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for perfluoroalkyl acids in the high
arctic: implications for global and local transport†
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Perfluoroalkyl acids (PFAAs) are persistent compounds that are ubiquitous globally, though some

uncertainties remain in the understanding of their long-range transport mechanisms. They are frequently

detected in remote locations, where local sources may be unimportant. We collected a 16.5 metre ice

core on northern Ellesmere Island, Nunavut, Canada to investigate PFAA deposition trends and transport

mechanisms. The dated core represents fifty years of deposition (1967–2016), which accounts for the

longest deposition record of perfluoroalkylcarboxylic acids (PFCAs) in the Arctic and the longest record

of perfluoroalkylsulfonic acids (PFSAs) globally. PFCAs were detected frequently after the 1990s and have

been increasing since. Homologue pair correlations, molar concentration ratios, and model comparisons

suggest that PFCAs are primarily formed through oxidation of volatile precursors. PFSAs showed no

discernible trend, with concentrations at least an order of magnitude lower than PFCAs. We observed

episodic deposition of some PFAAs, notably perfluorooctane sulfonic acid (PFOS) and perfluorobutane

sulfonic acid (PFBS) before the 1990s, which may be linked to Arctic military activities. Tracer analysis

suggests that marine aerosols and mineral dust are relevant as transport vectors for selected PFAAs

during specific time periods. These observations highlight the complex mechanisms responsible for the

transport and deposition of PFAAs in the High Arctic.
Environmental signicance

To better understand the long-range transport of peruoroalkyl acids (PFAAs), an ice core representing 50 years of deposition—from 1967 to 2016—was collected
from the Canadian High Arctic. The deposition ux of peruoroalkylcarboxylic acids increased from the early 1990s to 2016, while the peruoroalkylsulfonic
acids were deposited episodically. We found evidence for transport pathways that have not before been observed to contribute to remote terrestrial PFAA levels,
including marine aerosols for some homologues. Understanding the deposition record of organic contaminants in remote pristine environments is an
invaluable tool to help understand the global impacts of changing production and policy.
Introduction

Per- and polyuoroalkyl substances (PFAS, CnF2n+1–R) describe
a diverse class of anthropogenic compounds that have been
produced since the 1950s.1 A peruoroalkyl moiety (CnF2n+1–)
imparts unique properties when compared to its hydrocarbon
counterparts including the ability to lower surface tension, form
stable foams, as well as exceptional chemical and thermal
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f Chemistry 2024
stability.2,3 Thus, these compounds have numerous consumer
and industrial applications including uoropolymer-coated
cookware, clothing, metal plating, and aqueous lm-forming
foams (AFFF).2 While many useful applications exist, they are
highly persistent in the environment,4 bioaccumulative,5 toxic,6

and can undergo long-range transport.3 These are all hallmark
characteristics of persistent organic pollutants (POPs), which
prompted manufacturers and regulatory bodies to phase out
and restrict the use of selected PFAS.7

PFAS exists in several subgroups, the most widely known and
studied is the peruoroalkyl acids (PFAAs) which include both
the peruoroalkylcarboxylic acids (PFCAs) and peruoroalkyl
sulfonic acids (PFSAs).1 Due to the ubiquitous nature of PFAAs,
they are frequently detected in remote locations, including the
Arctic.8–13 Two major pathways have been suggested to explain
their long-range transport: direct transport and indirect
formation in the atmosphere.3 With direct transport, PFAAs are
released and transported in the stable carboxylic (PFCA) or
sulfonic acid (PFSA) form aer manufacture and use. This
Environ. Sci.: Processes Impacts, 2024, 26, 1543–1555 | 1543
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transport mechanism can occur in the gas phase, on particles
(including marine aerosols) or by ocean currents.3,10 With
indirect formation, PFAAs are formed through chemical trans-
formation of volatile precursors in the atmosphere.14 Samples
collected in remote locations can be used to investigate these
different transport mechanisms. Ice caps and glaciers receive
deposition primarily from the atmosphere due to their isolation
from local sources and high elevation, in which a record of
contamination can be preserved.9,10,15–17

Temporal variations over multiple decades can elucidate
source and precursor contributions to long-range transport that
can be used to understand the deposition mechanisms of
PFAAs. Previously, ice core records from the Arctic have been
measured, where PFAAs were detected in most samples with
a few exceptions described in previous studies.8–10 To further
improve our knowledge of PFAA deposition and transport
mechanism in the High Arctic, we collected an ice core fromMt.
Oxford iceeld, located on Ellesmere Island, Nunavut, Canada.
This ice core is geographically closer to possible emission
sources highlighted in a previous study from Devon Ice Cap that
recorded 38 years of deposition.10 Because Mt. Oxford iceeld
receives less precipitation annually (∼10 cm water equivalent
per year) than the Devon Ice Cap (∼30 cm water equivalent per
year),18 an ice core of similar length from Mt. Oxford iceeld
records over an additional decade of deposition compared to
the Devon Ice Cap. This 50 year record represents the longest yet
recorded for PFAS in the northern hemisphere and the longest
for PFSAs globally. Here, we use the ice core record to examine:
(1) PFAA depositional proles; (2) temporal variations; (3)
evidence of indirect and aerosol transport; and (4) causes of
episodic pulses of high deposition.

Methods
Ice core collection and sectioning

Details of sampling procedures were described previously.10,19

Briey, a 16.5 m ice core was collected from the summit of the
Mt. Oxford iceeld, Nunavut (82.19°N, 72.96°W, 1784 m above
sea level) in May 2017 (Figure S1†). Ice core sections were
retrieved using a 3-inch (7.7 cm) diameter aluminum and
stainless-steel Kovacs ice drill. The ice core was drilled in one
metre sections, packaged in polyethylene bags, and shipped
frozen to the Canada Centre for Inland Waters (CCIW) in Bur-
lington, ON, Canada.

An age-depth scale was created using oxygen stable isotopes
and ion chemistry measured in a co-located core that was dril-
led simultaneously within 5 m. Details of the dating methods
have been previously described.20–22 The 16.5 m ice core repre-
sented 50 years of deposition (1967–2017) with a total dating
error of ±1 year; further details can be found in the SI. The ice
core was sectioned into discrete samples corresponding to
individual years in a cold room (0 to −10 °C) using methanol
(MeOH) rinsed stainless steel tools, with each section trans-
ferred to pre-cleaned high density polyethylene bottles. Samples
were kept frozen (−30 °C) prior to sectioning, melting, extrac-
tion, and analysis. Data for the partial year of sample collection
(2017) was not included in our analysis.
1544 | Environ. Sci.: Processes Impacts, 2024, 26, 1543–1555
Sample preparation and extraction

Details of sample extraction have been described
previously.10 We analyzed PFCAs (C5–C16), PFSAs (C4, C6, C8),
peruorooctanesulfonamide (FOSA), peruoroethylcyclo-
hexanesulfonate (PFECHS) and hexauoropropylene oxide
dimer acid (HFPO-DA), commonly known as GenX (See
Table S1† for full analyte list). Measurement of PFCAs with four
or fewer carbons in this ice core was reported previously.19

Samples were thawed prior to extraction and aliquoted to at
least 500 mL melted volume which was required for solid phase
extraction (SPE).9,10 Samples were shaken, sonicated for 10
minutes, and held for 30 minutes at room temperature.

Samples were concentrated using OASIS® weak anion
exchange SPE cartridges (6 cm3, 150 mg, 30 mm). Before
extraction, each cartridge was conditioned with 5 mL 0.1%
NH4OH/MeOH, followed by 5 mL MeOH and 5 mL SPE-cleaned
HPLC grade water. Following sample concentration, cartridges
were rinsed with 25 mM ammonium acetate buffer acidied to
pH 4 with acetic acid and centrifuged at 4000 rpm for 2 minutes
to remove any residual water. Elution was done in two fractions:
the rst fraction was eluted with 6 mL of MeOH for FOSA, while
the second fraction was eluted with 8 mL of 0.1% NH4OH/
MeOH for other PFAAs. Extracts were evaporated to dryness
under a gentle stream of nitrogen and reconstituted in 0.5 mL
50/50 methanol–water containing the surrogate mixture (Table
S2†), which was used to account for any matrix effects. Recon-
stituted samples were sonicated for 5 min, vortexed, and
transferred to polypropylene vials for analysis.
Instrumental analysis

Extracts were analyzed using an Acquity UPLC I class liquid
chromatography coupled to a XEVO® TQ-S tandem mass spec-
trometer in electrospray negative ionization mode (Waters
Corporation, Massachusetts, USA). Analytes were separated
using an Acquity UPLC BEH C18 column (Waters Acquity
UPLC® BEH, 2.1 × 50 mm, 1.7 mm) with a water–methanol
2 mM ammonium acetate gradient method (Table S3 and S4†)
and quantied based on relative response to isotopically
labelled internal standards (Wellington Laboratories, Guelph,
ON).

Subsamples were also analyzed for major cations (Li+, Na+,
K+, NH4

+, Al3+, Ca2+, Mg2+) and anions (F−, Cl−, SO4
2−, PO4

2−,
NO3

−) by ion chromatography with conductivity detection.
Separation was achieved using Dionex CS19 and AS11 columns
for cations and anions, respectively (further details in the SI).
Quality assurance and quality control

Our previous ndings suggest that environmental exposure and
shipping do not contribute to PFAS contamination.10 Cartridge
blanks were analyzed to verify the integrity of the extraction
procedure. A mixture of isotopically labelled standards was also
used to determine analyte recoveries and matrix effects (Table
S5†). The accuracy of the method was evaluated by spiking an
Arctic freshwater composite (n = 4) with native analytes before
or aer extraction (Table S7†). Limits of detection (LOD) were
This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4em00219a


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
0:

12
:5

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
based on signal to noise ratios of 3, while method detection
limits were based on average plus 3 times the standard devia-
tion of method blanks. All QA/QC data can be found in section
1.5 in the SI.
Statistical analysis

Statistical analyses were performed using RStudio (Version
1.4.1106) with R version 4.3.0. Annual uxes of PFAAs and ions
were logarithm-transformed [log10 PFAA, ions] to approximate
normality before Pearson's correlation (r) analysis using the
lmodel2 package.23 Values below the detection limit were
included as 1

2 detection limit for examining temporal variations,
but were excluded from all statistical tests. Further details are
provided in the SI.
Results and discussion
PFAA concentrations and uxes on the Mt oxford iceeld

Annual concentrations were measured in the ice core samples
dating from 1967 – 2016 for PFAAs and FOSA. Generally, PFCAs
from PFPeA (C5) to PFDoDA (12) were detected on Mt. Oxford
iceeld. The PFCAs from PFOA to PFDA (C8–C10) were detected
in 98% of samples, whereas PFPeA (C5), PFHxA (C6), PFHpA
(C7), PFUnDA (C11) and PFDoDA (C12) were detected in 90, 68,
90, and 66 and 60% of samples, respectively. The concentra-
tions of individual PFCAs ranged from <LOD to 2.33 ng L−1

(Table S9†), with PFOA (C8) and PFNA (C9) being the major
contributors. The presence of C13–C16 and C18 PFCAs, as well
as HFPO-DA, were sought but were <LOD for the entire 50 year
record. HFPO-DA was introduced as a PFOA alternative and has
been produced since 2009.24 Since its introduction, several
studies have detected HFPO-DA within a few hundred kilo-
metres of uorochemical production facilities,25–27 as well as in
precipitation samples in the United States.28 The lack of detec-
tion of HFPO-DA on Mt. Oxford iceeld may be because (i) the
compound is present at levels below our current detection
limits; (ii) no known precursors exist to facilitate indirect
transport; and/or (iii) not enough time has passed since its
introduction for direct transport via ocean currents to the
remote Canadian Arctic to occur.29 HFPO-DA was detected in
surface water samples from Europe to the Arctic along two
transects within the Fram Strait, with a concentration range of
<MDL to 26 pg L−1.30 The concentration of HFPO-DA displayed
a sequential decrease from Europe to the Fram Strait30 which
aligns with our hypothesis that insufficient time has elapsed for
a direct ocean transport mechanism to the High Arctic. More-
over, HFPO-DA was never registered for use in Canada.31 The
PFSAs detected were PFBS (C4), PFOS (C8), and PFECHS (cyclic
C8), as well as FOSA with individual concentrations ranging
from <LOD to 4.16 ng L−1 (Table S10†). PFHxS (C6) and PFDS
(C10) were <LOD in all samples. PFBS was the dominant
homologue with a detection frequency of 98%, whereas PFOS,
PFECHS, and FOSA were detected in 90, 94, and 84% of
samples, respectively. The detection of PFECHS is not consis-
tent among previous studies in the Canadian Arctic. The Devon
Ice Cap summit was sampled in 2008 and 2015.9,10 In the 2008
This journal is © The Royal Society of Chemistry 2024
study, PFECHS was detected up to 20 pg L−1 in snow pit samples
whereas all PFECHS were <0.94 pg L−1 in the ice core record
collected in 2015. The concentration of PFECHS on Mt Oxford
iceeld is greater (142 pg L−1) than the maximum observed in
the 2008 Devon Ice Cap study.

Concentrations (ng L−1) were converted to uxes (ngm−2 a−1)
to determine the annual deposition of PFAAs on Mt. Oxford
iceeld (Tables S11 and S12†). Fluxes of individual PFCAs were
up to 316 ng m−2 a−1 and were consistently higher than other
Arctic and sub-Arctic deposition measurements, but lower
than lower-latitude precipitation samples8–10,32–35 (Table S13†).
Fluxes of PFSAs were generally lower than PFCAs, averaging
13 ng m−2 a−1, but elevated levels of PFOS and PFBS up to
471 ng m−2 a−1 were observed in a few years before the 1990s,
which will be discussed in the Episodic PFAA Transport Pathways
section below.
PFAA temporal variations

Variations in PFAA deposition over time are useful to elucidate
source and precursor contributions to the High Arctic. We do
not expect the integrity of the temporal record to be affected by
post depositional effects based on the detection of solstice
peaks of major ions in the aforementioned co-located ice core
(Fig. S2†). Nevertheless, to circumvent any possible errors
associated with sectioning, dating, and post-depositional
processes, we conservatively report uxes as ve-year moving
averages for temporal trend analysis.

In general, all uxes of PFCAs were observed to be constant
or increasing with time, with the increases being more prom-
inent aer 1985 (Fig. 1A and S3†). Before this period, uxes were
relatively constant except for episodes of elevated levels of C6-12
PFCAs in the 1970s, which will be discussed in the Episodic
PFAA Transport Pathways section below. The C8 (PFOA) and C9
(PFNA) homologues were the dominant PFCAs observed at Mt.
Oxford iceeld, similar to previous observations.10 Contrary to
the deposition trends at Devon Ice Cap, in which C8 (PFOA) and
C9 (PFNA) plateaued aer 1995, we observe a consistent
increase for these two homologues. Additionally, PFOA uxes
were at least an order of magnitude higher at Mt. Oxford iceeld
compared to Devon Ice Cap aer 1991 and the Lomonsovfonna
Ice Cap in Svalbard16 (Fig. 2), suggesting potential differences in
sources.

In 2006, the United States Environmental Protection Agency
PFOA Stewardship program invited the eight major uoropol-
ymer and uorotelomer manufacturers to voluntary eliminate
emissions and production of PFOA, its precursor compounds,
and the related longer chain homologues.26 Meanwhile in
Canada, four participating companies agreed to eliminate
residual PFOA, long chain PFCAs, and their precursors by
2015.27 Other manufacturers in Japan and Western Europe also
implemented similar regulations. These regulations prompted
a geographical shi in sources of PFCAs, as manufacturers that
were not participants in the reduction programs (mainly in
China and India) increased or began production of several
classes of PFAS and its precursors.36 Ellesmere Island, where Mt.
Oxford iceeld is located, is inuenced less by North American
Environ. Sci.: Processes Impacts, 2024, 26, 1543–1555 | 1545
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Fig. 1 Five year moving averages of PFAA deposition flux on Mt.
Oxford icefield: (A) PFCAs (C5–C12) and (B) PFSAs (C4, C8, PFECHS)
and FOSA for the period 1967–2016. For values below detection limit, 12
detection limit was used to calculate flux.

Fig. 2 Five year moving averages of (A) PFOA and (B) PFNA deposition
at Mt. Oxford icefield (1967–2016), Devon Ice Cap (1977–2015),10 and
Lomonsovfonna Ice Cap (2006–2019).16
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airmasses and more by Eurasian airmasses compared to more
southern areas of the Canadian Arctic.37 Thus, we would expect
that the more southern Devon Ice Cap might be more inu-
enced by the reduction in emissions, while deposition to the
more northern Mt. Oxford iceeld would be more affected by
continuing global production. This expected spatial pattern is
generally consistent with our observations of PFCAs at Mt.
Oxford iceeld and the previous observations at Devon Ice Cap
described above.

Fluxes of FOSA generally increased from 1980 to 2000 fol-
lowed by a decrease over the next decade (Fig. 1B and S4†). This
decrease is likely the effect of the voluntary phase out by 3 M of
POSF-based chemistry (including PFOS and its precursors) by
2002.38 A similar temporal variation was observed at the Devon
1546 | Environ. Sci.: Processes Impacts, 2024, 26, 1543–1555
Ice Cap.10 However, at that location the decline happened over
a faster timescale of ∼2 years. Following the decrease, FOSA
uxes at Mt. Oxford iceeld remained higher than those at
Devon Ice Cap. The slower decrease and higher levels of FOSA at
the more northern Mt. Oxford iceeld are again consistent with
a larger inuence of airmasses from Eurasia. No discernible
trend with time was observed in the deposition of the other
PFSAs. There were several years with deposition uxes above
100 ng m−2 a−1 of the C8 PFSA (PFOS) and 10 ng m−2 a−1 of the
C4 PFSA (PFBS) before 1995. Deposition events were isolated in
time, suggesting episodic events that resulted in the deposition
of these two homologues. This will be discussed further in the
Episodic PFAA Transport Pathways section below.
Evidence for indirect transport of PFAAs

Indirect sources of PFAS may contribute to their presence and
distribution to the Arctic. Laboratory chamber studies and
chemical modelling demonstrated that volatile and semi-
volatile precursor compounds including uorotelomer alco-
hols (FTOHs), peruoroalkane sulfonamides, and N-alkane
peruoroalkane sulfonamidoethanols can undergo OH-
initiated oxidation in the gas phase to produce PFAAs.14,39,40 If
a common indirect source exists, then PFAA homologues are
expected to vary through time together. To explore this, we
compared uxes of PFAAs (Fig. 3 and Table S14†).9,10,28
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Pearson correlation map of log transformed PFCA, PFSA, and FOSA deposition fluxes on Mt. Oxford icefield for the entire sampling period
(1967–2016). The strength of the correlation is illustrated by the colour and size of the circle, where larger circles denote a strong correlation
based on the magnitude of r. The black outline represents a statistically significant correlation (p-value <0.05). Data for C2–C4 PFCAs from
Pickard et al.19
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Generally, all PFCA homologue pairs showed statistically
signicant moderate to very strong correlations (r: 0.5–0.96, p <
0.05). This is consistent with expected PFCA homologue
production by gas phase atmospheric oxidation of uo-
rotelomer compounds.39 Weak but statistically signicant
correlations were also observed between FOSA and C5–C10
PFCAs (r: 0.34–0.46, p < 0.05). This has not been observed before
in the Canadian Arctic9,10 but has been observed in Svalbard.16

Correlations between FOSA and PFCAs could be indicative of
atmospheric formation, since sulfonamides have been identi-
ed as precursor of PFCAs with #8 carbons.40,41 These rela-
tionships suggest that most PFCAs originate from common
sources and/or have experienced similar precursor oxidation
and deposition processes. Our results are consistent with
observations from other remote terrestrial locations where
atmospheric deposition has been shown as a dominant source
of PFCAs.9,10,16,17,32

Molar concentration ratios of even-odd homologue pairs are
useful to discern the contribution of uorotelomer atmospheric
oxidation in PFCA deposition. Smog chamber studies suggest
that the degradation of X : 2 uorotelomer compound yields
PFCAs with X and X + 1 carbons.39 There will be some variability
in the molar ratio of the even-odd PFCA pair depending on the
atmospheric levels of NOx (NO + NO2) and peroxy radicals.14 If
uorotelomer oxidation is indeed a major pathway for PFCA
formation, then sequential homologue pairs are expected to be
present in roughly equal molar quantities (i.e., 1 : 1).10,42 Molar
concentration ratios were calculated for three pairs of PFCAs:
C6–C7, C8–C9, and C10–C11 (with the even carbon PFCA in the
This journal is © The Royal Society of Chemistry 2024
numerator and the odd carbon PFCA in the denominator),
which represent the major PFCA oxidation products of 6 : 2, 8 :
2, and 10 : 2 uorotelomers, respectively. Most ux ratio
measurements were clustered around a 1 : 1 ratio within a factor
of ± 2 aer 1990 (i.e., between 2 : 1 and 1 : 2, Fig. S5†), compa-
rable to previous measurements in the Arctic.10,16 The even
homologues appear to be higher than the odd homologues (i.e.,
factor of 2 or more) prior to 1990. There is higher uncertainty in
the data before 1990 because concentrations of odd PFCA
homologues were close to detection limits, but may also suggest
that PFCA sources pre-1990 were different.

The available evidence from homologue correlations and
molar concentration ratios strongly suggests that most PFCAs
are formed indirectly through the oxidation of volatile precur-
sors. We can therefore use these data as an observational test of
a recent GEOS-CHEM model (Fig. S6†)43 that includes oxidation
chemistry of uorotelomer compounds as well as deposition and
transport of precursors and intermediates. Comparing the
modelled and measured uxes we found that modelled uo-
rotelomer oxidation can account for <50% of C9–C12 PFCAs and
3–46% of C5–C8 PFCAs, respectively, aer the 1990s. Discrep-
ancies between modelled and measured PFCA deposition high-
light uncertainty in emission inventories used by the model44

and that gas-particle partitioning, which could contribute to the
transport of PFCAs,43 has not yet been parameterized in model
calculations. Thus, further work in chemical modeling of PFCA
atmospheric formation and fate is needed.

In contrast to the PFCAs, pairs of PFSAs were not generally
correlated with each other or with any PFCAs (Fig. 3 and Table
Environ. Sci.: Processes Impacts, 2024, 26, 1543–1555 | 1547
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S14†). This is consistent with the previous record from Devon
Ice Cap,10 but inconsistent with a record from Svalbard,16 where
correlation was observed between C8 PFSA (PFOS) and C2 PFCA
(TFA). We observed a very strong, statistically signicant
correlation for the PFOS-PFBS pair (C8–C4, r: 0.90, p < 0.001). A
similar observation was made at Devon Ice Cap (r2: 0.31, p <
0.05).10 These two compounds can be formed through the
atmospheric oxidation of peruoroalkane sulfonamido
substances.40 Chamber experiments demonstrated that oxida-
tion of N-methyl peruorobutane sulfonamido ethanol (N-
MeFBSE, C4 homologue) yields C2–C4 PFCAs and the C4 PFSA
(PFBS). Similarly, the oxidation of N-methyl peruorooctane
sulfonamido ethanol (N-MeFOSE, C8 homologue) would be ex-
pected to yield the C8 PFSA (PFOS) and C2–C8 PFCAs. These
precursors may co-occur in commercial products45 and may be
emitted from similar sources.46 Both C4 and C8 PFSA precursors
have been detected in Arctic environments.47,48 If this indirect
formation were a signicant source, we might expect to see
correlations between C8 PFSA (PFOS) with one of its measured
potential precursors, FOSA, and with C8 PFCA. We would also
expect to see a correlation between C4 PFSA (PFBS) with the C4
PFCA. As discussed above, no correlations between any of these
species were observed (Fig. 3). Thus, we have no substantive
evidence that PFBS and PFOS found on Mt Oxford iceeld were
a result of indirect transport. However, another possibility for
the correlation of PFBS and PFOS could be the use of these two
homologues in AFFF formulations, where they could be
released and subsequently transported to the Arctic. Potential
impacts of local usage will be discussed in the next section.
Evidence for aerosol transport of PFAAs

Aerosol transport may also contribute to PFAA deposition on the
Mt. Oxford iceeld. Depending on the PFAA homologue and the
aerosol source, transport on aerosols could be attributed to
both direct and indirect sources. For example, aerosols could
transport directly-emitted PFAAs or those formed from atmo-
spheric oxidation. Most previous studies in remote regions have
not observed clear evidence for marine aerosol-mediated long-
range transport of PFAAs.9,16,17 While high volume atmo-
spheric sampling has measured several PFAAs in aerosols (e.g.,
Wong et al., 2018, 2021),49,50 this sampling approach cannot
accurately distinguish between gaseous and particulate
PFAAs.51,52 The ice core record from Devon Ice Cap suggested
a role for aerosols, in which there was some evidence for
transport by mineral dust.10 Major ion analysis can be useful to
determine the inuence of sea spray, biomass burning, mineral
dust, and anthropogenic aerosol contributions to the High
Arctic.10,53

To assess the contribution of marine aerosols to PFAA
deposition, we compared the PFAA homologue proles in the
ice core to the surrounding ocean samples and conducted
correlation analysis on individual PFAAs with a marine aerosol
tracer (Na+). Consistent with other studies, the molar ratios are
distinct to the typical ratios in oceans (Fig. S7†). The contribu-
tion of marine aerosols to PFAA deposition was also assessed by
comparing the PFAA homologue proles in the ice core and
1548 | Environ. Sci.: Processes Impacts, 2024, 26, 1543–1555
surrounding ocean samples (Fig. S8†).9,10 This transport mech-
anism is highly dependent on the concentration of the analyte
in bulk seawater, which is expected to change with time, as well
as the enrichment factor in marine aerosols.54,55 Enrichment is
larger for PFSAs and increases with peruorinated chain
length.54,56 Thus, if a marine source is important, an iceeld
homologue prole relatively enriched in longer-chain homo-
logues and PFSAs is expected.9 Consistent with previous
observations from the Canadian Arctic10 and the Antarctic,17 we
did not observe this (Fig. S8†). Instead, we observed a relative
enrichment of short chain homologues and a lower abundance
of PFSAs on the iceeld when compared to the surrounding
oceans.

Correlation with Na+ was also used to assess marine aerosol
contributions to individual PFAA deposition. The ocean around
Ellesmere Island is icebound for most of the year, with
minimum sea ice in September.57 Despite this, evidence from
measurements and simulations suggest that marine aerosols
can be generated from salty blowing snow from sea ice surfaces
and/or transport by frost owers.58–62 In fact, model simulations
estimate sea ice produces an order of magnitude more marine
aerosols than the same unit area of open ocean under similar
conditions.58,63 Polynyas also exist in the Canadian Arctic
Archipelago year-round due to tidal currents and tidal mixing
(e.g., North Water and Hell Gate polynya).64 Recently, the
polynyas within Arctic Canada and the Canadian Basin of the
Arctic Ocean were identied as a possible source of marine
aerosols to Ellesmere Island.21 Correlation analysis revealed
weak to moderate correlations (p < 0.05) between individual
PFAA homologues and Na+ for the full time period (Fig. 4A, S10
and Table S18†). The C5–C10 and C12 PFCAs were all positively
correlated with Na+ (r: 0.35–0.52, p < 0.05), while the C11
(PFUnDA) homologue showed no relationship with Na+ (r: 0.11,
p = 0.54). Among the PFSAs, PFECHS was the only homologue
that had a statistically signicant correlation with Na+ (r = 0.52,
p < 0.00001), whereas the other PFSAs (C4 and C8) and FOSA
failed to show any correlations (r: −0.04–0.03, p: 0.83–0.84).
This suggests transport by marine aerosols may be a contrib-
uting source of selected PFAAs to Mt. Oxford iceeld.

Although the ocean vertical distribution and composition
proles of PFAAs are variable, several studies have found
enhanced PFAA concentrations near the air-sea interface.30,65

Recently, Garnett et al.66 investigated the distribution of PFAAs in
seawater and sea ice compartments in the European High Arctic.
They found elevated levels of PFAAs at the surface of sea ice and
under-ice seawater, and, using salinity proles and d18OH2O

composition, found a strong atmospheric source of PFAAs.66 It is
possible that PFAAs are deposited to seawater or sea ice
compartments through atmospheric transformation of precur-
sors, followed by the subsequent transport to the terrestrial
environment by marine aerosols.64 A similar association was
made during a long-term air monitoring study in Norway, which
found PFCAs and PFSAs signicantly correlated with Na+ (r: 0.4–
0.8, p < 0.05).56 However, that study collected particulate PFAA in
low-lying sampling locations that were close to the ocean (∼1.3
and 20 km to open water)56 whereas Mt. Oxford iceeld is located
∼100 km from the Arctic Ocean and at ∼1.8 km elevation.
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Correlations log transformed PFAA deposition fluxes andmajor ions on Mt. Oxford icefield for the entire sampling period (1967–2016). (A)
Correlation matrix where the strength of the correlation is illustrated by the colour and size of the circle, where larger circles denote a strong
correlation (larger Pearson correlation coefficient). The black outline represents a statistically significant correlation (p-value <0.05). (B)
Correlation between Na+ and PFDoDA fluxes. (C) Correlation between Na+ and PFECHS fluxes (1967–2016). For (B) and (C), the Pearson
correlation (r) and p-value for the line of best fit are also included.
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Interestingly, the results from our study are inconsistent with
results from two other Arctic sites (Devon Ice Cap and Lomon-
sovfonna Ice Cap)10,16 where no correlation with Na+ was
observed, although both sites can be inuenced by marine
aerosols. This may be due to competing sources other than
marine aerosol transport (e.g., oxidation of volatile precursors).
To the best of our knowledge, our observations represent the
rst evidence for marine aerosol transport contributing to PFAA
loading in a remote polar terrestrial environment.

Among the statistically signicant correlations between
PFAAs and Na+, the C12 PFCA (PFDoDA) and PFECHS were most
strongly correlated (r: 0.52 for both, p < 0.05, Fig. 4), which
provides further evidence of marine aerosol transport. PFDoDA,
with its long peruorinated carbon chain, is one of the most
surface-active PFCAs and has a higher enrichment factor in
marine aerosols than other PFCAs.54,55 The transport of PFECHS
must be driven by direct processes since no known precursors
exist. Because PFECHS is permitted to be used as an abrasion
inhibitor in aircra hydraulic uids,67 hydraulic uid leakage
from aircra and airport activities may increase Arctic PFECHS
concentrations. Multiple studies have linked PFECHS use in
aviation to local environmental contamination (e.g., ref. 68 and
69). It is plausible that Arctic airport activity on and around
Ellesmere Island (e.g., Canadian Forces Station Alert, located
162 km from Mt. Oxford iceeld) could have led to elevated
concentrations of PFECHS in the surrounding ocean. Though
we cannot conrm our hypothesis since nomeasurements exist,
this would be consistent with local contamination measure-
ments elsewhere, and could explain this unusual observation.
This journal is © The Royal Society of Chemistry 2024
Long range transport by mineral dust aerosols may also be
a pathway for transport of PFAAs to this region. One previous
study has suggested a role for PFAA transport mediated by
mineral dust.10 Correlation with non-sea salt (nss) Ca2+ and
nssMg2+ suggests either that a mechanistic relationship
between PFAAs and mineral dust exists or that PFAAs and
mineral dust are being transported within the same airmass.
Other strong atmospheric acids are known to accumulate on
dust and undergo long-range transport.70 Since PFAAs are
strong acids, a similar mechanism could lead to their transport.
To assess the potential role of this pathway, we examined
correlations between PFAAs and typical indicators of mineral
dust, nssCa2+ and nssMg2+.71 No correlations were observed
when applied on a multidecadal scale, with the exception of
PFECHS, which showed a moderate correlation with nssCa2+

(r = 0.49, p < 0.05). This is in contrast to the observations of
Pickard et al.10 at the Devon Ice Cap where nssCa2+ and nssMg2+

were correlated with several PFAAs.
Episodic PFAA transport pathways

This ice core uniquely recorded several episodes of elevated
deposition for PFSAs and PFCAs (Fig. 1); since the seasonal
record is robust, we additionally reported the annual uxes to
highlight the episodic nature of deposition (Fig. 5). Episodic
detection was based on at least two consecutive samples (e.g.,
1973 and 1974), indicating the observations were not caused by
contamination of a single sample. In previous ice core records,
episodic deposition has not been observed, with the exception
of one episode of elevated C8 PFSA (PFOS) on Devon Ice Cap in
Environ. Sci.: Processes Impacts, 2024, 26, 1543–1555 | 1549
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Fig. 5 Annual deposition fluxes for (A) C6–C12 PFCAs (ng m−2 a−1,
left) and Na+, nssCa2+, and nssMg2+ (mg m−2 a−1, right) for the period
1970–1980 and (B) C4 and C8 PFSAs (ng m−2 a−1, left) and Na+,
nssCa2+ and nssMg2+ (mg m−2 a−1, right) for the period 1967–1991.
The PFAAs are represented by solid lines while major ions are repre-
sented by broken lines and are presented on different scales. For
values below detection limit, 1

2 detection limit was used to calculate
flux.
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2013.10 Because these events differed from the rest of the
temporal record, they were examined separately to assess
whether they could be attributed to different transport
pathways.

Prior to 1980, we observed two distinct periods of PFCA
increases (Fig. 5A). One episode occurred during 1973–1974,
where C6–C12 PFCA deposition uxes showed more than
a three-fold increase. Among these, C8 (PFOA) demonstrated
the largest increase, rising by more than 34 times from the prior
year. Another episode occurred in 1979, where C6 (PFHxA)
deposition ux increased 100 times. The correlation analysis
between PFCAs and aerosol tracers was repeated for the period
1967–1979 to determine if any relationship existed. We
observed statistically signicant correlations between C8–C10
PFCAs and Na+ (r: 0.55–0.70, p < 0.05) and moderate to strong
correlations between C7–C10 PFCAs and nssCa2+ and nssMg2+

(r: 0.54–0.87, p < 0.05, Table S18†). These correlations were
driven by the co-occurrence of elevated cation deposition during
the 1973 episode, which may indicate a role for marine aerosols
1550 | Environ. Sci.: Processes Impacts, 2024, 26, 1543–1555
and/or mineral dust in the deposition events observed pre-1980.
The long-range transport of mineral dust to the Arctic has been
investigated to understand impacts on regional climate.
Recently, Zhao et al.72 analyzed dust events in China during
2011–2015 and found two major transport routes to the Arctic:
(i) mostly over land transport with a short duration (4–8 d),
which was observed in Barrow, Alaska; and (ii) long-duration
transport event (7–10 d) originating from the Gobi desert,
passing through China, Korea, Japan, and the North Pacic
ocean (where mixing with marine aerosols is possible) and
nally deposited at Alert.72 Long-duration transport events
could be consistent with our observation of elevated PFCAs
along with Na+, nssCa2+, and nssMg2+ during the 1970s. The
cation prole also shows high concentration of Ca2+ which is
typical of Asian mineral dust,70 providing additional evidence
for a synoptic scale event leading to enhanced transport from
that region.73 Taken together, the evidence presented here
suggests that direct transport during the period 1967–1980 may
be responsible for the observed episodes of elevated PFCA
deposition.

We also observed episodes of elevated PFSAs, with the C4
(PFBS) and C8 (PFOS) elevated in 1970, 1976, 1979, 1985, and
1989 (Fig. 5B). In all episodes, deposition uxes of C8 were more
than 74 times greater than the previous year, whereas the
deposition uxes of C4 increased 2 to 84 times. As discussed
above, we have no clear evidence for C4 and C8 PFSA indirect
formation or transport by marine aerosols or mineral dust. In
the absence of other evidence, we hypothesize that episodic
deposition may be related to direct release of AFFF from mili-
tary Arctic activities. First developed in the 1960s, AFFF is
primarily used to extinguish hydrocarbon fuelled res at oil
reneries, military bases, airports and reghter training
facilities.74 It is documented that AFFF was stored and used in
military re suppressant training at Thule Air Base, Qaanaaq,
Greenland75 and in Alert, Canada.76,77 As of 2017, Thule Air Base
was the only US Air Force base that still had AFFF stockpiles on
site and had not transitioned to newer formulations that are
typically characterized by shorter chain PFAS or the absence of
uorinated chemicals.75 The composition of commercially
produced AFFF is proprietary and is known to vary between
manufacturer and production time.78 While we cannot know for
sure what formulations of AFFF were used at Alert and Thule,
analysis of archived AFFF samples from military bases found
that C8 (PFOS) was the dominant homologue in the formula-
tion, with lesser contributions of other PFSAs, as well as
PFCAs.79 The archived samples represented AFFF formulations
from 1989 to 2001—well aer our observed events—but repre-
sent the oldest AFFF characterizations available.72 Unfortu-
nately, very little is known about emissions to air from AFFF,
with the few studies that exist focusing on modern AFFF
formulations.80,81 Given these uncertainties, our measurements
are generally consistent with a possible legacy AFFF source.78,79

Air mass back trajectory analysis for two years (2011 and 2013)
revealed that some of the air mass impacting Mt Oxford iceeld
originated from the Arctic Ocean and the western coast of
Greenland (Fig. S11†), which is in close proximity to Thule Air
Base. We caution that annual average air mass back trajectories
This journal is © The Royal Society of Chemistry 2024
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may not capture source regions for sporadic long-range trans-
port episodes that convey materials long distances to the Arctic;
rather they are intended to identify possible source regions. It is
also possible that anomalous events, such as those that have
been shown to be responsible for the long-range transport of
dust and pollen to the Arctic,73,82 could contribute to the
transport of PFSAs.

Additionally, episodic pulses were observed for two organo-
phosphate ester contaminants in Mt. Oxford iceeld measured
in a separate core sampled at the same time as this study.22 In
that paper, pulses of tris(isobutyl)phosphate and tris-(1-chloro-
2-propyl)phosphate were observed in several years between
1975 and 1992. These peaks were not coincident with the
temporal prole at the Devon Ice Cap and were unique to Mt.
Oxford iceeld.22 Taken together, this may suggest a combina-
tion of local activity with climate episodes can result in depo-
sitional pulses.

Conclusions

Monitoring deposition of organic contaminants in remote
pristine environments is an invaluable tool to help us under-
stand the impacts of changing production, as well as different
transport mechanisms. It is well established that PFAS can
undergo long-range transport to remote locations;9,10,17,53

however, the mechanisms that facilitate this transport are not
fully understood. This study emphasizes the power of ice cores
to aid in understanding long-range transport of contaminants.
To gain new insight into possible transport mechanisms, we
presented the most extensive temporal record of PFCAs in the
Northern Hemisphere, as well as the longest temporal record of
PFSAs globally.

Our results indicate that most PFAAs are present and there is
evidence of increasing deposition of PFCAs over the past 50
years at Mt. Oxford iceeld. Using homologue correlations,
molar concentration ratios and model comparisons, we
conrmed that PFCAs deposited at Mt. Oxford iceeld are
formed primarily through the long-range atmospheric transport
and oxidation of volatile precursors in the atmosphere. The
PFCA deposition was greater than observed deposition at Devon
Ice Cap, which suggests a greater inuence from Europe and
Continental Asia. We also highlighted the importance of
measuring supplementary analytes for source elucidation.
Correlation analysis between marine and mineral dust tracers
yielded two unique ndings exclusive to this ice core: (i) marine
aerosols have been identied as a possible transport mecha-
nism for selected PFAAs to the terrestrial environment during
specic time periods; and (ii) mineral dust was associated with
an unusual deposition event of PFCAs observed during the
1970s.

The extended temporal record of this ice core allowed unique
observations that were not possible in other previous studies.
We observed episodic elevated deposition pulses for several
PFAAs. Notably, C8 (PFOS) and C4 (PFBS) PFSAs were elevated in
ve (5) years prior to 1990. While one pulse of C8 PFSA was
observed at the Devon Ice Cap in 2013 (70 ng m−2 a−1), the
deposition uxes observed in the current study (up to 471 ng
This journal is © The Royal Society of Chemistry 2024
m−2 a−1) are several times greater. We postulate that these
events may be evidence of direct transport of AFFF used in
nearbymilitary Arctic activities. Further work is needed to better
understand the causes of these historic pulses.

Ice caps represent a natural record of contaminant concen-
tration, which is useful to discern trends and sources that may
change over time. Ice cores provide particular utility for
understanding PFAAs in remote locations, for which there are
multiple potential long-range transport mechanisms. While ice
cores can improve our understanding of long-range transport
sources and mechanisms of PFAAs, as well as the efficacy of
regulation, this valuable resource is disappearing as a result of
climate change.83,84 Therefore, there is an urgent need to
prioritize further research efforts to collect ice cores to discern
temporal trends and possible sources.
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