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Environmental context. Perfluoroalkyl acids are used inmany products and have spread into the environment
where their persistence and potential toxicity pose a threat to humans and wildlife. The present study describes
environmental contamination from usage of aqueous film forming foams, and investigates the distribution of
structural isomers of perfluoroalkyl acids from a point source to the surrounding environment. Isomer patterns
might be used to track contamination sources since isomer composition differs in the various products
containing perfluoroalkyl acids. The environmental behaviour of these structural isomers is described, and
limitations of their use to track contamination sources are identified.

Abstract. The environment (soil, water, sediment, fish, crab and mussel) around a training facility using aqueous film

forming foams (AFFFs) was studied with respect to perfluorinated alkyl acids (PFAAs) and 6 : 2 fluorotelomer sulfonate
(FTS) and their structural isomers. High levels of many PFAAs and 6 : 2 FTS were detected in soil, seepage water,
sediment and fish liver. Structural isomers were found for sulfonates, except PFBuS, and for PFOA. Quantification using

authentic standards revealed an isomer pattern of 63% linear PFOS (L-PFOS) and 80% linear PFOA (L-PFOA) in the soil
at the contamination site, which indicated a source produced by electrochemical fluorination (ECF). The 6 : 2 FTS was
100% linear in all compartments thus coming from a telomerisation product. Enrichment of the linear structure of PFOS
and PFOA in soil was seen with increasing distance from the training centre, and an enrichment of branched isomers for

both compounds could be found in the seepage water. Sorption to sediment and accumulation in fish liver led to an
enrichment of L-PFOS whereas all PFOA remained in the water body.

Additional keywords: 6 : 2 fluorotelomer sulfonates, 6 : 2 FTS, perfluorooctane sulfonate, perfluorooctanecarbocylic
acid, PFOA, PFOS.

Introduction

Perfluorinated alkyl acids (PFAAs) are powerful surfactants[1]

and have been used in aqueous film forming foams (AFFFs)
used to extinguish fires since the 1960s.[2] AFFFs are especially
efficient on fuel and solvent fires on which a film is formed that

extinguishes the fire and prevents reignition of the volatile
flammable liquid. It is known that non-degradable fluorinated
surfactants are being used in AFFFs, such as perfluoro-

octane sulfonate (PFOS) and perfluorooctanecarboxylic acid
(PFOA).[3,4] These compounds are under scientific and regula-
tory investigation since harmful properties have been observed,

and PFOS is listed under Annex B in the Stockholm convention
on persistent organic compounds.[5] PFOSwasmainly produced
by 3M Co. using a manufacturing process called electrochem-

ical fluorination (ECF), before their voluntarily phase-out in
2002. Even though PFOS is still produced in Asia and used
for specific purposes such as aviation hydraulic fluids, many
countries have started to regulate PFOS and replace it when

possible.[6] For example, Norwegian regulations from 2005
banned PFOS in AFFFs, textiles and preservatives as a step
to phase-out perfluorinated chemicals and severely reduce

emissions to the environment.[7] PFOA has historically been

produced by ECF but is also commonly produced with the
telomerisation method.[4] Other degradable fluorinated surfac-
tants are also produced by telomerisation, such as perfluoroalkyl
betaines that are used in DuPonts Forafac AFFF.[8] Degradation

products such as 6 : 2 fluorotelomer sulfonate (6 : 2 FTS) have
been found in the environment after AFFF usage.[9]

Although ECF gives mixtures of linear and branched pro-

ducts, telomerisation results in linear structures only and thus
PFAAs produced by the two processes can be distinguished if
structural isomers are separated in an analytical method.[1,10]

In liquid chromatography coupled to tandemmass spectrometry
(LC/MS/MS), different isomers have different signal response,
for example PFOS branched isomers show a weak response in

the most common transition used to quantify PFOS in humans
and biota, namely m/z 499- 99.[11] Thus using the linear
isomer to quantify branched isomers using m/z 499- 99 will
give biased results. This means that authentic standards should

be used in quantifying isomers.
The preservation of isomer patterns in the environment as

well as uptake and elimination rates are still not completely
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clear. Isomeric signatures could potentially be used to differen-

tiate contamination from direct and indirect sources (i.e. pre-
cursors) and recent contamination from historical sources.
Increased knowledge of physical and biological properties of

structural isomers are thus of interest. PFOA structural isomers
have been studied in polar bears,[12] water[13] and biota from
NorthAmerica[14,15] to differentiate the source of contamination
from ECF or telomerisation products. Similarly, PFOS isomers

have been studied in environmental samples.[16–18] So far the
studied areas or food webs have been free from a known point
source and the origin of the diffuse contamination has been

discussed based on the isomer pattern. Several factors besides
the source composition might however influence the pattern in
different environmental compartments. For example, bioaccu-

mulation factor andwater solubilitymay differ among structural
isomers and will affect the environmental fate.

In the present study, a contaminated area was studied to
enhance the understanding of behaviour and fate of structural

isomers in the environment. Environmental contamination of
PFAAs and 6 : 2 FTS at fire-training areas and airports has
earlier been reported.[9,19–21] Presented here is a screening of

PFAAs and 6 : 2 FTS in the environment around a facility for
fire-fighting training at an airport in Flesland, Norway. Struc-
tural isomers, if present, were studied in soil samples from the

point source (fire-training ground) and in water, sediment and
biota from the surrounding environment.

Experimental

Chemicals

Ammonium acetate (.99%, p.a. for HPLC) and n-hexane
(Pestanal) were purchased from Fluka (Steinheim, Germany),
HPLC-grade methanol (MeOH) was from Fisher Scientific
(Leicestershire, UK). Acetonitrile (AcN) and LC-MS-grade

water were from Lab-scan (Sowinskiego, Poland). Ammonium
hydroxide (NH4OH) 25%, sodium hydroxide (NaOH) p.a.,
sodium acetate p.a., hydrochloride acid (HCl) and glacial acetic

acid (100%) were all purchased from E. Merck (Darmstadt,
Germany). Native linear perfluorinated sulfonates (potassium
perfluorobutanesulfonate (PFBS), sodium perfluorohexane-

sulfonate (PFHxS), sodium perfluorooctanesulfonate (PFOS)
and sodium perfluorodecanesulfonate (PFDS)), and perfluo-
rinated carboxylates (pentanoic- (PFPeA), hexanoic- (PFHxA),

heptanoic- (PFHpA), octanoic- (PFOA), nonanoic- (PFNA),
decanoic- (PFDA), undecanoic- (PFUnDA), dodecanoic-
(PFDoDA), tridecanoic- (PFTrDA) and tetradecanoic acid
(PFTeDA)) were from Wellington Laboratories (Guelph,

Canada). Monomethyl- and dimethyl branched PFOS and

PFOA standards (Table A1 in the Accessory publication, see
http://www.publish.csiro.au/?act¼view_file&file_id¼EN10145_
AC.pdf) were purchased from Wellington Laboratories.

Labelled standards were used as internal standards (added before
extraction), also from Wellington Laboratories (18O2PFHxS,
13C4PFOS,

13C2PFHxA,
13C4PFOA,

13C5PFNA,
13C2PFDA,

13C2PFUnDA). 7H-perfluoroheptanoic acid (7H-PFHpA)

(98%) from ABCR (Karlsruhe, Germany) and 13C8PFOA
(Wellington Laboratories) were used as recovery standards
(added before injection). 1H,1H,2H,2H-perfluorooctane sul-

fonate (6 : 2 FTS) (purity not given by supplier) was from
Interchim (Montlucon, France).

Samples

Flesland airport is located in the western part of Norway near the
city of Bergen and has a fire-drill area. The area is connected to
an oil separator and the seepage water is led to a lake which then

flows to the sea. Soil was sampled at the training ground, seepage
water from the training ground was sampled, sediment and fish
liver was taken from the lake were the seepage water flows to,
blue mussel and crab were taken from the sea receiving water

from the lake. Fish, mussels and crabs were pooled samples from
5 fish, 30 mussels and 5 crabs respectively (Table 1). Only
polypropylene bottles were used. Field blanks (empty sampling

containers) were brought to each sampling location and opened,
exposed to air and closed without adding any sample.

Extraction and clean-up

Soil, dry sediment and biota were stored at�208C until analysis.
Wet sediment and water were stored at 48C. Soil and sediment
samples were air-dried before extraction, the water content
was also determined by drying for 24 h at 1058C. All biological
samples were homogenised before extraction (Ultra-Turrax,
IKA). From the homogenate, 1 g of sample was taken in the
analytical procedure.

Internal standard (IS) was added to the dried soil or sediment,
or to the homogenised biota sample, followed by addition of
0.4mL of a 0.2-M NaOH (in methanol) solution where after

the samples were left for 30min. Extraction was performed
using 4mL of AcN, ultrasonication for 15min and shaking
for 15min. The samples were neutralised, centrifuged and the

extraction was repeated once more and the two extracts were
combined. Clean-up was performed with extraction three times
with n-hexane (corresponding to a volume of 2 : 1 sample
extract : hexane) and with 50mg dispersive carbon (Supelclean

Table 1. Overview of the samples taken around Flesland fire-fighting training ground

Location Location type Sample n sampled n analysed

Flesland airport Fire-fighting facility Soil 10 samples with increasing distance from the fire

training site

10

Flesland airport Fire-fighting facility Seepage water 3 replica of a weekly composite sample 3

Lake Langavatnet Receiving fresh water Sediment 3 replica from 3 stations with increasing distance

from the discharge point

9

Lake Langavatnet Receiving fresh water Fish liver of Trout Salmo trutta 20 fish from receiving waters, 5 livers pooled into

one composite

4

Flesland brygge Receiving sea Blue mussel (meat) Mytilus edulis Composite sample of 30 shells from 3 stations in

receiving sea

3

Flesland brygge Receiving sea Crab (meat) Cancer pagurus 20 crabs from receiving sea, 5 crabs pooled into

one composite

4
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ENVI-Carb (20/400 mesh), Supelco Bellefonte, PA) to which

100 mL of glacial acetic acid was added. After filtration
and evaporation the recovery standards (RS) 7H-PFHpA and
13C8-PFOA were added together with 2mM ammonium acetate

(aq). Blank samples (extraction blanks and field blanks) where
performed in parallel with each batch of samples, and were
treated in exactly the same manner as the other samples.

Water samples (200–500mL) were filtered through glass

microfibre filters (GF/B, Whatman) before extraction using
Oasis WAX (6cc/150mg, Waters Corporation, Milford, MA,
USA) according to standard method ISO 25101.[22] The internal

standard mixture was added before extraction. The WAX
cartridges were conditioned and the water flow rate was ,1
drop per second. Sodium acetate buffer (4mL, 0.025M) was

added and the eluate was discarded. After drying the cartridges
using vacuum suction, methanol (4mL) was added and dis-
carded and the analytes were then eluted with 4mL of 0.1%
NH4OH/methanol solution. The eluates were collected, filtered

and evaporated to suitable volume with a gentle stream of
nitrogen gas. Recovery standards (13C8-PFOA, 7H-PFHpA)
and ammonium acetate (aq) were added to the final extract.

Extraction and field blank samples were prepared with ultra-
pure laboratory produced water and were treated exactly in the
same way as the samples.

Chemical analysis and quality assurance

Analysis was performed using an Acquity UPLC coupled to a
Quattro Premier XE MS/MS (Waters Corporation) with an
atmospheric electrospray interface operating in negative ion

mode. Separation was performed on an Acquity BEH C18

2.1� 50mm column (100mm for isomer analysis), 1.7 mm kept
at 508C. A chromatogram illustrating the separation of PFOS
and PFOA isomers is shown in Fig. 1. An extra guard column

(PFC isolator, Waters Corporation) was inserted between the
pump and injector to trap contaminants originating from the LC
system. Injection volume was 10mL and the flow rate was set
to 400mLmin�1 (300 mLmin�1 for isomer analysis). A gradient

program was employed, delivering mobile phases consisting of
2-mM ammonium acetate in methanol, and 2-mM ammonium
acetate in water for quantification, and water/methanol/

acetonitrile/2-mM ammonium acetate for isomer analysis.
Multiple reaction monitoring was used to monitor two product
ions for each compound. Quantification of structural isomers

was as follows; m/z 499- 99 was used for monomethyl
substituted isomers, m/z 499- 80 was used for dimethyl
substituted isomers. For the coeluting 4,5/5,5-PFOS peak, the
missing m/z 499- 99 signal for 4,5-PFOS was used to deter-

mine the respective concentration of both isomers. The average
response for 3-PFOS, 4-PFOS and 5-PFOSwas used to quantify
the sum of those isomers. For PFOA the m/z 413- 369 tran-

sition was used for quantification with the exception of
5,5-PFOA for which m/z 413- 269 was used. The average
response factor of coeluting 3-PFOA, 4-PFOA and 6-PFOAwas

used to determine the sum of these compounds.
Concentration of the analytes in the samples was calculated

using internal standard quantification. The internal standard

closest in retention time was used for those compounds that
did not have a corresponding labelled internal standard (PFBS,
PFDS, 6 : 2 FTS, PFPeA, PFHpA, PFTrDA, PFTeDA). Samples
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Fig. 1. Separation of PFOS and PFOA structural isomers on UPLC-MS/MS. TwoMRMwindows are overlapped, for PFOA,

m/z 413- 169, 413- 369, and for PFOS m/z 499- 80, 499- 99.
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were generally diluted five times before injection to minimise

ionisation effects. Water samples were in addition diluted 100
times due to high levels and interferences. Detection and
quantification for the 100� diluted samples were performed

on a Xevo TQS MS/MS (Waters Corporation) with an atmo-
spheric electrospray interface operating in negative ion mode
using equivalent settings to the Quattro Premier XE but
optimised for the Xevo instrument.

The limit of detection (LOD) was set to 3� the noise level.
If trace levels were found in the extraction or field blanks,
the LOD was set to 3� the blank signal. Two transitions were

measured and the ratio between the qualifier and quantifier
ions was calculated and samples with more than 50% difference
were not quantified. The recoveries of the internal standards

were monitored and native compounds were spiked to PFAA
cleanmatrices (Tables A2 andA3 in theAccessory publication).
Acceptable recoveries in this study were set to a range of
50–150% given the wide range of compounds analysed in

different matrices. Results with less certainty were however
obtained for some compounds and samples (Table A2), recov-
eries of carboxylates C5–C8 were on average 38–47% in soil,

PFTrDA was 24% in mussel and fish liver, PFDS 44% in fish
liver and PFHpA 35% in mussel. Ionisation effects due to
unknown interferences were probable cause to these low recov-

eries. PFTeDA was not quantified in biota and PFDA could not
be quantified in soil and sediment. 6 : 2 FTS was not quantified
in mussel and crab due to signal enhancement and the fact that

isotope dilution could not be performedwithout labelled internal
standard. 6 : 2 FTS was detected in fish liver but not quantified
for similar reasons. As for isomer specific quantification of
PFOS and PFOA, only linear labelled standards are available

thus making isotope dilution impossible for branched isomers.
A mixture of linear and branched PFOS isomers (Fluka,
Steinheim, Germany) was spiked to water and sediment con-

firming uniform recovery for branched and linear isomers and
also indicating isomer specific preservation during the analyti-
cal method (Table A4 in the Accessory publication). Uniform

recoveries and isomer specific preservation of PFOS and PFOA
have been reported by others as well.[13]

Results and discussion

Environmental contamination

The environmental samples taken around the fire-training
ground were clearly contaminated to a higher degree than
background contamination by a mixture of PFAAs. Elevated

levels of sulfonates, carboxylates and 6 : 2 FTS were seen in soil
and receiving water (Tables A5–A8 in the Accessory publica-
tion). Bioaccumulation in fish liver had taken place for PFOS,

PFDS and longer chain carboxylates such as PFTrDA. 6 : 2 FTS
was also detected in fish liver. Mainly PFOS, PFHxS and
PFTrDA were found in crab, whereas only PFTrDA was found

in mussel samples.
Soil at the fire-fighting training ground contained 612 ng g�1

(dryweight, DW) 6 : 2 FTS and 273 ng g�1 DWPFOS (TableA5
in the Accessory publication). Lower levels of PFBuS, PFHxS,

PFDS and carboxylates C5–C8, C11, C12 were also detected
(up to 6 ng g�1 DW). Even higher levels were quantified in soil
10–20m from the training ground (2101 ng g�1 DW 6 : 2 FTS

and 1905 ng g�1 DW PFOS). The levels thereafter decreased
with increasing distance. This spread indicates a movement of
the chemicals not only vertically but also horizontally and

suggests that the present contamination load to the site’s centre

is less now than it has been historically. The velocity of thewater

movement at the site is not known.
The seepage water (Table A7 in the Accessory publication)

contained a suite of sulfonates and carboxylates indicating a

major leakage of contaminants from the training ground. High-
est levels were found for 6 : 2 FTS (5110–6693 ng L�1) followed
by PFOS (1427–2078 ngL�1). Carboxylates with carbon chain
length C5–C8 were on average between 155 and 560 ng L

�1 but

also C9–C11 were detected (3.8–28 ngL�1). PFBuS was on
average 97 ng L�1. Confirmation analyses with diluted extracts
onXevoTQS verified high levels in seepagewater although 6 : 2

FTS was quantified at up to 25% lower concentrations in the
diluted samples. The PFOS levels are however lower than in
groundwater from Wurtsmith air force base (the US) that

contained 4000–110 000 ngL�1 PFOS.[20]

Sediment from three locations in the lake receiving water
from the training area contained PFOS between 35 and
88 ng g�1 DW, 6 : 2 FTS was on average 7 ng g�1 DW, although

the second highest level was found for PFUnDA (average
15 ng g�1 DW) (Table A6 in the Accessory publication). Lower
contamination was seen for the other studied compounds except

for PFOA, PFNA and PFTDA, that were ,LOD.
Fish liver (fresh weight, FW) from the lake contained several

compounds at relatively high concentrations, average values

(n¼ 4) were 2281 ng g�1 PFOS, 101 ng g�1 PFUnDA, 52 ng g�1

PFDS, 44 ng g�1 PFTrDA (Table A8 in the Accessory publica-
tion). PFOS and longer chain carboxylates ($C9) therefore

show bioaccumulation properties which have previously been
reported in the literature.[23] 6 : 2 FTSwas also found in fish liver
suggesting a bioaccumulation; however the concentration could
not be calculated due to signal enhancement and lack of labelled

internal standard. Relatively few reports exist on 6 : 2 FTS in
the scientific literature and the high levels in soil, water and
detection in fish liver in the present study make 6 : 2 FTS of

environmental concern.
Crab and mussel (Table A8 in the Accessory publication)

were taken from where the lake flows out to the sea and only

PFTrDA was found in mussel (average 0.41 ng g�1 FW). Low
levels were also found in crab with PFOS having the highest
concentration (average 2.3 ng g�1 FW) followed by PFTrDA
(average 1.3 ng g�1 FW).

Isomer pattern

Isomer analysis using a slower chromatographic system showed
more than one peak for the sulfonates PFHxS, PFOS and PFDS.

PFBuS could not be properly analysed for structural isomers due
to relatively short retention time and it is not clear whether they
exist. Benskin et al. have shown that branched isomers are more

frequent in residuals of longer carbon chains, i.e. C8 and C10.
[24]

In addition, PFHpS and PFOSA (not quantified) showed more
than one peak. Sulfon-based perfluorinated chemicals have been

produced by ECF and the major producer up until 2002 was 3M,
resulting in products containing both branched and linear
structures. The polyfluorinated 6 : 2 FTS showed only one single
peak in the analysed samples suggesting a telomer contamina-

tion source. Branched PFOA isomers could be quantified in soil
and water.

The isomer pattern of PFOS in soil was 63% linear PFOS

(L-PFOS) at the training ground (0m), assuming an ECF
contamination source (Fig. 2 and Table A9 in the Accessory
publication). The linear fraction is somewhat lower than

expected for an ECF product typically produced by 3M

PFAA structural isomers in the environment
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although some variations in technical product composition
have been reported.[25,26] The reason for this is unknown,
however if PFOS precursors are used at the training centre,

preferential degradation of the branched precursor structures
could theoretically take place resulting in a higher fraction of
branched PFOS isomers.[27] In soil the percentage of L-PFOS

thereafter increased up to 85% linear at 100m from the centre.
It should be noted that this change in isomer pattern did not
correlate with the total PFOS concentration change observed,
for which the highest concentration was found 10m from the

centre. At 150m, L-PFOS suddenly decreased in proportion
but increased again at the next sampling point for unknown
reasons (Fig. 2). Assuming that the isomer pattern at 0m

reflects the pattern in the contamination source (AFFF),
horizontal spread results in enrichment of the linear structure.
Thus branched structures are not sorbed to soil at the same

extent as the linear, but migrate with water. 6-Monometyl
branched PFOS (12.9%) and the cluster of 3/4/5-monomethyl
branched PFOS (16.7%) were the highest level branched

isomers at 0m and consequently decreased in proportion with
increasing distance from the centre reaching 4.6 and 9.1%
at 200m respectively. Although 6-PFOS and 1-PFOS (5% at
0m and 1.9% at 200m) showed a similar decrease rate, the

proportion of the cluster of 3/4/5-PFOS decreased relatively
more with increasing distance. Dimethyl-branched isomers
were also detected in soil and 3,5-PFOS decreased with

distance to the same extent as the cluster 3/4/5-PFOS (,50%
decrease). The pattern of dimethyl-isomers should however be
interpreted carefully due to concentrations relatively close to

the detection limit. The influence of the isomer’s structure
on the behaviour in soil stresses the importance to monitor
isomers individually rather than as a total sum.

The isomer pattern thereafter changed drastically in the

receiving water body, to 58–61% L-PFOS (Fig. 3 and Table

A10 in the Accessory publication), thus branched structures are
more water soluble, which is in agreement with the observation
made in a Lake Ontario food web reported by Houde and

colleagues,[16] although the branched content in the present
seepage water is higher compared with Lake Ontario water
(L-PFOS 43–56%). Lake Ontario water contained a mean of

5.9 ngL�1 PFOS compared with 1695 ng L�1 PFOS in the
seepage water. Isomers present at the source of contamination
(0m) but not detected in soil at a distance from the source were
found enriched in water. The isomer pattern in water closely

resembles that of soil at 0–10m, except for 4,5/5,5-PFOS (0.6%
of total or 3.3 ngL�1 in water and 0.23% or 5.1 ng g�1 in soil).
The water result together with soil characteristics indicates that

branched isomers are enriched in the water-phase, but it should
be noted that isomer-specific losses to surfaces during storage of
water in plastic bottles were not evaluated.

Sediment showed an enrichment of L-PFOS with an aver-
age value of 78.5% L-PFOS (Fig. 3 and Table A10 in the
Accessory publication). The most prominent isomers are the

same as in water and soil, namely 3/4/5-PFOS and 6-PFOS.
Dimethyl-branched isomers were also detected but at low
concentrations.

In fish liver from the lake receiving contaminated water,

a percentage of 87–90% L-PFOS was seen, suggesting
accumulation of the linear isomer (Fig. 3 and Table A13 in
the Accessory publication). Lake trout from Lake Ontario

contained 88–93% L-PFOS[16] and the highest level isomers
were 6-PFOS (3.8–7.1%) and 3/4/5-PFOS (2.5–4.1%). This
is in accordance with the observed pattern in the present

study (6-PFOS 4.3–5.7%, 3/4/5-PFOS 3.7–5.0%) despite the
fact that trout from Lake Ontario had considerable lower
contamination (present study 2281 ng g�1, Lake Ontario
estimated at 95 ng g�1). However, the 1-PFOS was higher in

the present study (1.6–2.3%) compared with Lake Ontario trout
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Fig. 2. PFOS isomer pattern (percentage of the total concentration) in soil from the fire-fighting training platform at Flesland,

with increasing distance from the centre.
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(0.9–1.1%), which might be concentration related rather than
an actual difference. Crab and mussel had lower levels of
PFOS and thus patterns of the less prominent branched isomers

become less accurate.
PFOA found in soil (Fig. 4 and Table A11 in the Accessory

publication) contained 80% linear isomer at the training centre

(0m), which suggests there is a clear contribution from a ECF
source. PFOA produced by 3M using ECF has been reported to

contain ,18% branched isomers,[28] which corresponds to the
pattern found at the fire-fighting ground. The most prevalent
isomers were 5-PFOA and the cluster of 3/4/6-PFOA. With

increasing distance from the centre, the linear isomer is enriched
and after 75m, only the linear isomer was found. The PFOA
concentration at 75m is the same as at 0m, which means that

the isomer pattern of 100% L-PFOA at 75m is not an effect of
branched isomers being below the detection limit. 4,4-PFOA
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Fig. 3. PFOS isomer pattern (percentage of the total concentration) in seepage water from the

fire-fighting training platform at Flesland, and sediment and fish liver taken from Lake

Langavatnet that receives the seepage water.
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was also detected in soil showing a different pattern compared

with other branched isomers with levels increasing from 0 to
10m and could thereafter not be detected in remaining soil
samples or in the seepage water. The proportion of linear PFOA

in water was on average 74.6% (Fig. 4 and Table A12 in the
Accessory publication), which is also less than in soil from the
centre of the training ground and reported technical ECF PFOA,
showing an enrichment of branched isomers in water. Different

from that of PFOS, PFOA is not detected in any other matrix and
is thus not accumulated in fish nor sorbed to sediment.
PFOA isomers in water have been reported previously from

Lake Ontario[14] (6–13% branched isomers) and different water

bodies in Japan, the USA, China and the Netherlands[13]

(13–19% branched isomers).
The contrary was seen for 6 : 2 FTS, which only showed one

single peak thus suggesting a telomerisation source. Quantifica-

tion of branched isomers of other PFAAs (PFHxS, PFHpS
PFDS, PFOSA) was inhibited by the lack of standards. The other
PFAAs that showed possible branched isomers were relatively
low concentrated in soil. Water contained higher concentrations

and the isomer pattern based on area showed a similar pattern
to that of PFOS, with the tendency that higher carbon chain
compounds, i.e. PFDS and PFOSA, show higher content of

branched isomers.
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Fig. 4. PFOA isomer pattern (percentage of the total concentration) in soil from the fire-fighting training platform at Flesland,

with increasing distance from the centre, and in seepage water.
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Conclusion

The environment close to the fire-fighting training facility was
highly contaminated by PFAAs and high levels of PFOS were
detected despite the 2005 ban of PFOS in AFFFs. 6 : 2 FTS or its

precursor(s), is a likely component in AFFFs used at the site,
given the high levels found in soil and seepage water. The dif-
ferent environmental behaviour for branched and linear isomers

as suggested here could be due to differences in soil sorption and
water solubility. In this study the contamination came from
AFFF-usage with clear ECF-contribution as indicated by PFOS

and PFOA isomers in the soil. However, when sampling soil
100m from the spill, the isomer-pattern wrongly indicates a
much less ECF-contribution, and, in the case of PFOA, a pure

telomerisation contamination. Measuring water samples might
show a higher fraction of branched isomers compared with the
contamination source due to the described fractionation. Using
structural isomer patterns to track the source of contamination is

therefore limited. Besides physicochemical properties, the time
between contamination and sampling could potentially also
affect the isomer pattern.
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