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Abstract 
 
Maria K. Björnsdotter (2021): Ultra-short-chain perfluoroalkyl acids: 
Environmental occurrence, sources and distribution. Örebro Studies in 
Chemistry 29. 
 
Ultra-short-chain perfluoroalkyl acids (PFAAs) is a group of highly 
fluorinated and very stable chemicals. Their small molecular structure in 
combination with the acidic functional group result in highly polar com-
pounds and concern has been raised as these substances may threaten 
our drinking water supplies. 

The aim with this thesis was to study and assess the occurrence, 
sources, and distribution of ultra-short-chain PFAAs in the environment. 
The main objectives were to analyze ultra-short-chain PFAAs in surface 
water with different anthropogenic impact, in atmospheric deposition 
and surface snow at local and remote locations, and to examine the rele-
vance of local and diffuse input pathways to Lake Vättern, Sweden.  

The results revealed that ultra-short-chain PFAAs are released to the 
environment from various sources such as firefighting training sites, 
landfills, and hazardous waste management facilities. Trifluoroacetic 
acid (TFA) and perfluoropropanoic acid (PFPrA) were detected in all 
atmospheric deposition samples and surface snow samples, including 
those collected at remote sites in the Arctic. Atmospheric oxidation of 
volatile precursors was found to play a major role in the global distribu-
tion of these as well as being the main input pathway to Lake Vättern. A 
total annual flux of 120–170 kg and 1.3–2.0 kg was observed for TFA 
and PFPrA, respectively. 

Trifluoromethane sulfonic acid (TFMS) was detected in most samples 
and was reported for the first time in atmospheric deposition and surface 
snow at local as well as remote locations. The discovery of TFMS at 
remote locations suggests that TFMS is globally distributed. Neither 
atmospheric degradation of volatile precursors, nor the long-range oce-
anic transport seem to be main sources of TFMS to the Arctic environ-
ment, and local sources seem to be of higher importance for TFMS input 
to Lake Vättern. 

Keywords: PFASs, TFA, TFMS, point sources, precursors, solar radiation, 
atmospheric oxidation, atmospheric deposition, flux, Arctic 
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Sammanfattning 
 
Perfluorerade alkylsyror (PFAAs) är en grupp högfluorerade och väldigt 
stabila kemikalier. Ultrakorta PFAAs är små och polära, vilket gör att de 
kan ansamlas i vattentäkter och kontaminera dricksvatten.  

Syftet med denna avhandling var att studera ultrakorta PFAAs med av-
seende på deras förekomst i miljön, vilka deras kontamineringskällor är 
samt hur de sprids. Huvudmålen var att analysera ultrakorta PFAAs i 
ytvatten med olika typer av mänsklig påverkan, i nederbörd och nysnö, 
både på lokala och avlägsna platser, samt att undersöka betydelsen av 
lokala och diffusa kontamineringskällor till Vättern.  

Resultaten visade att det finns många olika kontamineringskällor från 
vilka ultrakorta PFAAs släpps ut i miljön, till exempel brandövningsplat-
ser, deponier och anläggningar för hantering av farligt avfall. Trifluorät-
tiksyra (TFA) och perfluorpropansyra (PFPrA) hittades också i samtliga 
prover på nederbörd och nysnö, även i de prover som tagits på avlägsna 
plaster på ön Spetsbergen i Arktis. Resultaten i studien visade att oxidat-
ion av luftburna föregångarämnen i atmosfären, en process som är bero-
ende av solljus, spelar en stor roll för förekomsten av TFA och PFPrA i 
miljön, och förklarar varför dessa kemikalier hittas på avlägsna platser 
där inga kända lokala kontamineringskällor finns. Det visade sig även att 
denna process har en stor betydelse för kontamineringen i Vättern. Under 
ett år hamnar 120–170 kg TFA och 1,3–2,0 kg PFPrA i Vättern via ne-
derbörd och tillrinnande vattendrag, och en stor del av detta tros komma 
från oxidation av luftburna föregångarämnen i atmosfären. 

Trifluormetansulfonsyra (TFMS) återfanns i nästan alla prover och 
upptäcktes i nederbörd och nysnö för första gången, både på lokala och 
avlägsna platser. Denna upptäckt tyder på en global spridning även för 
TFMS, men varken oxidation av luftburna föregångarämnen eller lång-
väga transport med havsvattenströmmar verkar ha en betydande roll för 
förekomsten av TFMS i Arktis och lokala källor har en större betydelse 
än diffusa källor för kontamineringen i Vättern. 
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1. Introduction 
Per- and polyfluoroalkyl substances (PFASs) is a group of anthropogenic 
compounds that are ubiquitously found in the environment. Common 
applications using PFASs include surface-repellent coatings (e.g., food 
contact material, outdoor clothing, camping equipment, and cooking 
equipment) and surfactants (e.g., firefighting foams and mist suppres-
sants).1 PFASs comprise a large and diverse group of substances and are 
defined as fluorinated substances that contain at least one fully fluorinated 
methyl or methylene carbon atom.2 Aliphatic, fully fluorinated PFASs with 
an acid functional group are referred to as perfluoroalkyl acids (PFAAs) 
and they are commonly referred to as protonated acids despite that many 
are strong acids and dissociated in environmental matrices.3 PFAAs, in-
cluding perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkyl sul-
fonic acids (PFSAs), occupy most of the published research on PFASs due 
to the concerns being raised partly because of their high environmental 
persistence and toxic effects. In this thesis, PFAAs will hereby refer to 
PFCAs and PFSAs.  

PFAAs have been divided into short- and long-chain compounds de-
pending on the length of their carbon backbone. Long-chain PFCAs and 
PFSAs are defined as those containing at least eight and six carbon atoms 
or more, respectively.2 The term ultra-short-chain PFAAs have been used 
to describe PFCAs and PFSAs with a chain length of 2–3 and 1–3 carbon 
atoms, respectively. The length of the carbon backbone of PFAAs not only 
determines their potential for bioaccumulation, but also their water solu-
bility and mobility in the environment, and thereby their environmental 
fate. After being introduced to the environment from a contamination 
source, long-chain PFAAs may be retained by soil and sediment by hydro-
phobic interactions,4 while more polar substances, such as ultra-short-
chain PFAAs, can be transported long distances from the source.5  

In the past, environmental research has mainly focused on long-chain 
PFAAs due to their potential to bioaccumulate. A common criterion used 
in risk assessment of environmental contaminants is that a substance 
should be persistent, bioaccumulative, and toxic (PBT). It has recently 
been suggested that persistence alone should be a sufficient basis for regu-
lation of potentially harmful substances as the effect of contamination by 
a persistent substance is poorly reversible and it might be challenging and 
costly to reverse the contamination once an adverse effect is identified.6 
Concern has been raised on persistent and mobile substances, including 
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ultra-short-chain PFAAs, as these have a potential to contaminate drinking 
water supplies.7  

Access to safe drinking water is of high importance for human health. 
One of the Sustainable Development Goals set by the European Commis-
sion aims to ensure availability and sustainable management of water and 
sanitation for all by 2030. In January 2021, the revised version of the 
Drinking Water Directive of the European Parliament on the quality of 
water intended for human consumption entered into force (Directive (EU) 
2020/2184). The directive requires that member states should take the 
necessary measures to ensure that water intended for human consumption 
is free from any substances that constitute a potential danger to human 
health. The directive also states that necessary measures should be taken 
to reduce the level of purification treatment required in the production of 
water that is aimed for human consumption. To meet this goal, there is an 
urgent need of identifying substances that may accumulate in drinking 
water supplies and pose a risk to human health, and to subsequently re-
duce the contamination with these. 

1.1. Ultra-short-chain PFAAs 
Ultra-short-chain PFAAs include trifluoroacetic acid (TFA), perfluoropro-
panoic acid (PFPrA), trifluoromethane sulfonic acid (TFMS), perfluoroet-
hane sulfonic acid (PFEtS), and perfluoropropane sulfonic acid (PFPrS). 
The mutual properties of these substances are their high polarity and per-
sistence to degradation. The polarity is a result of a short perfluorinated 
backbone and an acidic functional group with pKa values below 1.4, 
meaning that all molecules will be charged at environmental pH values. 

Ultra-short-chain PFAAs have recently gained attention, partly due to 
their persistence to degradation and expected accumulation in aquatic 
environments, but also because they are more frequently reported in the 
environment5, 8-12 after recent advances in analytical techniques for the 
analysis of highly polar substances.13, 14  

TFA occupy most of the published data on ultra-short-chain PFAAs. Up 
to date, data presenting the environmental occurrence and levels of ultra-
short-chain PFAAs other than TFA are scarce, and little is known about 
their sources and environmental distribution. 
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1.1.1. Sources of ultra-short-chain PFCAs 
Ultra-short-chain PFCAs include TFA and PFPrA. They consist of a car-
boxylic acid attached to one and two fully fluorinated carbons, respective-
ly (Figure 1). The environmental distribution of TFA has been studied and 
documented since the 1990s. The increased attention was a result of the 
implementation of the Montreal protocol in 1989, which aimed at phasing 
out ozone depleting chlorofluorocarbons (CFCs) used as refrigerants and 
blowing agents. CFCs were replaced with hydrofluorocarbons (HFCs) and 
hydrochlorofluorocarbons (HCFCs), which degrade in the troposphere to 
form TFA. The introduction of HFCs and HCFCs as replacements to 
CFCs was motivated by the fact that these do not result in ozone depletion 
and have a lower global warming potential compared to those of CFCs. 
By that time, the toxicity and health impacts of oxidation products from 
HFCs and HCFCs, including TFA, were not considered to be of signifi-
cance.15 

Figure 1. Chemical structures of TFA and PFPrA. 

The atmospheric degradation of HFCs and HCFCs were initially con-
sidered as the only major source of TFA to the environment, but meas-
urement of TFA, mainly in precipitation and surface waters, has indicated 
that additional sources exist.16 Various other sources have been identified, 
and natural sources have been investigated. TFA has been reported at 
evenly distributed concentrations in ocean water (150–200 ng/L), even at 
depths that represent pre-industrial water,17, 18 and deep-sea vents have 
been suggested as possible natural sources of TFA.18 

TFA is formed by thermolysis of fluoropolymers19, 20 and by atmospher-
ic oxidation of precursor compounds such as n:2 fluorotelomer alcohols 
(FTOHs),21 N-ethyl perfluorobutane sulfonamide (N-EtFBSA),22 and N-
methyl perfluorobutane sulfonamidoethanol (N-MeFBSE).23 TFA has been 
widely reported in precipitation,10, 16, 24-33 and seem to be ubiquitous in 
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precipitation even at very remote sites.26, 27 A recent study on Arctic ice 
cores shows an increased deposition of TFA since 1990.34 

The environmental occurrence of PFPrA has not been as well docu-
mented as for TFA. Similar sources and fate may be expected due to the 
structural similarities of these two compounds with PFPrA containing an 
additional CF2-compartment between the trifluoromethyl moiety and the 
carboxylic group, compared to TFA. Similarly, formation of PFPrA can 
occur via oxidation of precursor compounds such as HFCs and HCFCs35 
as well as n:2 FTOHs,21 N-EtFBSA,22 and N-MeFBSE.23 PFPrA has been 
reported in atmospheric precipitation worldwide36 and was recently re-
ported in Arctic ice cores.34 In the same way as for TFA, an increase of 
PFPrA in the Arctic ice core since 1990 was observed, suggesting that CFC 
replacements play an important role in the deposition of PFPrA.  

While the described atmospheric sources result in diffuse contamina-
tion, local contamination in surface waters as a result of discharge from 
point sources has also been observed. Releases from industries have been 
identified as potentially relevant point sources of TFA25 and PFPrA8 and 
elevated concentrations of TFA were recently measured in surface water 
downstream a chemical industry.5 TFA has been identified as a main me-
tabolite of pesticides containing a trifluoromethylphenyl structure.37, 38 The 
number of potential precursor compounds that can degrade into TFA and 
PFPrA in the environment may be large. TFA has been recognized as a 
substance of multiple sources, but there are still many sources that are not 
yet known and the relevance between them needs to be further assessed to 
establish appropriate countermeasures for the environmental contamina-
tion. 

1.1.2. Sources of ultra-short-chain PFSAs 
Ultra-short-chain PFSAs include TFMS, PFEtS, and PFPrS. They consist of 
a sulfonic acid attached to one, two, and three fully fluorinated carbons, 
respectively (Figure 2). Ultra-short-chain PFSAs differs from PFCAs be-
cause they are used in different applications and thus, their sources and 
fate are different.  

TFMS was recently reported in the environment for the first time.11 
There is no data available about potential sources of TFMS to the envi-
ronment. TFMS, also known as triflic acid (TfOH), is a superacid widely 
used in organic synthesis.39 The lithium salt of TFMS is commonly used in 
lithium-ion batteries.40 
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Figure 2. Chemical structures of TFMS, PFEtS, and PFPrS. 

PFEtS and PFPrS have been reported in municipal and industrial 
wastewater.8 They were recently reported at concentrations up to 13 mg/L 
and 270 mg/L, respectively, in aqueous film forming foams (AFFFs) and at 
concentrations up to 75 μg/L and 63 μg/L, respectively, in groundwater 
connected to military training sites where AFFFs have been used for fire-
fighting training purposes.9 This suggest that they are present as byprod-
ucts and/or a degradation products of other compounds used in AFFF 
formulas. 

There is no evidence on formation of ultra-short-chain PFSAs from pre-
cursor compounds. One study has investigated the formation of the C4 
PFSA, perfluorobutane sulfonic acid (PFBS), from the atmospheric degra-
dation of N-MeFBSE23 but there are no available data about the formation 
of TFMS, PFEtS, or PFPrS from volatile precursors. The potential sources 
and the environmental fate and distribution of these substances are not yet 
well understood. However, with respect to their high polarity and high 
persistence, contamination in water may be expected after release to the 
environment. 

1.2. Environmental fate 
Atmospheric deposition of TFA and PFPrA, from the degradation of HFCs 
and HCFCs as well as other volatile precursors, result in diffuse contami-
nation globally. The distribution depends on the atmospheric lifetime of 
the precursor compound. TFA and PFPrA are formed by hydrolysis of 
intermediate degradation products after being incorporated into water 
droplets and are then deposited with precipitation. Atmospheric deposi-
tion, along with surface water inflow, was found to be an important 
pathway for short- and long-chain PFCAs to the Baltic Sea.41 The same 
formation of ultra-short-chain PFSAs from volatile precursors has not 
been documented and little is known about their spatial distribution. As 
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discussed, most of the available information only concern TFA and far too 
little attention has been paid to other ultra-short-chain PFAAs. 

The high persistence and polarity of ultra-short-chain PFAAs is of con-
cern because they can be transported in the environment and accumulate 
in aquatic systems.24, 25, 42 Once they are released into the environment, 
ultra-short-chain PFAAs can be transported long distances from their 
source and may contaminate drinking water. TFMS has been reported in 
surface water and groundwater far from primary environmental emission 
points.12 TFA was discovered in a German river which led to high concen-
trations in drinking water even at large distances (300 km) from the iden-
tified point source.5 The same study also showed that TFA is not removed 
from drinking water by currently used purifying techniques. Removal of 
ultra-short-chain PFAAs from drinking water will likely be a challenging 
and costly project, since the removal rate of persistent and mobile sub-
stances from water is poor even with advanced technologies.43  

TFA is poorly retained by most soils. However, some soils, e.g. soils 
with high organic content, or mineral soils, may exhibit strong retention 
of TFA and the retention depends on the soil type, organic content, pH, 
and inputs of competing anions.44, 45 TFA and PFPrA can accumulate in 
plants42, 44, 46, 47 and a recent study discovered high concentrations of TFA 
in plant-based beverages.48 

While PFAAs with a longer carbon backbone might be retained by soil 
after being deposited over land, ultra-short-chain PFAAs are mobile and 
can be transported long distances in the aquatic system, depending on the 
properties and nature of the catchment area and soil composition and 
content. This means that the size of the catchment area might be an im-
portant factor for the contamination with ultra-short-chain PFAAs in a 
water body, compared to short- and long-chain PFASs, which are to a 
greater extent retained in the soil compared to ultra-short-chain PFAAs. 

1.3. Human health and environmental concerns 
The toxicity of TFA has been evaluated in algae, higher plants, fish, ani-
mals, and humans and was considered very low.49 The lowest threshold 
level for one strain of algae was 0.12 mg/L and levels below 0.1 mg/L has 
been considered safe for aquatic organisms.50 Little is known about the 
toxicity of ultra-short-chain PFAAs other than TFA and more research is 
needed in order to assess the potential hazards for humans and the envi-
ronment. Due to the high polarity of these substances, the potential for 
bioaccumulation is low. However, the high persistence of these substances 
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will result in environmental accumulation, especially in aquatic environ-
ments. This makes them a potential threat to our drinking water. In addi-
tion to exposure via drinking water, plant-based beverages have been sug-
gested to contribute with a considerable share of the total intake of TFA.48 
Very little is currently known about human exposure to ultra-short-chain 
PFAAs and only a recent study has reported TFA in human blood.51 

The concentration of TFA in the environment, resulting from the at-
mospheric degradation of HFCs and HCFCs, has been considered to pose 
no risk for humans and the environment.49 Reported concentrations of 
TFA in surface waters are usually below 500 ng/L,16, 24-26, 29, 52 yet concen-
trations up to 0.14 mg/L has been reported downstream a chemical indus-
try.5 

Environmental levels of TFA are expected to increase in the future as a 
result of the Kiagali amendment to the Montreal Protocol, which aims at 
protecting the climate by phasing out the use of HFCs. HFCs are not 
ozone depleting chemicals but they are greenhouse gases. HFCs are now 
being replaced with hydrofluoroolefins (HFOs) and a suggested replace-
ment to HFC-134a (1,1,1,2-tetrafluoroethane), a common cooling agent 
used in automobile air conditioners, is HFO-1234yf (2,2,2,3-
tetrafluoropropene). The shift to HFO-1234yf is motivated by the lower 
global warming potential of HFO-1234yf, because of the shorter atmos-
pheric lifetime, compared to HFC-134a. The atmospheric lifetime of 
HFO-1234yf, with respect to reaction with hydroxyl radicals, is ~12 
days,53-55 which is considerably shorter than the atmospheric lifetime of 
HFC-134a of ~14 years.56 The concentrations of TFA in air and atmos-
pheric deposition have been estimated to increase in the future, and be-
come more localized,57-59 as a result of the shorter atmospheric lifetime of 
HFO-1234yf in combination with a higher conversion rate to TFA 
(~91%)54 compared to HFC-134a (7–20%).60 

1.4. Analytical challenges 
Data on ultra-short-chain PFAAs in the environment are scarce. This is 
partly due to the analytical challenges of highly polar substances using 
conventional analytical techniques such as gas chromatography (GC) and 
reversed phase liquid chromatography (RPLC). In Paper I, existing analyt-
ical techniques for the analysis of ultra-short-chain PFAAs were reviewed 
and discussed. Separation with GC often require additional sample prepa-
ration such as derivatization and the analytical run time is long (30–40 
min),61, 62 whilst separation using RPLC is limited due to poor retention of 
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polar substances.31 Successful separation of ionic PFASs has been obtained 
using ion-exchange chromatography, but the analytical run time is long 
(30 min).31 Methods based on supercritical fluid chromatography (SFC) 
have shown to be promising and efficient, with analytical run times of 8–
15 min,12, 13 but the instrumentation is not frequently available in commer-
cial and research laboratories and investments in new instrumentation 
comes with a cost. Other promising methods, also with relatively short 
analytical run times (8–16 min), are hydrophilic interaction liquid chroma-
tography (HILIC) and mixed-mode liquid chromatography (MMLC),12, 14 
which both combines the chemistries of RPLC and ion-exchange chroma-
tography to increase the retention of polar and ionic substances. 

One of the main problems associated with analysis of ultra-short-chain 
PFCAs, especially TFA, is background contamination.14, 31, 61-63 Laboratory 
equipment made of perfluoroalkoxy alkane (PFA) and polytetrafluoroeth-
ylene (PTFE) have been shown to leach TFA.62 Several efforts have been 
made to identify and reduce the background contamination, but without 
eliminating TFA.14 Thus, the method detection- and quantification limits 
often depend on the background contamination. Similar issues have not 
been reported for other ultra-short-chain PFSAs and their identification in 
environmental samples is a result of nearby contamination sources or their 
long-range environmental transport. 
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2. Aim and objectives 
The aim of the thesis was to assess ultra-short-chain PFAAs with respect 
to their potential contamination sources and distribution in the environ-
ment. The specific objectives were: 

 Review existing analytical methods and the potential analytical 
challenges and improve the analytical method (Papers I and II). 

 Summarize the current state of knowledge regarding potential 
sources and environmental occurrence (Paper I). 

 Identify potential point sources (Paper II). 
 Assess the seasonal deposition, geographical distribution, and 

the role of atmospheric oxidation of volatile precursors as a 
source of contamination (Papers III and IV). 

 Examine the relevance of local and diffuse contamination 
sources to a freshwater lake in Sweden (Paper IV). 
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3. Methods 

3.1. Sampling sites 
A total of 172 samples have been analyzed during the work in Papers II, 
III, and IV, excluding field blanks, procedural blanks and quality control 
samples. The samples were collected at various locations in Sweden and 
on the island of Spitsbergen in the Norwegian Arctic, to cover the purpose 
of the thesis. The sampling locations and the samples are described in the 
following sections. 

3.1.1. Screening for potential point sources 
A screening study was conducted to identify potential point sources of 
ultra-short-chain PFAAs (Paper II). Water samples were collected at vari-
ous locations with known or suspected PFAS contamination. Sampling 
was performed downstream the suspected contamination source and at 
some sites, a series of samples were collected further downstream to get an 
indication on the distribution and environmental fate of ultra-short-chain 
PFAAs. The sites included in the screening study were five firefighting 
training sites, three municipal and industrial landfills, and a hazardous 
waste management facility. Two of the five firefighting training sites were 
not actual training sites, but rock shelters equipped with sprinkler systems 
for fire extinguishing. The water samples collected at these sites were out-
flowing water from the rock shelters, consisting of a combination of 
groundwater, stormwater, and surface water from nearby areas. Due to 
the suspected contamination source being fire protection agents, these sites 
will hereafter be referred to as firefighting training sites. At the other three 
firefighting training sites, surface water or groundwater samples were 
collected in the proximity to or downstream of the firefighting training 
site. The landfills included were nonactive, active non-hazardous waste, 
and active hazardous waste landfills. At the hazardous waste management 
facility, samples were collected from a stream at the outlet of the facility 
and further downstream, as well as from two receiving lakes. A more de-
tailed description of the sites included in the screening study is provided in 
Paper II. 
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3.1.2. Seasonal variation, sources and distribution in the Arctic 
In Paper III, surface snow samples were collected at several locations on 
the island of Spitsbergen in the Norwegian Arctic to assess the seasonal 
deposition, sources, and geographical distribution of ultra-short-chain 
PFAAs in the Arctic. Seven sampling locations were chosen, out of which 
three sites were sampled several times from January to August 2019. 
These three sites represent both potentially locally contaminated and 
background sites, whilst being easily accessible all year around and were 
in the settlement of Longyearbyen, up the hill from the Kjell Henriksen 
Observatory (KHO), and on the summit of Foxfonna ice cap (Figure 3). 
The site in Longyearbyen were chosen to represent local sources. The site 
at KHO was located uphill of the Kjell Henriksen Observatory and was 
chosen because of its proximity to the Foxfonna sampling site (4.7 km), 
allowing for comparison between the sites and to understand possible 
PFAA contamination from the active coal mine in Longyearbyen. The 
Foxfonna sampling site was chosen to represent a potential remote loca-
tion due to its high altitude and position upwind from Longyearbyen with 
respect to the easterly prevailing winds. 

Figure 3. Sampling locations in Longyearbyen, Kjell Henriksen Observatory 
(KHO), and Foxfonna ice cap. The map is based on toposvalbard.npolar.no, 

(Norwegian Polar Institute). 
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Four high elevation sites on glaciers around Svalbard were chosen for 
snow sampling at single events from February to April 2019, as these most 
likely represent background reference locations presumably receiving 
PFAA input solely from long range processes. These sites were Drønbreen, 
Lomonosovfonna, Grønfjordbreen, and Nordmannsfonna and are shown 
in Figure 4. 

Figure 4. The reference snow sampling locations on Spitsbergen were Lomonoso-
vfonna (n=2), Nordmannsfonna (n=1), Drønbreen (n=1), and Grønfjordbreen 

(n=1). The maps are based on toposvalbard.npolar.no (Norwegian Polar Institute) 
and d-maps.com. 

3.1.3. Mass balance in Lake Vättern 
In Paper IV, a mass balance of ultra-short-chain PFAAs was assembled for 
a freshwater lake to assess the relevance of local and diffuse sources. Lake 
Vättern is the second largest lake in Sweden and the sixth largest lake in 
Europe (1 900 km2). It is an important drinking water source, and the 
quality of the water is therefore of high importance. The lake has a large 
volume (74 km3), a relatively small catchment area (6 400 km2), and a 
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slow turnover (60–70 years), which makes the water quality stable, but 
also susceptible to pollution with persistent chemicals. An overview of the 
properties of Lake Vättern is provided in Table 1. Lake Vättern is sur-
rounded by urban areas and is subject to anthropogenic impacts such as 
wastewater discharges, landfill leachates, and agricultural and industrial 
activity. In addition, two airports are located near Lake Vättern at which 
PFAA-containing AFFFs have been used and elevated concentrations of 
PFAAs in biota in Lake Vättern has previously been documented.64 The 
relevance of different sources of PFAAs to Lake Vättern, including atmos-
pheric deposition, is not known. 

 

Table 1. Properties of Lake Vättern. Data were retrieved from the Swedish Mete-
orological and Hydrological Institute65 and by oral communication with the water 

management association Vätternvårdsförbundet. 

Surface area of Lake Vättern (km2) 1885 
Surface area of catchment area (km2) 6376 
Volume (km3) 74 
Average depth (m) 40 
Maximum depth (m) 120 
Turnover rate (years) 60–70  
Average water flow (m3/s) 40* 
Precipitation over the catchment area (mm/year)  650 
Number of cities (>10 000 inhabitants) 3 
Number of smaller towns (200 – 10 000 inhabitants) (>1 000) 42 (15) 
Population (in the catchment area) 200 000 

*The average water flow is based on measured and modelled data during 1940–
2020. The average water flow has been lower since 2016 and was 18 m3/s during 
the year of the study (2019). 

 

To establish the mass balance, samples were collected that represent the 
main input (inflowing streams, effluents, and atmospheric deposition), 
output (outflowing stream), and the lake inventory (water column). At-
mospheric deposition samples were collected monthly on the island of 
Visingsö in Lake Vättern. Surface water were collected from streams rep-
resenting the main inflow and outflow. The streams included in the study 
are subject to different anthropogenic impacts including sewage treatment 
plants, landfills, industries, firefighting training sites, agriculture as well as 
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stormwater from polluted areas (some with known PFAS pollution). Ref-
erence samples were collected from a stream upstream from the study area  
and downstream from a lake that is not a recipient of any known local 
contamination. Effluent water samples were collected from a sewage 
treatment plant and a paper mill that discharges directly into Lake Vät-
tern. All surface water samples from streams and effluent samples were 
collected at four occasions representing four different seasons. Surface 
water samples were collected from two locations in Lake Vättern at two 
occasions representing spring, when the water column is mixed, and dur-
ing summer when the lake is stratified. The sampling locations are shown 
in Figure 5. Information of potential contamination sources, annual flow 
rate and catchment area for each stream are listed in Table 2. Detailed 
information about the samples included in the mass balance is provided in 
Paper IV. 

Figure 5. Geographical location and sampling sites in and around Lake Vättern. 
Maps are based on d-maps.com. 
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Table 2. Sampling locations, known potential contamination sources, catchment 
area (km2) and annual flow rate (m3/yr) of streams connected to Lake Vättern. 
“Other contamination” refers to sites with known contamination with metals 

and/or organic pollutants other than those defined as PFASs. 

Stream Sampling loca-

tion 

Potential contamination 

sources 

Catchment 

area (km2) 

Flow rate 

(m3/yr) 

1 Kärnebäcken FFTS NA 326 000 

2 Hamrabäcken Landfill NA 932 000 

3 Domneån Other contamination 66 15 300 000 

4 Dunkehallaån FFTS, industry, stormwater 26 6 840 000 

5 Forsviksån Other contamination 840 167 000 000 

6 Gagnån STP, Industry 29 7 560 000 

7 Hjoån Other contamination, storm-

water, individual sewers 

63 9 340 000 

8 Huskvarnaån PFAS contamination, landfill, 

STP, stormwater 

660 139 000 000 

9 Hökesån FFTS, industry, stormwater 69 17 900 000 

10 Knipån Individual sewers 53 14 000 000 

11 Lillån STP, other contamination 35 8 400 000 

12 Mjölnaån Agriculture, individual sewers 420 25 200 000 

13 Munksjön FFTS, STP, stormwater, 

industry 

240 124 000 000 

14 Orrnäsaån Agriculture 64 9 980 000 

15 Röttleån Individual sewers 220 9 180 000 

16 Svedån No known impact 49 13 500 000 

17 Ålebäcken Agriculture 84 11 500 000 

18 Sandserydsåna FFTS NA NA 

19 Motala strömb NA 6 400 576 000 000 

20 Undenc No known impact NA NA 

Abbreviations: Fire-fighting training site (FFTS); Sewage treatment plant (STP); 
Not available (NA). 
aNot included in mass balance calculations. The stream discharges into a small 
lake, which is connected to Lake Vättern via stream number 13. 
bSurface water outflow. 
cReference sample collected upstream the study area. 
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3.2. Sample collection 
For the work in Paper II, surface water, groundwater, landfill leachate and 
stormwater samples were collected from various locations with known or 
suspected PFAS contamination from February 2017 to May 2018 (n=34). 

In Paper III, surface snow samples were collected at several locations on 
the island of Spitsbergen in the Norwegian Arctic from January to August 
2019 (n=32). The sampling was conducted as soon as possible after a cho-
sen precipitation event (typical <1 day–12 days, average 4.8 days), such 
that each snow sample represents a single precipitation event whereby post 
depositional processes have been minimized. A pre-cleaned aluminum 
shovel was used to collect 0–5 cm surface snow into a barrel. When col-
lecting the surface snow samples, the site was approached by ski or 
snowmobile, with the final approach to the sampling site undertaken from 
downwind on foot. 

In Paper IV, surface water samples were collected at four occasions rep-
resenting four different seasons from streams that discharge into (streams 
1–17) or represent the main outflow (stream 19) from Lake Vättern from 
March to December 2019 (n=72). Surface water samples (n=8) were col-
lected from two additional streams that were not included in the mass 
balance. One of these streams (stream 18) passes near an airport with 
known PFAAs contamination and discharges into a small lake that are 
connected to Lake Vättern via stream 13 (included in the mass balance). 
The other stream (stream 20) is located upstream from the study area and 
downstream from a lake that is not a recipient of any known local con-
tamination. Surface water samples were collected from two locations in 
Lake Vättern at 0.5 m depth in April 2019, when the water column is 
mixed, and at 0.5 m and 30 m depth in July or August, when the water 
column is stratified (n=6). Surface water, groundwater, landfill leachate, 
and stormwater were grab samples. Atmospheric deposition samples were 
collected monthly during July 2018 to June 2019 on the island of Visingsö 
in Lake Vättern (n=12). Rain samples were collected using polyethylene 
funnels (diameter: 248 mm) connected to polyethylene containers and 
snow samples were collected in polypropylene boxes. All atmospheric 
deposition samples were collected 1–1.5 m above the ground in an open 
field. Effluent water samples were collected at four occasions from March 
to December 2019 from a paper mill and a sewage treatment plant that 
discharges directly into Lake Vättern (n=8). These were composite sam-
ples.  
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All sample containers were rinsed three times with the sample matrix 
before collecting the samples. After sampling, the sample containers were 
sealed and transported to the laboratory. Snow samples were melted and 
transferred to pre-cleaned polyethylene containers. All samples were 
stored at 4 °C until processing. Detailed information about the sample 
collection can be found in Papers II, III, and IV. 

3.3. Sample preparation and instrumental analysis 

3.3.1. Sample extraction for analysis of ultra-short-chain PFAAs 
In Papers III and IV, the pH of the samples was adjusted to 4 by addition 
of acetic acid before further sample preparation. In Papers II, III, and IV, 
surface water, groundwater, landfill leachate, stormwater, and surface 
snow samples were filtered with glass microfiber filters (1.2 μm, Grade 
GF/B, Whatman) prior to extraction. In Paper II, the particle phase was 
excluded in further processing. In Papers III and IV, the filters were ex-
tracted three times with methanol by ultrasonication for 30 min followed 
by centrifugation at 8000 rpm for 5 min. The filter extract was combined 
with the sample prior to extraction. Atmospheric deposition samples (Pa-
per IV) were not filtered prior to extraction. The samples were extracted 
by weak anion exchange solid-phase extraction (WAX-SPE) using Oasis 
WAX cartridges (150 mg, 6 mL, 30 μm, Waters Corporation, Milford, 
USA) following the ISO25101 method with some modifications.  

In Paper II, analysis of TFA was performed by direct injection of filtered 
water samples after 1:1 dilution in methanol.  

All samples were spiked with mass-labelled internal standard prior to 
sample preparation. A general overview of the analytical workflow used in 
Papers II, III, and IV is provided in Table 3. For detailed information of 
the sample preparation methods, see Papers II, III, and IV. 
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Table 3. Overview of the analytical workflow used in Papers II, III, and IV. 

 Paper II Paper III Paper IV 

Sample 
matrix 

Surface water, groundwa-
ter, landfill leachate and 

stormwater 

Surface 
snow 

Surface 
water, 

industrial- 
and munic-
ipal efflu-

ent 

Atmos-
pheric 

deposition 

Target ana-
lyte(s) 

PFPrA, 
TFMS, 
PFEtS, 
PFPrS 

TFA 

TFA, 
PFPrA, 
TFMS, 
PFEtS, 
PFPrS 

TFA, PFPrA, TFMS, 
PFEtS, PFPrS 

Sample vo-
lume (mL) 

5–500 0.25 
2 200 

500–1 000 200 

Sample pre-
paration 

Filtration, 
WAX-SPE 

Filtration, 
dilution in 
methanol 

(1:1) 

Adjust pH 
to <4, 

filtration, 
extraction 
of filters, 

WAX-SPE 

Adjust pH 
to <4,  

filtration, 
extraction 
of filters, 

WAX-SPE 

Adjust pH 
to <4, 

WAX-SPE 

Particle- 
and/or dis-

solved phase 
analyzed  

Dissolved phase 

Particle- 
and dis-
solved 
phase 

Particle- and dissolved 
phase 

3.3.2. Analysis of ultra-short-chain PFAAs 
Separation and quantification were performed using SFC coupled to tan-
dem mass spectrometry (MS/MS) (Acquity Ultra Performance Conver-
gence Chromatograph and Xevo TQ-S (Paper II) or Xevo TQ-S micro 
(Papers III and IV), Waters Corporation, Milford, MA, USA). An SFC 
Torus DIOL column (3.0 mm i.d., 150 mm length, 1.7 μm particle size, 
Waters Corporation, Milford, MA, USA) was used to achieve chromato-
graphic separation. The mobile phase consisted of carbon dioxide (A) and 
0.1% ammonium hydroxide in methanol (B). Gradient elution was used, 
and the total run time was 8–10 min. 
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The MS/MS was operated in negative electrospray ionization (ESI) 
mode. Two transitions were monitored for TFMS, PFEtS, and PFPrS. Only 
one transition was monitored for TFA and PFPrA. For detailed infor-
mation about the chromatographic methods, source parameters, and the 
monitored transitions, see Papers II, III, and IV. 

3.3.3. Analysis of sodium and chloride ions in surface snow 
Concentrations of Na+ and Cl- in surface snow were determined by ion 
chromatography using Dionex ICS-4000 Integrion anion and cation sys-
tems. See Paper III for detailed information about the ion chromatography 
analysis. 

3.4. Quality assurance and quality control 
The performance of the SFC-MS/MS method was evaluated in terms of 
linear range and precision. The instrumental detection and quantification 
limit was set as the lowest calibration point with signal-to-noise of at least 
three and ten, respectively. The sample preparation method was assessed 
based on the extraction and analysis of quality control (QC) samples. The 
QC samples consisted of fortified MilliQ water to assess the extraction 
efficiency, or fortified test samples (e.g. surface water, landfill leachate, 
and atmospheric deposition) to evaluate matrix recovery. The repeatability 
of the methods was assessed based on repeated extractions of fortified test 
samples. 

Field blanks were included to check for contamination during sampling. 
The field blanks were prepared as MilliQ water in precleaned polyethylene 
containers that were opened in the field during sampling. Procedural 
blanks were included in each batch of samples to check for contamination 
during sample preparation in the laboratory. Solvent blanks were injected 
to check for instrumental contamination and analyte carry over. The 
method limits of detection and quantification were calculated as the aver-
age concentration in repeated blank extractions plus three times the stand-
ard deviation. The instrumental limits of detection and quantification, set 
as the lowest calibration point with a signal-to-noise ratio of at least three 
or ten, were used as method detection and quantification limit for those 
analytes that were not observed in blank extractions. 

Quantification was done by isotope dilution using mass-labelled stand-
ards that were added to the samples prior to sample preparation. In Paper 
II, mass-labelled standards for ultra-short-chain PFAAs were not available 
at the time of analysis. Mass-labelled standards for the C4 homologues 
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perfluorobutanoic acid (PFBA) and PFBS were used for quantification. In 
Papers III and IV, a mass-labelled standard for TFA was used for quantifi-
cation of TFA. For detailed information about the quality assurance and 
quality control measures in each study, see Papers II, III, and IV. 

3.5. Mass balance calculations 
A mass balance of ultra-short-chain PFAAs in Lake Vättern was assembled 
based on the calculated input, output, and inventory in the water column. 

3.5.1. Input pathways 
The input pathways considered were atmospheric deposition, surface wa-
ter inflow, and municipal and industrial effluents that discharges directly 
into Lake Vättern. The input from atmospheric deposition (kg/year) was 
calculated based on the measured concentration in atmospheric deposition 
(kg/m3) in monthly samples and the amount of atmospheric deposition 
over Lake Vättern per month (m3/month). The input was calculated based 
on the assumption that that the composition and amount of atmospheric 
deposition were equal over the entire surface of Lake Vättern, according 
to: = ×  

 
where Ci is the PFAA concentration (kg/m3) in atmospheric deposition 
collected during month i and Qi is the amount of atmospheric deposition 
(m3) over Lake Vättern during month i. The amount of atmospheric depo-
sition was calculated based on measurements by the Swedish Meteorologi-
cal and Hydrological Institute.66 

The input from surface water inflow and effluent (kg/year) was calcu-
lated based on the median concentration (kg/m3) and the discharge rate 
per year (m3/year) according to:  / = ×  

 
where Ci is the PFAA concentration (kg/m3) in stream or effluent i and Qi 
is the discharge rate per year (m3/year) of stream or effluent i. The dis-
charge rate per year for effluent was based on measured data. For surface 
water inflow, the discharge rate per year was retrieved from a database 
created by the Swedish Meteorological and Hydrological Institute and the 
Swedish Agency for Marine and Water Management and based on meas-
ured or modelled data.67 If data was not available, the discharge rate per 
year was calculated based on flow rate measurements during the sampling 
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and calibrated against the modelled discharge rate per year from an adja-
cent catchment area. Low-bound estimates (LBE) and high-bound esti-
mates (HBE) were calculated based on the lowest and highest concentra-
tions measured, respectively. 

3.5.2. Output pathway 
Surface water outflow was assumed to be the dominating output and oth-
er output pathways such as transformation in water, volatilization, and 
sediment burial were not considered. The output via surface water outflow 
(kg/year) was calculated based on the median concentration (kg/m3) and 
the discharge rate per year (m3/year) for the stream that represents the 
main outflow, according to: = ×  

 
where C is the PFAA concentration (kg/m3) in the outflowing stream and 
Q is the discharge rate per year (m3/year). The discharge rate per year was 
based on measured data obtained from the Swedish Meteorological and 
Hydrological Institute and the Swedish Agency for Marine and Water 
Management.67 LBE and HBE were calculated based on the lowest and 
highest concentrations measured, respectively. 

3.5.3. Inventory in the water basin 
The concentrations of ultra-short-chain PFAAs in the water basin were in 
the same range at different locations and depths and did not differ be-
tween samples collected in April compared to those collected in July or 
August. Thus, the concentrations were considered equal in the entire water 
basin. The inventory of ultra-short-chain PFAAs in Lake Vättern (kg) was 
calculated based on the average concentration in the water basin (kg/m3) 
and the volume of water (m3), according to: = ×  

 
where C is the PFAA concentration (kg/m3) in the water basin and V is the 
volume of water in the water basin (m3). 

3.6. Air mass trajectories and solar radiation in the Arctic 
The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) 
model was used to assess whether solar radiation may be linked to precur-
sor degradation, and hence the occurrence of ultra-short-chain PFAAs in 
the surface snow at the Foxfonna sampling site. A backwards air mass 
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trajectory was calculated for each of the 10 snow sampling events, with 
the trajectory ending at the same time as sampling. A 6-day backwards air 
mass trajectory was used since it was expected that atmospheric half-life 
of ultra-short-chain PFAAs with respect to wet- and dry deposition would 
be similar to that of nitric acid.68 The National Center for Environmental 
Prediction’s Global Data Assimilation System (GDAS) model was used for 
the meteorological data. This was used to calculate the amount of solar 
radiation each air mass parcel had been subject to that was associated 
with each snow sample. For detailed information, see Paper III. 

3.7. Statistical analysis 
Spearman rank correlations between the concentrations of ultra-short-
chain PFAAs in atmospheric deposition and surface snow and the solar 
radiation, and between the concentration of ultra-short-chain PFAAs and 
the concentrations of and sodium and chloride ions in surface snow, were 
calculated using Microsoft Excel version 2105. 
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4. Results and discussion 

4.1. Analytical challenges 

4.1.1. Blank contamination 
Throughout the work in Paper II, several efforts were made to reduce 
blank contamination during sample preparation. All ultra-short-chain 
PFAAs were detected in the procedural blanks. The concentrations ob-
served in the blanks varied between batches and within batches. Blank 
concentrations for PFEtS and PFPrS were satisfactory (<0.03 ng/L for 500 
mL sample volume). The concentrations of TFA, PFPrA, and TFMS were 
generally higher and varied over 1–2 orders of magnitude. There are sev-
eral possible contamination sources in the laboratory, both laboratory 
consumables and the indoor air. A major contamination source for TFA 
and TFMS was suspected to be the storage and handling of concentrated 
TFA and TFMS (>99%) in the laboratory. This may cause contamination 
of the indoor air as well as contamination of consumables used during 
sample preparation. The blank levels were significantly reduced by remov-
ing TFA and TFMS from the laboratory, and by replacing consumables 
that might have been contaminated. The blank concentrations of TFMS 
were hereafter satisfactory and did not vary significantly (0.14–0.24 ng/L 
for 500 mL sample volume). The blank concentrations of TFA and PFPrA 
were still varying, and the reason for this was not further investigated. 
Since TFA and PFPrA are formed by atmospheric degradation of HFCs 
and HCFCs, these are likely present in the indoor air. The concentrations 
of TFA and PFPrA in the procedural blanks were hereafter satisfactory for 
the purpose of the study (0.79–3.2 ng/L and 0.10–8.8 ng/L for 500 mL 
sample, respectively). 

During the work in Papers III and IV, the quantification was performed 
using a mass spectrometer which had been recently installed. Elevated 
background levels of TFA and PFPrA were observed. The background 
signals were thought to come from the MS/MS system, since the back-
ground levels were lower when the same chromatographic system was 
coupled to another mass spectrometer. The background of both TFA and 
PFPrA was reduced by a factor of 4 by leaving the system in operate for 
14 days, and further reduced by a factor of 18 (TFA) and 4 (PFPrA) by 
flushing with mobile phase for seven days. No further decrease was ob-
served with additional flushing and the background was constant when 
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the system was left in operate mode. If the system was left in standby but 
keeping the atmospheric pressure ionization (API) gas on, the background 
was kept constant. The gas tubing which delivers the API gas has a PTFE 
lining. It was hypothesized that short-chain PFCAs are leaching from the 
PTFE lining and may accumulate in the system when there is no gas flow 
in the tubing. The PFCAs are transferred to the ESI source once the gas 
flow is switched on, resulting in a high background signal which then 
decreases with time if the system is left in operate with the API gas on.  

Opening the ion source and venting the instrument increased the back-
ground by a factor of 5 (TFA) and 2 (PFPrA), indicating that TFA and 
PFPrA are present in the indoor air. Yet the highest increase in back-
ground signal was observed after the system had been in standby for four 
months, without keeping the API gas on. This resulted in an increase of 
TFA and PFPrA by a factor of 16 and 8, respectively. Additional tests 
were performed and an increase in background was observed every time 
the system was left in standby without the API gas on.  

4.1.2. Analysis of TFA without mass-labelled standard 

4.1.2.1. Extraction efficiency 

During the work in Paper II, varying and unsatisfactory extraction recov-
eries of TFA were obtained using WAX-SPE. The recovery varied from 7 
to 42% in three selected test samples (landfill leachate, groundwater, and 
surface water). The recovery of PFBA, which was used as an internal 
standard for TFA as a mass-labelled TFA standard was not available, 
ranged from 94 to 111% in the same test samples, meaning that mass-
labelled PFBA is not a suitable surrogate to compensate for losses of TFA 
during WAX-SPE. Large pH dependent variations in recovery of TFA 
during extraction by WAX-SPE have been observed and reported previ-
ously.63  

Lowering the pH increase the recovery of anionic analytes during 
WAX-SPE by protonating the functional groups of the sorbent, as well as 
reducing the extraction of competing anions such as bicarbonate. In the 
study by Janda et al.,63 TFA recoveries in the range 94–114% were ob-
tained over the pH range 3–5. In the present work, the recovery did not 
seem to depend only on the pH of the sample but rather the combination 
of the pH and sample matrix. Only 7% recovery of TFA was achieved 
during WAX-SPE of a surface water sample with pH 5. Lowering the pH 
from 5 to 4 by addition of acetic acid resulted in an increase in recovery 



MARIA K. BJÖRNSDOTTER Environmental occurrence of ultra-short-chain PFAAs 
 

33
  

from 7 to 77%. In addition to reducing the effect of competing anions by 
lowering the pH, addition of an acid could increase the recovery of TFA 
by breaking up ion pairs between TFA and basic compounds. Strong ion-
pairs are formed between TFA and basic compounds when TFA is used as 
a mobile phase additive for chromatographic separation of basic com-
pounds causing signal suppression during mass spectrometric determina-
tion.69  

4.1.2.2. Direct injection analysis 

In Paper II, a method based on direct injection analysis by SFC-MS/MS 
was applied for the analysis of TFA in aqueous samples, due to the unsat-
isfactory recoveries obtained by WAX-SPE. The same set of test samples 
as for the WAX-SPE method were used to assess the recovery (due to ion 
signal effects) of the direct injection method. The recovery of TFA in the 
test samples was 81 ± 0.4% (Figure 6). In addition to increased recovery 
of the direct injection method, less sample preparation results in reduced 
blank contamination. The detection limit of the WAX-SPE method is high-
ly dependent on contamination in the procedural blanks and was in the 
range 0.79–3.2 ng/L (sample volume 500 mL, concentration factor 
1000x). The detection limit of the direct injection method was 34 ng/L 
(sample volume 250 μL, concentration factor 0.5x). A schematic overview 
of the direct injection and WAX-SPE methods is shown in Figure 7. 

Figure 6. Extraction efficiency (%) of TFA in selected test samples during WAX-
SPE and direct injection after 1:1 dilution in methanol. 
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Figure 7. Schematic overview of the direct injection and WAX-SPE methods. 

Both methods were applied on surface water, groundwater, and landfill 
leachate samples (n=34) from various locations connected to suspected 
point sources. The concentrations of TFA in the water samples observed 
by WAX-SPE and by direct injection are shown in Figure 8. The observed 
TFA concentrations by WAX-SPE were up to 600 times lower than the 
concentrations observed by direct injection. In addition, the detection 
frequency of TFA was 61% by direct injection and 30% by WAX-SPE. 
These results illustrate the drawbacks of WAX-SPE for the analysis of 
TFA in water samples resulting in both underestimation and lower detec-
tion frequency of TFA, when no corresponding mass-labelled internal 
standard is used.  
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Figure 8. Concentrations of TFA in surface water and groundwater at firefighting 
training sites (FFTSs), in landfill leachate (LF) and in surface water receiving efflu-
ent from a hazardous waste management facility (HWMF), observed after extrac-
tion by WAX-SPE and direct injection after 1:1 dilution in methanol. Only sam-

ples in which TFA was detected above the detection limit are included. 

4.1.3. Analysis of TFA with mass-labelled standard 
During the work in Paper II, it was observed that the extraction of TFA 
from aqueous samples is highly dependent on the sample matrix and pH 
and that losses during extraction is not compensated for by using mass-
labelled PFBA, which is often used as an internal standard when mass-
labelled TFA is not available. A mass-labelled internal standard for TFA 
was desired for the continued work in Papers III and IV, as it is needed for 
accurate quantification of TFA when using WAX-SPE. The purity in terms 
of native TFA content were tested in two 13C-labelled standards (+1 amu) 
and in one 13C2-labelled standard (+2 amu), all commercially available. 
The two 13C-TFA standards contained significant amounts of 12C-TFA 
(65% and 57% relative to 13C-TFA) and only the 13C2-TFA was free from 
contamination (Figure 9). Moreover, for quantification using mass-
labelled standards, a 13C2-TFA standard over a 13C-labelled standard is 
preferred since the latter will produce biased results due to interference 
with the naturally occurring 13C-TFA. The results in Paper II are based on 
direct injection analysis and the results in Papers III and IV are calculated 
by isotope dilution using 13C2-TFA. 
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Figure 9. Chromatograms showing the 12C-TFA content, based on peak area, in 
three different mass-labelled TFA standards. 

4.2. Environmental occurrence of ultra-short-chain PFAAs 
Atmospheric deposition is an important diffuse source of PFAAs and wet 
deposition is an effective scavenger for removal of PFASs from the atmos-
phere.70 Atmospheric degradation of precursor compounds, such as 
FTOHs, has been identified as a route for global distribution of PFAAs.21, 

71 Analyzing PFASs in atmospheric deposition can give information about 
temporal trends and spatial distribution. However, there might be some 
other potential sources of ultra-short-chain PFAAs. 

4.2.1. Ultra-short-chain PFAAs in precipitation 
Ultra-short-chain PFAAs were measured in surface snow collected over the 
period from January to August 2019 on the island of Spitsbergen in the 
Norwegian Arctic (Paper III), and in atmospheric deposition samples col-
lected monthly from July 2018 to June 2019 on the island of Visingsö, 
Sweden (Paper IV), to assess their geographical distribution and seasonal 
variation. In Paper III, concentrations of ultra-short-chain PFAAs were 
measured in surface snow collected from different sites to represent both 
local (Longyearbyen) and diffuse sources. 

TFA and PFPrA were detected in all samples analyzed, including surface 
snow samples collected at the four high elevation reference sites on the 
island of Spitsbergen (Drønbreen, Lomonosovfonna, Grønfjordbreen, and 
Nordmannsfonna), which are thought to represent input solely from long-
range processes. The concentrations of TFA and PFPrA were in the range 
18–300 ng/L and 0.92–3.7 ng/L in atmospheric deposition collected on the 
island of Visingsö, and 5.6–270 ng/L and 0.21–1.5 ng/L in surface snow 
collected on the island of Spitsbergen, respectively.  
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Among the ultra-short-chain PFSAs, TFMS was detected in two atmos-
pheric deposition samples collected on the island of Visingsö (0.13–0.15 
ng/L) and in all surface snow samples collected on the island of Spitsber-
gen (0.15–5.1 ng/L). PFPrS was not detected in any of the samples and 
PFEtS was only detected in surface snow samples collected in or in the 
proximity to Longyearbyen. Environmental occurrence of PFBS in the area 
has previously been linked to local sources such as firefighting training 
sites and landfills,72, 73 and PFEtS has been associated to similar sources.9 

On the island of Spitsbergen, the concentrations of ultra-short-chain 
PFAAs at a potential remote location (Foxfonna) were in the range 7.3–
270 ng/L (TFA), 0.29–1.5 ng/L (PFPrA), and 0.29–5.1 ng/L (TFMS). Simi-
lar concentrations of TFA have previously been reported in precipitation 
in remote locations.27 Positive correlation was observed between the con-
centration of TFA and PFPrA (r=0.98, p<0.01) suggesting that they share 
similar atmospheric sources and fate in remote Arctic environments. No 
correlation was observed between the concentration of TFMS with neither 
TFA nor PFPrA. 

4.2.1.1. Seasonal trends of TFA and PFPrA in precipitation 

PFASs have been shown to be effectively scavenged from the atmosphere 
by wet deposition and most of the PFAS removal is expected to occur at 
the beginning of a rainfall.70 Thus, the PFAS concentration in samples 
from a month with large rainfall is expected to be diluted compared to 
samples from a month with less rainfall. As expected, in Paper IV, the 
higher concentrations were generally observed in samples collected during 
months with little rainfall, and vice versa. Therefore, a better way of pre-
senting the occurrence of PFASs in atmospheric deposition, as suggested 
by Taniyasu et al.,70 especially when looking at seasonal variations and 
correlation with solar radiation, is as flux, which is the amount per square 
meter (ng/m2). The fluxes of TFA and PFPrA in atmospheric deposition on 
the island of Visingsö were in the range 300–16 000 ng/m2 and 16–260 
ng/m2, respectively. For both PFCAs, the highest flux was observed in July 
and the lowest flux was observed in January (Figure 10). This observation 
is in accordance with the results in a previous studie.33 The occurrence of 
ultra-short-chain PFAAs in surface snow (Paper III) were presented as 
concentration (ng/L) because data to calculate the flux were not available. 
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Figure 10. Seasonal variation of TFA and PFPrA fluxes (ng/m2) and solar radiation 
(kWh/m2) on the island of Visingsö, Sweden based on concentrations in atmos-
pheric deposition samples collected monthly from July 2018 to June 2019. 

Since hydroxyl radicals are produced by incoming solar radiation into 
the atmosphere,74 the solar radiation (kW/m2), retrieved from measure-
ments by the Swedish Meteorological and Hydrological Institute,66 was 
used to access the seasonal variations in hydroxyl radicals in the atmos-
phere over the island of Visingsö. Positive correlation was observed be-
tween the solar radiation and the flux of TFA (r=0.73, p<0.01). No corre-
lation was observed between the solar radiation and the flux of PFPrA. 
The fluxes of both TFA and PFPrA were low, relative to the solar radia-
tion, during March–June, compared to the rest of the year, which may 
explain the lack of correlation between solar radiation and flux of PFPrA. 
Positive correlation was observed between the solar radiation and the flux 
of PFPrA during July–February (r=0.80, p<0.05). 

The lower flux of TFA and PFPrA relative to the solar radiation ob-
served during March–June compared to July–August may be linked to a 
lower atmospheric concentration of volatile precursors during March–
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June, which can be influenced by factors such as emission rates, tempera-
ture, aerosols, and the prevailing wind direction and speed. The produc-
tion of TFA and PFPrA depends on the presence of water in the atmos-
phere and on the availability of hydroxyl radicals, which both vary sea-
sonally. The rate of atmospheric oxidation is linked to the availability of 
hydroxyl radicals, which depends on the concentration of hydroxyl radi-
cals in the atmosphere as well as the concentration of other volatile organ-
ic compounds that are oxidized by hydroxyl radicals. Since hydroxyl radi-
cals are formed by solar irradiation on ozone molecules subsequent cleav-
age of gaseous water molecules, the concentration of atmospheric hydrox-
yl radicals over Sweden is expected to be slightly higher during summer 
when the absolute humidity is higher (10–11 g H2O/m3 in July) compared 
to spring (4–5 g H2O/m3 in March) (humidity data were retrieved from the 
Swedish Meteorological and Hydrological Institute66). Thus, the formation 
rate of TFA and PFPrA by hydroxyl radical driven atmospheric oxidation 
of volatile precursors, relative to the solar radiation, could be expected to 
be slightly lower during spring, when the absolute humidity is low, com-
pared to during summer. Another possible hypothesis would be that sea-
sonal differences in automobile and domestic air conditioning result in 
larger local as well as seasonal differences in TFA flux, as a result of a 
shift from HFC-134a to HFO-1234yf, as the atmospheric lifetime with 
respect to oxidation by hydroxyl radicals is considerably shorter for HFO-
1234yf (~12 days)53-55 compared to HFC-134a (~14 years).56  

On the island of Spitsbergen, the occurrence of ultra-short-chain PFAAs 
at the Foxfonna sampling site was thought to be explained by long-range 
processes due to its high elevation, up wind of Longyearbyen with respect 
to the prevailing winds. This was supported by the fact that the concentra-
tions of TFA and PFPrA at the Foxfonna sampling site were in similar 
range (7.3–270 ng/L and 0.29–1.5 ng/L, respectively) as the concentrations 
observed at the reference sites (13–90 ng/L and 0.34–1.1 ng/L, respective-
ly). Therefore, data from the Foxfonna sampling site were used to investi-
gate seasonal variations in long range processes. The concentrations of 
TFA and PFPrA were higher in samples collected during the polar summer 
with 24-hour daylight (April–August), compared to the concentrations in 
samples collected during the polar night with 24-hour, or partial, darkness 
(January–March) (Figure 11). The correlation between the observed con-
centrations of ultra-short-chain PFAAs in the surface snow at the Foxfon-
na sampling site and solar radiation was examined to assess the relevance 
of the atmospheric degradation of volatile precursors as a pathway to 
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remote locations. A positive correlation was observed between the solar 
radiation and the concentration of TFA (r=0.94, p<0.01) and PFPrA 
(r=0.96, p<0.01). 

 Figure 11. Concentration (ng/L) of TFA and PFPrA in surface snow samples col-
lected at the Foxfonna ice cap from January 2019 to August 2019 and solar radia-

tion (kWh/m2) along the 6-days air mass backwards trajectory. 

4.2.1.2. Discovery of TFMS in precipitation 

TFMS was detected both in atmospheric deposition samples collected on 
the island of Visingsö, Sweden, and in surface snow collected on the island 
of Spitsbergen in the Norwegian Arctic. TFMS was detected in all surface 
snow samples, including those collected at reference sites that are assumed 
to receive input only from long-range processes, at concentrations ranging 
0.15–5.1 ng/L. The detection of TFMS at remote Arctic locations suggests 
that this compound is globally distributed.  

No seasonal variation was observed for TFMS in surface snow and 
there was no correlation between the concentration of TFMS and solar 
radiation (Figure 12). There is no information on formation of ultra-short-
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chain PFSAs from the atmospheric degradation of volatile precursors. 
Formation of PFBS from the atmospheric degradation of N-MeFBSE has 
been illustrated in laboratory experiments.23 Yet the findings in Paper III 
suggest that the occurrence of TFMS in surface snow may be a result of 
other processes rather than the hydroxyl radical initiated atmospheric 
degradation of volatile precursors alone.  

Figure 12. Concentration (ng/L) of TFMS in surface snow samples collected at the 
Foxfonna ice cap from January 2019 to August 2019 and solar radiation 

(kWh/m2) along the 6-days air mass backwards trajectory. 

To further investigate potential sources of TFMS to the Arctic environ-
ment, the correlations between TFMS, sodium and chloride ions were 
studied in Paper III as these ions are tracers for marine aerosols. Positive 
correlation was observed between the concentration of TFMS and sodium 
ions (r=0.64, p<0.05) but not between TFMS and chloride ions. One sam-
ple, collected on February 7, contained higher concentration of TFMS (3–
17 times) compared to other samples. This could be explained by several 
factors, including wind direction and the origin of the air mass. No corre-
lation was observed between the concentration of TFMS with sodium or 
chloride ions when this sample was excluded. These findings suggest that 
neither atmospheric degradation of volatile precursors, nor the long-range 
oceanic transport are main sources of TFMS to the Arctic environment. 
However, it cannot be ruled out that both mechanisms are involved, 
alongside other transport mechanisms such as particle bound processes. 

4.2.2. Potential point sources of ultra-short-chain PFAAs 
In Paper II, a screening study was performed to identify potential point 
sources of ultra-short-chain PFAAs. Concentrations of ultra-short-chain 
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PFAAs were measured in water samples collected in areas highly contami-
nated or suspected to be highly contaminated with PFASs in Sweden. The 
sites included were at or in connection to five firefighting training sites 
(n=20), three landfills (n=9), and one hazardous waste management facili-
ty (n=5). 

4.2.2.1. Firefighting training sites 

Ultra-short-chain PFAAs were detected in water samples collected in con-
nection to all firefighting training sites. The detection frequencies and 
concentrations ranges are listed in Table 4. The highest concentrations for 
all ultra-short-chain PFAAs were observed in water connected to two rock 
shelters with previous usage of AFFFs in sprinkler systems. PFEtS and 
PFPrS have previously been linked to the use of AFFFs for firefighting 
training purposes9 and the detection of these in the samples connected to 
firefighting training sites is not unexpected. Sources of TFMS have not 
been reported in the scientific literature, however; very few studies have 
attempted to include TFMS. Contamination with TFA and PFPrA has not 
been previously associated with the use of AFFF. Yet they were detected at 
concentrations up to 14 000 ng/L (TFA) and 53 000 ng/L (PFPrA) in wa-
ter connected to the rock shelters. In addition, TFA and PFPrA are degra-
dation products of HFC-227ea (1,1,1,2,3,3,3-heptafluoropropane) and 
perfluoro-2-methyl-3-pentanone (PFMP) that are used in fire suppression 
systems.75, 76 It is not known if HFC-227ea or PFMP have been used in 
these rock shelters, or if TFA and PFPrA are present in AFFFs as by-
products and/or degradation products of other precursors. The notably 
high concentrations observed in outflowing water from rock shelters may 
indicate that sprinkler systems are major sources of ultra-short-chain 
PFAAs. It is important to bear in mind that the flow rates of water from 
these rock shelters are not known, and thus, the flux of ultra-short-chain 
PFAAs to the surrounding environment remains unknown. 

The findings in Paper II show that firefighting training sites are point 
sources of ultra-short-chain PFAAs. In Paper IV (section 4.3), the input of 
ultra-short-chain PFAAs to a freshwater lake via surface water inflow was 
studied. Streams connected to areas with known usage of AFFFs, together 
accounting for 26% of the total water inflow to the lake, only accounted 
for 9.3–25% of the input of ultra-short-chain PFAAs via surface water 
inflow. This shows that point sources other than firefighting training sites 
also play an important role for the contamination with ultra-short-chain 
PFAAs in the lake.   
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Table 4. Detection frequency (%) and concentration range (ng/L) of ultra-short-
chain PFAAs in samples collected at or in connection to firefighting training sites 

(n=20). 

 Detection frequency (%) Concentration range (ng/L) 

TFA 45 <34–14 000 
PFPrA 85 <5.1–53 000 
TFMS 90 <1.8–940 
PFEtS 90 <1.8–1 700 
PFPrS 80 <0.009–15 000 

4.2.2.2. Landfills 

All ultra-short-chain PFAAs were detected in landfill leachate and storm-
water. The detection frequencies (%) and concentration ranges (ng/L) are 
provided in Table 5. The highest concentrations were seen for TFA, fol-
lowed by PFPrA and TFMS. TFA was more frequently detected at higher 
concentrations in landfill leachate and stormwater compared to in water 
connected to firefighting training sites. TFA concentrations ranging from 
500 ng/L to 6 900 ng/L was observed in eight out of nine samples. As 
discussed in the previous section regarding firefighting training sites, the 
flux of ultra-short-chain PFAAs from landfill leachate and stormwater is 
not known. 

Table 5. Detection frequency (%) and concentration range (ng/L) of ultra-short-
chain PFAAs in landfill stormwater and leachate (n=9). 

 Detection frequency (%) Concentration range (ng/L) 

TFA 89 <34–6 900 
PFPrA 89 <7.2–800 
TFMS 100 <13–500 
PFEtS 44 <1.8–9.2 
PFPrS 100 <2.8–90 

4.2.2.3. Hazardous waste management facility 

At the hazardous waste management facility, samples were collected at the 
outlet and in surface water downstream from the facility. The detection 
frequencies (%) and concentration ranges (ng/L) are provided in Table 6. 
PFPrA, TFMS, PFEtS and PFPrS were detected in surface water collected 
at the outlet. TFA was not quantified in the sample collected at the outlet 
but was observed at high concentration (2 700 ng/L) about 100 m down-
stream. All ultra-short-chain PFAAs were detected in the sample collected 
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100 m downstream from the outlet. TFA, TFMS, and PFPrS were all de-
tected in samples collected further downstream, but PFPrA and PFEtS 
were not detected above the detection limit.  

Table 6. Detection frequency (%) and concentration range (ng/L) of ultra-short-
chain PFAAs in samples collected at the outlet of and downstream from a hazard-

ous waste management facility (n=5). 

 Detection frequency (%) Concentration range (ng/L) 

TFA* 75 <34–2 700 
PFPrA 40 <3.1–9.9 
TFMS 100 21–200 
PFEtS 40 <1.8–3.6 
PFPrS 100 0.74–13 

*TFA was not quantified in the sample collected at the outlet and the data are 
based on four samples analyzed. 

4.3. Mass balance of Lake Vättern 
In Paper IV, a mass balance was assembled for ultra-short-chain PFAAs in 
Lake Vättern, based on measured concentrations in atmospheric deposi-
tion, inflowing surface water, effluents from a paper mill and a sewage 
treatment plant, and in the water column of the lake. Ultra-short-chain 
PFAAs were detected in all samples analyzed. The detection frequencies 
and concentrations in atmospheric deposition, surface water, and in the 
water column in the lake are summarized in Table 7. TFA, PFPrA, and 
TFMS were the most frequently detected ultra-short-chain PFAAs in at-
mospheric deposition, surface water inflow and in the water column of the 
lake. PFEtS and PFPrS were not detected in atmospheric deposition and 
only PFPrS was detected in the water column of the lake. Both PFEtS and 
PFPrS were detected in surface water from inflowing streams. 
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Table 7. Detection frequency (DF) (%) and concentration (ng/L) of ultra-short-
chain PFAAs in atmospheric deposition, surface water inflow, and water column 
of Lake Vättern. The concentration in the water column is presented as average 

concentration ± standard deviation. 

 Atmospheric deposi-

tion 

Surface water inflow Water column 

 DF 

(%) 

Conc. 

(ng/L) 

DF 

(%) 

Conc. 

(ng/L) 

DF 

(%) 

Average 

(ng/L) 

TFA 100 18–300 89 30–820 100 34 ± 5.2 
PFPrA 100 0.92–3.7 71 0.60–2.9 100 0.5 ± 0.04 
TFMS 17 0.13–0.15 89 0.20–15 100 0.26 ± 0.07 
PFEtS n.d. <0.10 43 0.24–0.62 n.d. <0.12 
PFPrS n.d. <0.10 39 0.44–3.5 50 0.23 ± 0.01 
n.d. = not detected. 

4.3.1. Input of ultra-short-chain PFAAs to Lake Vättern 
The results of the mass balance of ultra-short-chain PFAAs in Lake Vät-
tern is illustrated in Figure 13 and summarized in Table 8. Detailed infor-
mation about the results of the mass balance is found in Paper IV. The 
highest input was observed for TFA (120–170 kg/yr) followed by PFPrA 
(1.3–2.0 kg/yr). The net mass fluxes of TFMS, PFEtS, and PFPrS were 
close to zero. Both atmospheric deposition and surface water inflow seem 
to be relevant sources for the input of ultra-short-chain PFCAs to Lake 
Vättern with atmospheric deposition accounting for approximately 57% 
(TFA) to 76% (PFPrA) of the total input based on median estimates of 
input via surface water inflow. For ultra-short-chain PFSAs, surface water 
inflow was the most important input pathway accounting for 94% 
(TFMS) and 100% (PFEtS and PFPrS) of the total input. 
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Figure 13. Net change (kg/yr) of ultra-short-chain PFAAs in Lake Vättern. 

Table 8. Summary of ultra-short-chain PFAA mass balance in Lake Vättern based 
on ultra-short-chain PFAA inventory (kg), input from surface water inflow, efflu-

ents, and atmospheric deposition (kg/yr) and output via surface water outflow 
(kg/yr). Ranges are based on low- and high-bound estimates. 

TFA PFPrA TFMS PFEtS PFPrS 

Inventory (kg) 

Water basin 2600 38 20 n.d. 17 

Input (kg/yr) 

Surface water 
inflow and 
effluents 

45–86 0.30–0.88 0.24–0.89 0.08–0.41 0.11 

Atmospheric 
deposition 

98 1.5 0.03 n.d. n.d. 

SUM Input 140–180 1.8–2.4 0.27–0.92 0.08–0.41 0.03–0.27 

Output (kg/yr) 

Surface water 
outflow 

17–28 0.36–0.54 0.12–0.37 0.07–0.16 0.07–0.16 

Net change (kg/yr) 

Input-output 
(kg/yr) 

120–170 1.3–2.0 -0.10–0.80 -0.08–0.34 -0.24–0.24 

n.d. = not detected. 
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4.3.1.1. Input of TFA and PFPrA to Lake Vättern 

Both atmospheric deposition and surface water inflow was found to be 
important input pathways for TFA and PFPrA to Lake Vättern. Among 
the surface water inflow, three streams (streams 5, 8, and 13) were found 
to be major input sources for both TFA and PFPrA (Figure 14). These 
streams together accounted for an input of 55% and 75% of the TFA and 
PFPrA input via surface water inflow, based on median estimates. The 
same streams were also the streams with the largest flow rate, and among 
the streams with the largest catchment area, together accounting for 74% 
of the surface water inflow. The input via these streams was in the same 
range relative to the flow rate, and potential contamination sources did 
not seem to have a large influence on the input. Two additional streams 
(streams 12 and 17) were also found to account for a relatively large frac-
tion of the TFA input (22% and 7%). These two streams together only 
accounted for 6% of the surface water inflow. The reason for the relative-
ly high input via these two streams, despite the lower flow rate, is not 
known. The two streams are surrounded by agricultural activity and a 
potential contamination source could be the use of pesticides with a tri-
fluoromethyl structure. 

Figure 14. Input of TFA and PFPrA (kg/yr), flow rate (m3/yr) and catchment area 
(km2) for streams 1–17. 
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In general, a higher input for both TFA and PFPrA was observed from 
streams with a larger catchment area and a higher flow rate. Positive cor-
relation was observed between the catchment area and the input of TFA 
(r=0.96, p<0.01) and PFPrA (r=0.80, p<0.01), and between the annual 
flow rate and the input of TFA (r=0.85, p<0.01) and PFPrA (r=0.90, 
p<0.01). The input of TFA and PFPrA via atmospheric deposition was 98 
kg/yr and 1.5 kg/yr, respectively, based on the surface area of Lake Vät-
tern of 1 900 km2. Taking into consideration the size of the catchment 
area of Lake Vättern (6 400 km2 including the lake surface), atmospheric 
deposition is likely an important source of TFA and PFPrA to Lake Vät-
tern not only over the surface of the lake, but also via surface water in-
flow, as a result of their persistence and mobility. 

4.3.1.2. Input of TFMS, PFEtS, and PFPrS to Lake Vättern 

In contrast to ultra-short-chain PFCAs, surface water inflow was found to 
be the main input pathway for ultra-short-chain PFSAs. Similar as for 
PFCAs, the highest input of PFSAs was observed from streams with the 
largest catchment area and highest flow rate (streams 5, 8, and 13) (Figure 
15). Stream 8 was found to be the main source of ultra-short-chain PFSAs, 
accounting for 46% (TFMS), 33% (PFEtS), and 64% (PFPrS) of the input 
via surface water inflow, based on median estimates. This stream runs 
through an urban area and is subject to different contamination sources, 
including landfills and sewage treatment plants. In addition, the stream 
receives water from a lake with known PFAS contamination located up-
stream. 
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Figure 15. Input of TFMS, PFEtS, and PFPrS (kg/yr), flow rate (m3/yr) and catch-
ment area (km2) for streams 1–17. 
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5. Conclusions 
This thesis has reviewed the analytical methods and summarized some of 
the major analytical challenges for analysis of ultra-short-chain PFAAs in 
aqueous samples.  

Background contamination with ultra-short-chain PFAAs during sample 
preparation by WAX-SPE could be reduced by not storing or handling 
these as concentrated acids in the laboratory. TFA and PFPrA were detect-
ed at varying concentrations in the procedural blanks, and the indoor air 
could likely be a contamination source. The instrument background signal 
was increased when the mass spectrometer was vented. In addition, a ma-
jor source contributing to the instrument background was found to be 
PTFE lining in the tubing delivering the API gas. The instrument back-
ground signal was increased each time the mass spectrometer was in 
standby with no API gas flow, which would allow for leached PFAAs to 
accumulate inside the tubing delivering the API gas to the ionization 
source. This resulted in an increased background signal once the mass 
spectrometer and the API gas flow was switched on, which then decreased 
with time. A constant API gas flow helped keeping the instrument back-
ground signal low.  

TFA was poorly recovered by WAX-SPE and this can result in large un-
derestimations of the TFA concentration in the samples. Using mass-
labelled PFBA does not compensate for losses of TFA during the extrac-
tion. More adequate is direct injection analysis, or WAX-SPE using mass-
labelled TFA, when analyzing TFA in water samples. 

This thesis adds new information about contamination sources and en-
vironmental occurrence of ultra-short-chain PFAAs. Firefighting training 
sites, landfills, and hazardous waste management facilities were identified 
as point sources for all studied ultra-short-chain PFAAs. Yet diffuse at-
mospheric sources were found to play a major role in the contamination 
with TFA and PFPrA in Lake Vättern, compared to point sources. For 
TFMS, PFEtS, and PFPrS, surface water inflow was the most important 
input pathway to the lake.  

The work in this thesis has shown that ultra-short-chain PFAAs, includ-
ing TFMS, are globally distributed. This is the first time TFMS is reported 
at remote locations far away from potential point sources. The importance 
of hydroxyl radical initiated oxidation of volatile precursors for the global 
distribution and seasonal variation of TFA and PFPrA was demonstrated. 
The occurrence of TFMS in the Arctic environment could not be explained 
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neither by atmospheric oxidation of precursor compounds nor by long-
range oceanic transport and the sources of TFMS to remote Arctic loca-
tions remains unknown. 

The flux of TFA and PFPrA via atmospheric deposition varied seasonal-
ly and was correlated with the solar radiation but might also depend on 
factors such as atmospheric concentration of volatile precursors and the 
availability of hydroxyl radicals. 
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6. Future perspective 
This thesis has shown that the concentrations of TFA, PFPrA, and TFMS 
in Lake Vättern are increasing and that diffuse sources of TFA and PFPrA 
play an important role. There is a need to identify major sources, and to 
subsequently reduce the emission of these. A first step could be to identify 
additional important precursor compounds by suspect screening in air 
and/or atmospheric deposition samples. This could be done in combina-
tion with atmospheric chemistry modelling studies to determine the rate of 
atmospheric oxidation and the TFA/PFPrA yield for selected precursor 
compounds.  

The importance of atmospheric oxidation of volatile precursors as a 
source of TFA and PFPrA also implicates that the contamination is not 
caused by local emissions only. This means that measures to reduce the 
emissions of significant sources must be taken on a global scale. Assuming 
halogenated refrigerants and blowing agents contribute with a major frac-
tion of TFA in atmospheric deposition, alternative substances, that do not 
contribute to TFA, should be considered. In the meantime, environmental 
monitoring should be continued. 

There are limited data on potential toxic effects and exposure routes of 
ultra-short-chain PFAAs. In the work in this thesis, the observed concen-
trations of most ultra-short-chain PFAAs were considerably lower com-
pared to TFA. Yet with no available data on potential toxic effects, pre-
cautionary measures should be taken. Levels in drinking water and in the 
environment should be monitored and major exposure routes and poten-
tial toxic effects need to be identified and evaluated.  

This thesis reported concentrations of TFMS in surface snow at remote 
locations, showing that this substance is globally distributed. The for-
mation of TFMS by atmospheric degradation of volatile precursors or 
specific transport mechanisms to remote locations could not be confirmed 
and should be further examined. 

Additional point sources of ultra-short-chain PFAAs than those pointed 
out in this thesis may be of importance, and the relevance of these should 
be further investigated. This becomes especially important if the currently 
observed concentrations are found to be harmful and/or if environmental 
concentrations are increasing. 
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