,

Airports in the Arctic 2019 =i &) Nordregio
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Figure 14: Civil airports in the Arctic. This figure is reproduced from
Norregio (for more details see https://nordregio.org/maps/airports-

in-the-arctic-2019/, downloaded 05.08.2025)

Jetfuel 1A used in aviation is generally considered to be easily
degradable 282, Although low temperatures and freezing conditions
can strongly delay these natural processes 283, hydrocarbons will be
degraded over time, as long as the soil thaws during summertime. A
major oil spill that occurred at Ny-Alesund on Svalbard during the
1980s is at present no longer detectable, based on soil and
groundwater measurements 284 285, The main environmental threat
associated with oil contamination is its spreading to the freshwater
and the marine environment where animals will be affected 28. The
de-icing of airplanes and runways is common practice in the cold

This journal is © The Royal Society of Chemistry 20xx
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climate of the Arctic. Aircraft de-icing/anti icing fluids (ADFs) are
principally based on propylene glycol (PG) while runway de-icing
chemicals are based on potassium acetate, formic acid or urea. In
general, these are all easily degradable compounds as long as the
environmental conditions are favourable?®” (Jia et al., 2018). The
main concern associated with de-icers is eutrophication resulting in
anoxic conditions in both surface and groundwater 228, However, to
improve the performance of de-icers and limit the impact on the
materials used in airplanes, additives are added that have been
shown to be persistent in the environment 28, Elevated levels of
TNBP in Arctic air were found at some locations in the Canadian
Arctic2*°, TNBP was associated with the use in aircraft hydraulic
fluids?4, Furthermore, an airport at Igaluit was considered as one of
the potential sources of SCCPs in the local environment!®.

Petroleum and deicing related contamination are relatively easy to
reduce by proper management to reduce spills. If spills occur, natural
degradation processes can reduce these contaminants over time.
However, due to their persistence, local PFAS sources are a serious
concern for the Arctic environment, where airports play a major role.
However, there is a great variation between countries in available
information about PFAS pollution from airports. While relatively
much is known about PFAS pollution at Norwegian airports,
information about potential PFAS pollution at airports in e.g.
Greenland and Iceland is limited. However, it has been reported that
livers of caribou (Rangifer tarandus groenlandicus) from Akia-
Maniitoq and Kangerlussuaq, both located near the largest airport in
Greenland, along with a former military base, have high
concentrations of PFAS (21,PFAS of 101 ng g?! and 45 ng g?,
respectively) 28°. Furthermore, other chemicals might be used in the
aircrafts themselves, for example as lubricants, and emitted during
use and maintenance. A recent survey on PFAS contaminated surface
waters in Iceland revealed among others also the domestic airport in
Reykjavik as PFAS source?°.

The AFFF formulations used at airports have changed over time at
Other PFAS than PFOS, including
fluorotelomer-related PFAS, been released the
environment in significant concentrations. These replacement

some locations 291 292,

have into
compounds might have different physical-chemical properties and
will be important to consider for future sampling campaigns and
estimations of human exposure.

In a screening study conducted in Adventfjorden, Grgnfjorden and
Kongsjorden (Spitsbergen, Svalbard) in 2015 203 293, several PFAS
were detected in surface sediment collected close to potential local
sources (Figure 15). Besides the airport in Longyearbyen, other
potential local sources included landfills and sewage outlets. The
PFAS that were detected included 6:2 FTS, PFDcA, PFHpA, PFHXA,
PFNA, PFOA, PFOS, perfluorotetradecanoic acid (PFTeA) and
perfluoroundecanoic acid (PFUnA) Of these PFDcA, PFNA, PFOA and
PFUnA were detected at all sites, including the reference site in
Kongsfjorden (Figure 15). 6:2 FTS was only detected at the reference
site. No significant differences were found in IPFAS between the
three sampling areas, although the levels were generally higher in

This journal is © The Royal Society of Chemistry 20xx

Grgnfjorden than in Adventfiorden and lowest at the reference
station. Various PFAS-compounds dominate@n: the @hyeeSareédy’Glé.
PFOS in Adventfjorden, PFHpA in Grgnfjord and 6:2 FTS at the
reference station. High concentrations of PFOS have previously been
reported in soil-samples from Svalbard airport?3. However, the levels
of PFAS were not higher in sediment collected outside the airport
than in sediment from other stations in Adventfjorden 3.
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Figure 15. PFAS concentration [ng/g dry weight] in sediment-samples
from Adventfjorden (L), Grgnfjorden (B), and Kongsfjorden,
September 2015, Figure reproduced with permission from 23,

6:2 FTS= 5:2 Fluorotelomer sulfone; PFOS = Perfluorooctane
sulfonate; PFHxXA = Perfluorohexanoic  acid; PFHpA
=Perfluoroheptanoic acid; PFOA = Perfluorooctanoic acid; PFNA=
Perfluorononanoic acid; PFDcA= Perfluorodecanoic acid; PFUnA =
Perfluorondecanoic acid, PFTeA = Perfluorotetradecanoic acid.

Besides firefighting sites at airports, other AFFF uses might have
caused other locally pollution at other sites. For example, in a waste
dump in the former mining town Svea, high levels of PFAS were
measured in soil and run-off water 24, Elevated levels were also
found in an area outside the settlement. Both areas had been used
for firefighting training activities. PFAS-containing AFFF was also used
for firefighting in mine 7 on Spitsbergen, and high concentrations of
PFOS are still found in soil/dust inside the mine
Communication, Dr. Gijs Breetveld, NGI&UNIS).

(pers.

Solid waste handling as a local pollution source

Waste management in remote Arctic communities is influenced by
the low population density, logistic challenges with large distances
between settlements and harsh climate conditions, including
permafrost. Traditionally, the amount of waste produced in the
Arctic has been low, but societal development and economic growth
have led to an increase in waste generation. Almost all goods and
materials are transported to the Arctic from southern regions. When
these goods and materials have reached the end of their lifetime,
they typically stay in the Arctic. This means that accumulation of
waste, including legacy waste, is a problem that is typically left to be
solved locally. Landfilling and incineration are the most common
waste treatment practices in the Arctic, while reuse, composting and
recycling rates are low %. Landfilling varies from unorganized open
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dumps without any protection of soil or groundwater, to controlled
landfills for instance using cover material and dividing different
waste types into designated zones, to sanitary landfills with leachate
and gas collection 2%5, The latter type of landfill is not common in the
Arctic. Incineration practices range from sporadic open burning or
contained open burning without any control of the incineration
process or environmental emissions, to waste-to-energy plants.
Waste-to-energy plants have flue gas treatment, which reduces the
level of contaminants emitted through the flue gas and utilizes the
heat to produce energy for the local community. The use of waste-
to-energy plants is common in Greenland, where district heating nets
are installed in the towns 2%, Both landfilling and waste burning can
be local sources of contamination.

Atmospheric landfill emissions are usually gas, including heat, and
leachate. Landfill gas is mainly CH; (methane) and CO, (carbon
dioxide) produced by anaerobic digestion of organic waste, an
exothermic process, which heats the waste. Furthermore a variety of
volatile organic contaminants (VOCs) and other organic pollutants
are reported as landfill emissions not only in the Arctic?®”- 2°8 The
amount of landfill gas produced depends on the amount and the
composition of the organic waste in the landfill but has not been
quantified. Landfills in the Arctic receive a mixture of waste types,
including municipal, construction, hazardous and industrial waste,
and in some areas also human waste 2%. This mix of waste results in
leachate containing dissolved organic matter, inorganic macro
components, and xenobiotic organic compounds 2°°, The amount of
leachate is dependent on the net infiltration, the top cover of the
landfill and the surface area utilized for the landfill. Additionally,
there is drainage water from landfills during snowmelt. The
geological location of the landfill will influence the emission paths.
Landfills can be placed in natural or excavated trenches, directly in
soil (with or without permafrost) or on cliffs close to the coast. The
placement of landfills or dumps in the Arctic has mainly been in easily
accessible areas, rather than areas which are appropriate for
landfilling and many dumps are close to residential areas.

Only a few studies have been conducted on the impacts of landfills
in terms of Arctic pollution. Permafrost has been an effective barrier
for leachate emissions from Arctic landfills. However, the heat
produced in the degradation of organic waste as well as salt release
from waste can thaw the permafrost and form talik zones under
landfills, activate thermokarst and thermal erosion. Permafrost
degradation under landfills is still not investigated well 3°°. However,
indications exist of thawing permafrost in a warming Arctic, with the
potential consequence of contaminant releases from waste storage
in permafrost3°. Due to the cold winters, the degradation processes
in waste are expected to be slowed down in Arctic landfills compared
to temperate regions. Waste temperatures measured in May 2004
and 2007 at the landfill in Anchorage, Alaska showed
temperatures, even below 0°C, in the top layers of 0-2 year old

low
waste, which increased to above freezing temperatures after 3 years

302 Another part of the landfill with 1-5 year old waste had higher
temperatures, however, the waste temperatures at the landfill in
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Anchorage were lower than in more temperate climates 3%, The
degradation of organic waste in a landfill proteeds i sederah phesks
(acidic phase, initial methanogenic phase and stable methanogenic
phase), and under temperate conditions these stages take at least 30
years before the landfill can be considered closed and inert 22, Arctic
landfills can therefore be expected to be a source of local
contamination for a much longer time.

In general, the formation of leachate is low under Arctic conditions
due to reduced infiltration as the ambient temperature is rather low
throughout the year. A recent study showed a stable chemical
oxygen demand (COD), reflecting the level of organics in the waste,
in column tests with waste during winter and an increase in COD
after thawing period in the spring. Lund and Young (2005) conducted
long-term Li* tracer experiments at three different sites with varying
soil conditions in the Canadian Arctic 3°3, The study indicated that
during the snowmelt period in the spring, significant amounts of
contaminants could be rapidly removed, even without being
dissolved, as the snowmelt also means a significant transport of
particles. There is a concern for the release of contaminants from
coastal waste disposal sites since they can accumulate in the marine
food web and lead to exposure of local populations. Leachate
samples taken from three Greenlandic waste disposal sites showed
release of both organic and inorganic contaminants, which were
discharged directly to the recipients 39 305 The leachate
measurements showed concentrations of PCBs between 0.003 and
0.202 pg/L, 0.038 and 1.9 pg/L for PAHs and I-TEQ 0.001 and 0.111
ng/L for polychlorinated-p-dibenzo dioxins and furans (PCDD/Fs) in
the leachate. Brominated flame retardants, oil compounds (like
PAHSs, n-alkanes, aromatic substances etc.) and phthalates were also
detected, whereas pesticides were not found. The high chlorinated
dioxin level in one of the leachate samples was linked to the practice
of open burning that took place periodically at that disposal site 3.
Investigations of the marine recipients including seaweed
(Phaeophyceae), sculpin (Myoxocephalus scorpius), blue mussel
(Mytilus edulis) and sediment from these three disposal sites showed
elevated PCB concentrations compared to background levels, but still
relatively low concentrations. For other organic contaminants, the

concentrations were either very low or below the detection limit 304,

Residuals from waste incineration include flue gas (particles, acids,
organic and inorganic contaminants) and the fly and bottom ashes
produced. Open burning can take place directly at the landfill, in
barrels, cages, containers and outdoor furnaces. This type of burning
results in incomplete combustion due to low combustion
temperatures, and emissions include particles, CO, PAHs, Pb, Hg,
POPs, including PCDD/Fs, VOCs and others. The PCDD/F emissions
from open burning of mixed municipal solid waste could be 17 times
higher compared to controlled incineration 2%, In Greenland, the six
biggest towns and settlements currently send part of the waste to
simple waste-to-energy incinerators with fly ash collection
systems3%, Dioxin I-TEQ concentrations up to 100 higher in the fly
ash/air pollution control residues were seen than in modern Danish

incinerators which also have extensive flue gas treatment 397,

This journal is © The Royal Society of Chemistry 20xx
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Most of these small facilities (mostly supporting less than 20
households) are facing capacity problems resulting in the
accumulation of combustible waste in the landfills 2°¢ and cannot
clean the flue gas to sufficient health standards. The EU limit for
dioxin emissions is 0.1 ng I-TEQ/m?3 and concentrations of 3.3 ng I-
TEQ/m3 have been measured in the flue gas at the current
incinerator in Sisimiut 3%, In smaller settlements where waste is
burned without flue gas treatment, PCDD/F concentrations up to 90
ng I-TEQ/m3 have been measured in the flue gas 3%°. To improve the
Greenlandic waste management system and reduce environmental
emissions, two new larger, state-of-the-art waste incinerators have
been constructed for operation in Nuuk and Sisimiut. These two
incinerators will treat all combustible waste in Greenland. The waste
will be packed locally and shipped to the nearest incineration plant
310 where the energy will be utilized for heat and the flue gas will be
treated to meet EU regulations on incineration emissions. The fly ash
is collected at the incineration plants in Greenland and sent to
Norway for treatment at special hazardous waste facilities. Bottom
ashes are disposed of at the local landfill. Ideally, after complete
combustion, they should only contain incombustible larger particles
and pieces of metal, soil, ceramic, glass or similar materials.

Spontaneous landfill fires also occur in the cold Arctic. These
spontaneous landfill fires can be either surface or subsurface fires.
Surface fires are less dangerous, as they can be easily extinguished
since they are started by a heat source in contact with the surface of
the waste. Subsurface fire occurrence is of a more complex nature
and starts from the produced heat in the waste mass. Subsurface
landfill fires are typically smoldering at low temperatures and can
propagate into a large waste mass and, thus, arwe very difficult to
extinguish. Dioxins in concentrations up to 4.95 pg/m?3 (not i_TEQ)
were recorded in ambient air during a 3-months uncontrolled
landfill fire in
concentrations 66 times higher than after the fire was extinguished

subsurface Igaluit, Canada, with mean dioxin
311 Since landfills are typically placed near residential areas, the
prevailing wind directions can send the smoke towards the
inhabitants.

Contained incineration of waste instead of open dumps has been
shown to improv wildlife conditions for non-breeding glaucous gulls
in Barrow, Alaska, where the amount of waste in their diet was
reduced from 43 % to 28 % 312. A study from Alaska has also indicated
risk for lower birth weight and growth retardation risks for babies
and toddlers in Alaskan native villages from the use and exposure to
contaminants from open and uncontrolled dumpsites with open
incineration 313, Furthermore, incineration can possibly increase the
risk of cancer for people living in the close vicinity of the incinerator
due to elevated air emissions 314, and incineration also produces
particulate residues such as ashes, which are toxic.

In a study from Svalbard, elevated PFAS concentrations were found
in soil and meltwater samples contaminated from the abandoned
open garbage dump in Adventdalen valley 23, indicating that open
garbage dumps can also be significant local sources of PFAS in the
Arctic.

This journal is © The Royal Society of Chemistry 20xx

Monitoring and source elucidation of pollutants in marine Arctic.
biota DOI: 10.1039/D5VA00261C
Contributions from local sources of contaminant exposure to high
trophic level marine species are difficult to evaluate due to the
animals’ large habitats, foraging ecology, and diversity of prey. A case
study (see Houde et al. 31%) was conducted based on long-term
contaminant data in ringed seals generated in the monitoring
programs of Canada, Greenland and Svalbard. These monitoring
programs have run since the 1990s. Potential local sources were
identified at each site of the monitoring sites, i.e., local community
infrastructure (e.g., mines, airports, solid and liquid waste treatment
facilities, proximity to Distant Early Warning sites). For ringed seals
(Northwest
Territories), Arviat and Resolute Bay (Nunavut), and Nain (Labrador),

collected at the Canadian sites Sachs Harbour

influences of these potential local sources on the long-term
contaminant POP data were studied. The models indicated small, but
notable contributions from these potential local sources for PCBs and
PBDEs. Associations were found with population size, power
consumption, mines and airports, accounting for 17% (PCBs) and
<2% (PBDEs) relative to the contribution from long-range transport.
It should be noted that the study also considered inorganic
compounds, such as metals from mining. showed that community
population size, airport and power sources were positively
associated with concentrations of the quantified PBDEs. For PCBs,
positive relationships were found between several PCB homologue
groups and population size, power consumption, mines and airports.
No clear local source effect was seen in the ringed seals for OCPs and
no local source effect was seen for PFAS. This study suggests that
local source contribution to PFAS, OCP and PBDE exposure of the
seals from these communities is very low, 0-1.7%, and fairly low,
17.2%, for PCBs relative to the contribution to the environment from
Long-range environmental transport 316. However, in a recent survey
in gull eggs and fish samples from the Candian Arctic elevated levels
of selected OPE flame retardants were confirmed3?7.

Research stations as contaminant sources

As a Norwegian contribution to the last International Polar Year
(IPY 2007-2009), the joint Norwegian-Swedish research station
in Kinnvika (Rypfjorden, Nord-Austlandet Island, Svalbard, 78N
latitude) was reactivated in 2007 and refurbished after the
station was abandoned and left unused and unchanged since
the end of the earlier geophysical Polar Year in 1957-1959. The
station consists of a total of 11 buildings and has its own airstrip.
The station facilities were not utilized for roughly 50 years until
2007. During the inspection of the station prior to reinstallation,
technical wastes, leaking barrels and other waste piles were
identified which had not been removed after the station was
abandoned in the late 1950s. A first screening of the adjacent
soil, drainage water and snow samples revealed elevated
concentrations of PAHs and PCBs3'8. A recent follow up studies
confirmed possible local pollution in the Kinnvika.

Polychlorinated naphthalenes (PCNs) were found to be elevated near
the Ny Alesund research station on Svalbard (250). However, PCNs
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were phased out long ago, so their origin might be related to
secondary sources or general diffusive occurrence.

Organic contaminants in Antarctic research locations

As a reference region, and to demonstrate the regional differences
in pollutant profiles, a short section on Antarctic source elucidation
is included here as an Arctic comparison. The isolation of Antarctic
stations from local domestic and

scientific life-supporting

infrastructure provides a clearer analysis of these as local sources.

There are no current industrial or public infrastructure in Antarctica.
The human footprint in terms of construction includes numerous
research stations used for different purposes. There are more than
60 seasonal (on pack ice) or permanent (on land) runways and
heliports, docks, and scientific structures. The scientific activities and
related logistics, including the use of machinery and motorized
vehicles, produce a variety of waste. Some chemicals and fuel may
be kept in containers subject to deterioration or may have been
released directly into the environment 146, Protective activities are
carried out under the Antarctic Treaty System (ATS) 3° which
guarantees the conservation of the Antarctic ecosystems through its
Conventions. The Parties of the AT identified the need for an on-site
treatment of waste or waste removal from Antarctica. The
Recommendation VIII-11 was adopted in 1975 and contained the
first agreed guidance for the appropriate management and disposal
of waste generated by scientific expeditions and stations, with the
aim of reducing the human impacts on the Antarctic environment.
(https://www.ats.aq/devAS/Meetings/Measure/111) In 1989, the
Parties adopted Recommendation XV-3
(https://www.ats.ag/devAS/Meetings/Measure/172) more
stringent waste management and disposal, for managing wastes
deriving from present and future activities, and for programs to clean

for

up existing waste and abandoned work sites.

The current specification on waste management and disposal in
Annex Il to the Environment Protocol, on Waste Disposal and Waste
Management (http://www.ats.ag/documents/recatt/Att010_e.pdf)
reflects many of those specifications included in Recommendation
XV-3. In the past, waste in Antarctica was burned or disposed of in
dumps, and abandoned facilities were simply left to deteriorate,
causing serious impacts on the environment, such as the
accumulation of physical debris (e.g. building materials, machinery,
vehicles, general rubbish) and the leakage of fuel and chemicals. All
waste degrades very slowly under the extreme weather conditions
of the Antarctic. In 2019, the Resolution 1 of the Antarctic Treaty
Consultative Meeting XLII adopted the Revised Antarctic Clean-Up
Manual (Annex I,
https://www.ats.ag/devAS/Meetings/Measure/701). While it is

difficult to assess the volume of the waste in Antarctica, estimations

at well documented sites and further extrapolations suggested that
more than 1 million m3 of waste and a similar volume of petroleum-
contaminated sediment could be present in Antarctica 320-322, This
waste, and the associated contaminated sites are concentrated in
the very rare deglaciated areas, consisting of approximately 1% of
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the continent 323, These ice-free areas host very sensitiye ecosystems
324 of endemic flora and fauna (e.g. Cape Malléb,1B38t DRREAERTES)
(Figure 16). The impacts of waste on terrestrial and marine
ecosystems are expected to increase over time: containers can
degrade, even if it happens slowly, and release chemicals to the
environment 325,

Figure 16: Cape Hallet, East Antarctica: a) an example of fuel drums
in a helicopter fuel cache; b) an abandoned weather station; c, d, f)
abandoned waste from an old station destroyed by a fire in 1964; e)
plastic waste on the beach in front of an Adelie penguin rookery;
(Photo N. Ademollo @ Italian National Antarctic Research Program).

Several previous studies have reported on pollutants from airports
and stations as local sources of contaminants in Antarctica.
Sediments, soils, and biota from coastal lakes along the Victoria Land
were analysed for PCBs and PBDEs at different distances from the
scientific station (Zucchelli Research station, Terra Nova Bay) along
with samples from a long time field camp in a penguin rookery and
from an airstrip with stored fuel drums 326, The detection of lower
chlorinated PCBs suggested that distant sources from long-range
atmospheric transport were the main pathway. However local
contamination from application of surface paint (containing e.g. PCB-
11 and PCB-52) cannot be excluded. The authors hypothesized that
the presence of a seasonal field camp near one of the lakes could
represent a local contamination source; moreover, a nearby seabird

This journal is © The Royal Society of Chemistry 20xx
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colony could present a secondary source of contaminants in this
area. Seabird colonies were suggested as a local secondary source of
contamination through biovector-based pollutant transport3?7, 328,
An airstrip and the refuelling point between two other lakes was
ascribed as a local source of PBDEs used during air operations.

The survey indicates that long-range atmospheric transport is mainly
responsible for POPs distribution in Antarctica and that local sources
(from e.g. stations, airstrips, refuelling points) affect mostly the local
environment near the research station. Although the presence of
seabirds may be a local contaminant input due to the
biomagnification of contaminants and further release through
excreta and dead organisms, the mechanism is different. It is a
secondary source that does not directly result from the emission of
chemicals in use. Instead, it is a concentrated input of contaminants
that are transported to Antarctica with long-range transport. The
transport of contaminants with migratory animals is included in the
long-range transport mechanism according to the Stockholm
Convention. While the effect on the local environment may be
similar, it is relevant for the regulatory context involving long-range
transport as a regulation criterion. Similar results were reported
earlier for the same lakes 3%° where the highest concentrations of
higher chlorinated PCB and PBDE congeners were ascribed to local
sources, i.e. stations as primary emission sources and seabird
colonies as secondary sources. These principles were also described
for Arctic lakes and ponds 330331

Combustion of biomass and coal due to fires in South America was
recognized as the main source for POPs and related compounds in
Antarctica in several atmospheric surveys. However, elevated levels
of naphthalene and its homologues (indicators of pyrogenic PAH)
suggested that stations and related activities are local pyrogenic PAH
sources. Also, higher PAH levels were detected around the Polish
Arctowski station which were ascribed to incidental oil spills while
using diesel fuel 332, The local and long-range sources of some POPs
and PAHs were investigated in continental and coastal surface snow
of Antarctica 32°. The PAH composition suggested that a major source
was regional and related to activity at the research stations, ship
traffic, and fuel combustion, with an additional contribution from
long-range transport. These authors reported about a considerable
time lag between the emission of POPs from source regions in the
southern hemisphere and the corresponding deposition in Antarctic
snow; thus, they suggested that POP concentrations were likely to be
ascribed to local or regional sources, while the long-range transport
from other continents was hypothesized to play an indirect role 32°,

The distribution of PPCPs in Antarctica is still far from being well
documented. A pilot study was conducted to evaluate the presence
of organic UV filters in Antarctica 3%, 2-Ethylhexyl 4-
methoxycinnimate (EHMC, octinoxate) was detected for the first
time in Antarctic surface snow, in snowmelt and ponds with
concentrations between 0.4-3.1 ng/L. Activities at research stations
are a potential primary local source of EHMC but the results also
suggested the possibility of long-distance sources. Nevertheless,
according to the current state of the science, local anthropogenic

This journal is © The Royal Society of Chemistry 20xx

influence is considered the main possible source of EHMC, both, in
DOI: 10.1039/D5VA00261C

midlatitude and polar regions.
Microplastics detected in Antarctic snow near research stations have
also been attributed to local sources333 . However, observations of
homogenous spatial distributions of microplastics also highlight the
likely long-range transport of microplastics to Antarctica334

In summary, levels of long range-transported organic contaminants
seem to be quite homogeneously distributed in the different sectors
of Antarctica, while locally released contaminants usually show
decreasing concentrations with distance from the local source. In this
context, climate change-related increasing temperatures and
consequent alteration of biogeochemical cycles 33> may affect the
distribution of contaminants from local sources. Terrestrial coastal
environments in Antarctica (where most stations are located) are
linked to marine ecosystems, being both nesting sites for seabirds
and resting or reproductive sites for seals. Terrestrial and marine
ecosystems are interconnected, and changes, for example resulting
from melting ice, may affect all these Antarctic ecosystems.
Abandoned waste at continental sites distant from coasts may be
initially/theoretically less impacted by climate change since
temperatures here are extremely low.

In contrast to the Arctic, Antarctica’s lack of industrial infrastructure
and its controlled human activity—primarily through scientific
stations—provides a relatively clean baseline for identifying
pollutant sources. As shown in the here provided section, persistent
organic pollutants (POPs), polycyclic aromatic hydrocarbons (PAHs),
and microplastics in Antarctica originate both from long-range
atmospheric transport and local sources such as fuel spills, station
operations, and seabird colonies acting as biovectors. These findings
underscore the importance of distinguishing between primary
emissions and secondary sources such as biovectors. This concept is
equally relevant for the Arctic. Moreover, the Antarctic Treaty
System’s progressive waste management protocols, including on-site
treatment and removal strategies, offer a possible model for Arctic
governance as well. The Revised Antarctic Clean-Up Manual and
Annex Ill of the Environmental Protocol demonstrate how structured
international cooperation can mitigate environmental damage, even
in remote regions. The detection of UV filter chemicals and
microplastics near stations also highlights the need for monitoring
emerging contaminants, which are increasingly relevant in the Arctic
due to rising tourism and research activities. Additionally, the clearly
observed influence of climate change on contaminant distribution—
through melting ice and altered biogeochemical cycles—mirrors
Arctic conditions, reinforcing the urgency for adaptive management
strategies. By applying lessons from Antarctic pollutant pathways,
regulatory frameworks, and ecological impacts, Arctic stakeholders
can better anticipate contamination risks, improve waste handling
practices, and strengthen cross-regional environmental protections.
Thus, Antarctic findings serve not only as a scientific reference but
also as a blueprint for sustainable pollutant management in the
Arctic.
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Industries as a pollution source in the Arctic
Some of the possible direct and indirect consequences of local
industrial pollution in the Arctic:

Pollutant disruption of Marine Ecosystems: Pollutants can
enter the Arctic Ocean through a variety of local industrial
activities. These contaminants can accumulate in the tissues of
marine organisms, affecting their health and reproduction. This
disruption can have effects on the entire food chain.

Contamination of Freshwater Sources: Local industrial
activities can lead to the release of toxic chemicals into
freshwater systems. This contamination can impact the health
of aquatic organisms and pose risks to communities that rely on
these water sources and ecosystems for drinking water, food
supply and recreational purposes.

Air Pollution and Human Health Risks: Regional industrial
activities release pollutants into the atmosphere, which can be
carried over long distances by air masses. These pollutants after
uptake and possible accumulation in the food web, can affect
the health of Arctic residents and wildlife. Near emission
sources, they can potentially cause respiratory problems and
other health issues in local populations.

Disruption of Indigenous Livelihoods: Local and indigenous
communities in the Arctic depend on hunting, fishing, and
gathering for their subsistence as a part of their social and
cultural identity. Pollution-induced disruptions to the natural
environment may have severe socio-economic impacts on these
communities. Industrial emissions and discharges are identified
as a major local source of organic contaminants in the Arctic
environment 101 336339 | grge-scale fisheries, fossil resource
extraction as well as Arctic mining are identified as relevant
local pollution sources8® 261,340,341 A|| these industrial activities
require extensive logistical support for allowing effective
operations. This includes transportation, maintenance
requirements and accommodation for operators 342345, To
illustrate the different dimensions of these industrial pollutant
sources in different Arctic regions, selected examples will be
discussed in the following sections. Local sources associated
with applications in Arctic industries have also been reported
for PCNs, a group of chemicals applied in a variety of
applications similarly to the use of PCBs 3%6-348, However, the
majority of PCN contamination in the Arctic is assumed to be
from atmospheric long-range transport from mid-latitude
regions 347, 349,350,

Oil and gas extraction

Oil and gas extraction is a major industrial activity in the Arctic. Arctic
installations are currently delivering 10% of oil and 25% of natural
gas supply globally 15, According to an earlier survey of the US
Geological Survey (USGS), conducted in 2008, the Arctic was
estimated to contain about 90 billion barrels of undiscovered,
technically recoverable oil and 1669 trillion cubic feet of technically
recoverable natural gas 3°%. This makes the Arctic one of the globally
largest regions for oil- and gas extraction today.

Off-shore and gas extraction industries
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The largest marine gas and oil deposits are currently expected.in the
Eastern Barents Sea coast regions, from the Whité $éa3¥ e/ Huidki
Sea. In fact, the gas deposits in the Russian Arctic are considered to
account for roughly 50% of the overall Arctic gas deposits 3%2. The
Russian Federation is, hence, the largest oil- and gas-producing Arctic
nation.

With respect to marine oil and gas exploitation, oil and gas deposits
in the Barents Sea, the Pechora region and the Siberian basins are
specifically highlighted in terms of prospects and logistics and
economic feasibility 116 344 353 Both Russian and Norwegian
authorities have recently opened new claims for oil and gas
exploration in the Central and Eastern Barents Sea 353,

Potential environmental consequences and exposure risks of marine
oil and gas exploitation as well as impacts on local communities were
comprehensively reported (for the first time) in a technical AMAP
report in 2007 354, Both operation-related pollution releases (drilling
fluids, platform operations etc.) and accidental releases (oils spills,
gas release etc.) were highlighted as threats to people and the
The
demonstrating the serious impact of oil spills on local environments

environment. report presented a variety of examples
and inhabitants of the North. Besides the potential effects of oil
spills, remediation strategies in ice-infested waters were discussed.

Since this first report, elevated pollution levels and associated effects
on marine wildlife have been reported in connection with Arctic
marine oil and gas extraction. For example, pollution related to oil
and gas production in the Barents Sea is reported regularly (for
details see:
https://www.barentsportal.com/barentsportal/index.php/en/).

Early reports showed the direct uptake of oil-related hydrocarbons
(n-alkanes and PAHs) in fish caught close to offshore installations in

the Barents Sea (Figure 17).
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Figure 17: Concentration levels [ug/g] of n-alkanes (A) and sum of
polycyclic aromatic hydrocarbons (£16 EPA-PAHs) in marine fish
collected close to offshore installations. Data retrieved from report
IMR/PINRO; Joint report Barents Sea 2007.

The recent Joint Barents Sea report in the joint report series (2016)
showed elevated levels of hydrocarbons at the Stockman oil and gas
production facilities. The levels in surface waters along the transect
from Murmansk to the Stockman offshore production site exceeded
the official maximum permissible concentration limits of 0.05 mg/L
for hydrocarbons (Figure 18).

Barents Sea 2

I 0,05 mg/m?

i)

Figure 18: Distribution of petroleum hydrocarbons in the surface
waters [mg/m3] along the projected Stockman pipeline. Report
IMR/PINRO; Joint report Barents Sea 2007

High PAH levels were reported in water samples close to the
Stockman gas condensate field with levels in the range 260 — 330
ng/L. Furthermore, a recent survey from the Barents and Kara Sea

This journal is © The Royal Society of Chemistry 20xx
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region highlighted the environmental consequences of the ongoing
oil and gas production sites on the Arctic bRariRe BEaBypsterh2and
showed that levels of PAHs in the regions were like levels reported
for Baltic Sea bottom sediments, which are assumed to be highly
impacted by anthropogenic sources. However, a study by
Nemirovskaya and Khramtsova 3% concluded that, in general, the
anthropogenic contribution of PAHs and aromatic hydrocarbons in
the vicinity of off-shore gas and oil production units was minor
compared to the geogenic contribution of aromatic hydrocarbons in
the top sediments investigated.

The Exxon Valdez oil spill was a major environmental disaster that
occurred on March 24, 1989, in Prince William Sound, Alaska, USA. It
remains one of the largest coastal marine oil spills in U.S. Arctic
history. The incident had severe consequences for the local
ecosystem, wildlife, and the economy of the region. Thousands of
birds, mammals, and fish were killed and local fisheries collapsed.
The effects of the Exxon Valdez spill are still felt in the region today.
Some species have not fully recovered, and the spill's long-term
impact on the ecosystem is an ongoing topic of research. Therefore,
the incident served as a catalyst for improved safety and
environmental regulations in the maritime industry 3°6-3%8,

Over the past three decades, numerous experiments have been
conducted to gain insights into the behavior, fate, and weathering
processes of oil spills under Arctic conditions. One notable project,
known as the Baffin Island Oil Spill (BIOS) project, aimed to
investigate the natural weathering processes of oil in the Arctic. The
project involved the release of 45 m3 of medium gravity crude oil in
a typical Canadian Arctic shoreline environment at Cape Hatt, located
on the northern end of Baffin Island, between May 1980 and August
1983359 360_|n 1986, the first experimental oil spill in broken ice was
conducted in the offshore area of Cape Breton Island, Canada 3%%, In
these experiments, drums containing oil were dispersed within the
pack ice. The spreading of oil in pack ice, oil drift, oil evaporation, and
emulsification were examined.

In summary, offshore oil and gas have been identified as important
local pollutant sources in the Arctic. Although the focus has been on
PAHs, PCBs, and other organic pollutants might also be emitted.
Similar pollutant profiles as described above were reported for most
regions where offshore installations are operated in the Arctic 362365,

Furthermore, PFAS is reportedly used in various function in off-shore
oil extraction operations. AFFFs are used for fire fighting training , fire

combating. PFAS is also applied as enhancing agent for oil recovery
366, 367

Land-based oil and gas extraction industries as Arctic pollution
sources

Arctic Canada has a long history of oil pollution, which dates to World
War Il. Oil contamination arose from weathering tests conducted on
oil, oil transportation, and the abandonment of military facilities.
These spill events were spread across the Canadian Arctic.
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Petroleum hydrocarbons (PHCs) play a crucial role in the Canadian
Arctic, where they are extensively utilized. However, the storage,
movement, and transportation of fuels have led to numerous spills
at both civilian and military sites in the northern regions. The Canola
pipeline project, originally built in 1942 to facilitate oil supply to
Alaska and Norman Wells, was shut down after just one year of
operation. It is estimated that approximately 4 million liters of crude
oil were spilled at 81 different locations along the pipeline route.
Additionally, approximately 9.5 million liters of crude oil were left
behind in the pipeline and storage tanks. More than 1200 m3soil was
impacted367 368,

In the early AMAP report on oil and gas pollution 354, the early Komi
oil spill (1994) was shown as an example of large-scale and long-term
environmental effects associated with an oil spill in the Arctic 36% 370,
Especially the effects on vegetation, terrestrial food webs and
freshwater organisms were highlighted. Throughout the past
decades several accidents in connection with land-based oil and gas
productions have been reported 8% 371 83 372, 373 QOther large
accidents reported until today include the following:

Trans-Alaska Pipeline System Incidents: Various incidents have
occurred along the Trans-Alaska Pipeline System (TAPS) during the
past decades. These incidents have included oil spills, pipeline leaks,
and equipment failures 374 375

Prudhoe Bay Oil Spill (2006): In Prudhoe Bay, Alaska (USA), a
corroded pipeline leaked approximately 267,000 gallons of crude oil,
making it one of the largest spills in Alaskan history 376 377,

The combination of aging infrastructure and loss of
cryosphere/permafrost is considered a driving factor for increased
pipeline-associated accidents 378 and the release of pollutants. For all
these large-scale accidents, severe consequences for wildlife,
ecosystems and local human populations have been registered and

reported.

Tar sand surface oil extraction

In the North American Arctic and sub-Arctic regions (e.g., Alaska,
Canadian Alberta), tar sand deposits are mined and refined as
resources for petroleum products. Tar sands, also known as oil sands,
are a type of petroleum surface deposit 379381, They consist of a
mixture of clay, sand, water, and a dense, viscous form of petroleum
called bitumen 382, Bitumen is so thick that it cannot be pumped in
its natural state. Therefore, it needs to be extracted and processed
before it can be refined into usable products like gasoline and diesel.
The petroleum deposits are usually extracted either by surface
mining of the bitumen deposits or in-situ extraction in cases when
the bitumen layers are deeper underneath the soil surface 323,

The extraction of the bitumen layers is causing severe landscape
changes and loss of habitat in the Arctic ecosystems with significant

effects on biodiversity and ecosystem services for the local people
384-386
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The following major environmental consequences are,identified, for

tar sand-based petroleum production: DOI: 10.1039/D5VA00261C

e Water Usage and Contamination: The extraction process requires
large amounts of water, especially in surface mining operations.
This water is often sourced from nearby rivers or aquifers. The used
water, now contaminated with various chemicals, may be stored in
tailings ponds, which can pose risks to local water quality and
wildlife 387-383,

Greenhouse Gas Emissions: Extracting and processing tar sands is
energy-intensive, which can lead to substantial greenhouse gas
emissions. The production of bitumen from tar sands can result in
higher emissions compared to conventional oil production
methods 3°0. 392,

Air Pollution: The extraction and processing of tar sands can
release various air pollutants, including PACs, VOCs, sulfur dioxide,
and nitrogen oxides, which can contribute to smog and other air
quality issues 392 393,

Tailings Ponds: The leftover materials from the extraction process,
known as tailings, are stored in large ponds. These tailings can
contain a mixture of water, sand, clay, residual bitumen, and
chemical additives. If not managed properly, these ponds can pose
risks to the local water quality and wildlife 394397,

Long-term Land Reclamation: Once a tar sands site is exhausted,
efforts are made to reclaim and restore the land. However, this
process can be challenging and may not fully restore the original
ecosystem, even after long-term restoration 398399,

Significant environmental consequences have been monitored for
several of the tar sand production sites 388 400-402,

For the Alberta Tar Sand industry, severe impacts on the fragile local
ecosystem have been reported. Furthermore, increased erosion in
the open mining areas as well as processing lead to haze and dust
events in the nearby communities and may also lead to increased
exposure risks for volatile organic industrial chemicals 4°3, Elevated
levels of chemicals such as PAHs 4%4, VOCs 495, and PFAS 4% were
found in environmental samples taken in the vicinity of the
extraction sites. Even adverse health effects in the local populations
and workers have been frequently reported 407 408 409,

Long-term impacts of oil spills in Northern Canada

An investigation on spilled oil weathering in the legacy of civilian and
military sites showed restricted mobility of spilled oil. Starting in
1977, site reconnaissance programs were initiated to investigate 11
specific oil spill sites in the Canola pipeline trial. Locating these spill
sites proved challenging. The programs observed that the spilled oil
had a tar-like consistency and appeared to be stable. Analysis of the
PHC content indicated that the primary PHC fractions present were
the heavier fractions. There was limited evidence of free oil or oil
residues in the water table. The programs did not find any active
seepage faces of crude oil or sheens along banks or in sediments at
major drainage areas or water bodies, nor was there any evidence of
downstream impacts 38, Pack ice experiments in 1986 revealed a
significant reduction in the spreading of oil within the ice. Unlike in
spills occurring in more moderate temperatures, the oil in pack ice
did not drift in relation to the surrounding floes 362,
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Meanwhile, vertical migration of spilled fuel contamination into
permafrost was observed at multiple sites at the Canadian Forces
Station Alert and Isachsen High Arctic Weather Stations 4%0. Gravity
drainage and thermal contraction-induced fissures in the soil were
believed to be the major causes of vertical migration. Gravity
drainage occurred when the spilled fuel contamination filled
interconnected air voids in the soil. These voids acted as conduits,
allowing the contaminants to flow downward under the influence of
gravity. Thermal contraction could lead to shrink and develop ment
of fissures, which provided pathways for the spilled fuel to infiltrate
deeper into the permafrost layers 410,

Long-term natural attenuation of oil in sediments was analyzed in
frequent visits to the BIOS sites 41413, Qil that was deposited on the
sediment surface underwent weathering and was eventually
naturally removed. After 20 years, 87% of the total hydrocarbons and
92% of the saturates were degraded #!2. Biodegradation and
photooxidation were suggested to play important roles in the
removal process. Qil that was soaked into the sediment to a depth of
approximately 2 to 5 cm could be sheltered from weathering. A total
of 99 PHCs,
alkylcycloalkanes,

branched alkanes,
biomarkers, and

n-alkanes,
sterane

including PAHSs,

hopane and
alkylbenzenes were analysed for in surface (0-2 cm) and subsurface
(5-10 cm) sediment samples at different sites around Cape Hatt
(Baffin island) after 39 years from when the BIOS project
commenced. The results showed that 14 of the 16 priority PAHs were
detected in concentrations surpassing the marine sediment quality
guideline limits set by the Canadian Council of Ministers of the
Environment. The Toxic Equivalency Quotient values for these PAHs
ranged from 1.40 to 270 and 1.70 to 350 pg/kg within the surface
and subsurface sediments, respectively 13, Samples of Lagomedio oil
from the intertidal zone were found to be heavily weathered and
biodegraded, while the sample from the backshore beach showed
minimal alteration after 39 vyears. It was suggested that
biodegradation of oil in the intertidal and backshore beach sediment
zones occurred at a very slow pace and could be limited by nutrient
availability. While tidal and wave action greatly influenced the
persistence of oil in the Arctic environment, Temperature variations

and microbiology play significant roles in the removal of petroleum
413

History and future for Arctic oil spill responses

Attempts have been made to remediate oil spills in Arctic
regions. At the Canadian Forces Station Alert, two remediation
approaches of “new spill” and weathered diesel-contaminated
soils were tested in treatment plots. Direct exposure in soil of
“new spill” soil was able to achieve 94% removal rate after one
year while 2 years were required to remove a similar
percentage of diesel in weathered soil. Tilling the soil was found
to be advantageous compared to the addition of amendments.
It was recommended to land farm amend and combined with
periodic tilling to remediate the contaminated sites at the
Canadian Forces Station Alert. These findings have been
incorporated into the Alert Environmental Management System
414 Meanwhile, for offshore oil spill response, there is a lack of

This journal is © The Royal Society of Chemistry 20xx

effective techniques for recovering spilled oil in,ige:covered
environments 415, DOI: 10.1039/D5VA00261C
The lack of infrastructure and the remote nature of the Arctic
exacerbate the challenges associated with spill response, which
could take days or even weeks to initiate. For example, an
estimated response time for offshore oil spill equipment in the
Arctic is around 48 hours for spills up to 150 tons and up to one
week for spills up to 1000 tons 4%, Therefore, early warning of
oil spill is of great importance. Oil spill reporting systems in
Arctic Canada have been developed since the early 1970s. The
Northwest Territories-Nunavut Spills Working Agreement was
established in 1981 and is still in effect, which serves the
purpose of providing a streamlined approach to reporting
hazardous materials spills and sharing information related to
spills in the Northwest Territories (NT) and Nunavut. By
functioning as a single-window approach, the agreement
facilitates  efficient  spill reporting and information
dissemination throughout the NT and Nunavut. This approach
benefits both the regulatory agency and the responsible party
by promoting a consistent and coordinated approach to
regulating spill management operations. In summary, the Spills
Working Agreement plays a vital role in ensuring effective spill
response and promoting cooperation among agencies in the NT
and Nunavut. It serves as a model for inter-agency collaboration
and contributes to the overall goal of environmental protection.

The exploration, drilling, and offshore oil production activities
in the Arctic region pose significant threats to the fish and
marine mammals that are crucial for the livelihoods of Arctic
Indigenous communities. The Government of Canada
announced a ban on issuing new offshore oil and gas licenses in
Canadian Arctic Waters in 2016. The designation should be
reviewed every five years through a climate and marine science-
based life-cycle assessment of Canadian Arctic Waters with the
joints of Inuvialuit Regional Corporation, Nunavut Tunngavik
Incorporated and the governments of Yukon, the Northwest
Territories and Nunavut.

With the melting of Arctic sea-ice, the Northwest Passage and
Arctic waters in Canada are becoming increasingly accessible.
These routes offer significant advantages over traditional
shipping routes in reduced shipping costs and transportation
times 417, However, shipping in the Canadian Arctic still poses
significant risks and challenges due to difficult navigation
conditions, poor weather and visibility, limited charting, and the
difficulty of detecting sea ice. As the melting of sea ice
continues, shipping activities are increasing in the region,
raising concerns about the potential for oil spills that could
harm the fragile Arctic ecosystem and the communities and
wildlife that rely on it 416, Therefore, development of effective
oil spill response policies that aim at Arctic shipping is of great
important. Several strategies can improve effectiveness of oil
spill response 418420 |

e Incorporating Arctic Indigenous peoples in decision-making
processes is essential.

e Shipping lanes should be determined based on information
about subsistence activities and environmentally sensitive
habitats.
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e Prohibit the use of heavy fuel oil.

e Response plans should address logistical challenges in the
Arctic region and ships carry equipment for initial spill
response.

e Equal protection of indigenous communities in the North.

e Establish local training organizations and increase capacities
for oils spill response

e Prioritize Arctic Canada's Oceans Protection Plan

By implementing these measures, Canada can work towards
safeguarding the Arctic environment, communities, and wildlife
from the risks associated with oil spills in the region.

Arctic mining industries as pollution sources

In this context, we refer to Arctic mining as the extraction of minerals
and resources from the Arctic region, which includes the oceans.
Arctic mining can have significant environmental impacts, both
locally and globally. Here are some ways in which Arctic mining can
contribute to Arctic local pollution in the following way:

Operation related chemical Contaminants: Mining operations
often involve the use of chemicals to extract valuable minerals
from the ground. These chemicals can include technical
chemicals, PACs, acids, solvents, and other compounds. If not
managed properly, these chemicals can contaminate the local
environment, including soil and water 141, 421-424,

Tailings and Waste Disposal: Mining generates a substantial
amount of waste material, known as tailings. These tailings
often contain leftover minerals, chemicals, and other
potentially harmful substances. If not properly contained and
managed, they can leach into the surrounding environment,
polluting soil and water 424427,

Air Pollution: Mining operations can release various pollutants
into the air, including dust, particulate matter, and potentially
harmful gases. This can have health
communities and wildlife 427-430,
Transportation and Infrastructure: Building and maintaining
the necessary infrastructure for mining, such as roads, ports,

impacts on local

and processing facilities, can have associated pollution impacts.
For example, the construction of roads can lead to habitat
fragmentation and the release of pollutants from construction
equipment 156,421, 431-434

Oil and Fuel Spills: In addition to mining activities,
transportation of mined materials can also lead to pollution
risks. As discussed above, spills from ships or other
transportation vessels can release oil and fuel into the
surrounding waters, harming marine life and ecosystems 13> 435
439.

Effects on Ecosystems: Mining operations often require
significant alterations to the landscape. This can involve
removing vegetation, altering waterways, and disrupting
natural habitats. These changes can have cascading effects on

local ecosystems and the species that depend on them 13> 423,
435, 440-445_

Efforts to mitigate the environmental impacts of Arctic mining

include the use of advanced technologies, thorough
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environmental impact assessments, and strict mpitering-and
remediation measures. Additionally, $8Mé0 HrEUBRS\I02fhe
importance of transitioning towards more sustainable and
responsible mining practices, as well as considering alternative
approaches to meet resource needs, such as recycling and the
development of alternative materials 446-451,

Metal refining industry as local source for organic pollutants in the
Arctic

Metallurgical industries have been identified as major local pollutant
sources in Arctic regions since early screening studies in the 1960s
452-455 |n the beginning, in addition to exceptionally high levels of
local trace metal contamination, non-ferrous metal smelters were
identified as a major source of medium- and long-range atmospheric
transport of components contributing to acid rain, such as sulphur
dioxide, and mobile trace metals incl. mercury across the Arctic 4°%
460 Metallurgical industries such as nonferrous metal smelter are
usually established in connection with mining activities #6. The Arctic
regions are known to be rich in metal deposits, with abundant
minable metal deposits documented from virtually all Arctic regions
461 |n addition, the current Arctic environmental changes are
accelerating the loss of the Arctic cryosphere. These environmental
changes in the Arctic will allow easy and profitable access to mining
locations and provide economies for

new refinement and

metallurgical industries in the region 462 463,

The first monitoring of pollutant emissions from metallurgical
industry was established at the Norwegian — Russian border where
significant atmospheric pollution from the metallurgical industries at
the Kola peninsula was identified. The metal smelter industry in
Nikel, Zapoljarnyi and Montsjegorsk (Murmansk Oblast, Russian
Federation) were identified as significant pollution sources. In
addition to local soil contamination with metal residues %4 also
atmospheric sulfur dioxide and metal residues deposited in Norway
were associated with these industries. In the early 2000s, the
Petchenganikel smelters were considered Europe’s largest sulfur
emitters at that time 465 466, However, the metal smelters in Nikel
have stopped production after 2020. Instead, the main production is
moved to Montsjegorsk.

PAHs and PCDD/Fs are created during high temperature metal
smelting and emitted from metallurgical industries in the Arctic 8,
The first confirmation of PAH and PCDD/F emissions and atmospheric
transport from a metal smelter in Northern Norway (Syd-Varanger,
Kirkenes, Norway) was documented in the early 1990. Substantial
emissions of PCDD/F were confirmed from a metal smelter in
Northern Norway (Syd-Varanger, Kirkenes, Norway). Considerable
local PCDD/F contamination in soils, sediments and benthic
organisms were confirmed #¢7. The metal production at the Syd-
Varanger facilities in Northern Norway was discontinued in 1996. The
first comprehensive AMAP report reported on the POP emissions
from smelters as local contamination sources showing magnesium
smelters in Arctic Norway to be emitting PCDD/Fs 468, PAH emissions
from metallurgical industries in the Arctic were also reported. It
should be noted that after more than 30 years of atmospheric PAH

24
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monitoring in the Arctic, the overall atmospheric PAH levels are still
not declining despite major international regulative efforts to reduce
PAH emissions in combustion driven infrastructures in the North .
However, PAH emissions from metal production are reported to be
declining due to improved process techniques and effective emission
clean up procedures 4,

Aquaculture as a source for organic pollutants in the Arctic

Aquaculture, the controlled cultivation of aquatic organisms,
including fish, shellfish and algae, plays a crucial role today in
contributing to the growing demand for food on a global basis. As
agriculture faces limitations due to restricted availability to fertile
land to meet the growing demand for food by the increasing human
population, aquaculture offers sustainable solutions to enhance food
security, economic growth, and environmental health. The growth of
aquaculture as an important resource for nutritious food
compensate for food shortage from other food supplying sectors.
Nevertheless, the release of organic pollutants from aquaculture
facilities poses risks to local ecosystems and may affect ecosystem
services. Local populations may experience pollutant exposure

through direct contamination of the local marine fauna.

The environmental impact of freshwater and marine-based
aquaculture is well documented 470473, Usually, extensive impact of
nutrients on the adjacent aquatic environment are reported as a
major concern 470474 475 However, elevated pathogen occurrence,
high escape of caged specimens, environmental pollution by
chemicals used in animal treatment as well as technical aids used for
infrastructures are

maintaining the important environmental

consequences of large-scale aquaculture 476-478,

The following pollution sources, processes and entrance paths are
associated with aquaculture:

Fish feed: Fish feed may contain a variety of chemicals applied as
stabilizers, additives and supporting agents, which might be of
environmental concern. Furthermore, nutrients (nitrogen and
phosphorous) released from excess of fish food and from excrement

will lead to eutrophication, algal blooms, and oxygen depletion.

Application of chemicals: Antibiotics and other veterinary medicines
for disease control may be released into the local marine
environments. Furthermore, pesticides, and antifouling agents are
also used in aquaculture and can contaminate water and sediments

in the local marine environment.

Wastewater Discharge: Aquaculture facilities release wastewater
containing organic matter, nutrients, and chemicals which again add
to the overall contaminant release for large-scale aquaculture
installations.

Sediment Resuspension: Daily activities around the installations
such as feeding, harvesting, and maintenance disturb sediments,

releasing and remobilizing organic pollutants previously

accumulated in the seabed.

This journal is © The Royal Society of Chemistry 20xx

Until today, emissions of process chemicals for, maintaining
functionality of the infrastructure as well 8Pbibattiv BubstancEs
regularly applied for disease prevention and treatment are less
frequently investigated, although potential exposure risks to
consumers need to be comprehensively evaluated 47°-481,

Large-scale aquaculture production is today taking place in many
locations of the Arctic coastal regions. Productions include salmon
(Salmo salar), Atlantic cod (Gadus morhua), catfish (Anarchichas
minor), sea urchin (Echinus esculentus) and even kelp (Ascophyllum
nodosum) for the Asian markets %82, Aquaculture is an important
industry in virtually all circum-Arctic countries and stands for roughly
2-3 % of the worlds aquaculture production 82, Currently, Norway is
the largest aquaculture nation in the Arctic with focus on the
production of salmonid fish species. The current climate-change
related water temperature increases in Arctic coastal waters
(estimated 0.5 — 5 °C) is expected to have a positive effect on the
production conditions in Arctic aquaculture. Hence an expansion of
aquaculture production in the Arctic is expected due to a rapidly
increasing demand of these products on the global market 482,

However, increasing environmental consequences must be
expected.
The multifaceted impact of large-scale aquaculture s

comprehensively documented in a variety of reports and studies
worldwide 475> 483, 484 Consequently, the environmental impact of
aquaculture in the Arctic is also documented and openly discussed in
the public 48548, A better understanding of pollutant sources,
pollutant fate and their impact on the local marine environments is
needed to develop a sustainable future strategy for aquaculture. This
is of specific importance for the Arctic since water temperatures are
low and the breakdown of organic compounds is slower compared
to coastal regions and mid-latitudes. This may lead to enhanced
the
environment. Aquaculture was recently identified as an important
local pollution source of macro-, meso- and microplastic materials

accumulation of anthropogenic pollutants in receiving

234 Elevated exposure of farmed organisms (fish, mollusks,
echinoderms, etc.) to these polymer materials can be expected.
Recently, elevated levels of meso- and microplastic particulate
materials were found in blue mussels collected in the close vicinity of
production units in Northern Norway 47¢.The focus of the study was
on the presence of polypropylene (PP), high density polyethylene
(HDPE), polyethylene terephthalate (PET), and polyvinyl chloride
(PVC). It is, hence, expected that a continuous increase of the
aquaculture industry in the North will also increase the release of
plastic-associated wastes and related pollutants (additives) in the
local aquatic environment 40,

Elevated microplastic levels as well as POPs were found in mussels
(425), i.e. PCDD/Fs, dioxin-like and non-dioxin-like PCBs and PBDEs.
Indications were found that microplastics released from aquaculture
infrastructure enhanced the mobility of selected POPs in the nearby
environment 476,
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A first screening of POPs in commercial feeding materials for
aquaculture as well as in salmon smolts in British Columbia (Canada)
was reported from four locations. Also here PCCD/Fs and PCBs but
also selected organochlorine pesticides (OCPs) were investigated 4°1.
Local specific pattern differences in POP concentrations were found
in hatchery-fed salmon smolt with predominant contribution of
(PCDD/Fs PCBs). the
concentration levels were generally low 234,

industrial chemicals and However,

Elevated levels of POPs including PCBs, OCPs, PBDEs but also PFAS
were found in wild marine fish caught close to large coastal fish farms
in Northern Norway 42, In this study, particularly, Atlantic cod and
saithe (Pollachius virens) were collected close to salmon farms. 45%
of the wild fish caught were found with salmon feed in their intestinal
tracts. POPs and PFAS concentrations were significantly higher in 50
% of the farm-associated fish compared with the control group (not
associated to fish farming) 4°2. Several other recent reports identified
contaminant levels in farmed organisms as well as direct impact of
organic pollutants on the local Arctic ecosystems close to
aquaculture infrastructures 479 491, 493-49

Military infrastructures as local pollution sources in the
Arctic

The Global North faces a paradoxical challenge: A region of extreme
environmental vulnerability is also of high military significance,
leading to permanent military installations as well as large-scale
operations in a vulnerable environment.

Recent geopolitical tensions and environmental risk

After a period of détente, following the cold war, military interest in
the Arctic has intensified in recent years, driven by strategic
imperatives and the opening of new shipping lanes due to melting
ice and environmental changes. Especially the large Arctic nations,
the USA, Canada and the Russian Federation have currently
increased their military presence in the Arctic. The recently proposed
US Arctic Commitment Act aims for a year-round naval and coast
guard presence in the region, responding to military competition
with the Russian Federation (https://www.congress.gov/bill/117th-
congress/senate-bill/4736). The Danish Government also recently

issued the Danish Defense Agreement, in collaboration with the
governments of Greenland and the Faroe Islands, aiming at stronger
presence in the Arctic*’.

Environmental risks: This military buildup of virtually all Arctic
nations, however, also poses new environmental risks. As tensions
escalate between the U.S. and Russia, a military presence could be
perceived as provocation, potentially leading to increased Russian
and NATO military exercises in the regions 4°8->01, This increased
frequency of large-scale military exercises in combination with the
establishment of new bases and the reopening of previously
operational military infrastructures will inevitably lead to increased
risk of local contamination of the local Arctic environment. Increased
shipping for military and civil purposes can generally be associated
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with the release of certain chemicals, for example ant@’%\gvlm%ggﬁﬂg
applied to ship hulls, such as organotin substaRtes.1039/D5VA00261C

Climate Change: The Arctic, already warming nearly four times faster
than the global average, suffers from decreasing sea ice coverage,
rising ambient temperatures, and altered ecosystems. The rising
number of military infrastructures in the Arctic contribute to these
environmental challenges 217- 499,502 A detailed account on climate
change related scenarios for Arctic local pollution has been given in
a dedicated review within this special issue by Muir et al.83, Details
can also be found in the recent AMAP report on CEACs and POPs in a
changing Arctic climate 2.

Military pollution sources

As earlier discussed for industrial and domestic infrastructures as
local pollution sources, also military sites, their life supporting
infrastructures and activities associated with maintenance and
Arctic
environments as reported for the majority of the Arctic nations 37%
503-506 Several source types are identified; however, they are largely

operation may contribute to pollution of the local

similar to public and industrial installations. Military pollution
sources include airports 2%, training and exercise grounds 97511 |
large scale exercises 512515 fixed infrastructures and supporting
technologies 516 517, In general, the polluting impact of military
infrastructures and activities is well documented. However, the
Arctic region, although currently a geo-political focus area, is only
scarcely investigated when it comes to the environmental impact of
regional military presence and activities 8 506, 518, 519 po]|ution
sources from military installations and activities were already
highlighted in the first AMAP reports 132 468, 504 However, military
sources were mainly associated with radioactivity and trace metal
pollution rather than organic contaminants in an Arctic context 504,
Nevertheless, recent reports also related high levels of organic
pollution to military infrastructures and related activities in the Arctic
507,514,520, 521 The following section will discuss military installations
and activities as sources of pollution in a historical context. The
Second World War was aptly named as conflict spread across most
of the planet, including the Arctic. The USA and Japan fought in the
Aleutian Islands campaign from 1942-1943, which led to the
displacement of Indigenous populations in concert with the
militarization of the Aleutian Archipelago °?2. The Cold War greatly
expanded the military footprint in the Arctic as both NATO countries
and the Soviet Union constructed thousands of military installations
across all Arctic countries °23. When they reached obsolescence,
these installations were typically abandoned without regard to
containment or removal of on-site contaminants. Therefore, military
installations throughout the Arctic, including formerly used defense
(FUD) sites, are an important source of contaminants including POPs,
petroleum products, and toxic metals and metalloids.

St. Lawrence Island (Sivugaq), the largest island in the Bering Sea
(Figure 19), illustrates many of the problems of polluted military sites
in the Arctic. The island has only two villages, Gambell and Savoonga.
As of the 2020 U.S. Census (www.census.gov), the island had a
population of 1475 residents, nearly all of whom were Siberian Yupik

This journal is © The Royal Society of Chemistry 20xx
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Alaska Natives. Subsistence hunting, fishing, and gathering are
critical to the food security and culture of residents, including in and
around their villages as well as at sea. Savoonga residents also
conduct subsistence activities at Northeast Cape, which was the site
of a Yupik village prior to occupancy by the U.S. military 524 525, The
U.S. military established radar surveillance stations at both Gambell
and Northeast Cape during the Cold War, and they remained
operational until rendered obsolete by military satellites.

The U.S. Air Force obtained Northeast Cape in 1952 via Public Land
Order 790 and built an Aircraft Control and Warning Station (AC&WS)
in 1957 526 527 The station transitioned to a White Alice (Alaska
Integrated Communications and Electronics) site to detect Soviet
aircraft and missile attacks during the Cold War >27. The facility closed
in 1972 and left a legacy of at least 30 contaminated areas across 19
km?2 527 Contaminants include petroleum products, PCBs, pesticides,
solvents, and metals 527531, The cost of site cleanup between 1985
and 2014 amounted to US$120 million, the most expensive
remediation program to date in Alaska %7 532 333, Despite extensive
cleanup of Northeast Cape, levels of PCBs and Hg, among other
contaminants, remain a health concern 539 531, Freshwater fish
collected downstream of the FUD site have significantly higher
concentrations of PCBs than do upstream fish, and show induction of
vitellogenin (a biomarker of estrogenic contaminants) and
differential gene expression %31, Dolly Varden (Salvelinus mamla), an
important subsistence fish for residents, contain levels of PCBs and
Hg that exceed U.S. EPA health advisories for fish consumption, and
these contaminants derive primarily from the FUD site 5. The
Northeast Cape FUD site is also associated with organochlorine
pesticides in freshwater fish, similar to the profiles observed in the
blood serum of Yupik residents; these contaminants include
chlordanes, DDT compounds, mirex, and HCB 328, The U.S. operated
the surveillance station at Gambell from 1948-1965 on the northern
shoreline of Troutman Lake adjacent to the village 3% 535, The FUD
site extends over ~7 km? in Gambell and along Troutman Lake,
including waste disposal sites 3% 535, Remediation of the Gambell
FUD site included both burial and removal of hazardous wastes such
as PCBs >3,

This journal is © The Royal Society of Chemistry 20xx
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Gambell Savoonga

Northeast Cape

Figure 19: St. Lawrence Island is the largest island in the Bering Sea,
and part of the United States. Because of its proximity to the former
Soviet Union, the U.S. military established White Alice radar
installations in Gambell and Northeast Cape. Residents from the
village of Savoonga still conduct subsistence activities at Northeast
Cape. Inset A: the village of Gambell and the adjacent Troutman Lake.
Inset B: Northeast Cape, including long-term monitoring stations on
the Sugqi River. The main FUD site complex and barrel storage area
was located within the white box; contaminants from this site
migrated into the Sugi River.

Despite remediation, low trophic level fish in Troutman Lake have
high concentrations of many organic contaminants, including (in
descending order of concentration) PBDEs, PCBs, PFAS, OPEs, 2DDT,
HCB, OPE metabolites, >chlordane, and HCH 536338, These fish also
display developmental pathologies and altered gene expression 536,
Yupik residents also have elevated concentrations of many of these
same contaminants, which derive primarily from their subsistence
diet of high trophic-level long-lived marine mammals that
accumulate atmospherically-deposited contaminants 337, 539, 540,
though the FUD sites also appear to be a source of exposure 528 541,
Concentrations of at least some of these contaminants, including
PFAS and PBDEs, are associated with altered concentrations of
thyroid axis hormones in Yupik residents 542,
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Figure 20: Military installations reported after the cold war period
(1993). This figure is based on information from a combination of
openly accessible reports >43-546,

The contaminant profiles of POPs in the same fish species differ
between Troutman Lake and Northeast Cape, illustrating the
importance of the local contaminant sources 528 530, 531, 537, 538, 547,
Furthermore, the concentrations of POPs in fish at FUD sites on St.
Lawrence Island are much higher and contain heavier-molecular
weight congeners (for example, for PCBs) than do the concentrations
of POPs in fish at nearby reference sites >3% 331, In sum, research from
St. Lawrence Island illustrates the importance local sources of
contaminants from FUDs in exposure of people and wildlife to
pollutants, in addition to exposure from global distillation of POPs.
These contaminants pose an on-going threat to human health and
wildlife conservation. The St. Lawrence island FUD was an integrated
part of the US-Canadian DEW line, established in the 1950s and
consisting of software-controlled and coordinated radar and
observation units across the western Arctic from Alaska to Greenland
and Iceland 34851 304 (Figure 20). These previous military activities as
well as leakage of technical chemicals from decommissioned
technical installations are considered one of the main sources for this
type of local organic pollution 532-556

The Distant Early Warning (DEW) Line was a series of radar stations
constructed during the 1950s across the Arctic region, spanning from
Alaska through Canada, over Greenland, and reaching Iceland. This
military and industrial initiative, outlined in the Abandoned Military
Site Remediation Protocol, left behind a significant environmental
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footprint. Hundreds of trucks, graders, and constructign, equipment
were abandoned, along with approximatelyP60;476 bigviely ST081 lin
the pipelines >*. Furthermore, it is believed that around 108 857
barrels of oil were spilled, specifically in Hooper Bay, Cape Romanzof,
and Point Hope, resulting in an estimated 80 000 gallons (303 m3) of
petroleum leakage into the environment 7. The Canadian Forces
Station Alert, located in the northernmost permanent settlement in
the world, relied heavily on petroleum oil and lubricants for heating,
power generation, and vehicle transportation. In 1999, a diesel
pipeline break resulted in a petroleum leakage incident, causing soil
contamination. The total petroleum hydrocarbon concentration in
the affected soil was found to be as high as 19 000 parts per million
(ppm), involving approximately 1450 m?3 of contaminated soil 414 558,

Already in the early 1990s, the abandoned DEW line stations, were
identified as significant environmental pollution sources in the Arctic
(Figure 19). Pollutants include PFAS, PCBs, VOCs, PAHs and many
other contaminant groups 177, 445, 504, 518, 549, 559, 560 However, this
reported mapping of military installations in the North should not be
considered as an up-to date version, since several DEW line stations
were established later outside the US-Canadian corridor as is
reported in the case study from a typical DEW line site in Iceland,
reported in this special issue>5?.

In Canada, multiple studies have been conducted on the PCB
contamination of sediments, invertebrates, fish, seabirds, and ringed
seals (Phoca hispida) from the surrounding of a military radar station
in Saglek Bay, Labrador 33 554 556,562 The recovery process after the
cleanup of the source was also assessed and showed decreases in
PCB concentrations in sediment and biota after cleanup 562 563,

Pond sediments adjacent to an old military dump at Iqaluit was also
found to be contaminated with PCBs and PAHs at levels exceeding
environmental quality guidelines >%* . In a remediation plan for the
area, the City of Igaluit has identified other old dump sites that may
be continuing to emit contaminants (Nunatsiag News 2017; see:
https://nunatsiaqg.com/stories/article/65674feds_to_clean_up_hist
oric_iqaluit_dumpsites).

The NATO radar station on Jan Mayen was established in the early
1950s. In 1993 and 1994 high THC (13.400 pug/g dw) and PCB (0.2 pg/g
dw) concentrations were detected at the military radar station
dumpsite at the settlement Olonkinbyen. The PCBs originated from
transformer oil, which had been deposited at the now closed
dumpsite at Trollsletta. The dumpsite is located on a slope, 2-5 m
from the seashore. Environmental investigations established that
PCB concentrations in the soil of this dumpsite ranged between 0.06
and 35.8 ug/g DW (average 3 pg/g DW) while samples collected ~20
m from the dumpsite contained PCB concentrations between 0.002
and 0.06 pg/g DW 5%, Samples were also collected from various
seabird species. Congener patterns differed between different bird
species and concentrations increased with increasing trophic
position %>, Body burdens of PCBs in kittiwake (Rissa tridactyla) and
glaucous gull corresponded with levels found at other Arctic
Norwegian locations, indicating background contamination, thus
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excluding the dumpsite as a potential PCB source to seabirds. Arctic
char was sampled from the freshwater lagoon on the island, showing
high concentrations of PCBs. The PCB fingerprint did, however, not
correspond with that of the dumpsite and the source connection
with the dumpsite was again rejected. Marine fish were sampled
along a transect perpendicular to the Trollsletta shore, only showing
elevated PCB concentrations in sole (Hippoglossides platessoides).
After additional geological investigations, the risk assessment
established that the dumpsite land masses should not be moved, but
instead be covered with uncontaminated soil to avoid wind-driven
contaminated particle transport to surrounding land and waters °5°,
This decision was based on the low average PCB concentrations (3
ug/g DW) measured in soil corresponding to Tier | soils (1-5 pug/g DW)
according to the Canadian DLCU protocol of the previous
Department of Indian and Northern Affairs Canada (INAC) 5%, This
protocol was used since guidelines for contaminated soil were
lacking for the Norwegian Arctic. According to the Canadian protocol
Tier | soils are to be deposited in a non-hazardous landfill and
covered with clean landfill. In the wake of these investigations’
guidelines for PCB-contaminated soil were established for Jan Mayen
567 Similar guidelines are still lacking for Svalbard 568,

As mentioned above, military airports in the Arctic are currently in
the scientific focus as local pollution sources 6%-572, Especially after
military operations ceased and the airport infrastructure was
transferred to civil operation, many airports in the North were found
to be contaminated and in need of often costly remediation actions
518,520 Earlier, mainly trace metals were reported as operation-
related pollutants in Arctic military airports >73. Recently several
organic chemicals emitted from aircraft operations, used for other
operational procedures, maintenance of technical equipment and
safety operations are identified local pollution in Arctic military
airports °74.

Among others, PFAS were found in soil, water and biota released
from firefighting training sites where PFAS-containing AFFF are
regularly used for firefighting drills at military but also civilian airport
installations >7>. Elevated PFAS in local caribou was attributed to
pollution from local military bases in Greenland (Kangerlussuaq) and
other locations 28, Also in the Norwegian Arctic, elevated levels of
PFAS from a military air base are reported in a local coastal food web
close to Bodg, Nordland, Norwegian Arctic %3, In an early
assessment PCBs were already found as priority pollutant with
potential for local pollution 576, Even more than 50 years after the
usage of PCBs as technical agent was banned and 20 years after the
Stockholm Convention for the global regulation was enforced, PCBs
still belong to the POPs found at the highest levels released from

technical installations including FUD stations and military air fields
212

In addition to PCBs, PAHs are found in high levels near Arctic air
fields, mainly in association with emissions for technical equipment
in operation, heating and power production at the site 212 520,573,577,
Elevated PAH levels in connection with military operations and sites
including airports have been reported from all Arctic counties 77578,
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A new group of organic pollutants associated,  with. local
contamination from Arctic military air oper&ions0dfs OPEYARED Hs
novel flame retardants or additives in hydraulic fluids. In a recent
study, elevated levels of OPEs were reported from the Resolute Bay
military airport in Arctic Canada 578579,

Military exercises have also been recognized as an important local
pollution source in the Arctic >89->83, Especially large scale operations
like marine joint navy exercises >®* and air combat simulations >8> are
expected to affect the local environment. Firing ranges are sources
of metal pollution >%6->88 and the direct impact of explosive residues
on the vulnerable Arctic vegetation from military small- and large-

scale exercises at shooting ranges has been reported repeatedly 51%
589, 590

Conclusions

Four initial questions were presented in the introductory section of
this review as a guiding framework for this overview on
infrastructure as local pollution sources in the Arctic. Based upon this
literature survey, we conclude with the following answers to our
questions.

1. How important are infrastructure-related emissions as local
sources for the overall contamination in the Arctic with organic
pollutants?

The information provided above confirms that domestic, industrial

and military infrastructures are important local pollution sources for
many organic pollutants, including POPs and CEACs. Impacts of
elevated emissions on the local environment, organisms and
inhabitants of various Arctic regions have been documented in
numerous scientific reports. Life supporting infrastructures such as
power plants, heat supply, water supply and waste handling are
identified as important and nearly constant pollutant sources in a
domestic context. Solid waste handling and uncontrolled waste
dumps are identified as particularly important pollutant sources. The
long-lasting continuous drainage of contaminants from wastes into
adjacent surface and ground water system contributes to the
environmental mobility of these pollutants. Local and regional
industrial installations including oil exploitation, Arctic mining, metal
smelters and associated support and transportation infrastructures,
as well as military activities and installations have also been
identified as important local sources for a variety of POPs and CEACs.
Especially abandoned decommissioned locations, earlier operated as
early warning systems (i.e. DEW) or large training sites were found to
contribute to local contamination with organic pollutants. The
literature review generally shows that while local inputs can be
substantial, they are usually limited to the surroundings of the
source. However, this does not exclude impacts on local populations
who depend on natural resources of the specific area. For POPs,
bioaccumulation through the food chain still has a strong exposure
signal that is also based on long-range transport of contaminants.
However, for less bioaccumulative and biomagnifying compounds,
exposure from local sources through e.g. drinking water can be a
concern.
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2. Can spatial and temporal trends be identified for infrastructure
contribution to local pollution in the Arctic?
Although information exists on the identification, characterisation

and emission profiling of Arctic organic pollution from local domestic,
industrial as well as military sources, the regional and temporal
resolution of the currently available scientific information is
insufficient for spatial or temporal trend estimations. For trend
studies, long-term contaminant monitoring needs to be established
based on the pollution source, using validated sampling and
analytical protocols, ideally coordinated with the ongoing monitoring
of the long-range transport of POPs to the Arctic. Initial evidence
suggests that most hydrocarbon-based pollutants can be degraded,
even under the extreme conditions of the Arctic, although time
scales will exceed those at temperate latitudes. However, the FUD
examples show that many compounds are still present decades after
their use. In general, given the low temperatures, the absence of light
for long times, the vulnerability of the Arctic ecosystems and the
dependence of local populations on natural resources, any emissions
of harmful chemicals should be avoided. Pollution and exposure risks
should be considered in any new infrastructure development and
ensure the local perspective in environmental impact assessments,
as discussed in detail in Muir et al. >°1,

3. Do characteristic pollution patterns and profiles exist for
infrastructure-related pollutant sources in the Arctic exist?
According to the scientific information provided here, the major local
sources for organic pollution can be associated with characteristic
pollution emission profiles. The following indicator chemicals were
identified:

e Power plants and domestic heating: PAHs, metals (Hg, Cd, Pb etc.),
VOCs

o Vehicles and transportation (fossil fuel combustion): PAHs, other
aromatic compounds, VOCs, metals

e Airports: PFAS, flame retardants, technical chemicals

e Industry (mining, refining, fisheries, offshore oil and gas
production): plastics, polymers, metals, PAHs, industrial chemicals
such as PCBs, brominated flame retardants, PFAS, VOCs,
surfactants, anticorrosive chemicals, surfactants, etc.

e Aquaculture (including infrastructures): plastics, pesticides, PFAS,
PCBs, brominated flame retardants, veterinary pharmaceuticals,
hygienic ingredients, surfactants, etc.

o Military installations: plastics, metals,
organophosphate esters, surfactants

e Other municipal installations: Anti-corrosives, pesticides, PFAS,
PCBs, flame retardants, pharmaceuticals and personal care
products (PPCPs), surfactants, cosmetics, bioactive compounds,
food preservatives, plastics, polymers, additives, pesticides, metals

It should be noted that these lists of indicators are not necessarily

complete, but subject to a research bias. This means that only those

PCBs, PFAS, PAHs,

compounds can be identified that are selected for analysis.
Consequently, other chemicals can be emitted from these sources
that remain undetected because they were not included in the
respective study. Emerging techniques within non-target screening
and wide-scope analyses are increasingly applied in environmental
research and would allow for a broader detection of potential CEACs
than those typically analysed so far.
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4. How is Arctic climate change influencing local jnfrastructure

and their associated chemical emissioris®|: 10.1039/D5VA00261C
This review has provided strong indications for the direct influence
of Arctic climate change on the source characterisation, source
strength as well as mobility of the emitted pollutants. More details
are provided in a review on future developments and climate change.

Perspectives and recommendations

A first comprehensive review on contribution and strength of Local

sources for organic pollutants in the Arctic is presented. Domestic,

industrial, military infrastructures as well as solid waste handling and
storage are documented and confirmed as local pollution sources for
legacy as well as emerging Arctic pollutions, as documented above.

Both source strength as well as emission profiles are directly

influenced by the surrounding environments. To minimize potential

exposure and associated hazardous effect for the Environmental and
the people of the North, we recommend the following:

1.) Harmonize and implement sustainable emission reduction
policies for industrial activities incl. mining, shipping, tourism and
energy production in the Arctic region.

2.) Encourage the adoption of cleaner technologies, such as low-
sulfur fuels for ships and energy-efficient practices for industrial
processes.

3.) Establish and maintain comprehensive pollutant monitoring
systems to track emissions from various sources.

4.) Encourage collaboration with local communities, research
institutions, and industry stakeholders to collect accurate data on
emissions.

5.) Encourage sustainable practices in
transportation, and tourism

6.) Support research and development of alternative energy sources
to reduce reliance on fossil fuels.

7.) Develop guidelines and regulations for properly managing waste
generated by industrial activities, residential areas, and tourism
and implement recycling programs and ensure safe disposal of
hazardous materials.

8.) Encourage collaboration between neighboring countries and
international organizations to address transboundary pollution.

9.) Encourage to actively participate in initiatives like the Arctic
Council’s Arctic Contaminants Action Program (ACAP).

10.)Invest in research to better understand local emission sources
and their impacts on climate, ecosystems, and human health.
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