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• PFOS is the predominant risk driver at
AFFF-impacted sites.

• Off-site migration of PFAS is major deter-
minant of environmental and health risks.

• Even single fire suppression event can
lead to long-term PFAS discharges.

• Risks of PFAS can be evaluated by conven-
tional assessment approaches.

• Formal PFAS thresholds are conflicting
and may compromise risk-based decision
making.
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Per- and polyfluoroalkyl substances (PFAS) comprise a wide group of persistent chemicals, whose ubiquitous occur-
rence in the environment, particularly due to their extensive use for fire suppression in aqueous film forming foams
(AFFFs), has raised global attention. We evaluated the impacts of PFAS at three firefighting training sites and one in-
dustrial site in Finland, to highlight key elements to be considered in the retrospective risk assessment of these
chemicals. The site assessments covered the occurrence and distribution of 23 PFAS in multiple environmental matri-
ces, i.e., soil, sediment, surface water, groundwater, and biota, and the subsequent risks to human health and the en-
vironment owing to themigration of and exposure to the selected compounds. Our study showed that the extensive use
of nowadays restricted or substituted PFAS, particularly PFOS, are still often the predominant compounds detected at
AFFF-impacted sites andwill continue to cause long-term risks to the environment. Themost significant environmental
or health risks at these sites are likely to concern aquatic ecosystems, fish consumption or groundwater usage due to
the off-site migration of PFAS. Here, even a single fire extinguishing event can be a considerable contributor. We
also illustrate that conventional procedures based on simple mass-balance, and exposure models, with a focus on
PFOS and other site-specifically relevant PFAS may provide sufficient means to assess the risks. Moreover, we address
that despite the exceedance of the very stringent regulatory threshold values issued recently for PFAS, the actual site-
specific risks to human health and the environment may remain reasonably low.
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1. Introduction

Per- and polyfluoroalkyl substances (PFAS) form a class of widely used
fluorinated chemicals, many of which are persistent and ubiquitous in the
environment (Giesy and Kannan, 2001; Prevedouros et al., 2006; Ahrens,
2011). There are thousands of different partially or fully fluorinated com-
pounds in the PFAS family, and only some of them, such as perfluorooctane
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sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA), are currently well
characterized (OECD, 2018). The most common sub-classes of PFAS are
perfluoroalkyl carboxylic acids (PFCAs, such as PFOA) and perfluoroalkyl
sulfonic acids (PFSAs, such as PFOS), both belonging to the upper-class of
perfluoroalkyl acids (PFAAs). In the environment, other PFAS such as
fluorotelomer sulfonates (FTSAs) and perfluoroalkane sulfonamides
(FASAs) can act as precursors of persistent PFAAs (Buck et al., 2011).

The environmental fate of PFAS depends on their molecular structure;
long-chain PFAAs, for example, are classified as highly bioaccumalative
inwildlife and humans,while short-chain PFAAs aremoremobile and read-
ily transferred between different environmental compartments (Lindstrom
et al., 2011). In the case of PFAAs with equal length of carbon chain, the
functional group determines the environmental behavior. PFCAs, for exam-
ple, translocate more readily into plants, while PFSAs bioaccumulate more
strongly in animals (Conder et al., 2008; Brown et al., 2020; Ghisi et al.,
2019). The fate and transport properties of PFAS are also controlled by
their ionic state and isomeric forms; cationic fluorotelomer-based PFAS
and zwitterionic PFAS, for example, have been reported to sorb to soils
and sediments more strongly than the typically anionic PFAAs (Barzen-
Hanson et al., 2017; Nickerson et al., 2020; Liu et al., 2022). Owing to
their variable chemical properties, the transport characteristics of PFAS
are also highly dependent on matrix interactions and the environmental
conditions at a specific site (ITRC, 2020a; Adamson et al., 2020; Adamson
et al., 2022).

The highest environmental concentrations of PFAS are commonly asso-
ciated with firefighting activities due to the extensive use of PFAS in
firefighting agents, especially aqueous film forming foams (AFFFs), since
the late 1960s (Concawe, 2016). Detailed information on the composition
of commercial AFFFs is usually not available, but in the past their total
PFAS concentration may have been up to 5%, including both long- and
short-chain PFAAs and their derivatives (Król et al., 2012). PFOS, including
its precursors, was often the main active ingredient in AFFFs until its volun-
tary phase-out by the industry from the early 2000 (3M Company, 2000;
USEPA, 2006). Since then, AFFFs have been mainly manufactured by
using fluorotelomer-based surfactants, whose production started already
in the 1980s (Place and Field, 2012). Older fluorotelomer-based AFFFs
contained precursors of long-chain PFCAs, including PFOA, while modern
foams are manufactured by using only short-chain fluorosurfactants
(ITRC, 2020b). It is also worth noting that the current use restrictions on
long-chain PFAS were not enforced at the time of their production phase-
out; for example, the prohibition of using PFOS-based foams per the
REACH regulation (EC) No 1907/2006 was implemented only in 2011.

In many firefighting applications, AFFFs are being or have been directly
and repeatedly released into the environment in substantial quantities. This
has resulted in elevated concentrations of PFAS in soil, sediment, ground-
water, surface water, drinking water, and biota as demonstrated in numer-
ous field studies (Moody et al., 2003; Awad et al., 2011; de Solla et al.,
2012; Ahrens et al., 2015; Anderson et al., 2016; Lanza et al., 2017;
Munoz et al., 2020). While these studies have undoubtedly increased our
understanding on the fate and effects of PFAS, regulatory risk assessment
frameworks have mostly been focused on conducting nationwide monitor-
ing assessments and developing generic concentration thresholds (Ankley
et al., 2021). Moreover, most of the field studies, until now, have been con-
fined to a single site or only one or a few environmental compartments.
Hence, shared, and holistic understanding of the actual, site-specific risks
and expedient risk assessment approaches at AFFF-impacted sites is still
partly lacking. These shortcomings alongside the excessive emphasis put
on the uncertainties and caution as regards risk assessment of PFAS, for ex-
ample due to the variety of unidentified compounds in the PFAS family, is
prone to hamper the implementation of reasonable risk management ap-
proaches on AFFF sites.

To fill some of the existing data gaps and to advance risk-based decision
making at AFFF-impacted sites, the Finnish Environment Institute con-
ducted a study at four sites with historical use of AFFFs. Herein, we present
the main results of this study, and highlight some of the key elements that
need to be considered in a retrospective risk assessment of PFAS regarding
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both itsmethodological and regulative aspects. Our purpose was not to pro-
vide a detailed characterization of the cumulative environmental and
health risks at the four study sites, nor to define site-specific risk manage-
ment actions. Hence, we only used the study sites as relevant case examples
to illustrate the occurrence, distribution, and fate of PFAS in multiple envi-
ronmental matrices (i.e., soil, surface water, sediment, groundwater, and
biota) after local discharges of AFFFs, while presenting rough estimates
on the matrix-specific risks to human health and the environment. The
case examples also served to demonstrate that simple and conventional
risk assessment approaches may be sufficient to address the retrospective
risks of PFAS despite the obvious data gaps still related to these compounds.

2. Material and methods

2.1. Study sites

2.1.1. Sources of preliminary site data
The selection of the four study sites (Fig. S1) was based on the available

site information, including results from previous screening studies
(Reinikainen et al., 2019). This information enabled us to identify the
most relevant receptors and pathways for PFAS migration in each site and
thus served as a basis for conducting more elaborate investigations to sup-
port the objectives of our study. Generic site-specific information on the en-
vironmental conditions, operational practices, and the use of AFFFs were
compiled from the existing records, such as the environmental permit doc-
uments, previous environmental surveys, and geological maps.

2.1.2. Site 1
The firefighting training site of the Emergency Services Academy

Finland is located about 10 km southwest of the city of Kuopio. The total
area of the training area is 38 ha including different training environments
for realistic simulation learning. The site has been operating since 1992.
Based on the environmental permit document from 2004, the annual use
of firefighting foam concentrate (Tovalex green) at the site was 6000 l
(Kuopion kaupunki, 2004). According to the operator, the use of PFOS con-
taining foams at the site ceased in the early 2000's and only PFAS-free train-
ing foams have been recently employed. More detailed information on the
composition or volumes of the foams used at the site is not available.

The training site lies mainly on forest land along with a waste manage-
ment facility situated on its east side. Themain soil type in the area is sandy
moraine. The site is located on a hill leading the surface waters of the west-
ern part of the area into a small pond. In the eastern part of the area, where
the firefighting training activities are mainly carried out, surface water run-
off is conveyed by ditches to a stream and further to Lake Kallavesi around
4 km northeast of the training site. Groundwater discharges into the same
stream (gaining stream). The site is not located in a protected groundwater
area.

At the training site,firefighting exercises, involving suppression on con-
trolled petroleum fire, are carried out on specific training fields, which in-
clude an asphalt or a concrete pavement and a geomembrane as a bottom
liner in the subsoil. Stormwater and leachate are collected and discharged
to the municipal wastewater treatment plant after a balancing pond, sand
filtration and oil separation. Some proportion of the stormwater, however,
ends up directly in the same ditch that conveys all the other surface waters
at the site, and discharges into the stream and finally into Lake Kallavesi.

2.1.3. Site 2
The firefighting training site is located on the southwest edge of the

Varkaus city airport in the municipality of Joroinen. The training site has
been in operation since 1974. It was estimated that in years 1993–2012
around 200–400 l of AFFF concentrate was annually used in firefighting
training (Haavisto and Retkin, 2014). No detailed information on the com-
position of the foams is available. Since 2012, only water has been used in
the training activities at the site.

Besides the airport the training site is surrounded by arable and forestry
land. The soil consists mainly of fine, silty sand. The surface water runoff
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flows into a ditch between the training site and the airport, and discharges
into Lake Joroisselkä around 700 m southeast. The training site is not lo-
cated in a protected groundwater area, and the groundwater recharge at
the site ends up in the lake.

The firefighting training takes place at a circular field with a radius of
approximately 15 m. The training field has a gravel surface and a plastic
liner in the subsoil for managing the leachate. The leachate is collected
and conveyed through oil separation to the same ditch that discharges the
surface runoff into the lake.

2.1.4. Site 3
The firefighting training site is situated at the southern border of the

Joensuu city airport. The site has been operating since 1983, and the aver-
age annual use of AFFF concentrate at the site has been around 400 l (AVI
2008). One of the foams referred to in the environmental permit document,
Sthamex AFFF 3%, was reported to contain <5% of fluorinated surfactants.
No further information is available on the volumes or composition of the
foams employed. Only water has been used for training at the site since
2012.

The training site lies on the western edge of a protected groundwater
area. The soil is mainly composed of fine sand deposits with a layer thick-
ness of around 20–30 m. There is a northwest-southeast esker with highly
conductive coarse sand and gravel deposits about two kilometers northeast
of the training area. The municipal water intake that provides drinking
water for the city of Joensuu with a daily abstraction rate of about
1130 m3 (Mononen et al., 2016) is located within the esker around two ki-
lometers north-east of the training site. The groundwater recharged at the
training site flows towards the esker and ends up at the water intake.

The actual training field is similar to the one at Site 2 having a circular
shapewith an approximate radius of 15m, a permeable gravel surface and a
plastic liner in the subsoil. The leachate is collected and conveyed through
an oil separator and further discharged into a small pond about 100mnorth
of the training field alongside stormwaters from the middle parts of the air-
port runway. The pond is in direct contact with the aquifer, and the volume
of surface water runoff in the area is negligible.

2.1.5. Site 4
The formerfirefighting training site in Porvoo is situated on the grounds

of Neste Corporation's oil refinery within the Kilpilahti industrial area. The
site was used for training by the refinery's fire brigade from the 1980s until
2015. No information is available on the volumes or composition of the
firefighting foams used. The firefighting training site was remediated in
2016 by soil excavation due to construction of a new power plant. Accord-
ing to the company, approximately 60 kg of PFOSwas removed in the reme-
diation.

During the industrial history of the area, firefighting foams have also
been used in other parts of the site in real firefighting events, including
the isohexane storage tank fire in 1989, about 700 m northeast of the for-
mer training site. According to the official investigation report by the na-
tional Safety Investigation Authority, approximately 260 m3 of
firefighting foams were used to extinguish the fire (Ministry of Justice,
1989). There are also other potential PFAS sources within the industrial
area, such as a wastewater treatment plant (WWTP).

The industrial area comprises about 1300 ha of land and about 300 ha
of watercourse, mostly used by the refinery. The area is bordered by the
Baltic Sea in the north and east. The land surrounding the area in the
south and west is mainly used for agriculture and forestry.

Most of the terrain in the industrial area comprises open bedrock, which
is heavily modified because of the construction of numerous production fa-
cilities and associated large-scale quarrying activities. The bedrock is partly
divided by divergent fracture zones, and the fractures are typically filled up
with loose soil materials.

The industrial area is not located in a protected groundwater area, and
the actual groundwater recharge is low due to the rocky terrain and pave-
ments. A significant part of the surface runoff flows in the uppermost frac-
tures through which the water discharges directly or via ditches into the
3

sea. The course-grained backfill material, especially quarry embankments,
significantly increases the water flow.

Most of the surface runoff and wastewaters generated in the area is led
into the sea through three controlled discharge points (DP). Wastewaters
generated in the refinery and several other operations are first conveyed
to the WWTP, which discharges the treated wastewater into the sea (DP
1). The majority of the surface runoff generated in the factory area along-
side some clean process waters and leachates from a closed landfill are
discharged to the sea via the Kartanonlahti brook (DP2). The tank fire in
1989 took place in the catchment of the same brook. The refinery's cooling
waters, and certain clean or treated process waters are discharged into the
sea through a seawater tunnel (DP3), which also catches some of the sur-
face runoff. In addition to the actual discharge points, some proportion of
surface runoff discharges into the sea at several uncontrolled points through
ditches, streams, and fractures. Runoff generated at the former firefighting
training site flows mainly in the surface fractures and ends up partly into
the seawater tunnel, and partly into a marine bay via the Nikuviken ditch
(Fig. 1).

2.2. Objectives of the site investigations

A program for site investigations involving site-specific sampling plans
was prepared based on the generic objectives of the study, and by consider-
ing the preliminary site data. Hence, at Sites 1, 2 and 4 investigations fo-
cused on surface waters to assess the migration of PFAS in the surface
runoff, and to determine the average PFAS mass-fluxes (i.e., mass per
time, also referred to as mass discharge; ITRC, 2010) into the receiving
water bodies and their consequent effects on the aquatic ecosystem. This
evaluation was complemented by sediment sampling at Site 1. Surface
water sampling also covered a few reference points to allow for other poten-
tial PFAS sources, including sampling of the treated industrial effluent at
Site 4. At Site 3, investigations were targeted at groundwater to assess
PFAS transport in the aquifer and the potential for PFAS to reach the
downgradient municipal water intake. Soil sampling for characterizing
PFAS source areas and assessing direct exposure was carried out at Sites 2
and 3 allowing also for evaluating the spreading of AFFFs during the train-
ing activities. To assess PFAS bioaccumulation and its associated risks to
human health and the environment, PFAS concentrations were also mea-
sured in earthworms at Site 2 and in fish both at Sites 2 and 4. Sampling
was mostly carried out during 2016–2017, while some of the surface
water and wastewater samples at Site 4 were also taken in 2018 and 2019.

2.3. Sampling

Surface water samples at Site 1 (n=11) and Site 2 (n=16) were taken
directly into high-density polyethene (HDPE) bottles (125 ml) from the av-
erage depth of 20 cm. At Site 4, most of the surface water samples (n=44)
as well as the samples from the treated wastewater (n = 5) were taken
under the site owner's commercial contracts, including the routinemonitor-
ing of the site. Due to this, the details of the sampling were not available.

Groundwater samples at Site 3 (n = 30) were taken into HDPE bottles
(125 ml) from existing monitoring wells and the collecting pond that was
in direct contact with the aquifer (see Section 2.1.4). In the first sampling
round, samples from a few deeper monitoring wells near the source area
were taken from different depths (within the screened interval) using a dis-
posable multi-layer sampling equipment (HDPE with silicone tubing) to
evaluate potential differences in the vertical distribution of PFAS in the sat-
urated zone. As the results of those samples indicated considerable vertical
mixing, additional multi-layer sampling was not considered necessary.
Hence, a traditional disposable bailer (HDPE) was used in the following
groundwater sampling rounds to simplify the sampling.

Soil and sediment sampling was carried out by applying an incremental
sampling strategy (i.e., structured composite sampling) to ensure sample
representativeness (ITRC, 2020a). Every soil and sediment sample
consisted of 50 increments of about 20 g. The incrementswere taken evenly
from the uppermost soil or sediment layer (0–5 cm) in the predefined



Fig. 1. Potential sources and discharge points (DP) of the PFAS emissions at Site 4.
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sampling units each having a surface area of about 200–500m2. Dense veg-
etation and pavements in certain parts of the site restricted systematic soil
sampling from wider areas in accordance with the original plan. One of
the soil sampling units at both sites was in the middle of the training
field. The other soil sampling units were about 50 and 100 m away from
the center of the training field in all cardinal directions, leading in total to
nine soil samples from both sites, each representing the average PFAS con-
centration of the sampling unit. To assess the sampling error, two additional
parallel composite samples were taken from one of the soil sampling units
at Site 3. Moreover, at Site 4 one stored soil sample taken from the former
firefighting training site during its remediation in 2016 was available for
analysis.

Sampling of the soil increments was mostly carried out by using the
Grass Plot sampling tool. The increments were transferred from the tool di-
rectly into a low-density polyethene (LDPE) bag, which was carefully
sealed. To avoid potential cross-contamination, the person carrying out
the sampling wore protective LDPE bags over his shoes. A stainless-steel
planting shovel was used for sampling the course soil material.

Earthworms were collected twice (n = 3; n = 5) from one of the fur-
thest soil sampling units (i.e., 100 m from the center of the training field)
at Site 2 and pooled for laboratory pretreatment and analysis. The fish sam-
ples of Site 2 consisted of single perches (Perca fluviatilis) caught by jig from
three locations of the recipient lake. At Site 4, fish were caught by a fishing
net from two locations in the Baltic Sea in front of the industrial area; the
fish samples from both sampling locations were pooled consisting of either
three perch or three vimbas (Vimba vimba).
4

Table S3 presents coordinates for each sampling site, along with a list of
all the samples taken from the different sites andmatrices. The sampling lo-
cations are shown in Figs. 4-6.

2.4. Sample pretreatment and analysis

All the environmental samples were analyzed in the laboratory of the
Finnish Environment Institute (SYKE), except for most water samples of
Site 4; these were analyzed by Ramboll Analytics/Eurofins, ALS and SGS
Laboratories. Table S1 shows the list of PFAS covered in the analyses.

In SYKE, the soil and sediment samples were freeze-dried (Heto
PowerDry PL3000 or Heto LyoLab 3000), sieved (mesh 4 mm) and homog-
enized (Fritsch Pulverisette, ZrO2 grinding bowls and balls) before the anal-
ysis. Fish samples were scaled and filleted, and the fillet with skin was
homogenized with a cutting blender. Earthworms were rinsed with labora-
tory water, allowed to depurate ingested soil for 24 h, weighted into LDPE
bags, frozen, and homogenized with a surgical knife. The water and fish
samples were analyzed with methods accredited for PFCAs and PFSAs by
the Finnish Accreditation Service as described in Junttila et al. (2019). In
brief, water samples were extracted with solid-phase extraction (Oasis
WAX 150 mg, 6 cc, Waters, Milford, MA, USA), and fish and earthworm
samples with acetonitrile in a shaker. The most contaminated water sam-
ples were analyzed also with direct injection to meet the calibration
range for all compounds. The soil and sediment samples were extracted
with methanol following a method described by Powley et al. (2005). All
the samples were spiked with mass-labelled internal standards before the
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extractions and analyzed using an UHPLC-ESI-MS/MS equipment (Acquity
UPLC® and Xevo TQ, Waters, Milford, MA). Fish and earthworms were an-
alyzed per fresh weight, sediment and soil per dry weight. More details
about the analysis are provided in the supplementary document SI.

For quality assurance and control, all sample batches analyzed in SYKE
included at least one procedural blank and a matrix control sample. The
blanks did not contain detectable amounts of the studied PFAS. The recov-
eries and matrix effects were controlled with mass-labelled surrogates, and
all SYKE's resultswere recovery-corrected. The limit of quantification (LoQ)
was 0.1–0.5 ng l−1 (water), 0.01–0.1 μg kgdw−1 (soil and sediment) and
0.01–0.15 μg kgfw−1 (fish and earthworms) depending on the substance; as
regards the additional water samples at Site 4, the LoQ ranged from 0.1
to 2.5 ng l−1. The expanded uncertainties were 20–40% depending on
the method, the compound, and the concentration level.

2.5. Exposure assessment

The direct human exposure to PFAS in topsoil was estimated by apply-
ing an established, generic exposure model (Eq. 1):

ADD ¼ Csoil � IR� EF
BW � AT

(1)

where ADD = Average Daily Dose [mg kgbw−1 d−1]; Csoil = Average con-
centration in soil [mg PFAS kgdw−1]; IR = Soil Ingestion Rate, soil [50 mg
d−1]; EF=Exposure Frequency [36 d]; BW=BodyWeight [70 kg]; AT=
Averaging Time [365 d].

Given both the intended and current use of the sites, only adult workers
can be directly exposed to soil. The duration of the potential exposure is
both short-term and limited to working days. Moreover, as the target
PFAS for human exposure (i.e., PFOS, PFOA, PFNA and PFHxS; selected
as per the health-based reference value, see Section 2.7) are non-volatile
(Wang et al., 2011) and the dermal absorption of the compounds can be as-
sumed to be negligible (Poothong et al., 2020), the potential exposure
mechanisms cover mainly unintentional soil ingestion and inhalation of
soil dust. However, exposure due to inhalation of soil dust does not contrib-
ute significantly to the overall exposure considering the normal concentra-
tion range of particles in the outdoor air in Finland (<50 μg m3; Anttila
et al., 2003). Hence, the assessment of human exposure included only soil
ingestion.

The parameter values for the exposure assessment were based on both
site-specific and literature data. The PFAS concentrations in the ingested
soil were corresponded with the measured average PFAS concentrations
(the sum of PFOS, PFOA, PFNA and PFHxS) in the training fields' soil sam-
ples and presuming 100% bioavailability in the gastrointestinal tract as per
a conservative approach. The selected exposure frequency (EF) is the upper
estimate of the daily training exercises per year (Haavisto and Retkin,
2014), while the soil ingestion rate (IR) and the body weight (BW) are na-
tional default values for adults in a tier 2 risk assessment (Ministry of the
Environment, 2014).

At Sites 2 and 3, PFAS exposure of ecological receptors potentially
dwelling at the training sites was estimated by exploring the food chain:
soil → earthworms → mammals/birds. To consider the potential habitat
of the wildlife, unlike in the case of human exposure, the assessment rested
upon the surface area weighted average PFOS concentrations (see
Section 2.7) at the training site that was assumed to comprise of three
nested and circular areas with a radius of 15 m (approximate radius of
the actual training field), 50 m and 100 m, as per the soil sampling:

Csa ¼ C15 � A15ð Þ þ C50 � A50ð Þ þ C100 � A100ð Þ= A15 þ A50 þ A50ð Þ (2)

where Csa = Surface area weighted average soil concentration at the train-
ing site in dry weight [μg PFAS kg−1]; C15/50/100=Average soil concentra-
tion in the training field and the sampling units 50 and 100 m from the site
center in dry weight [μg PFAS kg−1]; A15/50/100=Surface area of the train-
ing field and its outer perimeters [m−2].
5

2.6. Calculation of mass-fluxes

Flow estimates in the relevant ditches and streams at Sites 1 and 2 were
derived by defining map-based catchment areas upgradient of the desig-
nated sampling locations. An annual average precipitation of 650 mm
and a runoff coefficient of 0.5were assumed based on the available regional
data (Pirinen et al., 2012; Kuntaliitto, 2012). The flow estimates were fur-
ther used alongside the average ∑23PFAS concentrations measured at the
same sampling locations to determine annual PFAS mass-fluxes via differ-
ent pathways and finally to the recipient water bodies (Eq. 3):

Md ¼ Aca � I � k � Csw � 10−9 (3)

whereMd=Mass discharge via surface runoff [kg PFAS a−1]; Aca=Catch-
ment area upgradient of the sampling location [m2]; I = Annual average
precipitation [0.65 m a−1]; k = Runoff coefficient for the ditch/stream
[0.5]; Csw = Average surface water concentration [ng PFAS l−1].

At Site 3, the potential contamination of drinking water at the ground-
water intake was assessed by applying a simple mass-balance model
(ITRC, 2010):

Cgw_wi ¼ Md � 106=Qgw_wi (4)

where Cgw_wi = Concentration in groundwater extracted from the supply
well (water intake) [ng PFAS l−1]; Md = Mass discharge of the plume [g
PFAS d−1]; Qgw_wi = Pumping rate of the supply well (water intake)
[1130 m3 d−1]

Mass discharge of the plume (Md) in Eq. 4 was estimated as follows
(ITRC, 2010):

Md ¼ Cgw_p �Wp � Cgw_p � Ks � i� 10−6 (5)

where Cgw_p = Average groundwater concentration of the plume [ng PFAS
l−1]; Ks = Hydraulic conductivity of the saturated soil within the plume
[1.04 m d−1 (1.2 × 10−5 m s−1)]; i = Groundwater hydraulic gradient
within the plume [0.013m/m];Wgw_p=Width of the plume perpendicular
to groundwater flow [200 m]; dgw_p = Vertical depth of the plume [30 m].

The parameter values for describing the plume and groundwater char-
acteristics were approximated based on actual site data and by applying
the estimates by Laine-Kaulio and Koivusalo (2021). The selected plume
transection for evaluating the mass discharge rested upon the monitoring
wells closest to the training site.

2.7. Risk characterization

The calculated ADDs (Section 2.5, Eq. 1) as well as the calculated
(Section 2.5, Eq. 2 and 4) and measured exposure point concentrations
for each relevant matrix were compared with the corresponding reference
values (Table 1) to produce final risk estimates.

The magnitude of risks in regard to PFAS exposure was evaluated pri-
marily by applying existing regulatory thresholds and selected literature
data on the toxicity of PFOS. PFOSwas considered as themain contaminant
of concern since of the 23 PFAS measured in the study, it was typically
found at the highest concentrations in all the environmental compartments
relevant from the viewpoint of the recipients involved (see Section 3). Also,
in the literature most of the toxicity data focus on PFOS, which is also gen-
erally perceived as one of the most harmful PFAS substances (Ankley et al.,
2021). Moreover, at present PFOS is the only PFAS compound whose emis-
sions to the environment are regulated by the national legislation.

The environmental quality standards (EQSs) set for PFOS and its deriv-
atives in the priority substances directive 2013/39 of the EU were used for
assessing the risks to the quality of surface water bodies. These include
EQSs for the annual average concentration (AA-EQS), short-termmaximum
concentration (MAC-EQS) and concentration in biota (EQS-biota). In the
Finnish regulatory context, perch is the reference organism for applying
the EQS-biota.



Table 1
Reference values used in the derivation of risk estimates at the study sites. CI = confidence interval.

Reference value Substance Source

AA-EQS, inland surface waters 0.65 ng l−1 PFOS Directive 2013/39/EU
AA-EQS, other surface waters 0.13 ng l−1

MAC-EQS, inland surface waters 36 μg l−1

MAC-EQS, other surface waters 7.2 μg l−1

EQS-biota, surface waters 9.1 μg kg−1
fw

HC5, aquatic organisms 3.7 (90% CI 0.28–19) μg l−1 PFOS Calculated based on Moermond et al., 2010 (Table S2a)
HCl, aquatic organisms 0.52 (90% CI 0.018–4) μg l−1

HC5, soil organisms 3.2 (90% CI 0.44–9.8) mg kg−1
d. PFOS Calculated based on CRC CARE 2017 (Table S2b)

HC5, diet for mammals and birds 1.7 (90% CI 0.53–2.9) mg kg−1
diet PFOS Calculated based on Moermond et al., 2010 (Table S2c)

HC1, diet for mammals and birds 1.0 (90% CI 0.22–2.0) mg kg−1
diet

Drinking water 100 ng l−1 ∑20PFAS1) Directive 2020/2184/EU
TDI 0.63 ng−1 kg−1 d−1 ∑4PFAS2) EFSA 2020

1) Sum of PFBA, PFPA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnDA, PFDoDA, PFTrDA, PFBS, PFPS, PFHxS, PFHpS, PFOS, PFNS, PFDS, PFUnDS, PFDoDS, PFTrDS.
2) Sum of PFOS, PFOA, PFNA and PFHxS.
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For assessing ecological risks, the datasets reviewed byMoermond et al.
(2010) and CRC Care (2017) on PFOS ecotoxicity were used to derive ge-
neric ecotoxicity benchmarks, i.e., HC1 and HC5 values (HC = Hazardous
Concentration) corresponding to 1 and 5% of affected species, according to
Aldenberg and Jaworska (2000). Here, the NOEC (No Observed Effect Con-
centration), EC10 (EC = Effect Concentration) or NOAEL (No Observed
Adverse Effect Level) values selected as per the guidance by ECB (2003)
were used as a basis (Table S2). Most of the ecotoxicity data applied has
also been reviewed by other expert organizations, including OECD (2002)
and Environment Canada (2006). Since recent studies indicate that PFOS
may be more toxic than previously perceived (Ankley et al., 2021), the
above-mentioned datasets may not enable adequate conservativeness for
the derivation of generic toxicity thresholds. Hence, the calculated HC1
values were used as primary criteria for evaluating aquatic toxicity and sec-
ondary poisoning of PFOS in the water bodies instead of HC5, which is the
most typical benchmark applied in ecological risk assessments. As for risks
to terrestrial fauna and wildlife, using HC5 values were considered conser-
vative enough, for example, due to the small scale of locally elevated PFAS
concentrations.

The newEU directive 2020/2184 on the quality of drinkingwater sets a
parametric value for the sum of 20 PFAS, including PFOS and most other
individual PFAAs measured in this study. This value will likely be enforced
in the Finnish regulation on drinking water quality and hence it was
adopted for evaluating risks to the groundwater intake at the water supply.

The most recent tolerable weekly intake (TWI) value set for the sum of
PFOS, PFOA, PFNA and PFHxS by the European Food Safety Authority
(EFSA) in 2020 was applied as a reference value for estimating the
human health risk. The TWIwas first converted into a tolerable daily intake
(TDI) by dividing it by seven (number of days per week).

3. Results and discussion

To compare the results of different study sites and sample matrices, the
analyzed PFAS (Table S1) were grouped according to Buck et al., 2011 as
follows: long-chain (C7–C18) and short-chain (C4–C6) PFCAs, long-chain
(C6–C10) and short-chain (C4) PFSAs, and PFCAs derivatives (pre-PFCAs)
and PFOS derivatives (pre-PFOS). The European Commission uses the
same grouping when managing the risks of PFAS as per the Chemicals
Strategy (EC, 2020). It is worth noting, however, that also other classifica-
tions are used in the literature (Wallington et al., 2021). Results below the
LoQ were not considered in the calculation of the ∑PFAS concentrations to
avoid skewness of the data regarding the partially very low concentrations.
Moreover, statistical analysis of the differences in the PFAS concentrations
was not carried out owing to the variable and inadequate number of sam-
ples per a sampling point. Summary of all the ∑PFAS concentrations by
the study site and sampling location are presented in Table S3, while
Table S4 shows summary statistics for all the individual PFAS by the sam-
plingmatrix. Results for each analyzed sample and parameter are presented
in Table S5.
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3.1. PFAS in soil

3.1.1. Concentration profiles and distribution
The occurrence and concentration profiles of PFAS in the soil samples

were very similar at Sites 2 and 3. ∑23PFAS concentrations were highest
in the training field at both sites (2700 and 2800 μg kg−1

dw at Sites 2 and
3, respectively), declining significantly as a function of distance outside
the center of the area (Fig. 2). However, airborne PFAS emitted during
the training activities seemed to extend from the actual training field at
least 50–100 m to each cardinal direction. No exact delineation of the
PFAS distribution in soil was possible due to a lack of data on regional back-
ground concentrations. Moreover, PFAS concentrations in one of the far-
thest sampling units, i.e., 100 m east of the training field's center at Site 2,
were higher than in the other distant sampling units. This could be ex-
plained by the adjacent wetland and potential accumulation of PFAS in
the soil due to surface runoff.

In the training field samples of Sites 2 and 3, PFOS accounted for
more than half of the measured ∑23PFAS concentrations while FOSA
and certain other long-chain PFAS (e.g., 8:2 FTSA and PFTrDA) were
the next most abundant substances. For example, in the soil samples of
Site 3, the average total concentration of long-chain PFAS was more
than 50 times higher than the mean concentration of short-chain com-
pounds. In the soil samples outside the training field, the ratio of indi-
vidual compounds varied rather randomly, but the percentage of
short-chain PFAS generally increased while the proportion of PFAAs
precursors declined, indicating potential biodegradation of the precur-
sors. This could not be verified, however.

Since the soil samples at Sites 2 and 3 were taken only from the upper-
most surface soil (0–5 cm), the vertical extent of the source areas or the total
mass of PFAS in the soil could not be evaluated. Previous studies at AFFF
sites have shown that the vertical extent of PFAS source zones can reach
tens of meters downwards, although most cases show significant decrease
of concentrations with depth, and most of the total PFAS mass retains in
the upper (<3 m) soil layers (Brusseau et al., 2020).

Soil sampling was not carried out at Sites 1 and 4 due to technical
structures and pavements, among other things. However, based on the
site histories and the results from surface water sampling (see
Section 3.2), it is evident that the soil retains high concentrations
of PFAS at both sites. Moreover, assuming the composition of the
foams used in the fire suppression at Site 4 in 1989 (i.e., 260 m3 of
foam concentrate) corresponded with the old AFFFs containing
5500–7700 mg l−1 PFOS (Ryynänen and Koponen, 2017), the amount
of PFOS released into the environment during the fire extinguishing
may have been up to 1400–2000 kg. This exceeds 30-fold the amount
of PFOS removed during the remediation of the former firefighting
training ground at Site 4. In the stored soil sample, taken during the re-
mediation, the ∑23PFAS concentration was 32 mg kg−1

dw, of which
PFOS accounted for 88%. Based on the review by Brusseau et al.
(2020), this is on the high end of measured PFOS concentrations in soil.



Fig. 2. PFAS concentrations in soil (μg kg−1
dw) at Sites 2 and 3.
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3.1.2. Bioaccumulation and risks to terrestrial fauna and wildlife
Bioaccumulation of PFAS in earthworms at Site 2 varied compound-

specifically, and the average PFOS and PFHxS concentrations in earth-
worms were 88 and 52 μg kgfw−1. These concentrations were 20 and 60
times higher than the respective concentrations per dry weight in soil.
The corresponding theoretical BSAF of PFBS was 260 as its concentration
in the soil samples was below the LoQ. The higher bioaccumulation of
short-chain PFSAs is contrary to findings of Amundsen et al. (2008), who
also determined much lower BSAFs for PFSAs (e.g., 0.5–6.4 for PFOS).
However, the 28-day laboratory exposure tests with AFFF affected soils
by Rich et al. (2015) are well in line with our results. They report BSAFs
of 54.9 and 74.5 for PFOS, and 99.6 and 139 for PFHxS and increasing bio-
accumulation of PFSAs along with the decreasing carbon chain length. On
the other hand, in laboratory-exposed earthworms, Munoz et al. (2020) de-
termined higher BSAFs for PFHxS than for PFOS, while their field-derived
BSAFs for long-chain PFSAss were significantly higher compared with
short-chain PFSAss. The bioaccumulation of PFAS in earthworms also
varies depending on other site characteristics, such as the level of PFAS con-
centrations in soil, soil type, and earthworm species (Amundsen et al.,
2008). The relevance of these factors to the calculated BSAFs was not eval-
uated in our study.

By using the surface area weighted average PFOS soil concentrations
(i.e., 59 μg kgdw−1 at Site 2, and 50 μg kgdw−1 at Site 3; Eq. 2) and assuming
a constant BSAF (i.e., linear bioaccumulation) of 40, derived from the
highest observed concentration in earthworms per dry weight of soil at
Site 2, we arrived at theoretical PFOS concentrations of 2.3 and
2.0mg kg−1

fw in earthworms at Sites 2 and 3, respectively. These estimates
are slightly lower than the calculated median HC5 value for PFOS in the
diet of mammals and birds (2.6 mg kgdiet−1). Since the natural habitat and
sources of food for mammals, birds, and other species at higher trophic
level, are likely to extend well beyond the training sites, their potential
local exposure to PFAS remains both irregular and short-term. Therefore,
secondary poisoning in regard to PFAS in the earthworms is expected to
be negligible at all three training sites at least on a population level, taking
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also into account the pavements at Site 1. Moreover, potential harm to the
populations of terrestrial organisms can also be considered insignificant,
since even the highest measured PFOS concentrations in the soil (i.e., the
training field samples at Sites 2 and 3) were below the median HC5 value
(3.2 mg kg−1

dw). At Site 4, the presumed AFFF-impacted soils, on the
other hand, are located in sub-areas of the active industrial complex
where relevant ecological receptors are not expected to be found even occa-
sionally.

Since the above risk estimates are based on generic and theoretical as-
sessment approaches as well as limited toxicity data, they include obvious
uncertainties. The variability of our BSAF estimates and the inconsistency
between them and the equivalent literature values also suggest that the
use of static BSAFs may not result in reliable estimates of ecological risks.
Hence, ecological risks assessment could benefit from more sophisticated
assessment tools, such as food web models (Larson et al., 2018). However,
our conclusions are in line with those presented by Conder et al. (2020)
who note that the highest ecological risk potential of AFFF-impacted
areas is usually related to aquatic ecosystems due to off-site migration of
PFAS.

3.1.3. Risks to human health due to direct exposure
Human exposure due to unintentional soil ingestion at Sites 2 and 3was

assessed for PFOS, PFOA, PFNA and PFHxS. The average ∑4PFAS concen-
trations of the training field samples, i.e., 1780 and 1520 μg kg−1

dw, re-
sulted in ADDs (Eq. 1) of 0.13 and 0.11 ng kg−1

bw d−1 at Site 2 and Site
3, respectively. Both estimates are well below the TDI (0.63 ng kg−1

bw

d−1) as well as the European average background exposure (0.42 to
3.1 ng kg−1

bw d−1) (EFSA, 2020). Hence, allowing for conservativeness
of the exposure parameters used in the assessment (e.g., the soil ingestion
rate of 50 mg d−1 is typically applied in residential use scenarios and likely
provides a very cautious offset for estimating soil ingestion at a firefighting
training site; see Section 2.5), risks caused by direct human exposure to
PFAS at the two sites can be considered insignificant in the current land
use. It is likely that the same holds true for most other sites with similar
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characteristics, including Sites 1 and 4 of this study. However, unacceptable
health risks at AFFF-impacted sites may emanate in situations where
human exposure to PFAS is higher owing to more sensitive land use,
e.g., at residential or recreational areas, or additional exposure pathways
such as the consumption of homegrown crops or local groundwater
(Brown et al., 2020). Hence, the actual health risk at a specific site is
governed by the cumulative exposure, which includes background sources
of PFAS, such as food.

3.2. PFAS in surface water

3.2.1. Concentration profiles and distribution
Of the average ∑23PFAS concentration in the ditch near the training

field at Site 1 (S1-SW1), the long-chain PFCAs accounted for 33%, long-
chain PFSAs for 28%, short-chain PFCAs for 21% and PFCAs derivatives
for 17% (Fig. 3). The highest mean concentrations in the ditch were de-
tected for PFNA (2700 ng l−1), PFOS (2500 ng l−1) and 6:2 FTSA
(1700 ng l−1). The rather uniform concentration profiles of the water sam-
ples taken downgradient of the ditch indicated that PFAS originate mainly
from the training site. The contribution of short-chain PFAS increased
Fig. 3. Average ∑23PFAS concentra
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consistently along the flow path, however. For example, the concentration
difference between the water samples taken from S1-SW1 and S1-SW5 was
about 1150-fold for PFCAs comprising more than 10 carbons and only
around 30- and 40-fold for PFBS and PFBA. This indicates a higher trans-
portation rate of short-chain PFAS in the surface runoff, and sedimentation
of long-chain PFAS in the stream. In fact, in the sediment of the ditch near
the training site, long-chain PFCAs accounted for nearly 70%of the average
∑23PFAS concentration (Fig. 3).

The over 1000-fold concentration reduction on 6:2 and 8:2 FTSA in the
sampling point S1-SW5 compared to S1-SW1 implies their degradation in
the flow path (the concentration of 4:2 FTSA was < LoQ at both sampling
points). 6:2 FTSA is known to rapidly degrade (t1/2 < 5 d) into
e.g., PFPeA and PFHxA in aerobic sediments (Zhang et al., 2017), where
the short-chain PFCAs tend to partition back to water phase. Similarly,
8:2 FTSA is expected to undergo microbial desulfonation and form,
e.g., PFOA and short-chain PFCAs. Such degradation of FTSAs and potential
other, unidentified PFAAs precursors at Site 1 may also partly explain the
increasing ratio of short-chain PFCAs at the furthest water sampling points.
Here, the PFAS mass-flux into the stream via groundwater (see
Section 3.2.2) may also play a role by enabling a longer residence time
tions in surface water at Site 1.
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for the biodegradation of the precursors in the subsurface and increasing
the concentrations of the most mobile short-chain PFAS.

Of the average ∑23PFAS concentration in the ditch immediately
downgradient of the training field at Site 2 (S2-SW2), long-chain PFSAs ac-
counted for 68%, short-chain PFCAs for 15%, and the other PFAS groups
each less than 10% (Fig. 4). Compoundsmeasured at the highest concentra-
tions were PFOS (16,000 ng l−1), 6:2 FTSA (5900 ng l−1), PFHxS
(4500 ng l−1), PFHxA (3600 ng l−1), and PFPeA (3200 ng l−1).

Differences in the solubility and mobility of short- and long chain PFAS
are clearly shown by the concentration profiles of the soil and surfacewater
samples of Site 2. For example, the contribution of FOSA to the total PFAS
was less than 0.4% in the surface water near the training site (S2-SW2),
while it was the second most abundant compound in the training field ac-
counting for 18% of the average ∑23PFAS soil concentration (see
Section 3.1.1). FOSA is also known to degrade to PFOS in the environment,
which may partly explain its lower concentrations in surface water com-
pared to soil (Zhang et al., 2017). Moreover, surface water concentrations
of all the long-chain PFCAs with more than 10 carbon atoms were below
the LoQ at Site 2 while in the soil samples their concentrations were higher
compared to short-chain PFAS.

Contrary to Site 1, PFAS concentrations in the surface water samples of
Site 2 implied the existence of additional PFAS sources besides the training
site. The average ∑23PFAS concentration in the ditch at sampling point S2-
SW1 upgradient of the training site was clearly elevated and had a different
concentration profile than the samples taken downgradient of the site
(Fig. 4). For example, the predominant compound at S2-SW1was PFHxS ac-
counting for 60% of the average ∑23PFAS concentration as compared to
12% at S2-SW2. Moreover, the proportion of other compounds, such as
PFOS and 6:2 FTSA, were significantly lower at S2-SW1 than at S2-SW2.
The additional PFAS source or sources could not be identified based on
the available data, but it is possible that the emissions originate from
AFFFs used at the airport next to the training site. The additional emission
source(s) may also explain why the measured PFAS profiles in the ditch
downgradient of the training site (sampling point S2-SW3) did not demon-
strate a clear difference in themobility of different PFAS compounds, unlike
at Site 1. A shorter flow path at Site 2 and potentially different
Fig. 4. Average ∑23PFAS concentrations
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sedimentation rates may also contribute to the divergent results of these
two sites. No sediment sampling data from Site 2 was available to confirm
this view, however.

At Site 4 (Fig. 5), PFOS accounted for 18–76% of the ∑15PFAS concen-
trations in the industrial effluent (DP1). PFHxS was the second most abun-
dant compound with an average proportion of 24%. The concentration
ratios of individual compounds, including PFOS and PFHxS, varied greatly
between the samples, indicating that PFAS in the effluent comes from dif-
ferent sources. According to Neste Corporation, at the time of the sampling,
no PFASwere used in any industrial operation connected to the wastewater
treatment plant. Thus, the PFASmay originate, for example, from unidenti-
fied soil contamination due to using AFFFs during the area's operational his-
tory, given that stormwaters partly end up at the WWTP.

In the brook north of the refinery (DP2), the contribution of PFOS to the
measured ∑15PFAS concentrations ranged from 54 to 69%. PFHxS was the
secondmost abundant compound in all the sampleswith an average ratio of
12%. Unlike at DP1, concentrations of the other PFAS were significantly
lower and remained rather constant in all the samples illustrating that the
emission via DP2 originates mostly from one and the same PFAS source.
Moreover, the concentration profiles of the samples as well as the data
from previous hydrological surveys indicated that the source is most likely
related to the fire extinction operation in 1989.

The average ∑4PFAS concentration in the cooling water samples
taken from the seawater tunnel (DP3) consisted entirely of PFOS. In ad-
dition to PFOS, only three other compounds, i.e., PFOA, 6:2 FTSA and
FOSA, were analyzed from those samples, however. Considering the
dominance of PFOS in all the other water samples, it is likely that
PFOS accounts for a great part of the actual PFAS content in the cooling
water, too. Moreover, based on the previous hydrological surveys, a
substantial part of the surface runoff generated in the catchment of the
remediated firefighting training site is assumed to flow directly into
the seawater tunnel. Surface water samples taken from the runoff
upgradient of the tunnel entry (S4-SW1–3) had the highest PFAS con-
centrations measured in the whole area (average ∑15PFAS;
25,000–54,000 ng l−1; Fig. 5) with the ratio of PFOS ranging from 50
to 93% of the total concentrations. These results support our assumption
in surface water and fish at Site 2.



Fig. 5. Average ∑4-23PFAS concentrations in surface water and fish at Site 4.
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on the flow pattern and indicate that PFOS measured at DP3 follows at
least partly from the former firefighting training site.

While a part of the surface runoff from the former firefighting training
site's catchment at Site 4 ends up in the seawater tunnel, some proportion
of it also discharges into the marine bay via the Nikuviken ditch. PFAS con-
centrations at the ditch's discharge point (Nikuviken ditch, Fig. 5) ranged
from 230 to 540 ng l−1, of which PFOS, PFHxS and PFPeA accounted on
average for 35%, 26% and 11%, respectively. These data alongside the
measurements at DP3 indicate that the soil remediation of the former
firefighting training site may not have been successful in terms of PFAS
removal.

3.2.2. Mass-fluxes and consequent effects to the water quality in surface water
bodies

At Site 1, the annual average PFAS loadings to the receiving lake based
on the sampling at S1-SW4 and S1-SW5 were on the same scale (Table 1).
Substantially lower mass-fluxes at the upgradient sampling points (S1-
SW1–3) indicate that a significant part of the total PFAS loading is caused
by groundwater discharging into the stream downgradient of sampling
points S1-SW2 and S1-SW3. The high PFAS concentrations in the ground-
water near the training site measured in previous screening studies where
maximum concentration was 80,000 ng l−1 (sum of 17 PFAAs;
Reinikainen et al., 2019), support this view.

The mass-flux estimates for Site 2 indicate that nearly half of the total
discharge to the receiving lake may originate from outside the firefighting
training site, likely from the airport (Table 1). The estimates, however,
are only approximate due to a limited number of sampling results and a
10
low and varying flow rate in the ditch near the training site (S2-SW2).
For example, the calculated mass-flux of PFHxS was up to 60% higher at
sampling point S2-SW1 upgradient of the training site compared to sam-
pling point S2-SW3, which should represent discharges from both the site
and its upgradient catchment.

Due to a very high flow rate in the seawater tunnel at Site 4, the calcu-
lated PFAS discharge to the Baltic Sea through DP3 almost equals the esti-
mated mass-flux at DP2 (Table 1). The actual, additional annual loading
throughDP3, nevertheless, does not correspond directlywith the calculated
mass-flux as most of the water in the tunnel is circulated from the sea back
to the tunnel and since elevated PFAS concentrations, especially PFOS,
have been measured also in the seawater. Hence, the most significant
PFAS loading seems to pass through DP2. Assuming this discharge is in
fact related to the fire extinction operation in 1989, the estimated annual
PFAS loading due to that single event exceeds several times the correspond-
ing mass-flux estimates of Sites 1 and 2. The estimated average annual
PFOS loading to the Baltic Sea through DP2 (2.0–2.5 kg a−1) also equals
or is higher than the discharge from any of the 11 individual rivers covering
together most river basin districts and 62% of the total runoff in Finland
(Junttila et al., 2019). Each of these river basins encompass a plentitude
of industrial and commercial emission sources.

At Site 2 (Fig. 4), the average PFOS concentration in the receiving lake
near the ditch's discharge point (S2-SW4) exceeded the reference value,
i.e., AA-EQSPFOS for inland waters (0,65 ng l−1), around fivefold, whereas
in the open lake (S2-SW5–7) concentrations remained below it. Based on
the concentrationsmeasured in the stream at Site 1 (S1-SW5; Fig. 3), the ex-
ceedance of the AA-EQSPFOS in the recipient lake is also probable at least
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near the stream's discharge point. No sampling data was available to con-
firm this view, however.

At Site 4 (Fig. 5), the highest PFAS concentrations in the Baltic Seawere
measured in the Nikuviken bay (S4-SW9 and S4-SW01), with PFOS being
the most abundant compound (5–6 ng l−1) and exceeding the AA-
EQSPFOS for marine and coastal waters (0,13 ng l−1) roughly 40–50-fold.
PFOS concentrations in the other sea water samples ranged from 0.7 to
2.0 ng l−1 in front of the refinery (S4-SW4–6) and from 0.4 to 0.8 ng l−1

in the rest of the samples (S4-SW11–13), exceeding the AA-EQSPFOS
3–15-fold. These results indicate a substantially lower rate of water ex-
change in the bay as compared with the other sampling locations in the
sea, since the estimated PFAS mass-flux to the bay via the Nikuviken
ditch was significantly lower than at the other discharge points (Table 2).

The contribution of the mass-fluxes to the ∑PFAS concentrations in the
open water samples at Sites 2 and 4, could not be reliably estimated, given
that other PFAS sources within the catchments of the water bodies, includ-
ing atmospheric deposition (De Silva et al., 2021),may have affected the re-
sults.
3.2.3. Risks to aquatic biota
Despite the exceedance of the AA-EQSPFOS in the receiving water bodies

at both sites 2 and 4, concentrations of PFOS, which was the predominant
compound detected, were orders of magnitude lower than the derived me-
dian HC1PFOS (520 ng l−1), and also well below the lower limit of its 90%
confidence interval (18 ng l−1). At Sites 1 and 2, PFOS concentrations
were also clearly below these benchmarks in all the other surface water
samples apart from the samples taken in the ditches nearest to the training
sites. However, the available literature data on PFOS toxicity, even though
resting on chronic NOECs, is mainly based on relatively short exposure
times considering the continuous PFOS loading at the study sites as well
as its persistence and potential for multigenerational effects on some
aquatic species (Salice et al., 2018). Missing data on the occurrence of
PFAS in the sediments, on the other hand, prevented the assessment of po-
tential effects on benthic invertebrates and aquatic plants, which may pro-
vide important services for the aquatic ecosystems (Larson et al., 2018).
Moreover, potential mixture toxicity of PFAS in the aqueous phase cannot
be assessed by the aquatic toxicity of PFOS alone. Notwithstanding these
uncertainties, the high ratio of PFOS in the surface water samples and its
relatively low concentrations in the open water samples compared with
the HC1 values indicate that direct ecological effects on aquatic organisms
in the recipient water bodies of the study sites due to local PFAS discharges
are likely to remain insignificant.
Table 2
Estimated ∑PFASmass-fluxes to the recipient water bodies as per different sampling
points at Sites 1, 2 and 4. SW= surface water, DP = discharge point.

Site Sampling
point

∑PFAS
(ng
l−1)

Catchment
(km2)

Flow (m3 a−1) ∑PFAS
mass-flux
(kg a−1)

No. of
PFAS
analyzed

Site
1

S1-SW1 11,000 0.055 18,0001 0.21 23
S1-SW2 22 8.9 2900,0001 0.06 23
S1-SW3 77 8.3 2700,0001 0.19 23
S1-SW4 89 21.7 7,040,0001 0.63 23
S1-SW5 64 24.4 7,900,0001 0.51 23

Site
2

S2-SW1 200 1.7 560,0001 0.10 23
S2-SW2 38,000 0.012 38001 0.14 23
S2-SW3 220 2.4 770,0001 0.17 23

Site
4

DP1 180 – 5,000,0002 0.92 15

DP2 1800 – 2000,0002 3.6 15
DP3 3.1 – 1,100,000,0002 3.4 4
Nikuviken
ditch

390 – 116,0002 0.06 10–23

1 Assuming an annual average precipitation of 650 mm and a runoff coefficient
of 0.5.

2 Based on flow measurements of the Neste Corporation.
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3.3. PFAS in fish

3.3.1. Concentration profiles and bioaccumulation
At Site 2, ∑23PFAS concentrations in perch ranged from 7.1 to 11

μg kg−1
fw of which long-chain PFSAs, mostly PFOS, accounted for

72–77% (5.3–8.0 μg kg−1
fw) and long-chain PFCAs for 22–27% (Fig. 4).

Hence, PFOS concentrations were slightly below the corresponding refer-
ence value (EQS-biota = 9.1 μg kg−1

fw). At Site 4, ∑23PFAS concentration
profiles in fish were similar to those at Site 2 with 78–80% PFOS and
14–19% long-chain PFCAs depending on fish species and sampling point
(see Fig. 5). PFOS concentration in perch caught near the Nikuviken bay
(sample S4-F2(P)) exceeded around twofold the EQS-biota.

For most PFAS, the average concentrations in the perch samples were
mainly in line with the national monitoring data (Fig. 6). The average
PFOS concentrations were 2–4 times higher than the monitoring data aver-
age, however. Considering the national monitoring data, the calculated
mass-fluxes, the high ratio of PFOS in both the soil and surface water sam-
ples, and the fact that perch is not a migratory fish, it is reasonable to as-
sume that PFOS measured in the fish samples originated at least partly
from the study sites.

The data on PFAS concentrations in both fish and the recipient water
bodies enabled us to derive rough estimates for bioaccumulation in fish
for a few compounds (i.e., PFOS, PFOA, PFNA and PFXxS); as for the
other PFAS, measured concentrations were below the LoQ in either the
fish or the open water samples. At Site 2, the BAF estimates of PFOS (BAF
= 11,000–23,000 l kg−1

fw) were orders of magnitude higher compared
to PFOA (BAF = 35–84 l kg−1

fw), PFNA (BAF = 520–700 l kg−1
fw) and

PFHxS (BAF = 96–240 l kg−1
fw). At Site 4, the water samples were not

taken at the same time nor from the same locations as the fish samples,
and only a few PFAS were measured from the sea water. However, assum-
ing the water samples taken in front of the refinery (S4-SW5–7; average
PFOS concentration of 1.7 ng l−1) represent the water quality in a wider
sea area also covering the fishing locations, results in a BAFPFOS of
3900–13,200 l kg−1

fw. Although these BAF estimates include uncertainty
arising from the limited amount of data, they are in line with the findings
ofmany international studies and imply the high bioaccumulation potential
of long-chain PFAS infish (Houde et al., 2008; Shi et al., 2012). It should be
noted, however, that the BAFs we derived are only applicable to the part of
the fish used for human consumption, i.e., fillet.

3.3.2. Ecological risks due to secondary poisoning
PFOS concentrations in the fish samples (fillet) of Sites 2 and 4 were or-

ders of magnitude lower than the median HC1PFOS value for the diet of
mammalian and avian wildlife (1000 μg kg−1

diet) and up to one tenth of
its lower limit of 90% confidence interval (220 μg kg−1

diet). In the studies
by Fair et al. (2019) and Fliedner et al. (2018), both PFOS and PFAS concen-
trations in the whole fish samples were 2–3 times higher than the corre-
sponding concentrations in fillet. Assuming this ratio in our study, the
PFOS concentrations in the whole fish would still clearly remain below
the reference values. Hence, acknowledging that PFOS was by far the
most abundant PFAS compound detected in the fish samples, the secondary
poisoning of PFAS in the aquatic environment of the study sites is likely to
be insignificant at least in terms of fish-eating wildlife. It needs to be noted,
however, that in addition to relying on measured concentrations in the fish
fillet, the above ecological risk estimates are based on simplified and gener-
alized assessment, which did not include site-specific data on PFAS in the
sediments and on relevant wildlife dependent on the impacted water bod-
ies. For example, according to the ecological exposure modeling by
Larson et al. (2018), PFOS concentrations as low as 8 μg kg−1

dw in shallow
sediments could result in adverse levels of exposure of the most sensitive
avian species.

3.3.3. Risks to human health due to consumption of fish
According to a fishery survey byMänttäri et al. (2016), the sea area bor-

dering Site 4 is the primary fishing area for nearly half of the local fishers
with an annual average catch of 28 kg for human consumption per



Fig. 6. Concentrations of selected PFAS in perch at Sites 2 and 4 as compared with the national monitoring data of inland and coastal waters. The symbol ♦ denotes the mean
concentration of the data set.
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household. Assuming the weight loss of 30% in the cleaning of fish results
in a local fish consumption rate of 19.6 kg a−1. If the average ∑4PFAS con-
centration (PFOS, PFHxS, PFOA and PFNA as per the existing TDI value) in
the edible fish ranges from 7.0 to 23 μg kg−1

fw (equivalent to the measured
∑4PFAS concentrations of the perch samples of this study), assuming a sin-
gle person household and replacing the soil exposure parameters with the
above fish consumption rate in Eq. 1 gives an average daily ∑4PFAS intake
via fish ingestion of 5.4–18 ng kg−1 d−1. This exposure estimate exceeds
the EFSA's new group TDI (0.63 ng kgbw−1 d−1) 9–28-fold of which PFOS ac-
counts for 95–97%.

The exceedance of the TDI does not mean that the health risks due to
fish consumption are unacceptable per se. According to the Finnish Institute
for Health and Welfare (THL), the benefits of eating fish outweigh the ad-
verse health effects caused by the exposure to PFAS in Finland, even in
the region of the study Site 4 where PFAS concentrations in fish are higher
than the national average (Opasnet Opasnet Suomi, 2021). THL's scientific
opinion is based on the estimated disability adjusted life years (DALY) for
variable age-groups, including infants as the most sensitive subpopulation,
and the national monitoring data on PFAS in fish, which covers the results
from our study and data from a more recent and extensive fish sampling in
the vicinity of Site 4. It is also worth noting that the EFSA's new TDI value is
exceeded eightfold even if PFOS concentration in the edible fish is assumed
to equal the current EQS-biota and the daily intake of an adult recipient cor-
responds with the average fish consumption rate in Finland (40 g d−1;
Opasnet Opasnet Suomi, 2021). On the other hand, the actual site-specific
risk assessment should not focus only on fish consumption; instead, cumu-
lative health risks via all potential routes of exposure should always be
considered.

3.4. PFAS in groundwater

3.4.1. Concentration profiles and distribution
At Site 3 (Fig. 7), the highest PFAS concentrations in groundwater were

measured in the monitoring wells adjacent to the training site. PFOS ac-
counted for almost 90% (2500 ng l−1) of the average ∑23PFAS concentra-
tion in well S3-GW3, while PFOS and 6:2 FTSA were the predominant
compounds (ca. 60% of ∑23PFAS concentration) in the collecting pond
(S3-SW1). The concentration profiles in the other two wells near the train-
ing site varied somewhat randomly between different sampling rounds and
depths. At S3-GW1, the most abundant compounds were on average
PFHxS, PFOS, 6:2 FTSA and FOSA, accounting for 9–73%, 0–34%, 1–34%
and 0–19% of the ∑23PFAS concentrations in individual samples,
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respectively. In well S3-GW2, PFHxS was the predominant compound, con-
tributing 11–63% to the ∑23PFAS concentrations.

In the monitoring wells downgradient of the training site, ∑23PFAS con-
centrations decreased by several orders of magnitude. The distance be-
tween the training site and the nearest well downgradient of the site (S3-
GW6) was more than 1 km, however. Moreover, PFAS concentrations fur-
ther away from the training site were relatively low, and concentrations ex-
ceeding the LoQ were observed in all the wells at least in one sample, even
outside the presumed groundwaterflowpath. Hence, themeasured concen-
trationsmay not originate from the training site. It should also be noted that
the downgradient wells may not have captured the core of the plume, and
variation in the composition of PFAS in different samples andwells was sig-
nificant and not fully unambiguous and consistent.

Based on the samples taken from wells S3-GW1–3, the spreading of
PFAS in the saturated zone close to the training site extends from near
the groundwater table level to the depth of at least 17 m, i.e., the maxi-
mum depth of the studied wells. Hence, it is probable that the plume ex-
tended vertically further than we could measure. In fact, in their solute
transport modeling of PFOS, Laine-Kaulio and Koivusalo (2021) esti-
mated that this plume extends to the depth of around 30 m. Migration
of PFAS to the deeper layers of the saturated zone can be explained by
the training site's location on the boundary of the groundwater recharge
area and close to the water divide, which gives rise to downward
groundwater flow.

In addition to the relatively sparse monitoring well network and the
limited vertical extent of the wells, several other factors aggravated
making inferences based on the sampling data. These factors include po-
tential sampling bias due to using a bailer in wells with long screen
lengths, and a lack of detailed information in regard to the groundwater
flow pattern and the composition of AFFFs used at the training site, as
well as other potential PFAS emission sources within the aquifer, and at-
mospheric deposition. Similar challenges regarding the characteriza-
tion of PFAS plumes have been reported in other studies (Guelfo and
Higgins, 2013; Anderson et al., 2016). Differences in the migration po-
tential of short- and long-chain PFAS in the subsurface, nevertheless,
were clearly demonstrated congruently with the surface runoff at Sites
1 and 2. For example, the average contribution of long-chain PFAAs to
the ∑23PFAS concentration in the soil samples at the training site was
over 50 times higher than the contribution of short-chain PFAAs. The
corresponding ratio in the groundwater samples near the training site
was less than eight, although long-chain PFAAs, especially PFOS and
PFHxS, were the predominant compounds also in groundwater.



Fig. 7. Average ∑23PFAS concentrations in groundwater at Site 3.
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3.4.2. Risks to drinking water quality at water intake
Using the maximum well-specific average ∑23PFAS concentration close

to the training site at Site 3 (S3-GW3 in Fig. 7; 2900 ng l−1) as an estimate
of the concentration across the approximated plume transect based on sam-
pling points S3-SW1 and S3-GW1–3 (Eq. 5), results in mass discharge of
0.24 g d−1 in the groundwater. The corresponding ∑23PFAS concentration
at the water supply (Eq. 4) would be 214 ng l−1, which exceeds the para-
metric value of the EU drinking water directive (100 ng l−1) by a factor
of two. This estimate is on the same scale than the peak concentration of
PFOS at the water intake (300 ng l-1 in year 2059) determined by Laine-
Kaulio and Koivusalo (2021). Laine-Kaulio and Koivusalo (2021) ended
up with higher time-dependent peak concentrations of PFOS (i.e., around
6100 and 4800 ng l−1 in years 2008 and 2016, respectively) in the deeper
layers (16–29 m) of the saturated zone than the measured maximum PFAS
concentration used in our calculation. This may partly explain the higher
peak concentration at the water intake in their modeling.

It is reasonable to assume that the actual PFAS or PFOS concentration at
the supplywell or the drinkingwater will not reach themodeled concentra-
tions, however. For example, Eq. 4 assumes that the estimated mass dis-
charge (0.24 g d−1), based on the plume transect close to the source
(Eq. 5), remains stable all the way to the water intake, which lies nearly
2 km downgradient of the source. Laine-Kaulio and Koivusalo (2021), on
the other hand, estimated a highermass discharge from soil to groundwater
(3.7–15.6 g d−1) and assumed low attenuation in groundwater, but their
modeling was based on our sampling results and literature data, i.e., they
did not conduct additional site investigations to verify the mass discharges.
Although many PFAS, especially PFAAs, are not expected to degrade in the
groundwater, several studies at AFFF sites have shown that PFAS concen-
trations and mass discharges significantly decrease along the groundwater
flow path due to non-destructive attenuation processes (Adamson et al.,
2020, 2022). For example, Adamson et al. (2020) demonstrated a 99% de-
crease in the mass discharge rate at the far-downgradient plume (0.048 kg
a−1) compared to the near-source area (3.6 kg a−1). Moreover, the supply
well relevant to our study site is not expected to capture the entire plume as
assumed in ourmodeling, and thewater extracted from thewell is currently
mixed with water from another aquifer in a 1∶4 ratio before it enters the
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water supply network (Laine-Kaulio and Koivusalo, 2021). Hence, it is
likely that the dilution further decreases the PFAS concentrations both at
the water intake and in the drinking water. However, verifying of these
views requires additional site investigations designed tomeasure the actual
mass discharge, preferably at least across two transects intercepting the
plume, as well as long-term monitoring at the water intake.

3.5. Summary of the results

In most environmental samples of this study, PFOS contributed to more
than half of the ∑23PFAS concentrations in all the sample matrices, and up
to 90% in some of the samples taken at or near the PFAS source zones. Due
to its persistence as well as extensive and long-term use in AFFFs, it is rea-
sonable to assume that PFOS truly represented a substantial part of the ac-
tual, total PFAS concentrations, despite only a fraction of all the potential
PFAS was identified and measured. The occurrence of the other PFAAs dif-
fered both site- and medium-specifically with PFHxS being one of the most
frequent substances alongside a variable set of PFCAs (Table S4). The con-
tribution of long-chain PFCAs was typically higher in the soil and water at
or near the training sites, while short-chain PFCAs dominated in the water
samples further away from the sites. Bioaccumulation in earthworms and
fish was higher for PFSAs than for PFCAs. The ubiquitous nature of PFAS
and potential unknown emission sources induced some uncertainty for in-
terpreting the data, especially when the measured PFAS concentrations
were low.

In addition to PFOS and other common PFAAs, varying concentrations
of PFAAs precursors were detected at all the study sites and in all the sample
matrices. These compounds contributed to around 30%of the∑23PFAS con-
centrations at the most in soil samples and about 15% in water samples.
However, since only a few PFAA derivatives were analyzed, it is probable
that the share of precursors is greater than indicated by our samples. For ex-
ample, Nickerson et al. (2020) and Liu et al. (2022) demonstrated that cat-
ionic and zwitterionic PFAS at AFFF-impacted sites may contribute to even
86–97% of the total PFAS mass in soil. PFOS precursors (FOSA) were mea-
sured at the highest concentrations in soil while PFCAderivatives (6:2 FTSA
and 8:2 FTSA) dominated in surface water indicating a higher mobility of
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the latter. In surface water samples, the relative proportions of PFAA deriv-
atives were generally highest in the samples taken at or near the PFAS
source zones demonstrating their potential degradation along the flow
path. The highest ratio of PFAA derivatives, in general, were found at Site
1, where the use AFFFs for firefighting training has been more recent
than in the other sites.

PFAS emissions clearly affected the water quality of the recipient water
bodies and resulted in the exceedance of the reference values, i.e., AA-EQS
and EQS-biota for PFOS in some locations.Moreover, the estimated average
annual PFOS loading to the Baltic Sea due to a single fire extinction opera-
tion 30 years agowas substantial compared to the studiedfirefighting train-
ing sites. PFOS concentrations analyzed in the fish were also higher in
comparison to the national monitoring data.

Despite the locally high environmental concentrations and discharges of
PFAS, the ecological risks at the study sites and in their adjacent surface
water bodies aswell as the risks to human health related to groundwater in-
take were estimated to be low. Our conclusions regarding the site-specific
risks could be verified by more detailed site studies and risk assessment,
which would also consider cumulative risks arising from all relevant expo-
sure routes and PFAS sources.

3.6. Implications for the retrospective risk assessment of PFAS

3.6.1. Methodological aspects
Based on the site assessments conducted in this study, it is reasonable to

state that the most significant environmental and health risks at AFFF-
impacted sites are likely to concern aquatic ecosystems, fish consumption
or groundwater usage due to the off-sitemigration of PFAS. Site-specific cir-
cumstances always dictate the actual exposure setting and relevant recep-
tors, however.

The findings of this study alongside many other field studies (Ahrens
et al., 2015; Anderson et al., 2016; East et al., 2021) support the perception
that PFOS, regardless of its use restrictions, is still often one of the most
prevalent PFAS in several environmental matrices at AFFF-impacted sites
and will likely remain as such for years to come. Hence, taking also into ac-
count its toxicity, PFOS can be considered as the most significant driver to
risk assessment at sites where environmental concentrations of PFAS result
from the historical use of AFFFs. Follow-up studies including a larger selec-
tion of anionic, cationic, and zwitterionic PFAS (Liu et al., 2022; Nickerson
et al., 2020) may reveal different composition at least for the soil compart-
ment, however.

Detailed information on the operational histories offirefighting training
areas and other AFFF release sites is usually lacking, including the data on
the composition and volumes of AFFFs used. Hence, risk assessment cannot
be based only on PFOS, and attentionmust be paid to the initial site charac-
terization duringwhich themost relevant site-specific PFAS should be iden-
tified by an adequate screening analysis. Based on both our study and the
research by East et al. (2021), relevant PFAS besides PFOS may include
PFHxS, PFOA, PFNA, PFHpA, PFHxA, PFBS, PFTrDA, FOSA, 6:2 FTSA and
8:2 FTSA (Table S5). It is also worth noting that the substitution of PFOS
and other long-chain PFAAs by short-chain PFAAs and their derivatives in
the current AFFFs will most likely gradually change the PFAS composition
in the environment. Therefore, risk assessment may benefit from
complementing analytical measurements, such as the total oxidizable pre-
cursor (TOP) assay designed to quantify unidentified PFAAs precursors
(Houtz and Sedlak, 2012).

Our study showed that the ratio of different PFAS varies in different en-
vironmental compartments. Therefore, apart from contemplating which in-
dividual compounds would adequately represent the local PFAS
contamination, fate and transport properties of the substances selected for
the analysis should be considered while planning site investigations.

In our study, PFAS emissions from the study sites were mainly derived
by theoretical water balance and catchment area calculations and tradi-
tional water sampling in the relevant flow paths. Despite its simplicity
and constraints, for example, to acknowledge spatial and temporal varia-
tions in flow conditions, this approach offered plausible and consistent
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results on the annual average PFAS discharges. Deriving annual emission
estimates only by map-based catchment area analysis, i.e., without detailed
flow models and measurements, is particularly applicable for approximat-
ing contaminant transport in the surface water, whereupon the environ-
mental risks are primarily assessed over a long period of time (e.g., based
on annual average concentrations). Detailed characterization of potentially
long groundwater plumes with low PFAS concentrations or reliable mea-
surement of mass discharges in groundwater may be a challenge that
needs to be considered, however. Here, high resolution characterization
techniques may provide a solution (Adamson et al., 2020; Adamson et al.,
2022; Liu et al., 2022).

Since PFAS are ubiquitous in the environment, and several point and
diffuse sources, including atmospheric deposition (De Silva et al., 2021),
may affect measured concentrations in all samplematrices as demonstrated
in this study, adequate attention must be paid to both planning site investi-
gations and interpreting the site data. Here, the sufficient profiling of PFAS
composition both at the source area, such as the AFFF-impacted site, and at
the relevant exposure pathways, alongside the correctly allocatedmass-flux
estimations are key tools for assessing the significance of the local dis-
charges. This information is a prerequisite formaking appropriate decisions
on potential risk management.

3.6.2. Regulatory aspects
When applying the different regulatory reference values set for variable

environmental compartments and exposure, it should be acknowledged
that these are often contradictory and non-interconnected. For example,
the environmental quality standards, i.e., the AA-EQS and EQS-biota for
PFOS are both based on a theoretical exposure estimate that considers the
consumption of fish in human diet. The EQSs have been derived from the
tolerable daily intake (TDI = 150 ng PFOS kg−1

bw d−1) set by the
European Food Safety Authority (EFSA) in 2008 and considering
bioconcentration and biomagnification in the aquatic ecosystem (EC,
2011). Using the same methodology but replacing the EFSA's previous
TDI value with the new threshold (TWI = 4.4 ng kg−1

bw week−1) would
result in almost 240 times lower EQSs. These values would be orders of
magnitude lower than the typical ambient concentrations in both surface
waters and fish. Even though the revision of the EQS values using the
newest relevant toxicological data should be encouraged from the view-
point of consistent regulatory policy, such an adjustment based on the cur-
rent TWI would evidently result in values practically impossible to apply in
site-specific risk management.

When the regulatory policy on contaminated land management is
governed by site-specific risk assessment, like in Finland (Reinikainen and
Sorvari, 2016), imposing theoretical, generic decision benchmarks for
PFAS in soil or groundwater can be regarded as questionable considering
the significance of off-site migration as a risk driver at least at AFFF-
impacted sites, and the fact that PFAS are ubiquitous and currently, no prac-
tical and cost-efficient means exists to permanently remove them from the
environment. Hence, the retrospective management of local PFAS contam-
ination should rely on site-specific considerations where the actual expo-
sure and mass-flux estimates are prioritized over fixed concentration
thresholds. This policy decision has also been made in Finland, where ge-
neric concentration thresholds for assessing PFAS contamination in soil or
groundwater are not likely to be issued.

4. Conclusions

This study showed that the extensive application of nowadays restricted
or substituted PFAS, particularly PFOS, in the AFFFs, will continue to be
long-term risk drivers in firefighting training grounds and other areas
with historical use of AFFFs. It is therefore possible to perform justified
risk assessments at AFFF-impacted sites even by applying conventional as-
sessment approaches resting upon the risks caused by PFOS and the other
well-characterized PFAAs typical for AFFFs. However, additional research
is still needed on the toxicity and the environmental behavior of many
PFAS common to AFFFs, including short-chain PFAAs and their derivatives.
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Moreover, open dialogue and expedient policy decisions are required on
the procedures and the environmental objectives for PFAS within the regu-
latory context of their retrospective risk assessment and management.
These should include the development of justified approaches for assessing
themixture toxicity and considerations in regard to the relevance and appli-
cability of the very low environmental quality standards and health-based
reference values of PFAS in site-specific decision making.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.154237.
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