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• 26 PFAS were detected in a remote Arctic
ice core from Svalbard

• FTOHs, as well as HFCs and other CFC re-
placement products, provide an atmo-
spheric precursor source to PFCAs

• TFA represented 71 % of the total mass of
C2 – C11 PFCAs, and its atmospheric depo-
sition is increasing

• Structural isomers of PFOS suggest an ECF
manufacturing source

• TFA and PFOS were found to be mobile
during meltwater percolation
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Per- and polyfluoroalkyl substances (PFAS) are a group of persistent organic contaminants of which some are toxic and
bioaccumulative. Several PFAS can be formed from the atmospheric degradation of precursors such as fluorotelomer
alcohols (FTOHs) aswell as hydrochlorofluorocarbons (HFCs) and other ozone-depleting chlorofluorocarbon (CFC) re-
placement compounds. Svalbard ice cores have been shown to provide a valuable record of long-range atmospheric
transport of contaminants to the Arctic. This study uses a 12.3 m ice core from the remote Lomonosovfonna ice cap
on Svalbard to understand the atmospheric deposition of PFAS in the Arctic. A total of 45 PFAS were targeted, of
which 26 were detected, using supercritical fluid chromatography (SFC) tandem mass spectrometry (MS/MS) and
ultra-performance liquid chromatography (UPLC) MS/MS. C2 to C11 perfluoroalkyl carboxylic acids (PFCAs) were de-
tected continuously in the ice core and their fluxes ranged from 2.5 to 8200 ng m−2 yr−1 (9.51–16,500 pg L−1). Tri-
fluoroacetic acid (TFA) represented 71 % of the total mass of C2 – C11 PFCAs in the ice core and had increasing
temporal trends in deposition. The distribution profile of PFCAs suggested that FTOHswere likely the atmospheric pre-
cursor to C8 – C11 PFCAs, whereas C2 – C6 PFCAs had alternative sources, such as HFCs and other CFC replacement
compounds. Perfluorooctanesulfonic acid (PFOS) was also widely detected in 82 % of ice core subsections, and its
isomer profile (81 % linear) indicated an electrochemical fluorination manufacturing source. Comparisons of PFAS
concentrations with a marine aerosol proxy showed that marine aerosols were insignificant for the deposition of
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PFAS on Lomonosovfonna. Comparisons with a melt proxy showed that TFA and PFOS were mobile during meltwater
percolation. This indicates that seasonal snowmelt and runoff from post-industrial accumulation on glaciers could be a
significant seasonal source of PFAS to ecosystems in Arctic fjords.
1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a diverse group of
organofluorine compounds, used in a variety of industrial and consumer ap-
plications (Wang et al., 2021). However, many PFAS are persistent, toxic
and bioaccumulative (Frömel and Knepper, 2010; Conder et al., 2008;
Jensen and Leffers, 2008). Research has been particularly focused on
perfluoroalkyl acids (PFAAs), including perfluoroalkyl carboxylic acids
(PFCAs) and perfluoroalkyl sulfonic acids (PFSAs). The ubiquitous detec-
tion of PFAAs and other PFAS in the environment, including Arctic biota
and abiota confirms the high environmental mobility of PFAS (Muir et al.,
2019).

The low volatility and high solubility of PFCAs and PFSAs (present in
the environment largely in their deprotonated forms) do not promote direct
long-range atmospheric transport from industrialized or populated areas to
remote regions, such as the Arctic (Rayne and Forest, 2009). However, sev-
eral mechanisms for long-range transport of PFAS to the Arctic have been
proposed and investigated. One such mechanism is through long-range
ocean currents, whereby ocean currents distribute PFAS from source re-
gions to remote Arctic marine environments (Benskin et al., 2012; Yeung
et al., 2017). Marine aerosols have also been identified as PFAS carriers
for long-range transport (Sha et al., 2022). The long-range atmospheric
transport of volatile precursor PFAS, followed by their atmospheric degra-
dation to PFAAs and subsequent deposition has also been identified (Ellis
et al., 2004; Young et al., 2007). However, the relative significance of
each transport mechanism remains unclear.

Several volatile neutral PFAS have been identified as atmospheric pre-
cursors to PFAS degradation products. These include fluorotelomer alco-
hols (FTOHs), N-alkylated perfluoroalkane sulfonamides (FASAs),
perfluoroalkane sulfonamido ethanols (FASEs), andfluorotelomer acrylates
(FTAs), several of which have been identified in the Arctic atmosphere, in-
cluding in Svalbard (Norwegian Arctic) (Cai et al., 2012; Dreyer et al.,
2009; Shoeib et al., 2006; Stock et al., 2007; Xie et al., 2015). These studies
found FTOHs dominated the mass of precursors detected and that the most
abundant precursor targeted was 8:2 FTOH.

Several studies have undertaken laboratory experiments to investigate
the atmospheric chemistry of precursors including FTOHs (Ellis et al.,
2004; Sulbaek Andersen et al., 2005), FASAs (Martin et al., 2006), FASEs
(D’eon et al., 2006), and FTAs (Butt et al., 2009). All these studies found
that these precursors would be able to degrade via a gaseous radical-
mediated process to a suite of equal or shorter chain (protonated) PFCAs
aided by an unzipping cycle. Once PFAAs have formed in the atmosphere,
they will be effectively scavenged by wet deposition (Wang et al., 2019).
Hence during precipitation, the vast majority of PFAAs will be removed
from the atmosphere and undergo deposition (in their deprotonated
form) (Taniyasu et al., 2013; Pike et al., 2021).

Whilst trifluoroacetic acid (TFA) and shorter chain PFAAs can form
from the degradation of longer chain precursors such as FTOHs (Ellis
et al., 2004), these short-chain PFAAs can have additional and more signif-
icant atmospheric precursors. For example, hydrofluorocarbons (HFCs)
(Young et al., 2009a), hydrochlorofluorocarbons (HCFCs) (Wallington
et al., 1994), hydrofluoroethers (HFEs) (Oyaro et al., 2005), and
hydrofluoroolefins (HFOs) (Young et al., 2009b), have been identified as at-
mospheric precursors to TFA and other short-chain PFAAs. HFCs, HCFCs,
HFEs, and HFOs were introduced as replacement products for ozone-
depleting chlorofluorocarbons (CFCs) in the 1990s. CFCs were previously
used as cooling agents but were banned in 1989 after the introduction of
the Montreal protocol (Velders et al., 2007). However, TFA has been
found ubiquitously in surface snow, including in the Arctic (Björnsdotter
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et al., 2021), and environmental levels are increasing (Pickard et al.,
2020; Freeling et al., 2022). Trifluoromethanesulfonic acid (TFMS) was
also recently detected ubiquitously in surface snow in the Arctic, however,
the study was not able to assign a source (Björnsdotter et al., 2021).

Ice cores can provide a record of several years of snow accumulation
and hence a route to understanding PFAS atmospheric sources and transfor-
mation processes. Remote ice cores spanning several years have already
been used to elucidate atmospheric sources of PFAS on the Devon Ice Cap
and Mt. Oxford icefield in the Canadian Arctic (Pickard et al., 2020;
Pickard et al., 2018). Unlike long-term atmospheric monitoring studies,
ice cores can help to retrospectively investigate atmospheric processes
and deposition. Svalbard (Norwegian Arctic) is known to receive contami-
nated air masses from Eurasia and has several established sites for ice core
research (Garmash et al., 2013; Isaksson et al., 2003). Lomonosovfonna is
the highest elevation ice cap (1198 m.a.s.l.) in the Svalbard Archipelago
and is sufficiently remote and high elevation to capture predominantly
long-range processes (Garmash et al., 2013; Osmont et al., 2018). A study
of 22 sites on Svalbard glaciers identified Lomonosovfonna as an optimal
site to investigate long-range pollution deposition (Barbaro et al., 2021).
As observed elsewhere in the Arctic, local sources of PFAS have also been
identified in Svalbard, including firefighting training and landfill sites in
Longyearbyen and Ny-Ålesund (Kwok et al., 2013a; Skaar et al., 2019; Ali
et al., 2021).

This study uses a 12.3 m ice core (spanning 2006 to 2019) from
Lomonosovfonna to investigate the long-range atmospheric deposition of
PFAS to the Arctic. By targeting 45 different PFAS analytes, this study
aims to understand the sources and processes for PFAS deposition on
Lomonosovfonna. This study (i) compares annual PFAS fluxes with other
remote Arctic ice cores, (ii) elucidates PFAS precursor sources or otherwise
(iii) compares PFAS concentrations with a marine aerosol proxy, (iv) inves-
tigates air mass source regions, and (v) investigates the redistribution of
PFAS during meltwater percolation. To the best of our knowledge, this
work reports the first remote ice core in the European Arctic to be analyzed
for neutral and ultra-short chain PFAS, as well as several other PFAS.

2. Materials and methods

2.1. Ice core drilling and dating

In April 2019, a 12.3 m ice core (2006–2019), diameter 14.0 cm, was
drilled on Lomonosovfonna (78°49.454′N, 17°26.193′E, 1198 m.a.s.l.,
Fig. 1) using a Kovacs Mark V core barrel and SideWinder (Kovacs Enter-
prise, LLC, Roseburg, OR, USA). The ice core was transported to the Univer-
sity Centre in Svalbard (UNIS) in Longyearbyen by snowmobile and stored
at−20 °C prior to analysis. Further information on the characteristics of the
site is described in the supporting information (page S1).

2.2. Sample preparation and PFAS analysis

A total of 45 different PFAS analytes were targeted as follows. PFAAs
targeted were C2 – C14, C16, and C18 PFCAs, and C1 – C10 and C12 PFSAs.
Fluorotelomers targeted were 4:2 FTSA, 6:2 FTSA, 8:2 FTSA, 6:2 FTUCA
and 8:2 FTUCA. Further anionic target analytes included 6:2 Cl-PFESA,
8:2 Cl-PFESA, HFPO-DA (GenX), and ADONA. In total, 9 neutral
compounds were also targeted: FBSA, MeFBSA, FHxSA, MeFHxSA, FOSA,
MeFOSA, EtFOSA, MeFOSE and EtFOSE. C2 – C3 PFCAs and C1 – C3

PFSAs were measured by supercritical fluid chromatography (SFC) tandem
mass spectrometry (MS/MS) system. All other compounds were measured
by ultra-performance liquid chromatography (UPLC) MS/MS. The



Fig. 1. Map showing the location of the Lomonosovfonna ice core drilling site.
Insert: Location of Svalbard in the northern hemisphere. The map was reproduced
from TopoSvalbard, Norwegian Polar Institute.
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quantification of branched isomers of PFOS and PFHxS is described in the
supporting information (pages S4 – S5). A full list of names, abbreviations
and instrument methods are described in Table S1.

In the cold lab at UNIS (−20 °C), the outer surfaces of the ice core
(1.0–2.3 cm) were carefully removed and discarded to avoid possible con-
tamination from drilling, handling, transport, and storage. Subsamples for
water stable isotopes and major ions were collected at a 5 cm resolution.
Subsections for PFAS analysis (n = 17) were sampled sequentially, such
that each section was at least 2 kg, into sterile polyethylene whirltop
bags, which were then stored frozen at −20 °C. Immediately prior to ex-
traction, ice core samples weremelted and bottled into precleaned polypro-
pylene containers. Samples were extracted by weak anion exchange solid-
phase extraction following the ISO25101 method with some modifications
(ISO 25101:2009, 2009). Full details can be found in the supporting infor-
mation (pages S1 – S9). This includes details on the chemicals and reagents,
sample extraction, instrument analysis, quality control and quality assur-
ance, MQLs (method quantification limits), Hybrid Single-Particle Lagrang-
ian Integrated Trajectory model (HYSPLIT) analysis, major ion analysis and
water stable isotope analysis.

2.3. Ice core dating and data treatment

An age-depth relationship for the ice corewas established using amulti-
proxy approach including (i) seasonal variations in the stable isotope ratio
δ18O, (ii) seasonal variations in the [Na+]/[Cl−] ratio, and (iii) a peak in
non-sea-salt sulfate (nssSO4

2−) at 404.5 cmwater equivalent (weq) assigned
to be the 2011 Grímsvötn volcanic eruption in Iceland (Burgay et al., 2021;
Karasiński et al., 2014). As such, 12 complete annual layers were observed,
3

and the annual layers were counted from 2019 back to 2006 ± 2 years
(Fig. S1).

PFAS analyte concentrations are reported in pg L−1. In order to remove
the effects of annual accumulation variability (measured to be 26–75 cm
weq for 2007–2018 from this ice core), annual flux values were also calcu-
lated. Analyte concentrations (in pg L−1) were first converted into ng
year−1. This was then divided by the cross-sectional area of the ice core
(0.0154 m2) to give a flux value in ng m−2 yr−1. The values for the Na+

concentrations and melt proxy log([Na+]/[Mg2+]) for each PFAS subsec-
tion of the ice core, were calculated by averaging across the 5 cm subsam-
ples (n = 7–19 subsamples) contained within each of the PFAS
subsections. Spearman rank correlation coefficients (r) were used to calcu-
late correlations between various PFAS and Na+/melt proxy values. Tests
for statistical significance were performed using a two-tailed Student's t-
test (p). Only those values with p < 0.01 were considered significant (α
= 0.01).

3. Results and discussion

3.1. Fluxes and concentrations of PFAS on Lomonosovfonna

In summary, all C2 – C11 PFCAs were detected continuously throughout
the whole core which spanned 2006–2019 (n= 17). There was also wide-
spread detection of FBSA, FOSA, PFHxS, and PFOS, as well as C12 and C13

PFCAs (which had detection frequencies >MQL in >50 % of core subsec-
tions). C14 and C15 PFCAs, PFBS, PFPeS, 6:2 FTSA, 6:2 FTUCA, 8:2
FTUCA and 5 neutral PFAS (MeFBSA, FHxSA, EtFOSA, MeFOSE and
EtFOSE) were also detected, albeit with detection frequencies >MQL in
<50% of core subsections. For these compounds without continuous detec-
tion, there were no clear trends based on detection frequencies alone. How-
ever, PFOS and FBSA were both detected continuously from 2010 and
2011, respectively, to 2019. Trends in atmospheric deposition fluxes of C2

– C11 PFCAs, PFHxS and PFOS are discussed further in Section 3.4. C18

PFCA, six PFSAs (C2, C3, C7, C9, C10, and C12), 4:2 FTSA, 8:2 FTSA, PFECHS,
4 PFAS with ether functionality (6:2 Cl-PFESA, 8:2 Cl-PFESA, ADONA and
HFPO-DA i.e. GenX) and 2 neutral PFAS (MeFHxSA andMeFOSA)were not
detected throughout the entire core. Further information on detection, con-
centrations, and fluxes can be found in Tables S7 – S12.

For C2 – C11 PFCAs, fluxes ranged from 2.5 to 8200 ng m−2 yr−1

(9.51–16,500 pg L−1). Fluxes of these PFCAs increased greatly towards
shorter chain lengths (Fig. 2). Indeed, TFA represented 71 % of the mass
of C2 – C11 PFCAs detected in the core. Longer chain lengths contributed
significantly less mass: PFPrA (16 %), PFBA (6 %), PFPeA (2 %), PFHxA
(1%), PFHpA (1%) and C8 –C11 PFCAs (each<1%). Of the PFSAs targeted,
only PFBS, PFPeS, PFHxS, and PFOSwere detected. PFOSwas the dominant
PFSA, detected in 82 % of the subsections with fluxes ranging from 1.7 to
70 ng m−2 yr−1 (<MQL – 195 pg L−1). PFHxS was detected in 65 % of
the subsections and its fluxes ranged from 0.12 to 1.0 (<MQL – 28.3 pg
L−1). PFBS was detected in 24 % of the subsections (<MQL – 28.4 pg
L−1). 6:2 FTSA was also detected in 41 % of subsections (<MQL –
14.1 pg L−1). Both 6:2 FTUCA and 8:2 FTUCA were detected in 35 % and
6 % of subsections, respectively (<MQL – 194 pg L−1). Of the 9 targeted
neutral compounds, 7 were detected. The most notable of these were
FBSA and FOSA, which were detected in 82 % and 59 % of subsections.

Prior to this study, two other remoteArctic ice cores have been analyzed
for PFAS. One of these is from the Devon Ice Cap in the Canadian Arctic in
which 23 PFAS were analyzed including a range of PFCAs and PFSAs
(Pickard et al., 2020; Pickard et al., 2018). The second is from the Mt. Ox-
ford icefield in the Canadian Arctic which targeted C2 – C4 PFCAs
(Pickard et al., 2020). Both the Devon Ice Cap and Lomonosovfonna ice
cores had widespread detection of C2 – C11 PFCAs. An overview comparing
the fluxes of C2 – C11 PFCAs and PFOS on Lomonosovfonna (2007–2018,
this study), Devon Ice Cap (2007–2014) (Pickard et al., 2020; Pickard
et al., 2018), and Mt. Oxford Ice Cap (2007–2016) (Pickard et al., 2020)
can be seen in Fig. 2. For measurements below the limit of detection, fluxes
were calculated using half the limit of detection (which was only for some



Fig. 2. Fluxes (ngm−2 yr−1) of C2 – C11 PFCAs and PFOS in Arctic ice cores fromLomonosovfonna (2007–2018, this study), Devon Ice Cap (2007–2014) (Pickard et al., 2020;
Pickard et al., 2018) and the Mt. Oxford icefield (2007–2016) (Pickard et al., 2020).
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measurements of PFOS on Lomonosovfonna and PFPeA on the Devon Ice
Cap). Herein, the comparisons between fluxes and detection frequencies
refer to these time periods. Another study measured PFAS in an ice core
from the Longyearbreen glacier on Svalbard (Kwok et al., 2013b). How-
ever, owing to the proximity of this site to a number of significant PFAS
sources in Longyearbyen settlement (4–10 km) (Skaar et al., 2019; Ali
et al., 2021), it would be inappropriate to use this record to understand
the background atmospheric processes of PFAS in the Arctic. Furthermore,
Longyearbreen is not an established site for multiyear ice core records on
Svalbard and its high equilibrium line altitude (~615 m.a.s.l. in 2004)
casts doubt on the potential to retrieve reliable multiyear ice core records
from this glacier (Yde et al., 2008).

The fluxes of TFA and PFPrA were typically lower on Lomonosovfonna
compared to the Devon Ice Cap and Mt. Oxford icefield, whereas the fluxes
of PFBA were higher. For C5 – C11 PFCAs, measured only on the Devon Ice
Cap, fluxes were similar or higher on Lomonosovfonna. C5 – C7 PFCAs were
higher on Lomonosovfonna – fluxes of PFPeA, PFHxA, and PFHpAwere on
average 56, 4.6 and 1.6 times greater. The fluxes of PFDA and PFUnDA
were also 2.3 and 2.0 times higher on Lomonosovfonna compared to the
Devon Ice Cap. PFDoDA and PFTrDA were detected much more frequently
in the Lomonosovfonna ice core (82% and 88%, respectively) compared to
the Devon Ice Cap core (13 % and 0 %, respectively), despite similar detec-
tion limits around 2–4 pg L−1 for both ice cores. In contrast, the cores have
similar fluxes of PFOA, PFNA and PFOS. United States Environmental Pro-
tection Agency (EPA) drinking water health advisory levels were consis-
tently exceeded for both ice cores for PFOA, and sometimes exceeded for
PFOS, despite their remote Arctic locations (Cousins et al., 2022).

FOSAfluxes remained lowwith 0.37–4.6 ngm−2 yr−1 (<MQL – 9.56 pg
L−1) on Lomonosovfonna and <MQL – 2.97 ng m−2 yr−1 (<MQL – 1.5 pg
L−1) on the Devon Ice Cap. This is most likely as a result of the phasing out
of the production of perfluorooctane sulfonyl fluoride (POSF) by 3 M be-
tween 2000 and 2002 (Pickard et al., 2018).

The variability in fluxes between the three sites might be explained by
the differences in each site's proximity to various sources and/or the differ-
ences in seasonal variations in accumulation on these glaciers. It is known
that the deposition of some PFAAs in the Arctic is highly seasonal, with in-
creased deposition during summer months (24-hour daylight) when atmo-
spheric levels of hydroxyl (OH) radicals are higher (Björnsdotter et al.,
2021; Wallington et al., 2006). Hence, increased accumulation in the
4

winter months might underrepresent the relative atmospheric levels of
some PFAAs. Indeed on Svalbard, precipitation is known to be greater dur-
ing September – February, i.e. months with complete or partial darkness
(Wickström et al., 2020).

3.2. Chemical sources of PFCAs to Lomonosovfonna

Several laboratory-based studies have identified volatile neutral PFAS,
such as FTOHs, FASEs, FASAs, and FTAs to act as precursors and undergo
a radical-mediated degradation to PFCAs (Ellis et al., 2004; Sulbaek
Andersen et al., 2005; Martin et al., 2006; D’eon et al., 2006; Butt et al.,
2009). These precursors are widespread in the Arctic atmosphere, with
8:2 FTOH being the dominant precursor (Cai et al., 2012; Dreyer et al.,
2009; Shoeib et al., 2006; Stock et al., 2007; Xie et al., 2015). According
to the study by Ellis et al. (Ellis et al., 2004), the radical-mediated degrada-
tion of 8:2 FTOH should result in approximately equal molar quantities of
PFOA and PFNA (0.95:1 molar ratio) (Ellis et al., 2004). This may vary de-
pending on the radical species present in the atmosphere and due to the
presence of NOx species. Nonetheless, the correlations between 45 pairs
of PFCAs from TFA (C2) – PFUnDA (C11) were calculated (Table 1), since
all these PFCAs were detected continuously in the ice core. All C3 – C6

PFCAs were significantly correlated (r > 0.87, p < 0.01) and sequential
pairs of C7 – C11 PFCAs were also significantly correlated (r > 0.69, p <
0.01). TFA (C2) was not significantly correlated with any other PFCA (r <
0.52, p > 0.03). These results suggest a distinct division between TFA
(C2), C3 – C6, and C7 – C11 PFCA sources.

As done previously for Arctic ice cores and snow pits, molar concentra-
tion ratios for even-odd PFCA homologues (MacInnis et al., 2017), TFA:
PFPrA, PFBA:PFPeA, PFHxA:PFHpA, PFOA:PFNA, and PFDA:PFUnDA,
were calculated, as these would be expected to be roughly equal if the
major precursor was 2:2 FTOH, 4:2 FTOH, 6:2 FTOH, 8:2 FTOH, and 10:2
FTOH, respectively (Fig. 3). 82–94 % of the molar concentration ratios of
PFHxA:PFHpA, PFOA:PFNA, PFDA:PFUnDA were between 0.5 and 2 (i.e.
within a factor of 2). Given that, of these pairs, only PFOA and PFNA (r
= 0.77, p < 0.01), and PFDA and PFUnDA (r = 0.89, p < 0.01), were sig-
nificantly correlated, this suggests that C8 – C11 PFCAs were mostly formed
from the atmospheric degradation of 8:2 FTOH and 10:2 FTOH (or an
equivalent fluorotelomer derived precursor e.g. 8:2 FTA and 10:2 FTA).
For TFA:PFPrA and PFBA:PFPeA, their ratios were always >2.8, suggesting



Table 1
Spearman correlation coefficients (r) and statistical significance (p) for C2 – C11 PFCAs. Strong correlations (r > 0.70) and statistically significant p-values are in bold
(p < 0.01). More compounds are presented in Table S13.

TFA PFPrA PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA

PFPrA r = 0.27
p = 0.30

PFBA r = 0.46 r = 0.91
p = 0.06 p < 0.01

PFPeA r = 0.39 r = 0.91 r = 0.99
p = 0.12 p < 0.01 p < 0.01

PFHxA r = 0.52 r = 0.87 r = 0.97 r = 0.97
p = 0.03 p < 0.01 p < 0.01 p < 0.01

PFHpA r = 0.34 r = 0.20 r = 0.40 r = 0.43 r = 0.51
p = 0.18 p = 0.43 p = 0.11 p = 0.08 p = 0.03

PFOA r = 0.50 r = 0.55 r = 0.72 r = 0.68 r = 0.77 r = 0.69
p = 0.04 p = 0.02 p < 0.01 p < 0.01 p < 0.01 p < 0.01

PFNA r = 0.08 r = 0.53 r = 0.51 r = 0.53 r = 0.54 r = 0.52 r = 0.77
p = 0.76 p = 0.03 p = 0.04 p = 0.03 p = 0.02 p = 0.03 p < 0.01

PFDA r = 0.06 r = 0.57 r = 0.51 r = 0.54 r = 0.53 r = 0.49 r = 0.67 r = 0.94
p = 0.82 p = 0.02 p = 0.04 p = 0.02 p = 0.03 p = 0.05 p < 0.01 p < 0.01

PFUnDA r = −0.14 r = 0.44 r = 0.39 r = 0.45 r = 0.42 r = 0.51 r = 0.56 r = 0.83 r = 0.89
p = 0.58 p = 0.08 p = 0.12 p = 0.07 p = 0.09 p = 0.03 p = 0.02 p < 0.01 p < 0.01
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an alternativemajor precursor source (or otherwise). It is worth noting that
this approach relies on the assumption that branched PFCA isomers are in-
significant to the levels of PFCAs found on Lomonosovfonna. This study has
only been able to quantify linear isomers of PFCAs and therefore does not
account for possible branched PFCA isomers. However, the analysis of sur-
face water in two Arctic lakes in Canada found 99% of PFOAwas the linear
isomer (De Silva et al., 2009). This suggests a fluorotelomer derived source
since the PFAS manufacture by fluorotelomerization largely produces just
linear isomers (Benskin et al., 2010). Since atmospheric precursors in the
Arctic are known to be dominated by precursors manufactured by
fluorotelomerization (Cai et al., 2012; Dreyer et al., 2009; Shoeib et al.,
2006; Stock et al., 2007; Xie et al., 2015), it is expected that their PFCA deg-
radation products will be largely linear isomers. Further work to establish
the structural isomer profile of C8 – C11 PFCAs on Lomonosovfonna could
assist with assigning 8:2 FTOH and 10:2 FTOH as precursor sources.

The higher total molar quantity of PFNA compared to PFOA in the ice
core (0.81:1) indicates a preference for the formation of PFNA over PFOA
(Figs. 2 and 3). This was also observed in the laboratory study of the degra-
dation of 8:2 FTOH (0.94:1 molar ratio) by Ellis et al. (2004). Despite the
Fig. 3. Even:Odd molar concentration ratios for C2
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numerous PFAS produced which could act as C8 atmospheric precursors
(e.g. FASAs/FASEs), the slightly higher molar quantity of PFNA in the ice
core over PFOA, indicates a stronger presence of a precursor(s) source
that can degrade to both C8 and C9 PFCAs (i.e. 8:2 FTOH). This evidence,
combined with the molar concentration ratios for PFOA:PFNA observed
in this ice core, and other Arctic snow pits and ice cores (Young et al.,
2007; Pickard et al., 2018; MacInnis et al., 2017), as well as widespread de-
tection of 8:2 FTOH in the Arctic atmosphere (Cai et al., 2012; Dreyer et al.,
2009; Shoeib et al., 2006; Stock et al., 2007; Xie et al., 2015), indicates that
8:2 FTOH continues to be a significant atmospheric source of PFOA and
PFNA to the remote Arctic environment.

The PFCA homologue ratios for PFHxA:PFHpA, PFOA:PFNA, PFDA:
PFUnDA at the Longyearbyen landfill (2.6, 3.8 and 4.2, respectively) and
the Longyearbyen firefighting training site (3.3, 9.7 and < LOQ, respec-
tively) (Ali et al., 2021) were in contrast to the results from the
Lomonosovfonna ice core in this study (1.5, 0.81 and 0.93 respectively).
This suggests that the input of PFAS to Lomonosovfonna from local sources
in Longyearbyen is insignificant. This is likely due to the large distance
(79 km) between Longyearbyen and Lomonosovfonna (which inhibits
– C11 PFCAs as a function of depth (cm weq).
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direct transport), and the high elevation of Lomonosovfonna (1198m.a.s.l.)
above the tropospheric boundary layer (which atmospherically isolates
Lomonosovfonna from local sources) (Garmash et al., 2013). It is worth
noting that these even-odd PFCA homologues calculated from the
Lomonosovfonna ice core (this study) and samples from Longyearbyen
(Ali et al., 2021) are based on measurements of linear isomers alone. Al-
though not confirmed, it is expected that sites in Longyearbyen will also
be influenced by branched PFCA isomers, which are known to be present
in aqueous firefighting foams (Kärrman et al., 2011). Despite this, linear
PFCA homologue ratios suggest that known local PFAS emissions in
Longyearbyen are not a source to Lomonosovfonna. Pyramiden is closer
to Lomonosovfonna (31 km) and could be a potential local source of
PFAS to the ice core. However, the settlement has been largely abandoned
since 1998 (i.e. before the timespan of this ice core). Furthermore, Warner
et al. (2019) found that PFAS in snow bunting (Plectrophenax nivealis) eggs
had significantly lower levels in Pyramiden compared to Longyearbyen. No
local sources were identified and long-range sources such as FTOHs were
thought to be a more important exposure route for snow buntings in
Pyramiden. Hence, Pyramiden does not provide a local source of PFAS to
Lomonosovfonna, and the ice core in this study records an atmospheric re-
cord representative of a background location in the Arctic.

On Lomonosovfonna, the detection of 6:2 FTUCA (35 % >MQL) and 8:2
FTUCA (6 % >MQL) is further indicative of the FTOH degradation process
(Ellis et al., 2004; Styler et al., 2013). During the radical-mediated degrada-
tion of 8:2 FTOH, it was found by Ellis et al. that 26 % of the molar reaction
product would be 8:2 fluorotelomer acid (8:2 FTCA) (Ellis et al., 2004). The
study reported that only the n:2 FTOH could yield the corresponding n:2
FTCA. Hence, the detection of FTUCAs in this ice core suggests that FTCAs
have formed in the atmosphere. This is because any FTCAs formedwill likely
eliminate HF to form FTUCAs (Dinglasan et al., 2004; Loewen et al., 2005).
This elimination process could happen in the environment (e.g. during snow-
pack/firn processes) or during extraction/analysis (e.g. during the prepara-
tion of the extracts in methanol). Regardless, the detection of 6:2 FTUCA
and 8:2 FTUCA suggests that 6:2 FTOH and 8:2 FTOH provide atmospheric
sources of PFCAs and other PFAS degradation products to the remote Arctic.

There was a significant correlation between all C3 – C6 PFCAs (r > 0.87,
p < 0.01), but not TFA. This suggests a common chemical source or degra-
dation pathway for C3 – C6 PFCAs. However, even-odd homologue ratios
for C3 – C5 PFCAs do not suggest a fluorotelomer derived source (Fig. 3).
Furthermore, the large variations in the PFCA mass contributions of
PFPrA (16 %), PFBA (6 %), PFPeA (2 %), and PFHxA (1 %) in the ice
core, and the higherfluxes of these PFCAs compared to C8 –C11 PFCAs, sug-
gest a largely non-fluorotelomer derived source has contributed to their de-
position (i.e. not FTOHs). The atmospheric deposition of PFPrA and PFBA
are known to vary seasonally in the Arctic (Björnsdotter et al., 2021).
This is because the photochemical conditions required for the radical-
mediated degradation of C3 and C4 precursors were only found to exist dur-
ing months with 24-hour daylight when solar radiation creates the atmo-
spheric conditions for precursor degradation. Hence in this ice core, it is
likely that PFPrA and PFBA, and by extension also PFPeA and PFHxA,
have been formed during photochemical atmospheric conditions. A
snowpit measured for PFAS on the Devon Ice Cap suggested that several
non-fluorotelomer atmospheric sources for PFBA could for example include
C4 HFCs and HFEs, such as HFC-329 (CF3(CF2)3H), HFE-7100 (C4F9OCH3)
and HFE-7200 (C4F9OC2H5) (MacInnis et al., 2017). These CFC replace-
ment products, as well as other HFCs, HCFCs, HFEs and HFOs, provide an
alternative atmospheric precursor source for short-chain PFCAs (Young
et al., 2009a; Wallington et al., 1994; Oyaro et al., 2005; Young et al.,
2009b; Montzka et al., 2015). These four precursor groups are known to
exist in the atmosphere and are known to undergo a OH radical oxidation
to PFCAs. Indeed, HFCs can provide a non-fluorotelomer precursor source
for PFCAs of chain lengths greater than C4. For example, HFC precursors
could include HFC-52-13p (CF3(CF2)4CHF2, commercialized as AC-2000
or TH-6) for PFHxA (C6) and HFC-569mccf (CF3(CF2)3CH2CH3, commer-
cialized as AC-4000 or TEH-4) for PFPeA (C5) (Wang et al., 2014). Indeed,
the tropospheric lifetime of HFC-52-13p is 31 years, which is sufficient to
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be well distributed in the atmosphere globally (Chen et al., 2004). Finally,
the lack of correlation between TFA and other PFCAs could be due to a dif-
ferent precursor source profile for TFA. Indeed, TFA is the potential degra-
dation product of over 1 million chemicals (Solomon et al., 2016).

3.3. Chemical sources of PFSAs to Lomonosovfonna

Observations of PFSAs were dominated by even chain length PFSAs
over odd chain length PFSAs. For C2 – C10 PFSAs, PFPeS was only found
in one subsection and was the only odd chain length PFSA detected. In con-
trast, PFBS, PFHxS, and PFOS were detected in 24 %, 65 %, and 82 % of
subsections, respectively.

This study also quantified linear and perfluoromethyl branched isomers
of PFHxS and PFOS. Inspecting the structural isomer profile is a useful tool
in assigning sources of PFAS (Kärrman et al., 2007). In addition to linear-
PFHxS and linear-PFOS, several other structural isomers were targeted.
Similar MQLs for linear-PFHxS (4.4 pg L−1) and linear-PFOS (6.6 pg
L−1), and their perfluoromethyl isomers (all 2.3 pg L−1) remove possible
biases in calculations due to large variations in MQLs. A summary of the
concentrations of linear and branched isomers of PFHxS and PFOS can be
found in Tables S14 and S15. Targeted branched isomers of PFHxS were
only detected in one section of the core (6 % > MQL). In comparison,
linear-PFHxS was detected in 65 % of core sections, but the concentrations
were close to the MQL. This will discriminate against the less abundant
branched isomers of PFHxS, which, if present on Lomonosovfonna, would
be below the MQL. PFHxS, produced by electrochemical fluorination
(ECF), has been reported to consist of approximately 18 % branched iso-
mers (Benskin et al., 2010). In contrast, PFOS branched isomers were de-
tected in 71 % of core subsections. 1-CF3-PFOS was not detected,
however at least one isomer of 3/4/5-CF3-PFOS and one isomer of 6/2-
CF3-PFOS was detected. In core sections that detected both linear and
branched isomers of PFOS, 71–89 % (average 81 %) were linear isomers.
These results are similar to a standard PFOS product (76–79 %) produced
by ECF (Kärrman et al., 2007). This suggests that changes to the PFOS iso-
mer composition during transport to Lomonosovfonna are insignificant and
therefore a direct particle-bound long-range atmospheric transport from
Eurasian sources might explain the presence of PFOS on Lomonosovfonna.
Two recent studies have found the percentage of PFOS in the atmosphere to
be largely in the particle-bound phase at a background site in Europe (80%)
and in oceanic air from the Western Taiwan Strait (96 %) (Paragot et al.,
2020; Yamazaki et al., 2021). Alternatively the presence of branched
PFOS isomers could suggest a branched precursor source, such as branched
FOSA precursors (Liu et al., 2007). In comparison to PFCAs, there is less ev-
idence for precursors to act as an atmospheric source for PFSAs. Only one
study has tenuously observed the formation of PFBS from N-methyl
perfluorobutane sulfonamidoethanol (MeFBSE) in a simulated atmospheric
laboratory study (D’eon et al., 2006). Hence in the atmosphere, the forma-
tion of PFSAs could proceed from the cleavage of S\\N bonds in precursors
such as FASAs and FASEs, which are known to be present in the Arctic at-
mosphere (Cai et al., 2012). In this ice core, PFOS was found to be signifi-
cantly correlated with TFA (r = 0.76, p < 0.01). This could suggest that
PFOS atmospheric formation and deposition is highly seasonally and de-
pendent on the presence of OH radicals to enable the atmospheric degrada-
tion of PFOS precursors, as is the case for TFA (Björnsdotter et al., 2021).
Further research is required to elucidate the significance of the direct
particle-bound transport of PFSAs to the Arctic versus their atmospheric
formation from precursors, or otherwise.

6:2 FTSA was detected in 41 % of subsections. Like for PFCAs, photo-
chemical precursors also exist for 6:2 FTSA. These include 6:2 fluorotelomer
sulfonamide alkylamine, 6:2fluorotelomer sulfonamide alkylbetaine, and 6:2
fluorotelomer sulfonamide. These compounds have been found in the envi-
ronment and are known to photochemically degrade to 6:2 FTSA (Moe
et al., 2012; D’Agostino and Mabury, 2017a; D’Agostino and Mabury,
2017b). If some of these precursors, or others, would be sufficiently volatile
to undergo long-range atmospheric transport to the Arctic, this could also ex-
plain the presence of 6:2 FTSA on Lomonosovfonna.
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This studywas unable to report TFMS concentrations. This is due to TFMS
contamination introduced during the cutting and processing of the ice core in
the cold lab (see Quality Assurance and Quality Control, pages S5 – S7). None-
theless, Björnsdotter et al. (2021) recently reported the ubiquitous presence
of TFMS in surface snow in the Arctic, including on Lomonosovfonna and
other high elevation remote glaciers. However, this study was unable to as-
sign a TFMS source. TFMS has not yet been targeted for a time series study
in the Arctic, for example as part of atmospheric monitoring or an ice core.
Fig. 4.Records of the annual atmospheric depositionfluxes of C2 – C11 PFCAs, PFHxS and
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Such a study could help elucidate the source(s) of TFMS to the Arctic. Further
work is required to assign the source(s) of TFMS in the Arctic.

3.4. Temporal trends in PFAS accumulation

Temporal trends show an increase in TFA atmospheric deposition
(Fig. 4). This has also been observed in Germany and the Canadian Arctic
(Pickard et al., 2020; Freeling et al., 2022). This likely reflects recent
PFOS. Solid line= annual deposition fluxes. Dashed line=5-yearmoving average.
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amendments to theMontreal Protocol that will see the replacement of HFCs
with HFOs (Polonara et al., 2017). High deposition fluxes and increasing
temporal trends for TFAmean that limited knowledge about the safe levels
of TFA in the environment needs addressing. C3 – C9 PFCAs and PFHxS
showneither a significant increase or decrease, whereas PFDAand PFUnDA
show a decreasing trend in atmospheric deposition. This possibly reflects
decreasing emissions of 10:2 FTOH precursors during 2010–2018 (Wang
et al., 2014). PFOS however showed an increasing trend, particularly
after 2011. This possibly suggests increasing atmospheric levels of PFOS
precursors in the Arctic, however this is at odds with estimated decreasing
emissions of FOSA, C8 FASEs and their associated compounds (Wang et al.,
2014).

No correlations were found between deposition fluxes of C6 – C10

PFCAs, PFOS and FOSA on Lomonosovfonna and the atmospheric levels ob-
served at the Zeppelin Observatory in Ny-Ålesund, Svalbard during the
years 2007–2018 (r < 0.17, p ≥ 0.23) (EBAS; Wong et al., 2021). This
could be due to (i) differences in the measurement technique (Zeppelin
only measures particle-bound PFAS, whereas photochemical degradation
is likely gaseous) (Ellis et al., 2004; Sulbaek Andersen et al., 2005; Martin
et al., 2006; D’eon et al., 2006; Butt et al., 2009), (ii) differences in geo-
graphic location (Svalbard is known to have an east-west gradient in cli-
mate) (Beaudon et al., 2013), (iii) PFAS mobility in the firn/snowpack
during summer melt disrupting the atmospheric record, and (iv) disparity
in air concentrations compared to atmospheric deposition. Indeed, one of
the advantages of ice cores, compared to atmospheric measurements, is
that it provides a record of what is deposited and can therefore enter the
Arctic biosphere, compared to what is present in the air. The effects of
melt percolation may also be significant in damaging the temporal trends
in atmospheric deposition. To assist in overcoming this, a 5-yearmoving av-
erage was applied (see dashed lines in Fig. 4). The mobility of PFAS during
meltwater percolation is discussed further in Section 3.7.

3.5. Marine environment as a source of PFAS

Several studies have identified marine aerosols as a potential mecha-
nism for the long-range atmospheric transport of PFAS. For example, in a
laboratory experiment, PFOA was found to be enriched in aerosols in the
headspace above the parent water body (McMurdo et al., 2008). In another
study, several particle-bound PFAAs were found to significantly correlate
with marine aerosols in the atmosphere at two sites in Norway (Sha et al.,
2022). Hence,marine aerosols could provide amechanism for the transport
of PFAS from the marine environment to Lomonosovfonna.

PFAS concentrations were investigated for correlations with Na+ to in-
vestigate if marine aerosols were a source of PFAS to Lomonosovfonna
(Table S16). Since Na+ is expected to be entirely of a marine origin, Na+

concentrations can be treated as a marine aerosol proxy. No PFAS were
found to positively correlate with Na+ (r < 0.27, p > 0.30). This indicates
that marine aerosols are not a significant source for PFAS in the
Lomonosovfonna ice core. This is despite (i) the ability of PFAS to undergo
long-range transport in the ocean, (ii) the variety of PFAS that have been
measured in the Arctic ocean (Yeung et al., 2017), and (iii) the proximity
of Lomonosovfonna to several fjords (>20 km) and open sea (~120 km).

Several PFCAs and PFSAs have recently been found to significantly cor-
relate with marine aerosols as part of long-term air monitoring at two sites
in Norway (Sha et al., 2022). However, this study only considers the PFAS
captured by quartz fiber filters and therefore only records particle-bound
PFAS. So whilst particle-bound atmospheric PFAS may be linked to marine
aerosols, the radical-mediated atmospheric degradation of PFAS precursors
is likely a gaseous process (Ellis et al., 2004; Sulbaek Andersen et al., 2005;
Martin et al., 2006; D’eon et al., 2006; Butt et al., 2009). Therefore, PFCAs
and PFSAs formed by this process are likely not to have been captured by
this study, or other long-term air monitoring whichmeasure PFAS using fil-
ters alone. Unfortunately, few studies have measured both particle-bound
and gaseous PFAAs in atmospheric samples (Paragot et al., 2020; Wong
et al., 2018), and therefore the relative importance of each process is un-
clear.
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3.6. Air mass source regions

Air mass trajectory frequency plots have previously been used to assist
in assigning source regions for organic contaminants in ice cores
(Garmash et al., 2013; Hermanson et al., 2010). In this study, 4383 daily
trajectories from 2007 to 2018, were used to understand relevant air
mass movements corresponding to the time period recorded by the ice
core. This included one plot for all complete annual layers in the core
(2007–2018, Fig. 5) and four further plots to investigate seasonal variations
in air mass movements for these years (Fig. S2).

The overall plot shows the trajectory frequency for 2007–2018 based on
a 6-day backward air mass trajectory from Lomonosovfonna. 0.25 % of tra-
jectory endpoints passed over Arctic Canada, Greenland, Northern Europe,
and Russia. Since Arctic Canada and Greenland are not highly populated or
industrialized regions, this study suggests Eurasia as the main air mass
source region to Lomonosovfonna. Thiswould agree with previous contam-
inant records from Lomonosovfonna (Garmash et al., 2013; Osmont et al.,
2018). A pollen record from Lomonosovfonna also identified Fennoscandia
as a source and not North America (Hicks and Isaksson, 2006).

Seasonal plots showed increased trajectory frequency over Eurasia dur-
ing November, December, and January, as well as February, March, and
April (i.e. months with complete or partial darkness). During May, June,
and July, trajectory densities over Eurasia were greatly reduced. Hence
the direct long-range atmospheric transport of contaminants from Eurasian
sources would likely be enhanced during winter months. This was also
found to be the case during the seasonal air sampling of polycyclic aromatic
hydrocarbons in Svalbard (Drotikova et al., 2021). This is in contrast to C2 –
C4 PFCAs which were found to have higher deposition fluxes from precur-
sor degradations during months with 24-hour daylight (Björnsdotter et al.,
2021).

UsingHYSPLIT to assign geographical source regions has been shown to
be effective for organic contaminants such as polychlorinated biphenyls
(PCBs) in ice cores (Garmash et al., 2013). If PFAS on Lomonosovfonna
have been transported by direct emissions like PCBs, then these trajectory
frequency plots are also a helpful tool in assigning source regions. However,
many of the PFAS observed in this ice core, such as PFCAs, are likely formed
by the atmospheric degradation of precursors. PFAS precursors have long
atmospheric lifetimes with respect to radical degradation (e.g. FTOHs –
20 days, HFC-134a – 14.1 years) (Ellis et al., 2003; Wild et al., 1996). As
a result, using HYSPLIT to assign geographical source regions is not possi-
ble. Since PFCAs have atmospheric lifetimes of several days with respect
to wet and dry deposition (TFA – 9 days, PFOA – 12 days) (Wallington
et al., 2006; Kotamarthi et al., 1998), trajectory frequency plots instead rep-
resent regions where degradation products, such as PFCAs, could have been
formed in the atmosphere from precursors rather than source regions of
PFAS precursors.

3.7. Redistribution of PFAS during melt

Iizuka et al. (2002) have established a chemical melt proxy using Na+

and Mg2+ ion concentrations for Svalbard ice cores. This has been shown
to be effective in recording historical melt for several Svalbard ice cores
due to the preferential mobility of Mg2+ compared to Na+ during meltwa-
ter percolation in the snowpack/firn. This study uses the same chemical
melt proxy by calculating log([Na+]/[Mg2+]) values.

PFAS are likely ubiquitous in seasonal snow and post-industrial accu-
mulation on glaciers in Svalbard. For PFAS, post-industrial accumulation
will be from approximately 1940 onwards, since it was during this decade
that PFAS entered commercial production (Banks and Tatlow, 1986). Inves-
tigating the effects of meltwater percolation on the core could offer a route
to understanding which PFAS are released preferentially during snowmelt
and glacier runoff. This is important because runoff from glaciers could
be a large seasonal source of PFAS to the fjord environment in Svalbard
and the wider Arctic. PFCAs and PFSAs have high solubility and would be
expected to be very mobile during events when meltwater percolates
through the snowpack/firn (Rayne and Forest, 2009). Plassmann et al.



Fig. 5. HYSPLIT air mass trajectory frequency plot for air masses ending at the Lomonosovfonna drilling site 2007–2018.
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(2011) investigated the influence of snowmelt on PFCAs and PFSAs in a
snow chamber experiment and found that PFCAs and PFSAs of shorter
chain lengths were preferentially eluted. Field observations broadly found
the same results that shorter chain length PFCAs were more mobile during
melt of the seasonal snowpack (Skaar et al., 2019; Codling et al., 2014). To
assess whether PFAS concentrations had been affected by percolating melt-
water, their correlations with the melt proxy log([Na+]/[Mg2+]) were in-
vestigated (Table S16). TFA (r=−0.65, p< 0.01) and PFOS (r=−0.54, p
= 0.02) were found to have negative correlation with the melt proxy (i.e.
TFA concentrations were lower in subsections where Mg2+ concentrations
had been depleted relative to Na+ as a result of meltwater percolation).
This suggests that TFA, and possibly PFOS, are mobile during meltwater
percolation through the snowpack/firn. Nonetheless, it is possible that
other PFAS may have been affected by meltwater percolation due to their
high water solubilities (Rayne and Forest, 2009). Hence, runoff from post-
industrial accumulation on glaciers and seasonal snowmelt would be im-
portant in the seasonal input of TFA and PFOS, and possibly other PFAS,
to the fjord environment in Svalbard and elsewhere in the Arctic.

Meltwater percolation of chemical species on Lomonosovfonna is well
understood. In a previous ice core from Lomonosovfonna, one study
found that meltwater was mostly refrozen within the annual layer
(Pohjola et al., 2002), whereas another study found that percolation may
have extended up to 8 annual layers (Moore et al., 2005). Regardless,
these effects, combined with the short time period covered by the core
(2006–2019) make it difficult to comment on the long-term trends in
PFAS deposition fluxes in this ice core. Furthermore, this makes it
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challenging to assign geographical source regions for sections of the ice
core which have higher individual PFAS fluxes. Meltwater percolation
also damages the atmospheric signal from water stable isotopes and
major ions. This can affect the accuracy of dating the ice core (and hence
a ± 2 year error has been assigned to the annual layer counting, Fig. S1).
Misassignment of annual layers could then affect the PFAS annual flux
values reported in this study. Meltwater percolation in the snowpack/firn
would also provide an alternative aqueous medium for degradations to
occur. Indeed, the post-deposition degradation of PFAS precursors in the
snowpack (i.e. any degradationwhich follows wet/dry deposition), in addi-
tion to atmospheric degradations, could affect the PFAAs observed in this
study (Taniyasu et al., 2013). Several neutral PFAS are known to have pos-
itive and negative air-snow exchange fluxes, and therefore there can be
post-deposition losses from the snowpack/firn back to the atmosphere
(Xie et al., 2015). The analysis of this ice core is unable to distinguish be-
tween particle-bound PFAS and non-particle-bound PFAS, and hence re-
ports a sum value. However, given the collective evidence for precursor
sources for C2 – C11 PFCAs, and since this is known that their degradation
is a gaseous process, it is likely that at least these degradation products
exist mostly as non-particle-bound compounds in the ice core.

3.8. Environmental implications

HYSPLIT analysis (Section 3.6) reveals a broad atmospheric region
which has influenced the PFAS observed in this ice core. This area extends
through northern Eurasia, Greenland, Canada and almost the entire Arctic
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Ocean (Fig. 5). Hence, this study has been able understand atmospheric
processes, including precursor degradations, occurring in a large part of
the Arctic and northern Eurasian atmosphere. Results suggest that the at-
mospheric degradation of precursors (e.g. FTOHs, HFCs) are responsible
for the presence of PFCAs on Lomonosovfonna and that their atmospheric
deposition fluxes increase greatly towards shorter chain length PFCAs in
several Arctic ice cores (Fig. 2). TFA was found to have the highest atmo-
spheric deposition fluxes, and its temporal trends are now known to be in-
creasing in both the European Arctic (Fig. 4) and Canadian Arctic (Pickard
et al., 2020). The mobility of some PFAS, such as TFA, during meltwater
percolation in this ice core suggests that increasing equilibrium-line alti-
tudes on Arctic glaciers due to climate change (Van Pelt et al., 2019),
may enhance the input of some PFAS to downstream Arctic ecosystems
(e.g. Arctic fjords, lakes and wetlands) through glacier runoff.

4. Conclusion

The presence of 26 of the 45 PFAS targeted in a remote high elevation
Arctic ice core suggest that PFAS contamination is chemically diverse and
geographically widespread in the Arctic. The majority of PFAS frequently
detected were PFCAs, and fluxes of PFCAs typically increased towards
shorter chain lengths with TFA having the highest fluxes in the core. The
distribution profile of PFAS detected suggests that FTOHs are likely the at-
mospheric precursor to C8 – C11 PFCAs, whereas C3 – C6 PFCAs have an al-
ternative source, such as HFCs and other CFC replacement compounds. In
addition, the detection of FTUCAs confirmed the role of FTOHs as atmo-
spheric precursors to PFCAs. It is unclear whether the presence of PFSAs,
such as PFBS, PFHxS, and PFOS, on Lomonosovfonna could be explained
by direct particle-bound transport or atmospheric degradation of
precursors. Nonetheless, the structural isomer profile of PFOS on
Lomonosovfonna indicated that it had been manufactured by ECF. No
PFAS were found to positively correlate with the Na+, a marine aerosol
proxy, showing that marine aerosols are unimportant in the atmospheric
transport of PFAS to the Arctic. HYSPLIT analysis revealed that any direct
transport of contaminants would come from Eurasian sources. TFA, and
possibly also PFOS, were found to be influenced by meltwater percolation
in the ice core, indicating the importance of glacier runoff as a seasonal
source of PFAS input into Arctic fjords. In comparison with another Arctic
ice core from the Devon Ice Cap (2007–2014), fluxes for C2 and C3 PFCAs
were typically lower, but fluxes were similar or higher for C4 – C13 PFCAs
and PFOS on Lomonosovfonna.
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Full details of the drill site characteristics, chemicals and reagents, sam-
ple extraction, instrument analysis, quality control and quality assurance,
HYSPLIT analysis, major ion analysis, and water stable isotope analysis
can be found in the supporting information (pages S1 – S9). Lists of target
analytes, abbreviations, CAS numbers, MRM transitions, internal and re-
covery standards used, LODs and MQLs, extraction efficiencies and the re-
peatability of the instrument method can also be found. Tables with PFAS
fluxes and concentrations, as well as correlations, are also provided.
Figures showing annual layer counting used in dating the ice core, and
HYSPLIT seasonal trajectory frequency plots can also be found. The
supporting information to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.161830
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