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Accumulation of perfluoroalkyl acids as
forever chemicals in Antarctic waters

Check for updates
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Gemma Casas1,5, Odei Garcia-Garin 4, Maria Vila-Costa 1 & Begoña Jiménez3

Perfluoroalkyl acids have been widely used during the last fifty years in a myriad of industrial and
consumer applications, and are a paradigm of persistent “forever chemicals”. Earlier studies
suggested a limited occurrence in the Southern Ocean as a consequence of the Antarctic circumpolar
current preventing their oceanic transport southwards. Here we show perfluoroalkyl acids in the
Bransfield Strait and Bellingshausen Sea (west of Antarctic Peninsula) at concentrations of
comparable magnitude to those measured in the North Atlantic, a region impacted by historical
sources. Atmospheric wet deposition of perfluoroalkyl acids previously aerosolized by sea-spray
arises as the perfluoroalkyl acids source to Antarctica. The prevailing marine and atmospheric
circulation in the region encapsulate these chemicals in the Antarctic region once these have crossed
the Antarctic divergence. This work underscores the importance of persistence driving chemical’s
environmental risk, and raises concern on the impact of the larger pool of per- and polyfluoroalkyl
substances.

Per- and polyfluoroalkyl substances (PFAS) are a large group of synthetic
organic chemicals widely used in the industry, household consumer pro-
ducts, and various other applications1–5. Among PFAS, some perfluoroalkyl
acids (PFAAs) have received increasing attention. PFAAs are widely dis-
tributed in tropical and subtropical oceans6–9, andare extremely persistent in
the environment4. PFAAs have been reported in the Arctic9,10, and
Antarctica11–15, but with few reports for PFAAs in open waters from the
Southern Ocean.

Oceans are amajor reservoir of PFAAs16,17, and long-range transport by
oceanic currents has generally been assumed todrive their global occurrence
and long-term trends. This contrasts with the successive volatilization and
atmospheric deposition, a process known as grasshopping, which is the
dominant transport mechanism for semi-volatile persistent organic pollu-
tants (POPs), such as legacy polychlorinated biphenyls (PCBs), hexa-
chlorocyclohexanes (HCHs), or polycyclic aromatic hydrocarbons (PAHs)1
8–20. Known oceanic sinks of perfluoroalkyl sulfonates (PFSAs) and per-
fluoroalkyl carboxylates (PFCAs) in the marine environment are vertical
eddy diffusion21, deep water formation21,22, and settling of particle bound
PFAAs (known as biological pump)11,16,23. However, despite these sinks,
their persistence is estimated to range between a decade and centuries in the
marine environment16,23,24.

Disparate PFAAs concentrations in coastal and open Antarctic
waters have been reported11,25,26, ranging from high concentrations close
to the anthropically impacted King George Island14, to extremely low
levels in early reports of PFAAs in the open Southern Ocean10,25,27.
Research stations account for a point source of PFAAs, but limited to the
perimeter of the facilities12,28. Generally, it is thought that the Antarctic
Circumpolar Current (ACC) acts as a barrier for the north-south
transport of PFAAs by oceanic currents15,29. Neutral PFAS, precursors of
PFAAs, have been reported in the Southern Ocean’s atmosphere around
the Antarctic Peninsula with a potential role as a source of PFAAs to this
region30–32. Only recently, the potential role of wet deposition of sea spray
aerosol-bound PFAAs has been identified as an additional mechanism
accounting for a source of PFAAs in the Southern Shetland’s coastal
waters11,12,33. Nevertheless, the relevance of these atmospheric sources to
the larger Antarctic Peninsula region remains unquantified, as well as
how the current occurrence of PFAAs in the open Southern Ocean
compares with that measured two decades ago, as well with the occur-
rence in other oceanic regions.

Themain goals of thisworkwere i) toprovidemeasurements ofPFCAs
and PFSAs in the Atlantic Ocean, Bransfield Strait and Bellingshausen Sea,
obtainedusing the same sampling andanalytical procedures, thus allowing a
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comparison of concentrations in seawater from 37°N to 71°S, covering
latitudes in the Southern Ocean never sampled before for PFAAs, (ii) to
assess the PFAAs depth distribution, and iii) to elucidate the processes
driving the long-term occurrence and accumulation of PFAAs in Antarctic
waters within the framework of the general atmospheric and oceanic pat-
terns in the Atlantic-Southern Ocean continuum.

Results and discussion
Occurrence of PFCAs and PFSAs in the Atlantic Ocean
Seventeen of the nineteen targeted PFAAswere detected in seawater (see list
of sampling stations in Supplementary Table S1 and chemicals and acro-
nyms in Supplementary Table S2). At 5m depth in the Atlantic Ocean,
∑17PFAAs concentrations ranged from 36.0 to 810 pg L−1 with an average
of 204 pg L−1. ∑6PFSAs (PFBS, PFHxS, PFECHS, PFOS, PFDS, PFDoDS)
ranged from 3.0 to 38.2 pg L−1, and ∑11PFCAs (PFPeA, PFHpA, PFOA,
PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA, PFTeDA, PFHxDA,
PFODA) ranged from 15.0 to 801 pg L−1. The highest concentrations were
found off-shore Brazil and Argentina (21°S and 43°S), with 467 and
810 pg L−1 of∑17PFAAs, respectively (Fig. 1 and Supplementary Table S3).

PFAAs concentrations at 5mdepth (surface) showed anorth-to-south
decreasing trend from 40oN to the Equator (0o), and concentrations were
high but variable off-shore Argentina between 21°S and 46°S. The range of
concentrations reported here is consistent, but in the lower end of those
previously reported for the Atlantic Ocean8,10,34,35, but higher than those
reported for the open Pacific and Indian oceans8,36. The measured con-
centrations in the Atlantic Ocean showed no evidence of a long-term
increasing concentration of PFAAs. A compilation of oceanic PFAAs
measures done recently17 reported PFCAsmedians in theNorthAtlantic for
the periods 2000–2009 and 2010–2014 of 70 pg L−1 and 264 pg L−1,
respectively, within the range of the PFCA concentrations reported here

(similar also for PFCAs in the south Atlantic). Conversely, PFSA con-
centrations in the North Atlantic had medians of 49 pg L−1 and 128 pg L−1

for the periods 2000-2009 and 2010-2014, respectively. In the South
Atlantic, PFSAs had medians of 31.0 pg L−1, 365 pg L−1, and 387 pg L−1 for
the periods 2000–2009, 2010–2014, 2015–2020, respectively, which are
above the range of PFSAs measured here for the South Atlantic. Such
comparison should be taken with caution due to the high temporal and
spatial variability of reported PFSA concentrations, especially those of
PFOS. For example, during theMalaspina circumnavigation cruise in 2010,
∑21PFAS at surface in the Atlantic ranged from 131 to 10,900 pg L−1, with
the highest concentrations off-shore Brazil8, consistent with the high values
reported here in terms of geographical distribution, even though with sig-
nificant lower maximum concentration in 2021 than in 2010. At least for
PFOS, the overall trend seems to show a decrease of concentrations in the
Atlantic Ocean, which were low for the measurements done here. Such
decrease could mirror the decreased PFOS primary sources due to its
inclusion into the Stockholm Convention, combined with a larger sorption
of PFOS to phytoplankton than that of PFOA, thus leading to a larger sink
due to the biological pump23, or to a potential microbial desulfurization of
PFOS, a mechanism suggested elsewhere37, but which oceanic relevance
cannot be assessed here.

At theAtlanticOcean stations, the deep chlorophyllmaximum(DCM)
depth ranged from 50 to 145m. ∑17PFAA concentrations at the DCM
showed a mean of 143.2 pg L−1 (ranging 48.7–444.0 pg L−1) with∑6PFSAs
and ∑11PFCAs ranging from 0.7 to 53.2 pg L−1, and from 38.2 to
390.7 pg L−1, respectively (Supplementary Table S3). The concentrations of
∑17PFAAs at the DCM were significantly correlated with those at surface
(R2 = 0.77, p < 0.05) (Fig. 2). Concentrations of most PFAAs were not sig-
nificantly different between surface and theDCM, while some of those with
lower contributions to ∑17PFAAs (PFDoDA, PFDA and PFOS), showed

Fig. 1 | Latitudinal composition of PFAAs. Sampling sites and surface concentrations (pg L−1) for PFCAs andPFSAs in theAtlanticOcean (top panels) and SouthernOcean
(bottom panels).
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higher concentrations (about 10 pg L−1 higher) at surface than at the DCM
(p-value < 0.05). A surface-enrichment depth depletion profile is consistent
with chemicals that are introduced at surface and efficiently transported
downward by the biological pump. This would be the case of PFNA and
PFDA, which have a longer perfluoroalkyl chain, higher hydrophobicity,
and higher tendency to accumulate in sinking particles (biological pump).
Such vertical settling may deplete their concentrations in the DCM. On the
contrary, for other PFAAs, the biological pumpmay be not effective enough
to deplete the photic zone concentrations of PFAAs. This is consistent with
previous patterns of PFAAs occurrences at surface and the DCM for the
Atlantic, Indian, and Pacific oceans16.

At six stations from theAtlanticOcean, additionalmeasurements were
performed along the vertical profile when sea conditions allowed them. The
sampled depths were the depth with a 1% photosynthetic active radiation
(1% PAR), the minimum of oxygen depth (MOx), and 2000m depth. Such
coverage of PFAAs in the meso-pelagic and deep ocean provides further
information on the extent of the distribution of PFAS in the ocean and the
biogeochemical controls on their transport and sinks.

The vertical profiles showed distinct trends (Supplementary Table S4).
At 37°N, a surface enrichment depth depletion profile was present, con-
sistent with PFAAs sources at surface, with ∑17PFAAs concentrations at
5m depth of 369.0 pg L−1, and descending to 317.2 pg L−1 at 2000m depth.
This decrease was mainly driven by PFOA, PFNA, and PFDA, three long
chain PFCA, thus with larger potential for sorbing to settling particles. At
28°N and 10°N, no discernible vertical trends were found, with especially
low concentrations in the latter, ranging from 36.0 pg L−1 at surface to
120 pg L−1 at 400m depth. Low concentrations were also found at Equator
(station 12), slightly increasing from 42.7 pg L−1 at the surface to 125 pg L−1

at 2000m depth. The lower occurrence of PFAAs at 10°N and 0°N is
consistent with their distance from potential source regions in Europe and
America. Conversely, at 14°S and 46°S, maximum concentrations of
144 pg L−1 and 461 pg L−1 were found at 350m and 200m depth, respec-
tively. The diverse profiles at different stations may reflect different influ-
ences of sources, with the largest at 37°N and 46°S, but also related to the fact
that sampling was performed at different stages of the physical and biolo-
gical seasonal succession. The profiles at latitudes 37°N, 28°N, and 10°N
(stations 1, 4, and 9) account for the conditions during winter, while the
profiles at 14°S and 46°S (stations 15 and 19) account for depth profiles in
summer conditions. The relative contribution of individual PFAAs at
Equator (0°S, station 12) was characterized by a higher contribution of
PFCAs (91%) to ∑17PFAAs, than in the other stations (Supplementary
Table S7). TheEquator is one of the fewoceanic regions receiving significant
wet deposition events38, and rain is generally enriched in PFCAs in com-
parison to PFSAs11,33. In addition, equatorial regions, or those regions with
upwellingwaters, suchasoff-Saharaor off-SouthAmerica,maybe subject to

lateral/upwelling transport of PFAS at depth further affecting the depth
trends of PFAAs occurrence.

Despite the decreasing trend in PFAAs concentrations that arise when
comparing early with recent reports from the Atlantic Ocean11,17,24,35, a
notable variability of∑12PFAS concentrations at surface, meso-pelagic and
deepwaters occurs as shown in this work and elsewhere (n.d to 224 pg L−1)3
5. This contrasts with observations from the Indian Ocean, where a general
pattern of surface enrichment and depth depletion has been described, with
concentrations decreasing to a few pg L−1 at depths deeper than 1000m36.
The elucidation of the major processes affecting the depth distribution of
PFAAs requires future research efforts, as this is a key feature driving the
oceanic reservoir of PFAAs.

The deep ocean integrates long-term inputs, mainly originating from
the biological pump transport of PFAS23. As settling particles release PFAAs
when organic matter is remineralized, PFAAs can build up their con-
centrations in deep waters. At 2000m depth, ∑17PFAAs averaged
142 pg L−1, with the maximum value at 37°N, off-shore the Iberian Penin-
sula. The range of concentrations at 5m depth measured in the vertical
profiles (average of 159 pg L−1, ranging from 36.0 to 369 pg L−1) was not
significantly different than at 2000m depth. Furthermore, the relative
contributions of PFHpA (58%), PFPeA (26%), and PFOA (9%) at 2000m
depth were similar than at surface (46%, 27% and 12%, respectively). Such
similarities between the surface and deep ocean in terms of concentrations
andpatterns are strong indicators of thepersistence ofPFAAsunderoceanic
conditions. The low concentrations of PFAS reported previously for the
Indian Ocean36 may be related to lower historical inputs in this region and
different oceanographic conditions.

Occurrence of PFCAs and PFSAs in the Southern Ocean
In theSouthernOcean, concentrationsof ∑17PFAAsaveraged189 pg L

−1 at
5m depth (ranging from 72.7 to 343 pg L−1), with∑6PFSAs ranging from
13.6 to 149 pg L−1 and ∑11PFCAs ranging from 59.1 to 214 pg L−1 (Sup-
plementary Table S5). At theDCM,∑17PFAAs averaged 189 pg L

−1 (with a
range of 72.7–336.0 pg L−1), with∑6PFSAs ranging from 15.8 to 121 pg L−1

and∑11PFCAs ranging from 51.7 to 286 pg L−1 (Supplementary Table S5).
As in the Atlantic Ocean, PFAAs concentrations at surface were correlated
with those at the DCM (R2 = 0.72, p < 0.05) (Fig. 2), with no significantly
different concentrations between both depths.

The measurements in the Southern Ocean were conducted away from
research stations, with the exception of station 28 (Deception Island), and
were, therefore, not affected by their localized impact12,28. At the inner
harbour of Deception Island (station 28), ∑17PFAAs concentrations were
not significantly higher than those in the proximate open ocean stations,
despite the presence of two research stations inside the volcano caldera and
the visits of thousands of tourists during the austral summer.

Fig. 2 | PFAAs at surface versus the deep chlor-
ophyll maximum (DCM) depth. Correlations
between concentrations (pg L−1) at 5 m and DCM.
Orange dots account for PFSAs (PFBS, PFHxS,
PFOS, PFECHS, PFDS, and PFDoDS) and blue dots
for PFCAs (PFPeA, PFHpA, PFOA, PFNA, PFDA,
PFUnDA, PFDoDA, PFTrDA, PFTeDA, PFHxDA,
and PFODA).
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PFAAs in the open Southern Ocean reported here are the only recent
measurements for open waters in the Southern Ocean. These concentra-
tions are comparable to those previously reported in bays from Livingston
Island, and Port Foster in Deception Island11,12, but significantly lower than
those reported by others at King George Island14. Generally, these con-
centrations inWestern Antarctic seawaters are higher than those in Eastern
Antarctica13, and significantly higher than those reported for the open
Southern Ocean in early reports of PFAAs in north-south transects10,25,27.
For example, the previous reports of PFOS and PFOA in open Southern
Ocean waters were of 21.7 ± 12.9 and below LOD, respectively, for samples
taken in 200825, and of 6.2 ± 3.4 pg L−1 and 0.8 ± 0.8 pg L−1, respectively for
samples taken in 201011. These PFOS and PFOA concentrations are sig-
nificantly lower than the 41.2 ± 10.2 pg L-1 and 8.5 ± 1.1 measured here,
respectively, for samples taken in 2022.The increase for otherPFAAs is even
more pronounced as they were not detected in early assessments of PFAAs
for open Antarctic waters.

Legacy POPs have previously been reported in Western Antarctic
seawaters, including PCBs39, HCHs40, or PAHs41,42, with concentrations
higher than in other Antarctic regions. This occurrence of semi-volatile
POPs is driven by the large influence of air masses entering from the north,
which bring POPs to the Antarctic region by atmospheric transport33,41,43,44

and are associated with wet deposition events11,12,43, even though for semi-
volatile chemicals diffusive air-water exchange is a key input to the region3

9,40. Indeed, for semi-volatile chemicals, such PCBs, HCHs, and PAHs, long
range atmospheric transport is driven by successive volatilization and
deposition processes (grasshopping)18,45. Conversely, PFAAs are highly
soluble compounds at environmental pH values, and their volatilization-
absorption fluxes are negligible.

Three Southern Ocean vertical profiles were measured at stations 24,
27, and 28 (Figs. 1 and 3, and Supplementary Table S6). At station 27 (62°S),
there were relatively constant∑17PFAAs concentrations through the water
column averaging 93.5 pg L−1 (124, 79.5, 110, 76.5, and 77.4 pg L−1, from 5
to 1620m depth, respectively) with no significant changes of the relative
abundance of individual PFCAs. Conversely, PFOS showed a decreasing
pattern from 33.7 pg L−1 at surface to 7.5 pg L−1 at 1620m. Inside the
proximate Deception Island volcano (62°S, station 28), ∑17PFAAs

concentrations were not significantly different between 5 and 40m depth,
and decreased at 155m depth close to the bottom (72.0, 72.7, and
38.2 pg L−1, respectively). The vertical profile at station 24 (70.8°S, 79.9°W),
situated at the southernmost station, showed a surface enrichment depth
depletion distribution with∑17PFAAs concentration of 346, 265, 158, and
94.5 pg L−1 at 5, 75, 210, and 584m (close to bottom) depths, respectively.
Such decrease was mainly driven by PFCAs.

Generally, there were higher contributions of PFCAs than PFSAs in
Antarctic waters. This is consistent with rain and snow PFAAs inputs, as
these are enriched in PFCAs to a greater extent than PFSAs11,12,33. Snow and
rain are the only plausible long-range transport sources of PFAAs to the
Southern Ocean, south of the Antarctic Circumpolar Current (Antarctic
Divergence).

North-south transport of PFAAs and accumulation in the
Southern Ocean
The southward transport of PFAAs from the South Atlantic into the
Southern Ocean can be explained by taking into account the observed
PFAAs distribution together with the general oceanic and atmospheric
circulation pattern (Fig. 4). In the Atlantic Ocean, concentrations of
Σ17PFAAs at 5m depth declined from 369 pg L⁻¹ at 37°N to 90.7 pg L⁻¹ at
14°S. The higher concentrations in the North Atlantic in comparison to
Equatorial and intertropical regions are consistent with larger potential
sources fromEurope, while the sampling points at low latitudeswere distant
from continents, reflecting lower influence frompotential sources. The high
∑17PFAAs concentrations at stations 16 and 18 (467 and 810 pg L−1,
respectively) reflect the influence from proximate Argentina and Brazil, as
well as the influence of the warm current descending along the eastern coast
of South America, transporting water masses from off-shore Brazil to the
South Atlantic. Further south, in Antarctic waters south of the Antarctic
Divergence, unexpectedly, high ∑17PFAAs concentrations, comparable to
those measured in the Northern Atlantic, were found. This finding is not
consistentwith the suggested role of theAntarctic CircumpolarCurrent as a
barrier for the transport of PFAAs to Antarctica.

Wet deposition arises as the only process that can explain the large-
scale occurrence of PFAAs in the Southern Ocean. Recently, it has been

Fig. 3 | Latitudinal and depth distribution of PFAAs. Latitudinal and depth dis-
tribution of concentrations (pg L−1) for ∑11PFCAs (top panels) and ∑6PFSAs
(bottom panels), in the Atlantic Ocean (right panels) and Southern Ocean (left

panels). The circle’s color accounts for concentrations of different magnitude. Black
line and shadow show the bathymetry of the ocean.
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suggested that both snow and rain deposition events could be relevant
sources of PFAAs to coastal Antarctica11,12,33. For example, PFCAs con-
centrations are more than one order of magnitude higher in freshly
deposited snow (760–3600 pg L−1) than in seawater (94–420 pg L−1)12. The
transport of PFAAs from the southern subtropical Atlantic Ocean to the
sub-Antarctic current will occur by oceanic transport, with a contribution
from sea-spraymediated grasshopping. Such grasshopping is different than
that responsible for the transport of semi-volatile POPs which is driven by
volatilization-absorption. For PFAAs, the grasshopping would occur by
aerosolization mediated by sea-spray formation and deposition of the sea-
spray aerosols after atmospheric transport (Fig. 4). The Southern Ocean,
and especially the sub-Antarctic waters, are characterized by high wind
speeds, and are the world region of a larger emission flux of PFAAs asso-
ciated with sea-spray46. In the region around the Antarctic Peninsula, there
are incursions of air masses from the north that are humid, with such
moisture originating in the sub-Antarctic zone (around 50°S)47, and
resulting in wet deposition of PFAAs by rain or snow12,33. Such wet
deposition increases the concentrations of PFAAs in Antarctic coastal
surfacewaters12.Herewe showthat suchPFAAsoccurrence iswidespread in
the open Bellingshausen Sea and Bransfield Strait, and thus rain and snow
deposition are relevant sources for the Southern Ocean surrounding the
Antarctic Peninsula. Wet deposition of PFAAs neutral precursors or their
oxidation products may also contribute to the PFAAs inputs in the region.
The snow (and rain) deposition events are especially relevant, at large scale,
in the Antarctic Peninsula regions, to a greater extent than in other coastal
Antarctica regions48. A yearlywet deposition of rain/snowof 445mm(water
equivalents) per year has been reportedat Livingston Island49, and the extent
of snow deposition is even larger in some areas of the Antarctic Peninsula
region48. Concentrations of PFAAs in Antarctic snow and rain range from
200 pg L−1 to 20,000 pg L−1 9,12. Assuming an average PFAAs concentration
of 2000 pg L−1, and a wet deposition flux of 500mm y−1, would result in an
atmospheric input of 1,000,000 pgm−2 y−1. If this is diluted in the top 100m
of the water column would result in an increase annually of 10 pg L−1 of
PFAAs, probably more for surface waters. In addition, flushing to the sea
after snow melting on land would add to the PFAAs burden11,12.

As a reservoir, taking into account the volumes of seawater in the
photic zone (top 200m) of the Southern Ocean, and the South and North
Atlantic oceans, there are 650 Tn, 1180 Tn, and 1750 Tn of PFAAs,
respectively. For the Southern Ocean this may be an upper end estimate, as
not all the Antarctic sectors have the same level of PFAAs wet deposition
inputs. Therefore, the relatively high levels of PFAAs inAntarcticwaters can
be reached even if a relatively small fraction of the oceanic reservoir of
PFAAs is in the Antarctic Peninsula sector.

An accumulation of PFAAs to the levels observed in this work, higher
than in early studies of PFAAs in the Southern Ocean, can only occur if the
inputs are larger than sinks and sustained over time. A potential sink for
PFAAs is the biological pump, but even if this is relevant in explaining the
occurrence of PFAAs in the deep ocean, the resulting residence times in the
water columndue to this sink are longer for PFAAs16,23 than for other legacy
POPs such as PCBs, for which the biological pump effectively depletes the
surface concentrations in the ocean19,39. Microbial degradation has been
suggested for PFOS in seawater from Deception Island37, but its relevance
for the rest of Antarctic waters is unclear. Generally, PFCA concentrations
are much higher than those of PFSAs in the ocean. PFCAs arise as perfectly
persistent, truly forever chemicals. Once PFAAs reach Antarctica, their
aerosolization by sea-spray formationwill be lower than in the region north
of the Antarctic Divergence, as wind speeds are lower in Antarctic waters.
Indeed, PFAS transfer to the atmosphere has been estimated to be larger in
regions north of 60°S than in seawater south of the Antarctic divergence46.
Therefore, atmospheric transport of PFAAs fromAntarcticwaters out of the
region will be of lower magnitude than the atmospheric inputs in the
opposite direction. In addition, the Antarctic Circumpolar Current has a
dual role as both a barrier for the input and output of PFAAs to/from
Antarctica by oceanic currents (Fig. 1). The accumulation of PFAAs in this
Antarctic sectorwould originate fromanet atmospheric input to the region.
For other POPs, the biological pump for PCBs39, or degradation for PAHsor
HCHs40,50, reduces their concentrations and prevents their long-term
increasing accumulation in Antarctic waters. For these semivolatile POPs,
their concentrations inAntarctica are lower, thus generally not comparable,
to those observed in the North Atlantic Ocean. However, for extremely
persistent chemicals such as PFAAs, this results in a long-term accumula-
tion around the Antarctic Peninsula. The fact that concentrations were
higher at the southernmost stations (Fig. 1) is consistent with increasing
inputs from deposition or melting, which supports the levels of the East
Wind Drift current along the Antarctic Peninsula. The Antarctic Peninsula
receives more precipitation events than other Antarctic regions51, which is
also consistent with the generally higher levels of PFAAs and other con-
taminants here than in other Antarctic sectors.

This unexpected accumulation evidences the global risk posed by
persistent chemicals, raises concerns on the risk posed to the Antarctic
ecosystem, and will require further research on the occurrence of many
persistent contaminants of emerging concern, such as the thousands of per-
and polyfluoroalkyl substances currently used by the contemporaneous
society2,52.

Methods
Sampling
Seawater from 5m depth (below the influence of the ship), and along the
water column down to a depth of 2000 m, was collected during two ocea-
nographic expeditions. During the ANTOM-I cruise (December 2020-
January 2021), from Vigo (Spain) to Punta Arenas (Chile), a total of 19
stations were sampled along a latitudinal transect in the Atlantic Ocean
onboard the R/V Sarmiento de Gamboa. The second campaign, ANTOM-
II, focused on the SouthernOceanwest of the Antarctic Peninsula, covering
9 stations in the Bransfield Strait and the Bellingshausen Sea, conducted
onboard the R/V Hespérides from January to February 2022 (Supplemen-
tary Table S1). Seawater samples were collected using a Niskin-rossete
system equipped with a Sea-bird SBE 9 CTD, which measured salinity,
temperature, fluorescence, depth, and oxygen concentrations, enabling
characterization of the water column. The 5m depth water samples were

Fig. 4 | Transport of PFAAs from the South Atlantic Ocean to the
Southern Ocean. The accumulation of PFAAs to Antarctica arise from their aero-
solization mediated by sea-spray aerosols in the sub-Antarctic surface water, fol-
lowed by atmospheric transport and wet deposition in the Antarctic Peninsula
region. Once in Antarctic waters, the Antarctic Divergence prevents their transport
out of the region.
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collected at 28 stations (19 in the Atlantic, and 9 in the Southern Ocean). In
addition, seawater from the DCM, determined using the fluorescence from
the CTD, was sampled at thirteen stations in the Atlantic Ocean and seven
stations in the SouthernOcean. Vertical profiles (5 depths) were obtained at
six stations in the Atlantic Ocean and at three stations in the Southern
Ocean. These profiles included samples from the layer with 1% of photo-
synthetic active radiation (1% PAR), the layer with minimum of
oxygen (MOx), and at a depth of 2000m depth, in addition to surface
and DCM.

Sample treatment
Samples were extracted on board following a previously published
procedure8,11 with minor modifications. Briefly, samples were filtered with
pre-combusted glass fiber filters (GF/F, 0.7 μm,Whatman) and spiked with
1000 pg of a 13C-labeledmixture of nine recovery standards (Supplementary
Note S1, Supplementary Table S2). Then, filtered samples were extracted by
solid phase extraction at a flow rate of 1mLmin−1 using Oasis Wax 6cc
cartridges pre-conditioned with 6ml of 0.1% ammonia in MeOH, 6mL of
MeOH, and 6mL of HPLC-grade water. Salts were washed with one car-
tridge volume of HPLC-grade water, and cartridges were vacuum-dried for
10minbefore being labelled and frozenat−20 °Cuntilfinal treatment in an
ultraclean laboratory.

After unfreezing, each cartridge was conditioned in a clean laboratory
with 6mL of ammonium acetate buffer (25mM) at pH 4, and centrifuged
4min at 3500 rpm to eliminate excess water. Samples were then eluted
with 8mL of MeOH containing 0.1% ammonia and dry-evaporated under
N2 stream, and reconstituted in 300 μl PP vials with 50:50 MeOH-H2O.

Instrumental analysis
Instrumental analysis was performed with a Waters Acquity Ultra Perfor-
mance Liquid Chromatography system coupled with aWaters XEVOTQS,
triple-quadrupole mass spectrometer (UPLC-MS/MS) using an established
method withminormodifications16,33. Specific conditions of the equipment
are described in Supplementary Note S2. Before the injections, vials were
spiked with 1000 pg of a mixture of 6 C-labelled internal standards (Sup-
plementary Table S2). Each sample was analysed in duplicate with an
injection volume of 10 μL. Quantification was based on a calibration curve
of 12 points (0.005–100 pg). All native and labelled standards were pur-
chased from Wellington Laboratories. Quality Control/Quality Assurance
protocols are detailed in Supplementary Note S1, and Supplementary
Tables S8 and S9.

Statistical analysis
The normality of concentrations was assessed using the Shapiro-Wilk test,
which revealed a non-normal distribution. Consequently, non-parametric
statistical tests were employed to compare groups of samples. To determine
statistically significant differences among groups, t-test andMann-Whitney
U test were used with a significance level of 0.05. Linear regression models
were used to assess the linear relation among groups of paired samples. The
statistical analysiswas carriedout usingR-Studio (version 2024.09.1+ 394).

Data availability
The complete data set of PFAAs concentrations and ancillary data is
available at https://zenodo.org/records/15425789.
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