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Abstract 

Background:  Per- and polyfluorinated chemicals (PFC) do not occur naturally in the environment and are, therefore, 
of anthropogenic origin. As a consequence of their wide range of everyday applications and their extreme persistence 
in the environment, PFC have become ubiquitous in nature and can, therefore, be detected in groundwater as well 
as in many other environmental matrices. The German States’ Water and Soil Consortia have compiled ‘significance 
thresholds’ (GFS) to assess groundwater contaminated with PFC. The GFS serve as criteria for the decision whether 
actions to remediate polluted groundwater are necessary. Thirteen of these PFC had been detected in groundwater at 
levels above their limit of quantitation and were assigned first priority.

Results:  The data regarding human health effects were sufficient to derive guide values according to the criteria of 
the German Drinking Water Ordinance for 7 of the 13 first-priority PFC. With regard to available ecotoxicological data, 
predicted no-effect concentration values from official risk assessments existed for 2 of the 13 first-priority PFC. A pre‑
dicted no-effect concentration for protection of the aquatic biocenosis could be derived for eight more substances.

Conclusions:  After evaluation of data from available literature regarding both human health and ecotoxicological 
effects, significance thresholds ranging from 0.06 to 10.0 µg/L could be derived for 7 of the 13 priority PFC in ground‑
water. As a practical guide valid solely for human health-based values, a summation rule was proposed for exposures 
to mixtures of these seven PFC.
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Background
Introduction
Per- and polyfluorinated chemicals (PFC)1 do not occur 
naturally in the animate and inanimate environment and 
are, therefore, of anthropogenic origin. Their chemi-
cal structure is generally characterized by a hydrophilic 
functional group and a hydrophobic fluorinated carbon 
chain giving them amphiphilic properties. Perfluorinated 
chemicals are organic molecules in which all hydrogen 
atoms have been substituted by fluorine atoms, with the 
exception of hydrogen atoms as constituents of functional 

groups. Polyfluorinated chemicals, in contrast, are 
organic molecules in which some, but not all hydrogens 
have been substituted by fluorine atoms. Perfluorinated 
chemicals are chemically very stable and metabolically 
either completely stable or barely biodegradable so that 
they can be classified as persistent substances. What is 
more, they can bioaccumulate and are subject to biomag-
nification. Certain polyfluorinated chemicals which can 
undergo physicochemical or biological processes that can 
transform them into perfluorinated chemicals with the 
physicochemical properties of this group of substances 
are referred to as precursor substances.
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1  PFC are also designated as per- and polyfluoroalkylated substances (PFAS) 
in the technical literature.

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12302-018-0142-4&domain=pdf


Page 2 of 20von der Trenck et al. Environ Sci Eur  (2018) 30:19 

Because of their unique properties, PFC are employed 
in a multitude of uses. Certain compounds are used for 
manufacturing fluoropolymers such as PTFE (polyte-
trafluoroethylene) and side-chain fluorinated polymers. 
Those polymers as well as PFC mixtures are used, e.g. in 
the textile industry for the manufacture of water and dirt 
repellent, breathable fabrics, and in the paper industry for 
the production of soil-, fat- and water-repellent papers. 
PFC are used, e.g. in food packaging, for impregnating 
furniture, carpets and clothing, including shoes. Fur-
thermore, PFC are used as anti-fogging sprays for glass, 
in antistatic materials and in semiconductors, as addi-
tives for cement, in cleaning agents, coatings, insulators, 
cosmetics, paints, household detergents, in fire-fighting 
foams, in pesticides, hydraulic fluids and non-stick sur-
face coatings, e.g. for cookware.

Exact numbers on the production and circulation of 
individual compounds are generally unavailable, in par-
ticular because the content and/or use of these com-
pounds in products or mixtures is not always labeled [4]. 
Therefore, importers are not always informed or aware of 
the possible presence of PFC in products.

As a result of their wide range of uses since the 1970ies 
and their persistence in the environment, PFC are detect-
able in water, soil, effluent sludge, biological waste, food, 
in aquatic and terrestrial life forms as well as in human 
matrices such as blood and breast milk. Due to the 
amphiphilic character of PFC, it can be assumed that the 
predominant path of distribution is via water. Effluents of 
industrial processes represent a further path of entry as 
they flow directly into communal waste water treatment 
plants (WWTP). In spite of complex filtration systems 
involving multiple stages, WWTP are unable to retain 
PFC. On the other hand, PFC may be mobilized by pre-
cipitation in soil, waste sites or in sewage sludge, which is 
used as “soil conditioner” in some areas of Germany, and 
thus enter into surface water [5].

According to the length of their perfluorinated car-
bon chain, these chemicals are grouped into long-chain 
(≥ 6 perfluorinated carbon atoms) and short-chain PFC 
(˂ 6 perfluorinated carbon atoms). Predominantly PFC 
with up to 10 carbon atoms are found in groundwater 
(Table 1).

Because PFC are found in waste water, surface water, 
groundwater, and drinking water (examples see Table 1), 
the German Environmental Agency [6–8] and the Fed-
eral Institute for Risk Assessment [9] assessed the human 
health effects of the two PFC indicator substances per-
fluorooctanoic acid (PFOA) and perfluorooctanesulfonic 
acid (PFOS), and issued a TDI2 of 0.1  µg/(kg  day) and, 

together with the German Drinking Water Commission 
[10], a drinking water guide value of 0.3 µg/L for both and 
for the sum of their concentrations. These values were 
subsequently introduced by decree for the assessment 
of contaminated groundwater in several German states 
such as Baden-Wuerttemberg [11–13], Bavaria [14], and 
North-Rhine-Westphalia [15].

There are profound differences in biological half-lives 
between PFC of different chain lengths and in different 
species, in man, non-human primates and rodents. The 
elimination half-time of PFOA and PFOS is approxi-
mately 4 years in humans compared with days or hours 
in rodents. On the basis of these differences, Lud et  al. 
[16] developed criteria for the assessment of the human 
health risk of short-chain PFC. These criteria were 
adopted and included in these early regulations.

As can be seen in Table  1, PFC above the LOQ were 
detected in all aqueous matrices (waste water, surface, 
ground- and drinking water). The highest concentrations 
were detected in unfiltered effluent, up to 45,917  ng/L 
(PFBA), surface water, up to 3640 ng/L (PFOA), ground-
water, up to 180 ng/L (PFOS) and drinking water, up to 
12.1  ng/L. In general, it can be said that the PFC con-
centrations decline in a sequence from effluent, surface 
water, groundwater to drinking water.

Assignment
Since at this early stage ecotoxicological criteria for 
most of the PFC were missing and the literature evalu-
ated concerning human health criteria included data only 
up to 2008, the German States’ Water and Soil Consor-
tia (LAWA and LABO, respectively) decided in 2013 to 
derive updated criteria for the assessment of contami-
nated groundwater. A subcommittee appointed by these 
consortia compiled ‘significance thresholds’ (GFS) to 
assess groundwater contaminated with PFC. The PFC-
subcommittee met eight times from November 2013 to 
February 2017 and evaluated publications and inter-
net information collected by the German Environment 
Agency and the Environment Agencies of the States of 
North Rhine-Westphalia, Hesse, Bavaria, and Baden-
Wuerttemberg, as well as the extensive literature col-
lection of the Hessian State Laboratory (LHL).3 Further 
data resulted from the general exchange of experience of 
eight German Federal States and specific cases of con-
taminated sites, especially from North Rhine-Westphalia, 
Baden-Wuerttemberg, Bavaria, and Hesse.

The work order for the subcommittee comprised five 
sectors:

2  TDI = Tolerable daily intake for lifelong exposure, threshold dose for con-
taminants with no benefit. 3  LHL = Landesbetrieb Hessisches Landeslabor.
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• • Selection of relevant compounds (sections: “Chemi-
cal analysis” and “List of contaminants selected”).

• • Compilation of the literature on human health and 
ecotoxicological effects (sections from: “Ecotoxico-
logical data” up to “General description of human 
health effects and ambiguities”).

• • Identification and possibly closing of data gaps.
• • Derivation of significance thresholds for single com-

pounds and, where appropriate, groups of com-
pounds (sections from: “Summary of human health 
effects” up to “Outlook”).

• • Preparation of a report including data sheets for 13 
priority PFC, 7 of these with GFS values [17] (sec-
tions from: “Background” up to “Outlook”).

This paper describes problems encountered and solu-
tions found for analyzing a group comprising thousands 
of PFC, the selection of relevant compounds, human 
health and ecotoxicological risk assessment resulting 
in the derivation of significance thresholds (GFS) for 
groundwater contaminated with PFC in Germany.

Methods
Chemical analysis
Because of the polar, hydrophilic functional group of 
PFC, analysis is performed by LC–MS/MS. In principle, 
PFC can also be derivatized and determined by GC–MS/
MS, which, however, requires considerably greater effort 
in sample preparation. A standard method [18] has been 

Table 1  Findings of PFC in aqueous samples

LOQ limit of quantitation
a  The substances listed were detected in amounts above the LOQ. Abbreviations cf. Tables 2 and 3
b  These values represent the range between the lowest and highest detected amounts of the respective substances

Matrix Number of measurements (n) Substancesa Concentration rangeb (ng/L) Literature

Effluent/landfill leachate 24
24
24
24
24
24
24
24
24

PFBA
PFPeA
PFHxA
PFHpA
PFOA
PFNA
PFBS
PFHxS
PFOS

< LOQ—45,917
< LOQ—1781
< LOQ—4256
< LOQ—961
< LOQ—3260
< LOQ—211
< LOQ—17,686
< LOQ—537
< LOQ—1830

[88]

Surface water
Ruhr area

22
22
22
22
22
22
22

PFBA
PFPeA
PFHxA
PFHpA
PFOA
PFBS
PFOS

< LOQ—143
< LOQ—1638
< LOQ—1248
< LOQ—148
< LOQ—3640
< LOQ—71.0
< LOQ—193

[89]

Surface water
River Rhine and selected tributaries

38
38
38
38
38
38
38

PFBA
PFPeA
PFHxA
PFHpA
PFOA
PFBS
PFOS

< LOQ—3.0
< LOQ—42.0
< LOQ—77.0
< LOQ—11.0
< LOQ—48.0
< LOQ—46.0
< LOQ—152

[89]

Ground water 2057
2057
2057
2057
2057
2057
2057
2057
2057

PFBA
PFPeA
PFHxA
PFHpA
PFOA
PFNA
PFBS
PFHxS
PFOS

< LOQ—52.0
< LOQ—47.0
< LOQ—95.0
< LOQ—57.0
< LOQ—67.0
< LOQ—18.0
< LOQ—58.0
< LOQ—150
< LOQ—180

[90]

Drinking water 26
26
26
26
26
26
26
26
26

PFBA
PFPeA
PFHxA
PFHpA
PFOA
PFNA
PFBS
PFHxS
PFOS

< LOQ—4.4
< LOQ—5.2
< LOQ—6.4
< LOQ—1.5
< LOQ—6.1
< LOQ—1.4
< LOQ—5.8
< LOQ—12.1
< LOQ—4.7

[91]
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developed in Germany for measurement of aqueous 
matrices and applies to ten perfluorinated compounds, 
for which validation characteristics were collected in a 
round robin test. This DIN-standard method has, in the 
meantime, been successfully applied in both private and 
state-run laboratories for routine measurements in aque-
ous matrices. Meanwhile an ISO-standardization project 
ISO/CD 216754 has been instituted for detection of PFC 
in aqueous matrices encompassing analysis of 27 PFC. In 
addition to the PFC included in both DIN standards [18, 
19], these 27 include further perfluorinated alkyl carbox-
ylic acids and alkyl sulfonic acids, a telomer alcohol and 
telomer carboxylic acids and two polyfluoroalkyl phos-
phate esters.

The obvious expansion of additional substances within 
the framework of the ISO project cannot, from the point 
of view here, hide the fact that there are no analytical 
methods for a great portion of the approximately 3000 
other PFC that have been released into the environment 
[20]. In fact, not even semi-quantitative methods exist for 
these substances, so that presently no one can estimate 
which PFC, in which concentrations exist in the environ-
ment and consequently in the food chain. In addition, the 
fact must be considered that quantification of PFC as a 
rule is, or must be, carried out using 13C-labeled internal 
standards to compensate for the influence of the par-
ticular matrix during sample preparation. Therefore, to 
assure the required validity of test results that will stand 
up in court it would be desirable to deploy an internal 
isotope standard for each and every analyte. The sheer 
number of analytes that come into question, the variety 
of necessary analytical LC–MS/MS methods, e.g. dif-
ferent polarities of the analytes, volatilities, functional 
groups as well as the elaborate quantification in view of 
13C-labeled standards lead to the conclusion that this 
will not be possible with a justifiable effort and resultant 
acceptable cost.

The discussion about the determination of indicative 
or key parameters is an old one; which criteria should 
be chosen, however, is questionable. Conceivable would 
be, for example, selection according to functional group, 
the concentration that occurs in the environment, or the 
toxicity of each substance (which, however, with only 
few exceptions has not been assessed). In the meantime 
national and international research groups, as well as 
DIN, are working on the development of methods for 
the determination of cumulative parameters, e.g. simi-
lar to the AOX (Adsorbed Organic Halogen) method. 
In this sense, the EOF method (Extractable Organic 
Fluorine) aims at the cumulative determination of PFC 

in solid samples such as soil or sediments. The AOF 
method (Adsorbed Organic Fluorine), on the other hand, 
is used to detect organic fluorine compounds as cumula-
tive parameters in aqueous samples. At present, it would 
appear that both EOF and AOF offer the possibility of 
establishing a cumulative parameter “total organic fluo-
rine”. The question remains, however, how to evaluate the 
measurements obtained by these methods. For the envi-
ronmental sector5 there are, with only one exception,6 no 
permissible limits or reference values for individual PFC 
or for cumulative parameters.

List of contaminants selected
From among ca. 3000 possible PFC contaminants [20] 
23 environmentally relevant substances were selected. 
Selection criteria for this group were both PFC presence 
in the environment and available analytical techniques. 
Thirteen of these had been detected in groundwater at 
levels above their LOQ and were assigned first prior-
ity (Table  2). Apart from PFHpS, H4PFOS, and PFOSA, 
all these substances are listed in the German analytical 
standard procedure DIN 38407-42 [18] and their method 
specifications have been determined in a round robin 
test.

The remaining ten longer chain PFC were grouped as 
second priority (Table 3). They can be analyzed and accu-
mulate in biota, but did not exceed the LOQ in ground-
water samples. For these substances the derivation of 
GFS was not planned for the present. The priorities are 
to be updated according to the progress of the analytical 
techniques.

The CAS7 numbers listed, strictly speaking, desig-
nate only the non-branched, linear compounds. De 
facto, the technical mixtures contain only 70–80% of 
the non-branched plus 20–30% of various branched 
compounds. These differ in their physicochemical 
properties as well as their bioavailability and their deg-
radability in the environment [22]. A further distinc-
tion, however, is impossible given the multitude of 
theoretically possible and practically occurring single 
compounds. Tables  2 and 3 contain the undissociated 
carboxylic and sulfonic acids that had been analyzed at 
the time of prioritization (2013). In the environment, 
these compounds mostly exist as anions, because they 
are either strong acids themselves (as the short-chain 

4  ISO/CD 21675: Water quality—Determination of polyfluorinated alkyl 
substances (PFAS) in water-Method using solid phase extraction and liquid 
chromatography–tandem mass spectrometry (LC–MS/MS).

5  This also applies to food and animal feed.
6  In the regulations for marketing of fertilizer, soil additives, culture sub-
strates and plant-growth stimulants [21] a reference value of 100  µg/kg 
dry weight was formalized for the cumulative concentration of PFOA and 
PFOS.
7  CAS = Chemical Abstracts Service, the CAS No. is an international 
standard for the identification of chemical substances.
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PFC) or they react with strong bases. Therefore, the 
results of the (eco)toxicological tests mostly refer to the 
anions.

General Conditions for Risk Assessment of PFC
In the EU, some PFC have been identified as substances 
of very high concern (SVHC) according to Article 57 of 
the REACH regulation (EC) No 1907/2006 [23] by unani-
mous agreement of the Member State Committee. Per-
fluorinated carboxylic acids containing 8–14 carbons in a 
chain were added to the REACH-Candidate List: PFOA, 
PFNA, and PFDA are persistent (P), bioaccumulative 
(B), and toxic (T), and are, therefore, designated as PBT 
substances under REACH. The longer chain perfluoro-
carboxylic acids PFUnA, PFDoA, PFTrA, and PFTeA are 
considered to be very persistent and very bioaccumula-
tive substances, so-called vPvB substances. The prop-
erties that lead to an SVHC identification are listed in 
Annex XIII of the REACH regulation.

Because of the poor degradability of PBT and vPvB 
substances, there is concern that effects in organisms 
cannot be predicted in the long run. Accumulation in 
organisms is virtually irreversible and the content of 
these substances in the environmental compartments can 
only very slowly be reduced by lowering the emissions. 
Moreover, some PBT and vPvB substances, such as PFC, 
have the potential to pollute remote areas through long-
range transport via air and water. Even when standard-
ized tests in the laboratory show no toxic effects, chronic 
effects may occur through long-term exposure to low 
doses. Because of the long life cycles of organisms at the 
end of the food chain, these effects will hardly be predict-
able. And the concentrations of PBT and vPvB substances 
in man and the environment cannot be predicted over 
long periods of time. This is another reason why chronic 
effects cannot be excluded. Therefore, according to the 
principles of REACH, for PBT and vPvB substances no 
safe levels can be derived for the environment [24].

Table 2  First priority PFC, listed in DIN 38407-42 [18]; except PFHpS, H4PFOS, PFOSA

No. CAS-no. Name Abbreviation

1 375-22-4 Perfluorobutanoic acid PFBA

2 2706-90-3 Perfluoropentanoic acid PFPeA, PFPA

3 307-24-4 Perfluorohexanoic acid PFHxA

4 375-85-9 Perfluoroheptanoic acid PFHpA

5 335-67-1 Perfluorooctanoic acid PFOA

6 375-95-1 Perfluorononanoic acid PFNA

7 335-76-2 Perfluorodecanoic acid PFDA

8 375-73-5 Perfluorobutanesulfonic acid PFBS

9 355-46-4 Perfluorohexanesulfonic ac PFHxS

10 375-92-8 Perfluoroheptanesulfonic acid PFHpS

11 1763-23-1 Perfluorooctanesulfonic acid PFOS

12 27619-97-2; 425670-75-3 
(Anion)

1H,1H,2H,2H-Polyfluorooctanesulfonic acid, H4-Polyfluorooctanesulfonic acid, 6:2 Fluoro‑
telomer sulfonic acid, FTS

H4PFOS, 6:2 FTSA

13 754-91-6 Perfluorooctanesulfonamide PFOSA or FOSA

Table 3  Second priority PFC

No. CAS-no. Name Abbreviation

14 2058-94-8 Perfluoroundecanoic acid PFUnA, PFUdA, PFUndA+D53

15 307-55-1 Perfluorododecanoic acid PFDoA

16 72629-94-8 Perfluorotridecanoic acid PFTrA, PFTrdA

17 376-06-7 Perfluorotetradecanoic acid PFTeA, PFTetA

18 335-77-3 Perfluorodecanesulfonic acid PFDS, PFDeS

19 34598-33-9 2H,2H,3H,3H-Polyfluoroundecanoic acid H4PFUnA

20 1546-95-8 7H-Dodecanefluoroheptanoic acid HPFHpA

21 34598-33-9 2H,2H-Polyfluorodecanoic acid 8:2 FTA, 8:2 FTCA, n-8:2FTCA, H2PFDA

22 757124-72-4; 414911-30-1 (Anion) 1H,1H,2H,2H-polyfluorohexanesulfonic acid 4:2 FTSA, H4PFHxS

23 39108-34-4; 481071-78-7 (Anion) 1H,1H,2H,2H-polyfluorodecanesulfonic acid
8:2-fluorotelomer sulfonic acid

8:2 FTSA, H4PFDS
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Assessment criteria specific for contaminated groundwater
The concept of “detrimental change” of a body of ground-
water in the German Water Act [25] is substantiated for a 
single contaminant by the “significance threshold” (GFS). 
The GFS serve as criteria for the decision whether actions 
to protect the quality of groundwater or to remediate 
polluted groundwater are necessary [26]. A detrimental 
alteration of the water is defined as “changes of the prop-
erties of a body of water, which impair the public welfare, 
especially the public water supply” (§ 3). The purpose of 
the law is “to protect a body of water against detrimental 
changes of its properties… and to compensate (as much 
as possible) impairments, that are not insignificant (§ 
6). All activities are to be carried out in such a way that 

“a detrimental change of the water quality should not 
be feared.” Examples are “groundwater pollution abate-
ment” (§ 48) and the “handling of substances hazardous 
to water” (§ 62). Therefore, a groundwater contamination 
can be classified as insignificant [27] if it is not ecotoxic 
(criterion 1: intact habitat) and fulfills the requirements 
(including the limit values) of the German Drinking 
Water Ordinance (criterion 2: [28]) or values derived 
accordingly [criterion 3: harmless to human health (§ 6, 1; 
[28]) and esthetically unobjectionable (§ 4, 1; [28]).

The assessment according to the German Drink-
ing Water Ordinance and the ecotoxicological assess-
ment are carried out in parallel (Fig.  1). In both cases 

Fig. 1  Scheme to derive significance threshold (GFS) values [62]
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the highest dose or concentration without measurable 
effect (NOAEL)8 has to be determined. The lower value 
of the two origins (German Drinking Water Ordinance 
or ecotoxicology) is relevant. In both cases effective laws 
[limit values or environmental quality standards (EQS)] 
have the highest priority (1). Values based on data from 
the toxicological literature have a lower priority (2). If the 
lower value is taken from an effective law, it becomes the 
significance threshold without further consideration.

Toxicological data from animal experiments are extrap-
olated to the human equivalent dose which can then be 
converted into a drinking water concentration (section: 
“The standard scenario”). Second priority values are 
checked whether these are lower than 0.01  µg/L. This 
value serves as the lower limit of the GFS. Significance 
thresholds lower than this value are possible only if they 
are based on a proven effect at this concentration (not 
an assessment factor). The lower limit was introduced 
because the ecotoxicological evaluation often leads to 
lower values than the human health-based values, on one 
hand, and values below the LOQ are not meaningful, on 
the other hand [26].

PNEC9 values are calculated by dividing the lowest 
NOEC10 of the most sensitive species (algae, crustaceans, 
fish) by an assessment factor of 10 or greater, depend-
ing on completeness of the data set [29]. Values derived 
according to the German Drinking Water Ordinance are 
based on the TDI (for non-carcinogens) or an added life-
time risk of 10−6 (for carcinogens) or the odor detection 
threshold, whichever is the lowest value.

Scenarios for human exposure related to groundwater
The assessment of the risk from a toxic chemical sub-
stance entails the combination of the effect level (which 
indicates the chemical’s hazard potential) with data 
describing the exposure of an organism. PFC can reach a 
human target organism via several pathways of exposure 
(food, air, drinking water). With respect to groundwater, 
of course, the intake of drinking water is a major route of 
human exposure.

The standard scenario
As a rule only 10% of the toxicologically acceptable total 
dose is allocated to drinking water as exposure pathway 
[30]. The remaining 90% is allotted to other possible 
pathways, such as uptake via food. The contribution of 
drinking water may, however, be increased if scientific 
data suggest a greater portion of the total intake via this 
pathway. The standard assumptions for converting the 

acceptable or tolerable dose (ADI11 or TDI2) into a con-
centration in drinking water (LW12) for adult humans are 
a daily uptake of 2 L of water and a body weight of 70 kg.

Unaccounted‑for scenarios
The irrigation of crops with groundwater or surface water 
is an essential element of food production in Germany 
and other European countries. In this context, especially 
short-chain PFC present in the irrigation water may 
accumulate in plants. This may lead to an increased expo-
sure of humans via the food chain, possibly in excess of 
tolerable daily doses [31].

The accumulation of certain PFC in fish is documented 
in numerous studies [32–36]. Thus, the exposure of 
humans is possible through the consumption of contami-
nated fish whenever fish-rearing ponds are fed by ground-
water or spring water contaminated with PFC [37].

For surface waters, a limit value of 0.65 ng PFOS/L ([17, 
38]—details in the PFOS data sheet page 65) entered into 
force on September 13, 2013 as EQS for the protection of 
human health with regard to the consumption of fisheries 
products within the framework of the EQS directive [39]. 
The European Scientific Committee on Health and Envi-
ronmental Risks has confirmed the fisheries-derived EQS 
as the lowest limit for PFOS [40]. This fisheries-based 
EQS is not relevant for groundwater, because according 
to the legal procedure [17] the human exposure via the 
food chain, via crop irrigation, and via the accumulation 
in fish from contaminated groundwater/spring water is 
not considered. The human health-driven objective of the 
significance thresholds is that “everywhere the ground-
water shall remain usable for human consumption as 
drinking water”. The protection of human health during 
the consumption of fish is not considered in deriving the 
threshold values, because fish consumption has no bear-
ing on the groundwater.

The exposure scenarios via the use of groundwater 
contaminated with PFC for the irrigation of crops or 
via the consumption of fish from waters whose influx 
from groundwater contains measurable concentrations 
of PFC, therefore, need a special human health-based 
assessment. And even with groundwater complying with 
the GFS value for PFOS (100 ng/L), care has to be taken 
that the EQS of 0.65  ng/L in the surface water is not 
exceeded by seepage of contaminated groundwater into 
a watercourse.

10  NOEC = no observed effect concentration.

11  ADI = acceptable daily intake for lifelong exposure: threshold dose for 
contaminants with a certain benefit, e.g. for food additives.
12  The maximum tolerable concentration in drinking water is designated as 
drinking water guide value (LW). LW [µg/L] = TDI [µg/(kg day)] · 70 kg · (2 
[L/day])−1 · 0.1.

9  PNEC = predicted no effect concentration.

8  NOAEL: no observed adverse effect level.
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Ecotoxicological data
Search for data
For the ecotoxicological evaluation, effect data from the 
individual trophic levels were recorded after systematic 
research in the following sources:

• • Databanks with ecotoxicological entries: ECOTOX 
(US EPA), ETOX (German Environmental Agency-
UBA), HSDB.

• • REACH registration dossiers of the European Chem-
icals Agency (ECHA).

• • Literature collection of the LHL (cf. section: “Assign-
ment”).

• • Special reports and reviews.
• • Recent experimental results of the Bavarian State 

Agency for the Environment [14] from a project to 
evaluate contaminants specific for a river catchment 
in the context of the water framework directive.

Exclusion of invalid data
For deriving a PNEC (see footnote 9) minimum quality 
criteria have to be met according to European guidelines 
[24, 29]. These are evaluated according to Klimisch et al. 
[41]. Studies or data from the literature, for which only 
insufficient experimental details are known, and which 
are only listed in secondary literature or in abstracts 
(validity 4: reliability indeterminable) are not usable, as 
a rule, to derive an authoritative GFS value. The same 
is true for insufficiently documented studies, which do 
not stand up to expert scrutiny, for instance because the 
instructions of a test method were not followed (validity 
3: not reliable).

As far as appropriate and possible, the data searched 
for were examined for their reliability and validity. In case 
of obvious violations against the instructions of the test 
applied, or in case of justified doubts in the correct per-
formance of a study, the study results were not included 
in the PNEC derived. Especially, the short-chain per-
fluorinated alkylsulfonates are strong acids which can 
cause pH values down to < 2 at the concentrations used in 
the tests. All established operation procedures include a 
pH adaptation where required, e.g. by addition of NaOH, 
to eliminate mortality or adverse effects solely due to the 
acidity. All publications of ecotoxicological tests with 
the PFC considered here were checked in this respect. 
Some publications contain no statement whether such 
pH adjustment was performed, or about the prevailing 
pH value during the test. The corresponding test results 
are, therefore, not meaningful and were not considered. 
In some cases relevant information could be obtained 
from authors; in case of compliance with pH restrictions 
the results reported in such publications were regarded 
as valid.

Results—outline of effect data used to derive GFS 
values
Human health evaluation
Use of cell test data
Some PFC displayed endocrine effects in laboratory tests 
with mammalian cells. Experiments with fish gave simi-
lar results. Rosenmai et al. [42] showed that short-chain 
PFC did not exert such effects, as opposed to the long-
chain representatives. Studies in this regard are reported 
in the data sheets [17, 38]; the results, however, cannot be 
quantified in terms of a NOAEL (see footnote 8) There-
fore, they have not yet found their way into the derivation 
of human health-based GFS values.

Through the observation of malformations or other 
serious effects on embryos of aquatic animals, substances 
acting in this way can be identified at an early stage in 
screening tests aiming at the reduction of tests with 
mammalian organisms [43, 44] such as the zebrafish egg 
test [45] or the chronic test with clawed frogs ([46]; No. 
231). Such results cannot be used either for the human 
health-based GFS values, because they lack a NOAEL.

Main source
Because of the seriousness of the problems caused by 
PFC, a high and steadily growing number of publications 
deal with the implications of this class of compounds. 
Assessments and reviews carried out earlier facilitate the 
survey of the toxicological profile of these substances. 
The US Agency for Toxic Substances and Disease Regis-
try has produced an elaborate and up-to-date characteri-
zation of PFC (especially PFOA and PFOS) with respect 
to their toxicity [3]. Information from the respective 
report is included in the following sections.

General description of human health effects and ambiguities
a. Animal data  Many of the adverse health effects of 
PFC observed in experimental animals are attributed to 
the ability of the PFC to activate the peroxisome prolifer-
ator-activated receptor α (PPARα). PPARα regulates sev-
eral physiological processes, among others fatty acid oxi-
dation in liver; it is also presumed to exert an influence on 
reproduction and child development [47], and is thought 
to be associated with the induction of tumors in the liver 
of rodents by non-genotoxic carcinogens [48].

Species differences were found in the reaction to 
PPARα agonists: rats and mice are the most sensitive spe-
cies, whereas rabbits, non-human primates and humans 
are less sensitive. These differences in sensitivity might 
be explained by differences in the inducibility of PPARα 
by exposure to a peroxisome proliferator or differences in 
the tissue-specific expression of PPARα.

Activation of the receptor in rodents is followed, 
mainly—but not exclusively—in liver, by a sequence of 
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biochemical and morphological events. These include 
a hepatocellular hypertrophy through an increase in 
number and size of peroxisomes, a strong increase of 
the peroxisomal β-oxidation of fatty acids, an increased 
CYP450-mediated ω-hydroxylation of lauric acid as well 
as alterations in lipid metabolism.

The weight of the liver and the parameters of fatty acid 
β-oxidation were generally increased with increasing 
PFC chain length up to about ten carbon atoms. Signifi-
cant peroxisome activity seems to require a carbon chain 
length of greater than seven, but a slight rise above the 
control level was reported with a chain length of four car-
bon atoms already. It also appeared that the differences in 
activity are not directly related to the carbon chain length 
as such but rather to differential accumulation in the 
liver. As with PFOA and PFOS, also with PFDA effects 
regarding an increased fetal mortality were observed [49]. 
In contrast, gestational exposure to the shorter chain 
PFBA or PFHxS had no effect on the survival or the body 
weight of the offspring. Decreases in spontaneous activ-
ity followed by an increase in activity were observed in 
mice exposed to PFHxS up to postnatal day 10; no altera-
tions were observed in mice similarly exposed to PFDA.

Studies of the immunotoxicity of PFC in rodents indi-
cate a considerably higher sensitivity of mice compared 
with rats. The immunological changes induced in adult 
mice by PFOA and PFOS appeared as atrophy of thymus 
and spleen, alterations in thymocyte and splenocyte phe-
notypes, and impaired response to T-dependent antigens.

b. Comparison of  animal and  human sensitivity  Stud-
ies with PPARα-null-mice suggest, however, PPARα-
independent mechanisms of PFOA and PFOS toxicity 
as well. Thus PFOA induced hepatomegaly to the same 
extent in wild-type mice and PPARα-null mice, but failed 
to increase acyl-CoA oxidase activity in PPARα-null 
mice. Also the PFOA-exposure of monkeys resulted in an 
increased absolute liver weight, which was partially asso-
ciated with a significant mitochondrial, but not with per-
oxisomal proliferation.

Some developmental effects observed in animals have 
not been observed in humans. A gestational exposure 
study of PFOA conducted using wild-type, PPARα-null, 
and PPARα-humanized (expressing human PPARα) mice 
showed that postnatal survival was lower in wild-type, 
but not in null or humanized mice [50].

In cultured rat, mouse, and human hepatocytes, per-
fluoroalkyl sulfonate compounds were less potent than 
perfluoroalkyl carboxylate compounds in stimulating 
the PPARα-induced gene expression, and the potency of 
stimulation increases with carbon chain length [51, 52]. 
PFOS (or PFOA) significantly increased activation of 
mouse PPARα/β/δ (PFOA also of human PPARα) relative 

to vehicle control, but not the human PPARβ/δ. PFOA, 
like many other PPARα-agonists, induced hepatocellular 
adenomas, Leydig cell adenomas, and pancreatic acinar 
cell adenomas in rats.

An extensive review of the literature concluded that 
although humans possess sufficient PPARα to mediate 
the human hypolipidic response to therapeutic fibrate 
drugs, there are enough differences (in gene promoters, 
receptors, activities, and receptor levels) between the 
response of the human liver to PPARα agonists and that 
of rats, so that for liver tumors in animals and in man 
most likely a different mechanism has to be assumed [3]. 
Because of insufficient data, however, this conclusion 
remains uncertain. Generally speaking, humans seem to 
react less sensitively to the health effects of the first-pri-
ority PFC than laboratory animals, especially mice.

c. Epidemiological studies of  human populations  Epi-
demiological studies of human populations show sta-
tistically significant associations between serum PFC 
levels (especially for PFOA and PFOS) and a multitude 
of concentration-dependent health effects, even if these 
were not always consistent across studies. The association 
of the PFOA and PFOS serum level was consistent with 
elevated lipid concentration in the serum, raised uric acid 
levels, reduced birth weight, and altered biomarkers for 
liver damage. There is also equivocal evidence for carci-
nogenicity.

Concerning the biomarkers for possible effects on the 
liver, no consistent associations between serum liver 
enzymes (primarily alanine-aminotransferase—ALT, 
aspartate-aminotransferase—AST, and γ-glutamate 
transferase—GGT) and the PFOA or PFOS concentra-
tion in the serum appeared in workplace studies. A study 
with highly exposed subjects of the general population 
found significant connections between PFOA and PFOS 
in serum and the ALT and bilirubin-concentrations, 
while the extent of the effect was rated as probably not 
biologically relevant.

Studies with rats, mice and monkeys have identified the 
liver as one of the toxicologically most sensitive target 
organs. The data with humans, however, are not so sig-
nificant, while the PFOA and PFOS levels in serum were 
much lower than those that gave rise to effects in experi-
mental animals.

The main weakness of the epidemiological studies 
with human subjects stems from the fact that PFOA and 
PFOS, the indicator PFC, have meanwhile been globally 
distributed and are ubiquitously present in the environ-
ment. The effects of a single PFC can, therefore, not be 
studied without serious interference from other PFC 
which are simultaneously present [17, 53, 54]. ATSDR 
[3] conclude: “Studies with highly exposed residents and 
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the general population have often reported significant 
associations for both PFOA and PFOS, and the possible 
interaction of the various PFC with the health endpoint 
of concern is not known. …the mechanisms of toxicity of 
the observed health effects have not been established and 
these effects have not been reported in laboratory animals. 
Serum cholesterol and other lipid levels are also affected 
by PFOA and PFOS exposure in rats and mice; however in 
rodents, exposure to PFC resulted in significant decreases 
in serum lipid levels (as opposed to elevated lipid lev-
els in humans). These uncertainties preclude the use of 
currently available epidemiology studies as the basis for 
developing an MLR (= quantitative assessment criteria) 
for PFOA or PFOS.”

Summary of human health effects
The available data were sufficient to derive guide values 
according to the criteria of the German Drinking Water 
Ordinance for 7 of the 13 PFC of first priority. Table  4 
gives an overview of pivotal studies, and effects relevant 
for deriving the human health-based drinking water con-
centrations as a base for these seven GFS values derived. 
For each substance the lowest NOAEL is listed as point of 
departure. Using the ratio of elimination half-life human/
animal, and further assessment factors, it is extrapolated 
to a human equivalent dose which is then converted into 
a concentration in drinking water. The last column shows 
the effect of rounding. For more detailed information, the 
reader is referred to the original reports by LAWA [17] 
and UBA [38].

The evaluation of PFHxS, however, must be regarded 
as a borderline case. It is based not on a 90-day study as 
required, but on a study with 42  days of exposure only. 
The factor for lifetime extrapolation was, therefore, 
raised to 15. A consideration conducted in parallel aim-
ing at a precautionary health-related indication value 
(HRIV)13 arrives at the same result of 0.1 µg/L for PFHxS. 
Therefore, this result can be accepted as a borderline 
case, especially regarding the need for a guide value.

The lowest value of 60 ng/L was calculated for PFNA. 
This value, though, contains a special safety factor of 10 
because of the potential for toxicity for reproduction 
(classification Repr. 1B) and presumably carcinogenicity 
(classification Carc. 2). The highest value calculated so 
far was 10 µg/L for PFBA. It is only slightly higher than 
the value hitherto specified by the German Environment 
Agency (7 µg/L; [8]). Moreover, the values for the individ-
ual compounds seem to relate reasonably to one another.

Ecotoxicological evaluation
Deriving PNEC values to protect the aquatic biocenosis
Except for PFOS and PFOA, for which official PNEC 
values are available from the European or international 
assessment of chemicals, PNEC values for the other PFC 
of first priority were derived according to the rules of the 
TGD [29]. In every case, the “assessment factor method” 
([29]; section  3.3.1.1) had to be applied, since no suffi-
cient effect data for the application of the statistical “spe-
cies sensitivity distribution” method were available [17]. 
A decision whether a test result could be evaluated as 
long-term result was based upon the classification for the 
OECD Guidelines for Testing of Chemicals ([29]; Appen-
dix 1, A1.3.2.10).

In some cases which could not be assigned to an OECD 
guideline, because the test had been performed accord-
ing to a comparable method of a different organization, 
e.g. the US EPA, the result was regarded as chronic if 
the duration could be regarded as equivalent to a corre-
sponding OECD guideline [17].

With regard to tests with effects on fish, several test 
guidelines for short-term tests have been issued in recent 
years, not least for animal welfare reasons. These include 
the fish short-term reproduction assay ([55]; Guide-
line 229), the fish sexual development test ([56]; Guide-
line 234), the fish embryo acute toxicity (FET) test ([57]; 
Guideline 236), and above all the so-called fish egg test 
according to DIN EN ISO 15088-T6 [45], all of which 
could not be considered in the TGD [29]. These tests can 
detect effects on early developmental stages of fish which 
hitherto could only be determined in chronic tests. But 
the results, as far as available in isolated cases, were only 
used as complementary information for deriving PNEC 
values. Especially with surface-active substances such 
as PFC, concerns may be raised that specific damage 
for adult fish such as an impairment of the gill function 
through lowering of the water’s surface tension cannot 
be adequately determined in early life stages. This can be 
seen in practice, e.g. with PFPeA which showed no effect 
in the fish egg test at as high a level as 4000 mg/L [58], 
while the acute toxicity for adult fish according to OECD 
203 resulted in an LC50 of 32  mg/L [59], a value that is 
more than 100-fold lower.

Summary of ecotoxic effects
For 2 of the 13 PFC of first-priority PNEC values from 
official risk assessments were existent: 570  µg/L for 
PFOA [60] and 0.23 µg/L for PFOS [61]. A PNEC to pro-
tect the aquatic biocenosis could be derived according 
to TGD [29] for eight more substances. For two of these, 
the chronic toxicity data for three trophic levels are com-
plete, so that for the derivation of the PNEC starting with 
the lowest effect value the minimal required safety factor 

13  HRIV: precautionary health related indication value—Vorsorge-orienti-
erter gesundheitlicher Orientierungswert—GOW [1, 2], cf. sections “Sub-
stances insufficiently characterized” and “Uncertainty analysis”.
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of ten could be applied. For none of the remaining sub-
stances a higher safety factor than 100 was necessary. No 
PNEC could be derived for PFHpA, PFHpS, and PFOSA, 
because of lack of data either for one trophic level (fishes) 
or complete lack of data in the case of PFOSA. In sum-
mary, with increasing chain length a decreasing trend can 
be observed for the PNEC values of the perfluorinated 
sulfonic acids as well as for the perfluorinated carboxylic 
acids with one exception (PFPeA). As would be expected 
the toxicity increases with chain length [17].

Human health values and ecotoxicological values 
compared
The aquatic biocenosis turned out to be less sensitive 
than the legal requirements of the German Drinking 
Water Ordinance in the case of those PFC for which GFS 
values could be derived [17]. In contrast, previous expe-
rience with GFS values shows that ecotoxic effects often 
occur at lower concentrations than effects on human 
health [26, 27, 62]. The higher toxicity of PFC for humans 
compared with aquatic organisms can be explained by 
their far longer elimination half-lives from human tissues.

GFS values recommended
Individual substances
a. Substances sufficiently characterized  The GFS values 
listed in Table 5 are proposed for the PFC of first prior-
ity. The toxicological data for seven of the 13 first-priority 
PFC allowed the derivation of GFS values. The rationales 
elaborated by the LAWA/LABO-subcommittee [17] for 
the single substances should be kept in mind in making 
use of the values.

b. Substances insufficiently characterized  Substances 
with insufficient data for a human health assessment were 
alternatively evaluated making use of the concept of the 
HRIV (see footnote 13) (GOW, [section 4.4 in 62]), which 
was developed by the German Environment Agency [1, 
2] to safeguard the resource “drinking water” against con-
taminants, which cannot or can only partially be assessed 
concerning its harmfulness for human health (non-
assessable substances). The HRIV can be regarded as the 
upper bound of the precautionary zone and the lower 
bound of the zone of concern. It is as high as possible and 
as low as necessary to compensate the lack of data. The 
German Environment Agency has created a criterion in 
the HRIV that includes precautionary aspects and expe-
rience gained from earlier assessments of drinking water 
contaminants to bridge the toxicological data gap.

The basic HRIV for non-assessable pollutants is 
0.1  µg/L. With more exonerating data about a com-
pound, its HRIV can be raised in a stepwise fashion up 
to 10  µg/L. For strong genotoxins the HRIV has to be 
lowered to 0.01 μg/L. As upper bound of the precaution-
ary zone, the HRIV more than covers the human health-
related aspects of the GFS, and a PNEC at or below the 
HRIV is sufficiently protective for groundwater as drink-
ing water resource.

For the PFC considered here, the potency concerning 
human health was consistently greater than their ecotoxi-
cological potency. Therefore, none of the PNEC values 
could be recommended as GFS, since all of them were 
clearly higher than the HRIV [17].

Table 5  GFS for PFC [17, 38] of first priority (rationale for prioritization see section “List of contaminants selected”)

The HRIV for non-assessable substances is explained in sections “Substances insufficiently characterized” and “Uncertainty analysis” as well as in LAWA [62]

No. Name, abbreviation (CAS no.) GFS (μg/L) Basis (μg/L)

Human health PNEC

1 Perfluorobutyric acid, PFBA (375-22-4) 10 10 1260

2 Perfluoropentanoic acid, PFPeA (2706-90-3) – − (HRIV: 3.0) 320

3 Perfluorohexanoic acid, PFHxA (307-24-4) 6 6 1000

4 Perfluoroheptanoic acid, PFHpA (375-85-9) – − (HRIV: 0.3) –

5 Perfluoroctanoic acid, PFOA (335-67-1) 0.1 0.1 570

6 Perfluorononanoic acid, PFNA (375-95-1) 0.06 0.06 8

7 Perfluorodecanoic acid, PFDA (335-76-2) – − (HRIV: 0.1) 10

8 Perfluorobutanesulfonic acid, PFBS (375-73-5) 6 6 3700

9 Perfluorohexanesulfonic acid, PFHxS (355-46-4) 0.1 0.1 250

10 Perfluoroheptanesulfonic acid, PFHpS (375-92-8) – − (HRIV: 0.3) –

11 Perfluorooctanesulfonic acid, PFOS (1763-23-1) 0.1 0.1 0.23

12 H4-Polyfluorooctanesulfonic acid, H4PFOS (27619-97-2) – − (HRIV: 0.1) 870

13 Perfluorooctanesulfonamide, PFOSA (754-91-6) – − (HRIV: 0.1) –
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GFS vs. human biomonitoring values
The Human Biomonitoring Commission of the German 
Environment Agency has established HBM-I-values of 
2 ng PFOA/mL blood plasma and 5 ng PFOS/mL blood 
plasma [63–66]. Human biomonitoring accounts for the 
total exposure via all possible routes and is, therefore, 
more realistic than the consideration of only one single 
route (e.g. drinking water). Human biomonitoring is, 
therefore, the preferable instrument for the assessment of 
total human exposure. Decisions about actions, however, 
where necessary at a later stage require the attribution 
of exposure to single routes. If human biomonitoring is 
possible, of course, the HBM-I-value applies as standard 
of comparison. The German Environment Agency after 
hearing the Drinking Water Commission of the Federal 
Ministry for Health in its “Update of the Provisional 
Assessment of Per- and Polyfluorinated Chemicals (PFC) 
in Drinking Water” [38, 67] endorses the assessments and 
conclusions presented here.

Grouping and summation
Prerequisite for an appropriate aggregation of PFC in 
groups is an identical mechanism of action. For this pur-
pose little is known about PFC. Some hints are given 
in the reviews by Stahl et  al. [32], Borg and Håkansson 
[68], the Danish EPA [69], and the ATSDR [3]. Accord-
ing to these, the ability of the PFC to activate the PPARα 
seems to be especially significant. As described in “Gen-
eral description of human health effects and ambiguities” 
section PPARα regulates the fatty acid oxidation in liver, 
exerts an influence on reproduction and child develop-
ment, and is thought to be associated with the induction 
of tumors in the liver of rodents by non-genotoxic carcin-
ogens. Because of their structural analogy to endogenous 
fatty acids, PFC are transported via a reversible bond to 
albumin in blood. They are also ligands of the PPARα of 
the cell nucleus. The binding to PPARα leads to peroxiso-
mal proliferation and subsequently to the catabolism of 
fatty acids, especially in liver as the main organ for the 
storage and mobilization of lipids. Such peroxisome pro-
liferators are the cause of hepatocellular hypertrophy and 
an increased liver weight.

Studies of the toxicity for reproduction and child devel-
opment have shown, however, that neonatal mortal-
ity of mice after exposure in utero against PFOA and 
PFNA depended on PPARα, but exposure against PFOS 
was PPARα independent. For this endpoint, a mecha-
nism unrelated to PPARα seems to be at least participat-
ing. Moreover, activation of nuclear receptors other than 
PPARα through PFC has been demonstrated, such as the 
constitutive androstane receptor (CAR) and the pregnane-
X-receptor (PXR). Liver toxicity and the strength of induc-
tion of peroxisome proliferation in rats (where rodents 

react more sensitively to peroxisome proliferators than 
humans) furthermore depend on the carbon chain length. 
For a similar increase of the activity of hepatic acyl-CoA-
oxidase as measure of proliferation 50 times higher doses 
of PFBS were necessary than of PFOA or PFHxS.

Until today no scientifically conclusive method for the 
assessment of human health effects of multiple substance 
exposures exists. Practical guidance relating to human 
health is given by the TRGS 402 for work place exposures 
[70]. TRGS 402 stipulates for the presence of multiple sub-
stances the generation of substance indices (I) from the 
measured values and the standards of evaluation such as

(with C = measured concentration and BM = standard 
of evaluation), and the summation of these, in the pre-
sent case with the human health-based GFSh as BM, to 
an assessment index BI:

If the assessment index BI > 1, the assessment standard 
for the sum is considered to be exceeded. Only concen-
trations greater than or equal to the limit of quantita-
tion (≥ LOQ) are to be considered in this context. This 
pragmatic approach applies for human health as a legally 
protected good and for GFS values only so far as they are 
based on human health. Because of their special charac-
ter (sections: “Substances insufficiently characterized” 
and “Uncertainty analysis”), HRIV are not included in the 
summation.

Uncertainty analysis
Of the seven PFC, for which GFS values along the lines 
of the German Drinking Water Ordinance [28] could be 
derived, only for one substance was the key study based 
on the minimum data set of a (subchronic) 90-day study. 
The other studies had been conducted for at least twice 
the exposure duration, twice for 2 years, and two 2-gen-
eration studies were available. Insofar the assessments 
can be regarded as sufficiently safe. The database for 
PFHxS has to be considered as critical because its expo-
sure duration of 42  days was lower than the required 
90 days for a subchronic test. But because the HRIV con-
sideration supports the result, an underestimation of risk 
seems unlikely.

Some other assessment procedures provide special 
safety factors because of a lack of data, e.g. for develop-
mental toxicology or immunotoxicology. Such factors are 
not conventional in the assessment procedure analogous 
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to the German Drinking Water Ordinance, which may 
lead to an underestimation of the risk. With respect to 
the PPARα-agonistic effect of PFC, humans are less sensi-
tive than rats and mice. Monkeys with their lower sensi-
tivity would be a better model for humans in this respect 
[3]. Rodent data, in contrast, could lead to more cautious 
human health-based criteria following a procedure anal-
ogous to that of the German Drinking Water Ordinance.

Because of the lack of other adequate data, HRIV are 
based on criteria of evidence (e.g. genotoxic yes or no) 
and background knowledge about their level [2]. They 
constitute semi-quantitative assessment results that con-
tain greater uncertainties, but generally are to be consid-
ered as protective. Therefore, HRIV are not derived for 
generic scenarios that are subject to measures or actions, 
but for single cases, whose special character, basic 
parameters, and possibly further appraisal factors have 
to be taken into account. In the present context, HRIV 
are utilized as criteria for the plausibility from a human 
health perspective of ecotoxicologically based GSF. That 
is why in assessing the occurrence of several PFC, HRIV 
should not be included in the summation. Since HRIV 
are based on insufficient data, they are of a precaution-
ary nature and can, therefore, not be used as significance 
thresholds for groundwater.

An Italian EQS working group [71–74] derived “ground-
water EQS” for PFPeA (3 µg/L), PFHxA (1 µg/L), and PFBS 
(3  µg/L), which are based on the German HRIV [8] and 
can, therefore, not serve as significance thresholds. Simi-
larly, the Italian groundwater EQS for PFOA (0.1  µg/L; 
Italian EQS Working Group, [72, 75]) was based on sec-
ondary poisoning, a scenario excluded in the present work 
(cf. “Unaccounted-for scenarios” section). And finally, the 
Italian EQS Working Group [72, 76] proposed a human 
health-based groundwater EQS of 7 µg/L for PFBA accord-
ing to Lud et  al. [16], whereas the drinking water guide 
value for this substance was updated to 10 µg/L, because 
recent data suggested that a higher allocation to drinking 
water would probably be more realistic (pp 4–5 in [38]).

Conclusion
The GFS values recommended for the assessment of 
groundwater contaminated by PFC and for supplement-
ing the LAWA-list [26] are shown in Tables  4 and 5. 
These values serve as criteria for the decision whether 
actions to protect the quality of groundwater or reme-
diate polluted groundwater are necessary. They were 
accepted by the German Drinking Water Commission in 
September 2016 [38, 67] and by the German States’ Soil 
Consortium (LABO) in December 2017. Their publica-
tion by the German States’ Water Consortium (LAWA) is 
expected in 2018 [17]. The GFS values presented here will 
then replace previous regulations.

Outlook
After the designation of 13 priority-substances, the deri-
vation of GFS values was possible only for seven of these. 
For the remaining substances mostly human health data 
were missing; three of them also lacked data for deriva-
tion of an ecotoxicological PNEC [17]. It would be desir-
able to close these gaps in the foreseeable future through 
additional appropriate tests or scientific studies. Besides 
the perfluorinated substances partially fluorinated com-
pounds are increasingly introduced by industry, includ-
ing analogous alkanoic and alkanesulfonic acids as well as 
classes, in which the carboxylic and sulfonic acid group 
is substituted by a different polar functional group, for 
instance polyfluorinated alcohols (so-called telomer 
alcohols), acrylates, methacrylates, sulfonamides, phos-
phates, phosphonates, phosphines, stearates or silanes, 
partially combined or linked by ether-bonds [77–80]. 
Admittedly, these substances are precursors, which are 
transformed either metabolically or in the abiotic envi-
ronment to (oftentimes short chain) perfluorinated alka-
noic or alkylsulfonic acids [81, 82].

H4PFOS is degraded by very slow desulfonation and 
subsequent oxidation predominantly to PFPeA and 
PFHxA [83]. Most of these compounds are less accu-
mulating, but still, the parent compounds or the trans-
formation products are hardly less persistent than the 
perfluorinated carboxylic and sulfonic acids, and have 
already been detected in surface waters, sediments and in 
groundwater [84]. Examples in Germany are ADONA14 
or HFPO-DA15 [85–87]. At present, the limited analyti-
cal possibilities and the availability of analytical standards 
dictate, if and which of these chemical substitutes can be 
measured [81, 87].

The GFS values will retain their importance, even if the 
direct application of these substances should be definitely 
terminated. Beyond that, it is foreseeable that the meas-
urement and assessment of additional perfluorinated and 
polyfluorinated chemicals will still be necessary in the 
future.
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Hessian laboratory management agency [Hessian State Laboratory]; LOQ: 
limit of quantitation; LW: drinking water guide value; : LW [µg/L] = TDI [µg/
(kg day)] · 70 kg · (2 [L/day])−1 · 0.1; MRL: minimum risk level (ATSDR [3]); NOAEL: 
no observed adverse effect level; NOEC: no observed effect concentration; 
PFAS: per- and polyfluoroalkylated substances; PFC: per- and polyfluori‑
nated compounds. PFC are also designated as per- and polyfluoroalkylated 
substances (PFAS) in the technical literature; PNEC: predicted no effect level; 
PPARα: peroxisome proliferatior-activated receptor α; SVHC: substance of very 
high concern; TDI: tolerable daily intake for lifelong exposure, threshold dose 
for contaminants with no benefit.

Authors’ contributions
TvdT drafted the manuscript, RK, AB-E, JB and TS participated in its coordina‑
tion and reviewed the manuscript. All authors read and approved the final 
manuscript.

Author details
1 LUBW-State Institute for the Environment of the Federal State of Baden-
Wuerttemberg, Griesbachstr. 1‑3, 76185 Karlsruhe, Germany. 2 Present Address: 
Birkenweg 33, 69469 Weinheim, Germany. 3 German Environment Agency, 
Wörlitzer Platz 1, 06844 Dessau‑Roßlau, Germany. 4 Hessian Agency for Nature 
Conservation, Environment and Geology, Rheingaustr. 186, 65203 Wiesbaden, 
Germany. 5 Department 32: Soil Protection, Contaminated Sites, Ecotoxicology, 
North Rhine Westphalian State Agency for Nature, Environment and Con‑
sumer Protection, Wallneyer Str. 6, 45133 Essen, Germany. 6 Hessian Ministry 
for Environment, Climate Protection, Agriculture and Consumer Protection, 
Mainzer Str. 80, 65189 Wiesbaden, Germany. 7 Bavarian Environment Agency, 
Bürgermeister‑Ulrich‑Str. 160, 86179 Augsburg, Germany. 8 Hessian State 
Laboratory, Am Versuchsfeld 11, 34128 Kassel, Germany. 

Acknowledgements
The authors wish to express their sincere gratitude to Anthony Rackstraw, 
Weinheim, Germany, for expert linguistic editing of the manuscript and to 
Bruce Boschek for his constructive review of the revision and the English 
language.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets supporting the conclusions of this article are included within the 
article.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding
Not applicable.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Received: 6 December 2017   Accepted: 12 April 2018

References
	 1.	 UBA—Umweltbundesamt (2003) Bewertung der Anwesenheit teil- 

oder nicht bewertbarer Stoffe im Trinkwasser aus gesundheitlicher 
Sicht—Human health based assessment of the presence in drinking 
water of contaminants with insufficient data for assessment. Empfe‑
hlung des Umweltbundesamtes nach Anhörung der Trinkwasserkom‑
mission beim Umweltbundesamt. Bundesgesundheitsbl – Gesund‑
heitsforsch – Gesundheitsschutz 46:249-251

	 2.	 Grummt T, Kuckelkorn J, Bahlmann A, Baumstark-Khan C, Brack W, 
Braunbeck T, Feles S, Gartiser S, Glatt H, Heinze R, Hellweg CE, Hollert 
H, Junek R, Knauer M, Kneib-Kissinger B, Kramer M, Krauss M, Küster 
E, Maletz S, Meinl W, Noman A, Prantl E-M, Rabbow E, Redelstein R, 
Rettberg P, Schadenboeck W, Schmidt C, Schulze T, Seiler T-B, Spitta 
L, Stengel D, Waldmann P and Eckhardt A (2013) Tox-Box: Securing 
drops of life—an enhanced health-related approach for risk assess‑
ment of drinking water in Germany. Tox-Box: Die Tropfen des Lebens 
bewahren—Gesundheitsbasierte Risikobewertung für Trinkwasser in 
Deutschland. Environ Sci Eur 25:27–34

	 3.	 ATSDR—Agency for toxic substances and disease registry (2015) Toxi‑
cological Profile for Perfluoroalkyls, Draft for Public Comment. Agency 
for Toxic Substances and Disease Registry. http://www.atsdr​.cdc.gov/
ToxPr​ofile​s/tp200​.pdf. Accessed 22 Oct 2017

	 4.	 OECD—Organization for Economic Co-Operation and Development 
(2005) Results of survey on production and use of PFOS, PFAS and 
PFOA, related substances and products/mixtures containing these 
substances. OECD Environment, Health and Safety Publications. Series 
on Risk Management No. 19, 2005

	 5.	 Wang Z, Cousins IT, Scheringer M, Buck RC, Hungerbühler K (2014) 
Global emission inventories for C4–C14 perfluoralkyl carboxylic acid 
(PFCA) homologues from 1951 to 2030, part I: production and emission 
from quantifiable sources. Environ Int 70:62–75

	 6.	 Dieter HH (2003) Kommentar zur Bewertung der Anwesenheit nicht 
oder nur teilbewertbarer Stoffe im Trinkwasser aus gesundheitlicher 
Sicht—Human health based assessment of the presence in drinking 
water of contaminants with insufficient data for assessment. Bundesge‑
sundheitsbl—Gesundheitsforsch—Gesundheitsschutz 46:245–248

	 7.	 UBA—Umweltbundesamt (2009) Grenzwerte, Leitwerte, Orien‑
tierungswerte, Maßnahmenwerte—Definitionen und Festlegungen 
mit Beispielen aus dem UBA. Dieter HH, Bundesgesundheitsbl. 
52:1202–1206

	 8.	 UBA—Umweltbundesamt (2011) Grenzwerte, Leitwerte, Orientierung‑
swerte, Maßnahmenwerte—Aktuelle Definitionen und Höchstwerte. 
Dieter HH, am 16. 12. 2011 aktualisierte Fassung des Textes aus UBA 
(2009). http://www.umwel​tbund​esamt​.de/sites​/defau​lt/files​/medie​
n/377/dokum​ente/grenz​werte​_leitw​erte.pdf. Accessed 22 Oct 2017

	 9.	 BfR—Bundesinstitut für Risikobewertung (2006) Hohe Gehalte an 
perfluorierten organischen Tensiden (PFT) in Fischen sind gesund‑
heitlich nicht unbedenklich—high levels of PFC in fish are not harmless 
to human health. Stellungnahme Nr. 035/2006 des Bundesinstituts 
für Risikobewertung—Statement of the Federal Institute for Risk 
Assessment, Berlin, 27. Juli 2006. http://www.bfr.bund.de/cm/343/
hohe_gehal​te_an_perfl​uorie​rten_organ​ische​n_tensi​den_in_fisch​
en_sind_gesun​dheit​lich_nicht​_unbed​enkli​ch.pdf. Accessed 22 Oct 
2017

	 10.	 TWK—Trinkwasserkommission (2006) Vorläufige Bewertung von PFT im 
Trinkwasser am Beispiel ihrer Leitsubstanzen PFOA und PFOS—Provi‑
sional assessment of PFC in drinking water exemplified by the indicator 
substances PFOA and PFOS. Stellungnahme der Trinkwasserkommis‑
sion des Bundesministers für Gesundheit (BMG) am UBA vom 21. 6. 06, 
überarbeitet am 13. 7. 2006

	 11.	 LUBW and LGA BW—Landesanstalt für Umwelt, Messungen und 
Naturschutz Baden-Württemberg and Landesgesundheitsamt 
Baden-Württemberg (2014) PFC-Prüfwerte für die Kontamination‑
spfade Boden-Mensch und Boden-Grundwasser—Guide values for 
the exposure routes soil-man and soil-groundwater. Gutachten im 
Auftrag des Ministeriums für Umwelt, Klima und Energiewirtschaft (UM) 
Baden-Württemberg—3. Auflage. Bearbeitung: KT vd Trenck, Referat 23 
Medienübergreifende Umweltbeobachtung, Klimawandel, Landesan‑
stalt für Umwelt, Messungen und Naturschutz Baden-Württemberg 
(LUBW), Karlsruhe, & S Kluge, Abteilung 96, Landesgesundheitsamt 
(LGA) Baden-Württemberg im Regierungspräsidium Stuttgart, Stand: 
12. 8. 2014

	 12.	 vd Trenck KT (2009) Grundwasser-Verunreinigung mit perfluorierten 
Tensiden. In: M. Lehle, R. Hahn (Red.), LUBW Landesanstalt für Umwelt, 
Messungen und Naturschutz Baden-Württemberg, Karlsruhe (Hrsg.), 
“Altlasten- und Boden-News 2/2009” 2–9

	 13.	 UM BW—Umweltministerium Baden-Württemberg (2015) Vorläufige 
GFS-Werte PFC für das Grundwasser und Sickerwasser aus schädli‑
chen Bodenveränderungen und Altlasten—Provisional significance 

http://www.atsdr.cdc.gov/ToxProfiles/tp200.pdf
http://www.atsdr.cdc.gov/ToxProfiles/tp200.pdf
http://www.umweltbundesamt.de/sites/default/files/medien/377/dokumente/grenzwerte_leitwerte.pdf
http://www.umweltbundesamt.de/sites/default/files/medien/377/dokumente/grenzwerte_leitwerte.pdf
http://www.bfr.bund.de/cm/343/hohe_gehalte_an_perfluorierten_organischen_tensiden_in_fischen_sind_gesundheitlich_nicht_unbedenklich.pdf
http://www.bfr.bund.de/cm/343/hohe_gehalte_an_perfluorierten_organischen_tensiden_in_fischen_sind_gesundheitlich_nicht_unbedenklich.pdf
http://www.bfr.bund.de/cm/343/hohe_gehalte_an_perfluorierten_organischen_tensiden_in_fischen_sind_gesundheitlich_nicht_unbedenklich.pdf


Page 17 of 20von der Trenck et al. Environ Sci Eur  (2018) 30:19 

thresholds for groundwater and leachate from polluted soil and 
contaminated sites. Erlass des Ministeriums für Umwelt, Klima und 
Energiewirtschaft Baden-Württemberg, Stuttgart, 17.06.2015

	 14.	 BayLfU—Bayerisches Landesamt für Umwelt (2015a) Leitlinien zur vor‑
läufigen Bewertung von PFC-Verunreinigungen in Wasser und Boden. 
Bayerisches Landesamt für Umwelt, Augsburg, Germany. https​://www.
lfu.bayer​n.de/analy​tik_stoff​e/loesc​hscha​eume/doc/pfc_bewer​tungs​
leitl​inien​_03_2013.pdf. Accessed 22 Oct 2017

	 15.	 MKULNV NRW (2014) Gewässerbelastungen durch die Einleitung von 
perfluorier-ten Verbindungen (insbesondere PFOA und PFOS)—Water 
pollution by discharge of perfluorinated compounds, especially PFOA 
and PFOS. Ministerium für Klimaschutz, Umwelt, Landwirtschaft, Natur- 
und Verbraucherschutz des Landes Nordrhein-Westfalen, Düsseldorf

	 16.	 Lud D, Thelen HP, Dieter HH (2010) Bewertung von Wasserbelastungen 
durch “kurzkettige” Perfluortenside anhand neuer Bewertungskriterien. 
Altlastenspektrum 1:5–9

	 17.	 LAWA (2017) Ableitung von Geringfügigkeitsschwellenwerten für das 
Grundwasser—Per- und polyfluorierte Chemikalien (PFC). Report and 
data sheets prepared by the LAWA-LABO-subcommittee “Determina‑
tion of significance thresholds for groundwater” of the Permanent 
Committee “Groundwater and Water Supply” of the Federal States’ 
Water Consortium (LAWA) with contributions by A. Biegel-Engler, J. 
Brodsky, J. Felmeden (management), R. Gihr, A. Hädicke, R. Konietzka, 
A. Quadflieg (chairman), G. Rippen, T Stahl, R. Stockerl, L. Vierke, K.T. v.d. 
Trenck, B. Zedler, editorial deadline 28. 7. 2017, publishing by Kulturbu‑
chverlag expected in 2018

	 18.	 DIN—Deutsches Institut für Normung (2009a) Bestimmung aus‑
gewählter polyfluorierter Verbindungen (PFC) in Wasser—Verfahren 
mittels Hochleistungs-Flüssigkeits-chromatographie und massens‑
pektrometrischer Detektion (HPLC-MS/MS) nach Fest-Flüssig-Extrak‑
tion (F 42). DIN 38407-42, Deutsche Einheitsverfahren zur Wasser–, 
Abwasser- und Schlammuntersuchung-Gemeinsam erfassbare 
Stoffgruppen (Gruppe F)-Teil42

	 19.	 DIN—Deutsches Institut für Normung (2011) Bestimmung aus‑
gewählter polyfluorierter Verbindungen in Schlamm, Kompost 
und Boden—Verfahren mittels HPLC-MS/MS (S14) DIN 38414-14; 
Determination of selected polyfluorinated compounds (PFC) in sludge, 
compost and soil—method using high performance liquid chromatog‑
raphy and mass spectrometric detection (HPLC-MS/MS) (S 14)

	 20.	 KEMI (2016) Strategy for reducing the use of highly fluorinated sub‑
stances, PFASs. Interim report as part of a Government assignment, 
kemikalieinspektionen.se, Swedish Chemicals Agency, report 11/16, pp 
1–39. https​://www.kemi.se/globa​l/rappo​rter/2016/repor​t-11-16-strat​
egy-for-reduc​ing-the-use-of-higly​-fluor​inate​d-subst​ances​-pfas.pdf. 
Accessed 16 Mar 2018

	 21.	 German Fertilizer Ordinance (2012) Verordnung über das Inverkehr‑
bringen von Düngemitteln, Bodenhilfsstoffem, Kultursubstraten und 
Pflanzenhilfsmitteln (Düngemittelverordnung—DüMV) vom 5. 12. 
2012 BGBl. I S. 2482), zuletzt geändert durch Artikel 3 der Verordnung 
vom 26. 5. 2017 (BGBl. I S. 1305). https​://www.geset​ze-im-inter​net.
de/d_mv_2012/D%C3%BCMV.pdf. Accessed 16 Mar 2018

	 22.	 Benskin JP, De Silva AO, Martin JW (2010) Isomer profiling of perfluori‑
nated substances as a tool for source tracking: a review of early findings 
and future applications. Rev Environ Contam Toxicol 208:111–160

	 23.	 EC—European Council (2006) Regulation (EC) No 1907/2006 of the 
European Parliament and of the Council of 18 December 2006 con‑
cerning the Registration, Evaluation, Authorisation and Restriction of 
Chemicals (REACH), establishing a European Chemicals Agency. OJEC 
L396, 30.12.2006, pp 1–849

	 24.	 ECHA—European Chemicals Agency (2008) Guidance on informa‑
tion requirements and chemical safety assessment—Chapter R.10: 
Characterisation of dose [concentration]-response for environment; 
Chapter R.11: PBT Assessment. European Chemicals Agency; Guidance 
Document, May 2008

	 25.	 WHG—Wasserhaushaltsgesetz (2009) German Water Act, 31. 7. 2009 
(BGBl I, S. 2585), zuletzt geändert durch Artikel 1 des Gesetzes vom 
18. 7. 2017 (BGBl. I, S. 2771). http://www.geset​ze-im-inter​net.de/
whg_2009/WHG.pdf. Accessed 28 Oct 2017

	 26.	 LAWA (2016) Ableitung von Geringfügigkeitsschwellenwerten für 
das Grundwasser—deriving significance thresholds for groundwater 
contaminants. Länderarbeitsgemeinschaft Wasser. Report, updated 

version in German. http://www.lawa.de/docum​ents/Gerin​gfueg​igkei​
ts_Beric​ht_Seite​_001-028_6df.pdf. Accessed 22 Oct 2017. Report in 
German including datasheets, ISBN 978-3-88961-260-1: Kulturbuch-
Verlag GmbH, Sprosserweg 3, 12351 Berlin. http://www.lawa.de/Publi​
katio​nen.html

	 27.	 LAWA—Länderarbeitsgemeinschaft Wasser (2004) Ableitung von 
Geringfügigkeitsschwellen für das Grundwasser. Herausgegeben 
von der Länderarbeitsgemeinschaft Wasser (LAWA) unter Vorsitz von 
Nordrhein-Westfalen, Düsseldorf, Dezember 2004, Kulturbuch-Verlag, 
Berlin im Dezember 2004, Textteil. http://www.lawa.de/docum​ents/
GFS-Beric​ht-DE_a8c.pdf. Accessed 27 Oct 2017, including data sheets: 
Kulturbuch-Verlag GmbH Berlin, ISBN 3-88961-250-; English version: 
http://www.lawa.de/docum​ents/GFS-Repor​t_8df.pdf

	 28.	 TrinkwV—Trinkwasserverordnung (2016) Verordnung über die Qualität 
von Wasser für den menschlichen Gebrauch –Trinkwasserverordnung 
(Drinking Water Ordinance) in der Fassung der Bekanntmachung vom 
10. März 2016 (BGBl. I S. 459), die durch Artikel 4 Absatz 21 des Gesetzes 
vom 18. Juli 2016 (BGBl. I S. 1666) geändert worden ist. https​://www.
geset​ze-im-inter​net.de/bunde​srech​t/trink​wv_2001/gesam​t.pdf. 
Accessed 22 Oct 2017

	 29.	 TGD—Technical Guidance Documents (2011) Technical Guidance for 
Deriving Environmental Quality Standards. Common Implementation 
Strategy for the Water Framework Directive (2000/60/EC). Technical 
Report-2011-055, Guidance Document No. 27, 1–203. https​://circa​
bc.europ​a.eu/d/a/works​pace/Space​sStor​e/0cc35​81b-5f65-4b6f-91c6-
433a1​e9478​38/TGD-EQS%20CIS​-WFD%2027%20EC%20201​1. Accessed 
22 Oct 2017

	 30.	 EC (2011) Common implementation strategy for the water framework 
directive (2000/60/EC). Guidance Document No. 27, Technical guidance 
for deriving environmental quality standards. European Communities. 
https​://circa​bc.europ​a.eu/sd/a/0cc35​81b-5f65-4b6f-91c6-433a1​e9478​
38/TGD-EQS%20CIS​-WFD%2027%20EC%20201​1.pdf. Accessed 16 Mar 
2018

	 31.	 Blaine AC, Rich CD, Sedlacko EM, Hyland KC, Stushnoff C, Dickenson ER, 
Higgins CP (2014) Perfluoroalkyl acid uptake in lettuce (Lactuca sativa) 
and strawberry (Fragaria ananassa) irrigated with reclaimed water. 
Environ Sci Technol 48(24):14361–14368

	 32.	 Stahl T, Mattern D, Brunn H (2011) Toxicology of perfluorinated com‑
pounds. Environ Sci Eur 23(1):38ff. http://www.enveu​rope.com/conte​
nt/23/1/38. Accessed 22 Oct 2017

	 33.	 Theobald N, Schäfer S, Baaß AC (2011) Perfluorierte Verbindungen in 
archivierten Fischproben der Umweltprobenbank des Bundes. FKZ 301 
02 038. http://www.umwel​tprob​enban​k.de/de/docum​ents/publi​catio​
ns/16904​ (14.05.2013). Accessed 16 Mar 2018

	 34.	 Goeritz I, Falk S, Stahl T, Schäfers C, Schlechtriem C (2013) Biomagnifi‑
cation and tissue distribution of perfluoroalkyl substances (PFASs) in 
market-size rainbow trout (Oncorhynchus mykiss). Environ Toxicol Chem 
32(9):2078–2088

	 35.	 Ng CA, Hungerbühler K (2014) Bioaccumulation of perfluorinated alkyl 
acids: observations and models. Environ Sci Technol 48:4637–4648

	 36.	 Valsecchi S, Rusconi M, Polesello S (2013) Determination of perfluori‑
nated compounds in aquatic organisms: a review. Anal Bioanal Chem 
405:143–157. https​://doi.org/10.1007/s0021​6-012-6492-7

	 37.	 LANUV NRW—Landesamt für Natur, Umwelt und Verbraucherschutz 
Nordrhein-Westfalen (2011) Verbreitung von PFT in der Umwelt : 
Ursachen–Untersuchungsstrategie–Ergebnisse—Maßnahmen. LANUV-
Fachbericht Nr. 34. 118 Seiten. Landesamt für Natur, Umwelt und 
Verbraucherschutz Nordrhein-Westfalen (Hrsg.), Recklinghausen. http://
www.lanuv​.nrw.de/lande​samt/veroe​ffent​lichu​ngen/publi​katio​nen/
fachb​erich​te/?tx_comme​rce_pi1%5Bsho​wUid%5D=75&tx_comme​
rce_pi1%5Bcat​Uid%5D=4&cHash​=f8daf​89887​d9b2c​dc179​47710​10f5f​
45. Accessed 22 Oct 2017

	 38.	 UBA—Umweltbundesamt (2016) Fortschreibung der vorläufigen 
Bewertung von per- und polyfluorierten Chemikalien (PFC) im Trink‑
wasser—Begründungen der vorgeschlagenen Werte im Einzelnen. 
Empfehlung des Umweltbundesamtes nach Anhörung der Trinkwas‑
serkommission am 20. 9. 2016, pp 1–71. Updated assessment of PFC in 
drinking water—rationale of the proposed criteria in detail. Recom‑
mendation of the German Environment Office after hearing the Drink‑
ing Water Commission—in German. https​://www.umwel​tbund​esamt​
.de/sites​/defau​lt/files​/medie​n/374/dokum​ente/bewer​tung_der_konze​

https://www.lfu.bayern.de/analytik_stoffe/loeschschaeume/doc/pfc_bewertungsleitlinien_03_2013.pdf
https://www.lfu.bayern.de/analytik_stoffe/loeschschaeume/doc/pfc_bewertungsleitlinien_03_2013.pdf
https://www.lfu.bayern.de/analytik_stoffe/loeschschaeume/doc/pfc_bewertungsleitlinien_03_2013.pdf
https://www.kemi.se/global/rapporter/2016/report-11-16-strategy-for-reducing-the-use-of-higly-fluorinated-substances-pfas.pdf
https://www.kemi.se/global/rapporter/2016/report-11-16-strategy-for-reducing-the-use-of-higly-fluorinated-substances-pfas.pdf
https://www.gesetze-im-internet.de/d_mv_2012/D%25C3%25BCMV.pdf
https://www.gesetze-im-internet.de/d_mv_2012/D%25C3%25BCMV.pdf
http://www.gesetze-im-internet.de/whg_2009/WHG.pdf
http://www.gesetze-im-internet.de/whg_2009/WHG.pdf
http://www.lawa.de/documents/Geringfuegigkeits_Bericht_Seite_001-028_6df.pdf
http://www.lawa.de/documents/Geringfuegigkeits_Bericht_Seite_001-028_6df.pdf
http://www.lawa.de/Publikationen.html
http://www.lawa.de/Publikationen.html
http://www.lawa.de/documents/GFS-Bericht-DE_a8c.pdf
http://www.lawa.de/documents/GFS-Bericht-DE_a8c.pdf
http://www.lawa.de/documents/GFS-Report_8df.pdf
https://www.gesetze-im-internet.de/bundesrecht/trinkwv_2001/gesamt.pdf
https://www.gesetze-im-internet.de/bundesrecht/trinkwv_2001/gesamt.pdf
https://circabc.europa.eu/d/a/workspace/SpacesStore/0cc3581b-5f65-4b6f-91c6-433a1e947838/TGD-EQS%20CIS-WFD%2027%20EC%202011
https://circabc.europa.eu/d/a/workspace/SpacesStore/0cc3581b-5f65-4b6f-91c6-433a1e947838/TGD-EQS%20CIS-WFD%2027%20EC%202011
https://circabc.europa.eu/d/a/workspace/SpacesStore/0cc3581b-5f65-4b6f-91c6-433a1e947838/TGD-EQS%20CIS-WFD%2027%20EC%202011
https://circabc.europa.eu/sd/a/0cc3581b-5f65-4b6f-91c6-433a1e947838/TGD-EQS%20CIS-WFD%2027%20EC%202011.pdf
https://circabc.europa.eu/sd/a/0cc3581b-5f65-4b6f-91c6-433a1e947838/TGD-EQS%20CIS-WFD%2027%20EC%202011.pdf
http://www.enveurope.com/content/23/1/38
http://www.enveurope.com/content/23/1/38
http://www.umweltprobenbank.de/de/documents/publications/16904
http://www.umweltprobenbank.de/de/documents/publications/16904
https://doi.org/10.1007/s00216-012-6492-7
http://www.lanuv.nrw.de/landesamt/veroeffentlichungen/publikationen/fachberichte/%3ftx_commerce_pi1%255BshowUid%255D%3d75%26tx_commerce_pi1%255BcatUid%255D%3d4%26cHash%3df8daf89887d9b2cdc1794771010f5f45
http://www.lanuv.nrw.de/landesamt/veroeffentlichungen/publikationen/fachberichte/%3ftx_commerce_pi1%255BshowUid%255D%3d75%26tx_commerce_pi1%255BcatUid%255D%3d4%26cHash%3df8daf89887d9b2cdc1794771010f5f45
http://www.lanuv.nrw.de/landesamt/veroeffentlichungen/publikationen/fachberichte/%3ftx_commerce_pi1%255BshowUid%255D%3d75%26tx_commerce_pi1%255BcatUid%255D%3d4%26cHash%3df8daf89887d9b2cdc1794771010f5f45
http://www.lanuv.nrw.de/landesamt/veroeffentlichungen/publikationen/fachberichte/%3ftx_commerce_pi1%255BshowUid%255D%3d75%26tx_commerce_pi1%255BcatUid%255D%3d4%26cHash%3df8daf89887d9b2cdc1794771010f5f45
http://www.lanuv.nrw.de/landesamt/veroeffentlichungen/publikationen/fachberichte/%3ftx_commerce_pi1%255BshowUid%255D%3d75%26tx_commerce_pi1%255BcatUid%255D%3d4%26cHash%3df8daf89887d9b2cdc1794771010f5f45
https://www.umweltbundesamt.de/sites/default/files/medien/374/dokumente/bewertung_der_konzentrationen_von_pfc_im_trinkwasser_-_wertebegruendungen.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/374/dokumente/bewertung_der_konzentrationen_von_pfc_im_trinkwasser_-_wertebegruendungen.pdf


Page 18 of 20von der Trenck et al. Environ Sci Eur  (2018) 30:19 

ntrat​ionen​_von_pfc_im_trink​wasse​r_-_werte​begru​endun​gen.pdf. 
Accessed 16 Mar 2018

	 39.	 EU—European Union (2013) Directive 2013/39/EU of the European 
Parliament and of the Council of 12 August 2013 amending Directives 
2000/60/EC and 2008/105/EC as regards priority substances in the 
field of water policy. European Parliament and Council of the European 
Union. Official Journal of the European Union L 226/1-17 of 24 Aug 
2013. http://eur-lex.europ​a.eu/legal​-conte​nt/EN/ALL/?uri=CELEX​
%3A320​13L00​39, http://eur-lex.europ​a.eu/legal​-conte​nt/EN/
ALL/?uri=CELEX​%3A320​13L00​39. Accessed 22 Oct 2017

	 40.	 SCHER—Scientific Committee on Health and Environmental Risks 
(2011) Perfluorooctane sulphonate (PFOS)—opinion on “chemicals and 
the water framework directive: draft environmental quality standards”. 
Scientific Committee on Health and Environmental Risks. http://
ec.europ​a.eu/healt​h/scien​tific​_commi​ttees​/envir​onmen​tal_risks​/docs/
scher​_o_141.pdf. Accessed 22 Oct 2017

	 41.	 Klimisch HJ, Andreae M, Tillmann U (1997) A systematic approach for 
evaluating the quality of experimental toxicological and ecotoxicologi‑
cal data. Regul Toxicol Pharmacol 25(1):1–5

	 42.	 Rosenmai AK, Trier X, Taxvig C, van Vugt-Lussenburg BMA, Vinggaard 
AM (2014) Fluorinated compounds and technical mixtures for use in 
food contact materials have estrogenic activity in an in vitro screening. 
Manuskript in Vorbereitung. Veröffentlicht in: Compounds in food 
packaging materials—toxicological profiling of knowns and unknowns. 
Anna Kjerstine Rosenmai. PhD thesis. DTU Food-National Food Institute, 
Technical University of Denmark. ISBN 978-87-93109-29-2. DK-Søborg, 
Oktober 2014

	 43.	 Selderslaghs IW, Blust R, Witters HE (2012) Feasibility study of the 
Zebrafish Assay as an alternative method to screen for developmental 
toxicity and embryotoxicity using a training set of 27 compounds. 
Reprod Toxicol 33:142–154

	 44.	 Beekhuijzen M, de Koning C, Flores-Guillén ME, de Vries-Buitenweg S, 
Tobor-Kaplon M, van de Waart B, Emmen H (2015) From cutting edge 
to guideline: a first step in harmonization of the zebrafish embryo‑
toxicity test (ZET) by describing the most optimal test conditions and 
morphology scoring system. Reprod Toxicol 56:64–76

	 45.	 DIN—Deutsches Institut für Normung (2009b) Wasserbeschaffenheit—
Bestimmung der akuten Toxizität von Abwasser auf Zebrafisch-Eier 
(Danio rerio); water quality—determination of the acute toxicity of 
waste water to zebrafish eggs (Danio rerio). ISO 15088: 2007; German 
version DIN EN ISO 15088:2009-06. Deutsches Institut für Normung e.V., 
Beuth Verlag, Germany

	 46.	 OECD—Organization for Economic Co-Operation and Development 
(2009) The amphibian metamorphosis assay. OECD Guideline for the 
Testing of Chemicals No. 231, adopted Sept. 2009. http://www.oecd.
org/env/test-no-231-amphi​bian-metam​orpho​sis-assay​-97892​64076​
242-en.htm. Accessed 22 Oct 2017

	 47.	 Abbott BD (2009) Review of the expression of peroxisome proliferator-
activated receptors alpha (PPAR alpha), beta (PPAR beta), and gamma 
(PPAR gamma) in rodent and human development. Reprod Toxicol 
27:246–257

	 48.	 Klaunig JE, Babich MA, Baetcke KP, Cook JC, Corton JC, David RM, 
DeLuca JG, Lai DY, McKee RH, Peters JM, Roberts RA, Fenner-Crisp PA 
(2003) PPARalpha agonist-induced rodent tumors: modes of action and 
human relevance. Crit Rev Toxicol 33:655–780

	 49.	 Harris MW, Birnbaum LS (1989) Developmental toxicity of perfluorode‑
canoic acid in C57BL/6N mice. Fundam Appl Toxicol 12:442–448

	 50.	 Albrecht PP, Torsell NE, Krishnan P, Ehresman DJ, Frame SR, Chang S-C, 
Butenhoff JL, Kennedy GL, Gonzalez FJ, Peters JM (2013) A species 
difference in the PPARα-dependent response to the developmental 
effects of PFOA. Toxicol Sci 131(2):568–582

	 51.	 Bjork JA, Wallace KB (2009) Structure–activity relationships and human 
relevance for perfluoroalkyl acid-induced transcriptional activation of 
peroxisome proliferation in liver cell cultures. Toxicol Sci 111(1):89–99

	 52.	 Wolf CJ, Takacs ML, Schmid JE, Lau C, Abbott BD (2008) Activation of 
mouse and human PPARα by perfluoroalkyl acids of different functional 
groups and chain lengths. Toxicol Sci 106(1):162–171

	 53.	 Macon MB, La Tonya R, Villanueva R, Tatum-Gibbs K, Zehr RD, Strynar MJ, 
Stanko JP, White SS, Helfant L, Fenton SE (2011) Prenatal PFOA exposure 
in CD-1 mice: low dose developmental effects and internal dosimetry. 
Toxicol Sci 122(1):134–145

	 54.	 Chang S-C (2009) Effects of PFOS on thyroid hormone status in rats. 
Dissertation submitted to the faculty of the graduate school of the 
University of Minnesota in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy; advisor: MJ Murphy

	 55.	 OECD—Organization for Economic Co-Operation and Development 
(2012) Fish short term reproduction assay. OECD Guideline for the Test‑
ing of Chemicals No. 229, adopted Oct. 2012. http://www.oecd-ilibr​ary.
org/envir​onmen​t/oecd-guide​lines​-for-the-testi​ng-of-chemi​cals-secti​
on-2-effec​ts-on-bioti​c-syste​ms_20745​761. Accessed 22 Oct 2017

	 56.	 OECD—Organization for Economic Co-Operation and Development 
(2011) Fish sexual development test. OECD Guideline for the Testing 
of Chemicals No. 234, adopted July 2011. http://www.oecd-ilibr​ary.
org/envir​onmen​t/oecd-guide​lines​-for-the-testi​ng-of-chemi​cals-secti​
on-2-effec​ts-on-bioti​c-syste​ms_20745​761. Accessed 22 Oct 2017

	 57.	 OECD—Organization for Economic Co-Operation and Development 
(2013) Fish embryo acute toxicity (FET) test. OECD Guideline for the 
Testing of Chemicals No. 236, adopted July 2013. http://www.oecd.org/
env/ehs/testi​ng/2012-07-09_Draft​_FET_TG_v8_FINAL​.pdf. Accessed 16 
Mar 2018

	 58.	 BayLfU—Bayerisches Landesamt für Umwelt (2015b) Aufkonzen‑
trierung von Umweltproben für Wirktests am Beispiel endokrin 
wirksamer Substanzen und 4. Reinigungsstufe; Projekterweiterung: 
Bewertung flussgebietsspezifischer Schadstoffe. Projekt-Nr. 76e01-148. 
Bayerisches Landesamt für Umwelt, Augsburg, Germany

	 59.	 Hoke R, Bouchelle L, Ferrell B, Buck R (2012) Comparative acute fresh‑
water hazard assessment and preliminary PNEC development for eight 
fluorinated acids. Chemosphere 87:725–733

	 60.	 OECD—Organization for Economic Co-Operation and Development 
(2008) SIDS initial assessment profile—ammonium perfluorooctanoate 
& perfluorooctanoic acid. Screening Information Dataset for High Vol‑
ume Chemicals; International Council of Chemical Associations (ICCA). 
http://webne​t.oecd.org/hpv/ui/handl​er.axd?id=c4b47​00f-48f3-4aca-
b6a7-6606b​1a4fa​48. Accessed 22 Oct 2017

	 61.	 EU—European Union (2011) PFOS EQS dossier: Perfluorooctane sul‑
phonate. Priority substances, Communication & Information Resource 
Centre Administrator (CIRCA), Brussels, 19. 1. 2011. https​://circa​bc.europ​
a.eu/sd/a/027ff​47c-038b-4929-a84c-da335​9acec​ee/PFOS%20EQS​
%20dos​sier%20201​1.pdf. Accessed 22 Oct 2017

	 62.	 LAWA—Länderarbeitsgemeinschaft Wasser (2011) Ableitung von 
Geringfügigkeitsschwellen für das Grundwasser—NSO-Heterozyklen—
Deriving significance thresholds for groundwater contaminants. Bund/
Länder-Arbeitsgemeinschaft Wasser. Report including data sheets 
online available: http://www.lawa.de/docum​ents/Beric​ht_NSO_Heter​
ozykl​en_9f8.pdf. Accessed 22 Oct 2017

	 63.	 HBM (2015a) PFOA/PFOS-HBM I-Wertableitung – Übersichtsdarstellung 
kritischer Effekte und Ableitungswege. Kommission Humanbiomonitor‑
ing mandated by the German Environment Office, project number 32 
403. Report J. Hölzer, M. Joswig, H. Lilienthal, M. Schümann, M. Wilhelm, 
cooperating: N. Goeken, A. Kolbe, H. Mielke, U. Mogwitz, J. Rathjens, 
Abt. f. Hygiene, Sozial- u. Umweltmedizin, Ruhr-Universität Bochum. 
Oktober 2015 (unpublished)

	 64.	 HBM (2015b) Human-Biomonitoring von PFC, Entwicklung toxikologis‑
cher Beurteilungswerte für PFOA und PFOS in Humanblut–Humane‑
pidemiologische Studien—Darstellung und Bewertung. Kommission 
Humanbiomonitoring mandated by the German Environment Office, 
project number 32 403. Ruhr-Universität Bochum. Oktober 2015 
(unpublished)

	 65.	 HBM (2015c) Human-Biomonitoring von PFC, Entwicklung toxikologis‑
cher Beurteilungswerte für PFOA und PFOS in Humanblut—PBPK-Mod‑
ellierung. Kommission Humanbiomonitoring mandated by the German 
Environment Office, project number 32 403. Ruhr-Universität Bochum. 
Oktober 2015 (unpublished)

	 66.	 HBM—Human Biomonitoring Commission (2016) HBM I values for 
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS) 
in blood plasma. Statement of the German Human Biomonitoring 
Commission (HBM Commission). Announcement of the German Envi‑
ronment Agency (UBA). Bundesgesundheitsbl 59:1364. https​://www.
umwel​tbund​esamt​.de/sites​/defau​lt/files​/medie​n/355/dokum​ente/
hbm_i_value​s_for_pfoa_and_pfos.pdf. Accessed 22 Oct 2017

	 67.	 UBA—Umweltbundesamt (2017) Fortschreibung der vorläufigen 
Bewertung von per- und polyfluorierten Chemikalien (PFC) im 

https://www.umweltbundesamt.de/sites/default/files/medien/374/dokumente/bewertung_der_konzentrationen_von_pfc_im_trinkwasser_-_wertebegruendungen.pdf
http://eur-lex.europa.eu/legal-content/EN/ALL/%3furi%3dCELEX%253A32013L0039
http://eur-lex.europa.eu/legal-content/EN/ALL/%3furi%3dCELEX%253A32013L0039
http://eur-lex.europa.eu/legal-content/EN/ALL/%3furi%3dCELEX%253A32013L0039
http://eur-lex.europa.eu/legal-content/EN/ALL/%3furi%3dCELEX%253A32013L0039
http://ec.europa.eu/health/scientific_committees/environmental_risks/docs/scher_o_141.pdf
http://ec.europa.eu/health/scientific_committees/environmental_risks/docs/scher_o_141.pdf
http://ec.europa.eu/health/scientific_committees/environmental_risks/docs/scher_o_141.pdf
http://www.oecd.org/env/test-no-231-amphibian-metamorphosis-assay-9789264076242-en.htm
http://www.oecd.org/env/test-no-231-amphibian-metamorphosis-assay-9789264076242-en.htm
http://www.oecd.org/env/test-no-231-amphibian-metamorphosis-assay-9789264076242-en.htm
http://www.oecd-ilibrary.org/environment/oecd-guidelines-for-the-testing-of-chemicals-section-2-effects-on-biotic-systems_20745761
http://www.oecd-ilibrary.org/environment/oecd-guidelines-for-the-testing-of-chemicals-section-2-effects-on-biotic-systems_20745761
http://www.oecd-ilibrary.org/environment/oecd-guidelines-for-the-testing-of-chemicals-section-2-effects-on-biotic-systems_20745761
http://www.oecd-ilibrary.org/environment/oecd-guidelines-for-the-testing-of-chemicals-section-2-effects-on-biotic-systems_20745761
http://www.oecd-ilibrary.org/environment/oecd-guidelines-for-the-testing-of-chemicals-section-2-effects-on-biotic-systems_20745761
http://www.oecd-ilibrary.org/environment/oecd-guidelines-for-the-testing-of-chemicals-section-2-effects-on-biotic-systems_20745761
http://www.oecd.org/env/ehs/testing/2012-07-09_Draft_FET_TG_v8_FINAL.pdf
http://www.oecd.org/env/ehs/testing/2012-07-09_Draft_FET_TG_v8_FINAL.pdf
http://webnet.oecd.org/hpv/ui/handler.axd%3fid%3dc4b4700f-48f3-4aca-b6a7-6606b1a4fa48
http://webnet.oecd.org/hpv/ui/handler.axd%3fid%3dc4b4700f-48f3-4aca-b6a7-6606b1a4fa48
https://circabc.europa.eu/sd/a/027ff47c-038b-4929-a84c-da3359acecee/PFOS%20EQS%20dossier%202011.pdf
https://circabc.europa.eu/sd/a/027ff47c-038b-4929-a84c-da3359acecee/PFOS%20EQS%20dossier%202011.pdf
https://circabc.europa.eu/sd/a/027ff47c-038b-4929-a84c-da3359acecee/PFOS%20EQS%20dossier%202011.pdf
http://www.lawa.de/documents/Bericht_NSO_Heterozyklen_9f8.pdf
http://www.lawa.de/documents/Bericht_NSO_Heterozyklen_9f8.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/355/dokumente/hbm_i_values_for_pfoa_and_pfos.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/355/dokumente/hbm_i_values_for_pfoa_and_pfos.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/355/dokumente/hbm_i_values_for_pfoa_and_pfos.pdf


Page 19 of 20von der Trenck et al. Environ Sci Eur  (2018) 30:19 

Trinkwasser—Empfehlung des Umweltbundesamtes nach Anhörung 
der Trinkwasserkommission. Updated assessment of PFC in drinking 
water. Recommendation of the German Environment Office after hear‑
ing the Drinking Water Commission—in German. Bundesgesundheitsbl 
60:350–352. https​://www.umwel​tbund​esamt​.de/sites​/defau​lt/files​/
medie​n/374/dokum​ente/forts​chrei​bung_der_uba-pfc-bewer​tunge​
n_bunde​sgesu​ndhei​tsbl_2017-60_s_350-352.pdf. Accessed 16 May 
2018

	 68.	 Borg D, Håkansson H (2012) Environmental and Health Risk Assessment 
of Perfluoroalkylated and Polyfluoroalkylated Substances (PFASs) in 
Sweden, Swedish Environmental Protection Agency, REPORT 6513

	 69.	 Danish EPA (2013) Environmental Protection Agency (EPA): survey of 
PFOS, PFOA and other perfluoroalkyl and polyfluoroalkyl substances. 
Environmental Project No. 1475

	 70.	 BAuA—Bundesanstalt für Arbeitsschutz und Arbeitsmedizin—Federal 
Institute for Industrial Hygiene and Occupational Medicine (2014): 
Technische Regeln für Gefahrstoffe—Technical rules for hazardous 
materials. TRGS 402, Abschnitt 5.2.1 Stoff- und Bewertungsindex—
Index for the health assessment of chemical substances. Bundesanstalt 
für Arbeitsschutz und Arbeitsmedizin. http://www.baua.de/de/Theme​
n-von-A-Z/Gefah​rstof​fe/TRGS/pdf/TRGS-402.pdf?__blob=publi​catio​
nFile​&v=7. Accessed 22 Oct 2017

	 71.	 Italian EQS Working Group (2015b) PFPeA dossier, drafted by S. Valsec‑
chi and S. Polesello (IRSA-CNR), D. Conti (ISPRA), and R. Crebelli (ISS), 7. 
1. 2015. (unpublished)

	 72.	 Valsecchi S, Conti D, Crebelli R, Polesello S (2016) Deriving environ‑
mental quality standards for perfluorooctanoic acid (PFOA) and related 
short chain perfluorinated alkyl acids. J Hazard Mater. https​://doi.
org/10.1016/j.jhazm​at.2016.04.055

	 73.	 Italian EQS Working Group (2015c) PFHxA dossier, drafted by S. Valsec‑
chi and S. Polesello (IRSA-CNR), D. Conti (ISPRA), and R. Crebelli (ISS), 7. 
1. 2015. (unpublished)

	 74.	 Italian EQS Working Group (2015e) PFBS dossier, drafted by S. Valsecchi 
and S. Polesello (IRSA-CNR), D. Conti (ISPRA), and R. Crebelli (ISS), 7. 1. 
2015 (unpublished)

	 75.	 Italian EQS Working Group (2015d) PFOA dossier, drafted by S. Valsecchi 
and S. Polesello (IRSA-CNR), D. Conti (ISPRA), and R. Crebelli (ISS), 7. 1. 
2015 (unpublished)

	 76.	 Italian EQS Working Group (2015a) PFBA dossier, drafted by S. Valsecchi 
and S. Polesello (IRSA-CNR), D. Conti (ISPRA), and R. Crebelli (ISS), 7. 1. 
2015 (unpublished)

	 77.	 EIC (2014) Assessment of POP criteria for specific short-chain perfluori‑
nated alkyl substances. ENVIRON International Corporation, Project 
Number: 0134304A. https​://fluor​ocoun​cil.com/wp-conte​nt/uploa​
ds/2017/03/ENVIR​ON-Asses​sment​-of-POP-Crite​ria-Resou​rces-1.pdf. 
Accessed 16 May 2018

	 78.	 Wang Z, Cousins IT, Scheringer M, Hungerbuehler K (2013) Fluorinated 
alternatives to long-chain perfluoroalkyl carboxylic acids (PFCAs), 
perfluoroalkane sulfonic acids (PFSAs) and their potential precursors. 
Environ Int 60:242–248

	 79.	 Taxvig C, Rosenmai AK, Vinggaard AM (2014) Polyfluorinated alkyl phos‑
phate ester surfactants—current knowledge and knowledge gaps. 
Basic Clin Pharmacol Toxicol 115(1):41–44

	 80.	 UNEP—United Nations Environment Program (2012) Technical paper 
on the identification and assessment of alternatives to the use of 
perfluorooctane sulfonic acid, its salts, perfluorooctane sulfonyl fluoride 
and their related chemicals in open applications. United Nations Envi‑
ronmental Programme, Persistent Organic Pollutants Review Commit‑
tee: Eighth meeting, Geneva, 15.–18. 10. 2012. UNEP/POPS/POPRC.8/
INF/17/Rev.1. http://chm.pops.int/Defau​lt.aspx?tabid​=2801. Accessed 
22 Oct 2017

	 81.	 Jahnke A, Berger U (2009) Trace analysis of per- and polyfluorinated 
alkyl substances in various matrices—how do current methods per‑
form? J Chromatogr A 1216(3):410–421

	 82.	 Butt CM, Muir DC, Mabury SA (2014) Biotransformation pathways of 
fluorotelomer-based polyfluoroalkyl substances: a review. Sci Total 
Environ 408:2936–2965

	 83.	 Wang N, Liu J, Buck RC, Korzeniowski SH, Wolstenholme BW, Folsom 
PW, Sulecki LM (2011) 6:2 Fluorotelomer sulfonate aerobic biotransfor‑
mation in activated sludge of waste water treatment plants. Chemos‑
phere 82:853–858

	 84.	 Munoz G, Giraudel JL, Botta F, Lestremau F, Dévier MH, Budzinski H, Lab‑
adie P (2015) Spatial distribution and partitioning behavior of selected 
poly- and perfluoroalkyl substances in freshwater ecosystems: a French 
nationwide survey. Sci Total Environ 517:48–56

	 85.	 Heydebreck F, Tang J, Xie Z, Ebinghaus R (2015a) Vorkommen und 
Verbreitung von perfluorierten Alkylsubstanzen (PFAS) in europäischen 
und chinesischen Fluss-Ästuar-Systemen—occurrence and distribution 
of PFAS in European and Chinese estuaries. Mitt Umweltchem Ökotox 
21:103–106

	 86.	 Heydebreck F, Tang J, Xie Z, Ebinghaus R (2015b) Alternative and legacy 
perfluoroalkyl substances: differences between European and Chinese 
River/Estuary Systems. Environ Sci Technol 49:8386–8395

	 87.	 Backe WJ, Day TC, Field JA (2013) Zwitterionic, cationic, and anionic 
fluorinated chemicals in aqueous film forming foam formulations and 
groundwater from US military bases by nonaqueous large-volume 
injection HPLC–MS/MS. Environ Sci Technol 47(10):5226–5234

	 88.	 Gellrich V (2014) Sorption und Verbreitung per und polyfluorierter 
Chemikalien (PFAS) in Wasser und Boden—Sorption and distribution of 
PFAS ian water and soil. Dissertation (PhD-thesis) an der Justus-Liebig-
Universität Gießen, FB 08 Biologie und Chemie

	 89.	 Skutlarek D, Exner M, Färber H (2006) Perfluorinated surfactants in 
surface and drinking waters. Environ Sci Pollut Res Int 13(5):299–307

	 90.	 Hessian Agency for Nature Conservation (2017) Environment and geol‑
ogy. Wiesbaden, Germany (unpublished data)

	 91.	 Gellrich V, Brunn H, Stahl T (2013) Perfluoroalkyl and polyfluoroalkyl 
substances (PFASs) in mineral water and tap water. J Environ Sci Health 
A Tox Hazard Subst Environ Eng 48:129–135

	 92.	 Butenhoff JL, Bjork JA, Chang SC, Ehresman DJ, Parker GA, Das K, Lau C, 
Lieder PH, van Otterdijk FM, Wallace KB (2012) Toxicological evaluation 
of ammonium perfluorobutyrate in rats: 28-day and 90-day oral gavage 
studies. Reprod Toxicol 33:513–530

	 93.	 van Otterdijk FM (2007b) Repeated dose 90-day oral toxicity study with 
MTDID 8391 by daily gavage in the rat followed by a 3-week recovery 
period. NOTOX Project 484492, 3 M Study No. 06-398. http://www.healt​
h.state​.mn.us/divs/eh/hazar​dous/90day​pfbar​eport​.pdf

	 94.	 Looker C, Luster MI, Calafat AM, Johnson VJ, Burleson GR, Burleson FG, 
Fletcher T (2014) Influenza vaccine response in adults exposed to PFOA 
and PFOS. Toxicol Sci 138(1):76–88

	 95.	 Butenhoff J, Costa G, Elcombe C, Farrar D, Hansen K, Iwai H, Jung R, Ken‑
nedy G Jr, Lieder P, Olsen G, Thomford P (2002) Toxicity of ammonium 
perfluorooctanoate in male Cynomolgus monkeys after oral dosing for 
6 months. Toxicol Sci 69(1):244–257

	 96.	 Stump DG, Holson JF, Murphy SR, Farr CH, Schmit B, Shinohara M (2008) 
An oral two-generation reproductive toxicity study of S-111-S-WB in 
rats. Reprod Toxicol 25:7–20

	 97.	 NJDWQI (2015) Health-based maximum contaminant levels support 
document: perfluorononanoic acid (PFNA). New Jersey Drinking Water 
Quality Institute. http://www.nj.gov/dep/water​suppl​y/pdf/pfna-healt​
h-effec​ts.pdf. Accessed 16 May 2018

	 98.	 Lieder PH, Chang S-C, York RG, Butenhoff JL (2009) Toxicological evalu‑
ation of potassium perfluorobutanesulfonate in a 90-day oral gavage 
study with Sprague-Dawley rats. Toxicology 255:45–52

	 99.	 Butenhoff JL, Chang SC, Ehresman DJ, York RG (2009) Evaluation of 
potential reproductive and developmental toxicity of potassium 
perfluorohexanesulfonate in Sprague Dawley rats. Reprod Toxicol 
27(3–4):331–341

	100.	 Butenhoff JL, Chang S-C, Olsen GW, Thomford PJ (2012) Chronic dietary 
toxicity and carcinogenicity study with K-PFOS in Sprague Dawley rats. 
Toxicology 293:1–15

	101.	 Seacat AM, Thomford PJ, Handen KJ, Olsen GW, Case MT, Butenhoff JL 
(2002) Subchronic toxicity studies on perfluorooctanesulfonate potas‑
sium salt in Cynomolgus monkeys. Toxicol Sci 68(1):249–264

	102.	 Chang S-C, Andres KL, Ehresman DJ, Falvo R, Olsen GW, Butenhoff JL 
(2015) Oral dosing of PFOS in Cynomolgus monkeys with 1-year follow 
up. Poster-Präsentation für die Fluoros-Konferenz, 12.–14. 7. 2015 in der 
Colorado School of Mines, Golden, CO 80401, USA

	103.	 Peden-Adams MM, Keller JM, Eudaly JG, Berger J, Gilkeson GS, Keil DE 
(2008) Suppression of humoral immunity in mice following exposure to 
PFOS. Toxicol Sci 104:144–154

	104.	 Qazi MR, Xia ZL, Bogdanska J, Chang S-C, Ehresmann DJ, Buten‑
hoff JL, DePierre Nelson BD, Abedi-Valugerdi M (2009) The atrophy 

https://www.umweltbundesamt.de/sites/default/files/medien/374/dokumente/fortschreibung_der_uba-pfc-bewertungen_bundesgesundheitsbl_2017-60_s_350-352.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/374/dokumente/fortschreibung_der_uba-pfc-bewertungen_bundesgesundheitsbl_2017-60_s_350-352.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/374/dokumente/fortschreibung_der_uba-pfc-bewertungen_bundesgesundheitsbl_2017-60_s_350-352.pdf
http://www.baua.de/de/Themen-von-A-Z/Gefahrstoffe/TRGS/pdf/TRGS-402.pdf%3f__blob%3dpublicationFile%26v%3d7
http://www.baua.de/de/Themen-von-A-Z/Gefahrstoffe/TRGS/pdf/TRGS-402.pdf%3f__blob%3dpublicationFile%26v%3d7
http://www.baua.de/de/Themen-von-A-Z/Gefahrstoffe/TRGS/pdf/TRGS-402.pdf%3f__blob%3dpublicationFile%26v%3d7
https://doi.org/10.1016/j.jhazmat.2016.04.055
https://doi.org/10.1016/j.jhazmat.2016.04.055
https://fluorocouncil.com/wp-content/uploads/2017/03/ENVIRON-Assessment-of-POP-Criteria-Resources-1.pdf
https://fluorocouncil.com/wp-content/uploads/2017/03/ENVIRON-Assessment-of-POP-Criteria-Resources-1.pdf
http://chm.pops.int/Default.aspx?tabid=2801
http://www.health.state.mn.us/divs/eh/hazardous/90daypfbareport.pdf
http://www.health.state.mn.us/divs/eh/hazardous/90daypfbareport.pdf
http://www.nj.gov/dep/watersupply/pdf/pfna-health-effects.pdf
http://www.nj.gov/dep/watersupply/pdf/pfna-health-effects.pdf


Page 20 of 20von der Trenck et al. Environ Sci Eur  (2018) 30:19 

and changes in the cellular composition of the thymus and spleen 
observed in mice subjected to short-term exposure to PFOS are high-
dose phenomena mediated in part by PPARα. Toxicology 260:68–76

	105.	 Qazi MR, Nelson BD, DePierre JW, Abedi-Valugerdi M (2010) 28-day 
dietary exposure of mice to a low total dose (7 mg/kg) of PFOS alters 
neither the cellular compositions of the thymus and spleen nor 
humoral immune responses: does the route of administration play a 
pivotal role in PFOS-induced immunotoxicity? Toxicology 267:132–139

	106.	 Lefebvre DE, Curran I, Armstrong C, Coady L, Parenteau M, Liston V, 
Barker M, Aziz S, Rutherford K, Bellon-Gagnon P, Shenton J, Mehta R, 
Bondy G (2008) Immunomodulatory effects of dietary PFOS exposure 
in adult Sprague Dawley rats. J Toxicol Environ Health 71(23):1516–1525

	107.	 Klaunig JE, Shinohara M, Iwai H, Chengelis CP, Kirkpatrick JB, Wang Z, 
Bruner RH (2015) Evaluation of the chronic toxicity and carcinogenic‑
ity of perfluorohexanoic acid (PFHxA) in Sprague-Dawley rats. Toxicol 
Pathol 43:209–220

	108.	 NICNAS (2014) Public Report: Polyfluorinated polymer in Capstone® 
FS-81 and Capstone® TR. National Industrial Chemicals Notification and 
Assessment Scheme File No. LTD/1406

	109.	 NICNAS (2015) Public Report: Efka SL 3239. National Industrial Chemi‑
cals Notification and Assessment Scheme File No. LTD/1572


	Significance thresholds for the assessment of contaminated groundwater: perfluorinated and polyfluorinated chemicals
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Introduction
	Assignment

	Methods
	Chemical analysis
	List of contaminants selected
	General Conditions for Risk Assessment of PFC
	Assessment criteria specific for contaminated groundwater
	Scenarios for human exposure related to groundwater
	The standard scenario
	Unaccounted-for scenarios

	Ecotoxicological data
	Search for data
	Exclusion of invalid data


	Results—outline of effect data used to derive GFS values
	Human health evaluation
	Use of cell test data
	Main source
	General description of human health effects and ambiguities
	a. Animal data 
	b. Comparison of animal and human sensitivity 
	c. Epidemiological studies of human populations 

	Summary of human health effects

	Ecotoxicological evaluation
	Deriving PNEC values to protect the aquatic biocenosis
	Summary of ecotoxic effects

	Human health values and ecotoxicological values compared
	GFS values recommended
	Individual substances
	a. Substances sufficiently characterized 
	b. Substances insufficiently characterized 

	GFS vs. human biomonitoring values
	Grouping and summation
	Uncertainty analysis


	Conclusion
	Outlook
	Authors’ contributions
	References




