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Brief introduction to PFAS
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PFOA and PFOS are persistent, bioaccumulative and toxic

Listed on Stockholm Convention..

Perfluorooctanoic acid -  PFOA 

Perfluorooctane sulfonate -  PFOS 

Tail Head
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Properties versus chain length

More hydrophobic/bioaccumulative/less mobile

More surface active



Volatile and Semi-Volatile Precursors

8:2 FTOH

Perfluoroalkyl sulfonamides

Perfluoroalkyl 
sulfonamido ethanols

Fluorotelomer alcohols
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Danish drinking water guideline

• ∑4 PFAS (PFOS, PFHxS, PFOS, PFNA) < 2 ng/L

• These 4 PFAS no longer used (apart from PFOA in Asia)

• All still present in the environment and will cycle in the hydrosphere 

indefinitely
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PFAS in rain
Guideline close to 
ambient rainwater 
levels



PFAS time trends in atmosphere stable
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Riverine discharge

Sea spray 

aerosols

Oceanic transport

Precursor 

transformation

OH/NOx

Direct 

emissions 

to air

Direct emissions 

to waters
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How do 
these 4 
PFAS get 
into 
rain?



Sea spray aerosol: theory
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PFAAs spiked to 

solution of artificial sea 
salt (35 psu).

Impactor 

13 stages

Aerosol and water 

analysed for PFAAs 
(UPLC-MS/MS) 

and sea salt content 

(ion chromatography).
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Chamber experiments
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Similar application to cleanup of 
wastewater - SAFF

• We don’t want to generate 
foam in our chambers

• We want to generate sea spray 
aerosols in the same way as in 
the oceans

SAFF = Surface Active 
Foam Fractionation
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High levels of PFAS in sea foams in Denmark worldwide

E.g. Thyborøn: 
1 700 000 ng/L 
∑4 PFAS

Compared to 
9 ng/L ∑4 PFAS in 
seawater

Enriched 
190 000 times in foam



Measured aerosol enrichment factors

Atmospheric residence time

Weeks Days Hours

Normalised to mass of sea salt tracer Na+ 
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PFAAs enriched up to 60 000 

times in aerosol.

Aerosol enrichment increases with 

PFAA chain length 

and with decreasing aerosol size.



More chamber experiments

• Enrichment insensitive to changes in 

PFAS water concentration (0.3 – 150 
ng/L)

• Higher enrichment when dissolved 

organic matter added to artificial 
seawater (enrichments exceed 100,000 

times)

• Enrichment increases with increasing jet 
flow, especially in submicron particles

– Increased SSA emission under stormy 

conditions 14
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• Distribution of PFAAs in the 

Atlantic Ocean

• Field-based EFs at conditions 

representative for the global 

oceans

The 29th Atlantic Meridional 

Transect (AMT) cruise

Oct 13th – Nov 25th , 2019

Chamber experiments in the field
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Seawater measurements
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SSA EFs for PFAS
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SSA EFs for PFAS  

• Field-derived EFs > 100,000, 

depending on chain length

• Very similar to in the lab

• Quite constant in experiments

– Changes in seawater properties 

(e.g. ionic content and organic 

matter) did not affect the 

enrichment much
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Global modelling 

Norwegian Earth System Model version 2 (NorESM2)   

.

• Global ocean emissions

• 53 (40 – 62) tonnes of PFOA

• 33 (28 – 35) tonnes of PFOS

• Comparable to other sources of PFOA to air 

& much greater than all other sources of 

PFOS

• Coastal areas impacted most by SSA



Field evidence for SSA transport of PFAS?

• If SSA is an important PFAA 

source, correlations between 

SSA tracer ion concentration 

(Na+) and PFAA concentration 

should be observed in aerosol 

samples collected from coastal 

areas. 

• Sampling sites

• Andøya – A remote sampling 

site located in the Arctic 

circle. Close to open water 

(<100 m).

• Birkenes – Located close to 

populated coastal area in 

Norway. Far from open water 

(~20 km). 20



Aerosol sampling at in Norway

• Sampling

• Coordinated by colleagues at NILU

• Bulk aerosol sampling using quartz fiber filters (QFFs)

• 48 hours, ~1500 m3 per sample

• From 2018.04 to 2020.07

• 57 filters from Andøya, 58 filters from Birkenes

• Analysis

• A punch was taken from the filter for Na+ and Mg2+

analysis

• The rest of the filter was analyzed for PFAAs using LC-

MS/MS

• C5 – C12 PFCAs

• C4, C6 and C8 PFSAs

Φ=13 mm

Φ=150 mm

For Na+ and 
Mg2+ analysis

Extracted in 3 

mL MQ water

For PFAA analysis
Extracted in 3x15mL 

methanol

Concentrated to 300µL

Analyzed using LCMS
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Results – PFAAs

• ∑PFCAs median (min – max)

• Andøya: 0.46 (0.045 – 3.4) pg m-3

• Birkenes: 0.22 (0.012 – 2.0) pg m-3

Norway

Andøya

Birkenes

PFCAs PFSAs

• ∑PFSAs median (min – max)

• Andøya: 0.033 (<0.005 – 0.16) pg m-3

• Birkenes: 0.045 (0.007 – 0.46) pg m-3

MDL

MQL

½MDL
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Results – Na+ and Mg2+

• Na+ concentration median (min – max)

• Andøya: 0.37 (0.02-3.2) µg m-3

• Birkenes: 0.23 (<0.009-1.7) µg m-3

• Andøya is more influenced by SSA than 

Birkenes (higher Na+ concentration at 

Andøya p<0.01)
Norway

Andøya

Birkenes
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Andøya

y = 0.0097 + 0.135∙x

Birkenes

y = 0.011 + 0.141∙x• Good correlation between Na+ and Mg2+

concentration (r>0.99, p<0.001)

• Na+/Mg2+ ratio close to the ratio in 

seawater (0.119)
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Results – Correlations between PFAAs and Na+

• Andøya

• Significant correlations (p<0.05) between PFAAs and Na+ were observed for 

both PFCAs and PFSAs

• Among the PFCAs, PFOA and PFNA have the strongest correlation with Na+
Norway

Andøya

Birkenes
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• Birkenes

• Correlations with Na+ were observed for PFOA, PFNA, PFHxS and PFOS (p<0.001)

• Correlations were weaker than the Andøya samples

• Less input from SSA  (located farther away from coast than Andøya)

Results – Correlations between PFAAs and Na+

Norway

Andøya

Birkenes
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Data from Denmark: coastal aquifers

• Public waterworks in Hanstholm, 
Skagen and Fanø contaminated (2-
5 km from sea)

• Groundwater <5 km from coast 
impacted by diffuse PFAS source

• Long-chain PFAAs dominate
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Danish monitoring at coast 

• Strong gradient in PFAS in groundwater, drainage 

water and grass from the sea with distance inland
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Thyborøn town 
and Harboøre
Tange – Lemvig
Municipality-
Denmark
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More data from Fanø
Groundwater

Surface water



Sea spray aerosols responsible for transport 

of PFAS inland?

• Known that short-range transport 

of sea salt causes metal corrosion

• Large particles will be deposited 

relatively quickly whereas fine 

particles will be transported 

hundreds of kilometers inland
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Evidence from our bulk deposition measurements 
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Sampled November 2024, and then 
continuously from July 2025 to January 2026

Unpublished work of Theresa Döring, PhD student



• Multiple lines of evidence that the sea is a secondary source 

of PFAAs to land 

• PFAAs highly enriched in foams and sea spray aerosols

• Sea-inland gradient in PFAA concentrations in multiple media in 

Denmark

• Unpublished data suggests similar in Halland, Belgium, Netherlands 

• Correlations between concentrations of PFAAs and seawater tracer ions 

in air

• Quantified impacts with models

Conclusions
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Implications

• Secondary source that cannot be stopped

– Continuous cycle (PFAS “boomerang” back to land)

– Can only wait until PFAS slowly dilute into deep oceans

• Coastal drinking water sources impacted (< 5 km)

– Cleanup costs?

– Dune infiltration (Netherlands)

• Coastal farming

– Move grazing animals?

• Recommendations to avoid contact with contaminated sea foams

• Learn the lesson about persistent synthetic chemicals!
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Thank you for your attention!
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