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Dear Benton County Commissioners,

I oppose Coffin Butte landfill's expansion.
Clean air and water are precious vital resources for all of us in Benton County. 
A feeling of ease in our communities because our elected officials consistently stand up for our safety, health and welfare, is
vitally important.
Promises have been broken over the years by the owners and operators of Coffin Butte landfill.  And our county has failed in
its oversight.
The landfill expansion if approved weighs on our common resources to a great extent over an extended period of time,
affecting our grandchildren and their children.

It’s Wet Here

This post-war landfill is in a very wet part of a wet valley.  
Adair Village gets 51 inches of rain, on average, per year. 
At Arlington, an alternative regional landfill with large capacity and accessible by rail, the average annual rainfall is less than
9 inches.

There is a strong link between wet conditions and leachate production in landfills.
Every droplet of water that splashes down on an open landfill cell will slowly trickle through the trash, transforming into a
concentrated liquid waste known as leachate.

Moisture encourages bacterial decomposition, which is the primary process for methane generation in landfills.

Landfill Gas

Billowing tarps, tears and odors indicate the release of methane and landfill gasses into our air.  These gasses also contain
PFAS.  “According to an EPA-funded study recently published in the peer-reviewed Environmental Science and Technology
Letters, PFAS could be escaping landfills via gas at concentrations similar to — if not higher than — liquid leachate."  
I have attached the research paper entitled Landfill Gas: A Major Pathway for Neutral Per- and Polyfluoroalkyl Substance
(PFAS) Release.

In the paper, researchers noted that they have “detected “unexpectedly” high levels of PFAS in landfill gas, adding to a
growing body of evidence on how “forever chemicals” leave waste sites.”

PFAS Forever Chemicals

All over the world, PFAS in landfills are growing.  In Europe and the UK research has been forward thinking and robust.  I
cite here a Guardian article from November 4, 2024 telling of a project seeking to remove PFAS forever chemicals from
leachate that contaminates groundwater and surface water - and can cause health problems, including kidney and testicular
cancer.

“Processes intended to decontaminate noxious liquid landfill waste before it enters rivers and sewers have been found to
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Dear Benton County Commissioners,



I oppose Coffin Butte landfill's expansion.

Clean air and water are precious vital resources for all of us in Benton County. 

A feeling of ease in our communities because our elected officials consistently stand 
up for our safety, health and welfare, is vitally important.

Promises have been broken over the years by the owners and operators of Coffin Butte 
landfill.  And our county has failed in its oversight.

The landfill expansion if approved weighs on our common resources to a great extent 
over an extended period of time, affecting our grandchildren and their children.



It’s Wet Here



This post-war landfill is in a very wet part of a wet valley.  

Adair Village gets 51 inches of rain, on average, per year. 

At Arlington, an alternative regional landfill with large capacity and accessible by rail, 
the average annual rainfall is less than 9 inches.



There is a strong link between wet conditions and leachate production in landfills.

Every droplet of water that splashes down on an open landfill cell will slowly trickle 
through the trash, transforming into a concentrated liquid waste known as leachate.



Moisture encourages bacterial decomposition, which is the primary process for 
methane generation in landfills.



Landfill Gas



Billowing tarps, tears and odors indicate the release of methane and landfill gasses into 
our air.  These gasses also contain PFAS.  “According to an EPA-funded study recently 
published in the peer-reviewed Environmental Science and Technology Letters, PFAS 
could be escaping landfills via gas at concentrations similar to — if not higher than — 
liquid leachate."  

I have attached the research paper entitled Landfill Gas: A Major Pathway for Neutral 
Per- and Polyfluoroalkyl Substance (PFAS) Release.
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In the paper, researchers noted that they have “detected “unexpectedly” high levels of 
PFAS in landfill gas, adding to a growing body of evidence on how “forever chemicals” 
leave waste sites.”



PFAS Forever Chemicals



All over the world, PFAS in landfills are growing.  In Europe and the UK research has 
been forward thinking and robust.  I cite here a Guardian article from November 4, 2024 
telling of a project seeking to remove PFAS forever chemicals from leachate that 
contaminates groundwater and surface water - and can cause health problems, 
including kidney and testicular cancer. 


“Processes intended to decontaminate noxious liquid landfill waste before it enters 
rivers and sewers have been found to increase the levels of some of the worst toxic 
chemicals, a study has shown.



Landfills are well known to be a main source of PFAS forever chemicals – or per- and 
polyfluoroalkyl substances – but the new study shows that the treatment plants 
designed to clean up the liquid waste can instead boost the levels of banned PFAS 
such as PFOA and PFOS, in some cases by as much as 1,335%.”



https://www.theguardian.com/environment/2024/nov/04/decontamination-of-landfill-
waste-leads-to-increase-in-toxic-chemicals-says-study 


Currently, PFAS are ubiquitous in surface waters- and that means the Willamette River, 
into which untold numbers of gallons of PFAS containing landfill leachate from Coffin 
Butte have been released untreated after being transported to the Corvallis and Salem 
water treatment plants.



Solutions do not exist to “treat” PFAS forever chemicals.  It behooves us to lessen the 
amount of toxic leachate in our region by not approving the expansion of Coffin Butte 
in this very wet part of the Willamette Valley.



Local and global concerns regarding the persistence of PFAS, how they move through 
the environment, and the potential for adverse health impacts of PFAS are increasing.  
Here in Benton County, we have the ability to make a decision in order to safeguard the 
health of our population and our natural resources.




https://www.frontiersin.org/journals/water/articles/10.3389/frwa.2024.1480241/abstract?utm_source=F-NTF&utm_medium=EMLX&utm_campaign=PRD_FEOPS_20170000_ARTICLE
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A Big Liability



The Coffin Butte owners and operators have not been good stewards. They have not 
been good partners.  There are many incidences of violations and mishandling of the 
confidence and trust placed in them.



Coffin Butte landfill is not a resource to us - rather it is a mountainous and growing 
liability and a source of real health and environmental concerns. 



The landfill’s expansion would further impinge upon our rights to our health and 
our finite natural resources of clean air and water.  There are consequences of leachate 
that percolates into groundwater, or that is disposed of in the Willamette River.  
Consequences of PFAS that burp into the air along with landfill gasses.  Those PFAS 
forever chemicals are percolating into our bodies and natural environments.  



From Politico, October 2025-   A group of 24 European politicians whose blood was 
tested for toxic PFAS chemicals over the summer all had the substances in their 
bodies, the NGOs involved in the testing revealed Tuesday.

“I tested positive for four substances, and three of them can harm unborn children, act 
as endocrine disruptors, cause liver damage, and are suspected of being carcinogenic,” 
said Danish Environment Minister Magnus Heunicke in a written statement, describing 
his results as a “frightening reality.” 


PFAS in our environments are ubiquitous locally and globally. “Owing to their resistance 
to heat, water, and oil, over 14,000 per - and polyfluoroalkyl substances (PFAS) are 
extensively utilized in various industrial and consumer applications, such as in nonstick 
cookware, firefighting foams, food containers, and anti-staining fabrics.” 


Please oppose this expansion.

Thank you for your diligence.



Susan Walenza

1415 NW Greenwood Place

Corvallis




https://www.politico.eu/article/eu-ministers-pfas-blood-test-forever-chemicals/





PFAS in the body 


PFAS in Surface Water 


Landfill Gas- Major Pathway for PFAS Release 


Decontamination of Leachate Leads to Increase in Toxic Chemicals



https://www.politico.eu/article/pfas-chemicals-20-eu-politicians-test-positive-forever-chemicals-blood/
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ABSTRACT: The undisclosed and ubiquitous use of perfluoroalkyl
and polyfluoroalkyl substances (PFAS) in consumer products has led
to a growing issue of environmental pollution, particularly within the
solid waste community, where the fate of volatile (neutral) PFAS in
landfilled refuse is not well understood. Here, three municipal solid
waste landfills in Florida were assessed for neutral PFAS in landfill gas
and ionic PFAS in landfill leachate to compare the relative mobility
between the two pathways. Landfill gas was directly sampled using a
high volume, XAD-2 resin based sampling approach developed for
adsorption and analysis of 27 neutral PFAS. Across sites, 13 neutral
PFAS were identified from fluorotelomer alcohol (FTOH),
fluorotelomer olefin (FTO), secondary FTOH, fluorotelomer acetate
(FTOAc), and fluorotelomer methyl acrylate (FTMAc) classes;
however, FTOHs dominated concentrations (87−97% total neutral PFAS), with most detections surpassing utilized calibration
levels. Even under conservative assumptions, the mass of fluorine leaving in landfill gas (32−76%) was comparable to or greater than
the mass leaving in landfill leachate (24−68%). These findings suggest that landfill gas, a less scrutinized byproduct, serves as a major
pathway for the mobility of PFAS from landfills.
KEYWORDS: volatile, emissions, GC, fluorotelomer alcohol


1. INTRODUCTION
Widespread per- and polyfluoroalkyl substance (PFAS)
contamination has been a mounting environmental concern
due to their chemical persistence and toxicity to human and
biotic health.1−4 While numerous industries are being
confronted with PFAS-related management challenges, the
burden of remediation and PFAS removal has often fallen on
downstream industries�namely, the solid waste sector.5−9


Discarded, PFAS-laden consumer products including textiles,
wood products, and packaging and commonly landfilled
industrial byproducts like MSW incineration ash and waste-
water biosolids are known contributors to PFAS loading in
landfills.10−16 Existing research suggests most discarded PFAS
mass is retained within landfills9,17 with liquid-phase by-
products of waste decomposition, leachate and gas condensate,
currently considered prevalent pathways for PFAS mobiliza-
tion.2,7,9 However, the extent of PFAS release to another major
byproduct, landfill gas (LFG), has remained largely unscruti-
nized.


The bulk of PFAS characterization studies focus on
nonvolatile/semivolatile (ionic) perfluoroalkyl acids (PFAAs)
measured in liquid and solid matrices, in part because of a high
presence and awareness of these species within the PFAS
community but largely because analytical capabilities for ionic


PFAS measurement are better established.18−21 Volatile
(neutral) PFAS are also utilized in consumer prod-
ucts13,22−27,27 and have been determined in a few studies on
ambient air surrounding landfills and near wastewater treat-
ment plants,28−32 but a lack of volatile analytical standards and
latency in methodological development has hindered the
progression of gas phase research in environmental matrices.
Whereas PFAS characterization in leachate is established,
concentrations ranging from thousands to tens of thousands of
nanograms per liter are commonly encountered;33−38 only two
studies characterize volatile PFAS directly in LFG.39,40 Titaley
et al. identified fluorotelomer alcohol (FTOH), fluorotelomer
acrylate (FTAc) and fluorotelomer olefin (FTO) homologues
in LFG with combined concentrations ranging from 4,600 to
14,000 ng m−3 across three landfills. Goukeh et al., only
assessing FTOHs, identified higher combined concentrations
than Titaley et al., finding ∼18,000 ng m−3 (sum of 6:2 and 8:2
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FTOH) in the one LFG sample examined. These studies
suggest PFAS variability in LFG, which motivates further
investigation, deploying higher sampling volumes39 and larger
analyte lists40 to understand the potential presence of other
neutral PFAS and distribution among landfills of different
regions, compositions, and sizes.


With the ongoing development of PFAS regulation,19


understanding the partitioning behavior of PFAS in major
repositories like MSW landfills grows increasingly critical to
minimize environmental and human risk. Unlike leachate, LFG
is not always captured by collection systems, and management
varies broadly across landfills, ranging from no treatment (i.e.,
passive venting) to some treatment (i.e., flaring, LFG to energy
projects), but current treatment, if any, is not intended for
PFAS.41,42 Emerging research suggests the toxicity of volatile
species (specifically 6:2 FTOH) to be significantly higher than
their ionic counterparts via the inhalation pathway (a main
route of exposure for volatile compounds).43−47 Further,
degradation of neutral species to ionic PFAAs once emitted to
the atmosphere is well established.48−58 The potential for long-
range atmospheric transport of PFAS from landfills under-
scores the importance of considering neutral species and their
fate during management to prevent further environmental
contamination of highly scrutinized PFAAs such as perfluor-
ooctanoic acid (PFOA) and perfluorooctanesulfonic acid
(PFOS). As the only studies on LFG primarily identified
FTOHs in LFG, the magnitude and significance of other
neutral species remains unclear.


Here, LFG was sampled directly from gas well heads at three
MSW landfill locations in Florida using a higher volume
sampling protocol. XAD-2 resin sandwiched between polyur-
ethane foam (PUF) was utilized for PFAS capture, then
samples were analyzed for 27 volatile/semivolatile (neutral)
PFAS via targeted gas chromatography high resolution mass
spectrometry (GC-HRMS). To contextualize release in the gas
phase, leachate was also collected at each landfill and analyzed
for ionic PFAS (n = 93) using ultrahigh pressure liquid
chromatography tandem mass spectrometry (UHPLC-MS/
MS). The observed LFG and leachate concentrations were
normalized on a mass of fluorine basis to compare the
potential mobility in gas versus leachate matrices. This study
provides foundational data critical for understanding the role of


landfills in anthropogenic PFAS release and for informing LFG
management.


2. METHODS AND MATERIALS
For brevity, materials and methods associated with ionic PFAS
analysis in landfill leachate are provided in section 1 of the
Supporting Information (Tables S-1 through S-4).


2.1. Standards and Reagents. Targeted neutral PFAS
(≥97% purity, n = 27) were purchased from Wellington
Laboratories Inc. (Guelph, ON, Canada), SynQuest Labo-
ratories (Alachua, FL), and Chiron (Stiklestadveien, Trond-
heim, Norway). Nine classes of neutral PFAS (perfluoroalkane
sulfonamides (FASAs), perfluoroalkane sulfonamidoethanols
(FASEs), fluorotelomer acetates (FTOAcs), fluorotelomer
methyl acrylates (FTMAcs), fluorotelomer iodides (FTIs),
fluorotelomer secondary alcohols (sFTOHs), FTOHs, FTAcs,
and FTOs) were measured using eight isotopically labeled
internal standards (IS) from FASA, FASE, FTOH, and FTMAc
classes for quantitation (Table S-5).


2.2. Sample Preparation and Collection. Polyvinyl
chloride (PVC) cartridges filled with 4−5 g of Amberlite XAD-
2 resin retained between two polyurethane foam (PUF) discs
were utilized for PFAS capture.29,59,60 Before use, XAD-2
sorbent was made PFAS-free through sequential Soxhlet
extractions.61 All cartridge components, sampling vessels, and
tubing were sonicated in a mixture of Liquinox and PFAS-free
water, rinsed, and then sonicated in methanol and methanol
rinsed before use. Once dried and assembled, cartridges were
stored in individually sealed polyethylene bags at 4 °C until
sampling.


As neutral compounds were the focus of this investigation,
aerosolized/particulate-bound PFAS were not specifically
targeted for capture; however, a condensate collection system
was included to prevent moisture interference. The developed
sampling system (Figure 1) consisted of a condensate
knockout (borosilicate, barbed Erlenmeyer flask contained in
a cold box), two PUF/XAD-2 cartridges (installed in-series), a
rotameter for flow control, a portable vacuum pump, and
PFAS-free Tygon tubing. Before each sampling event, gas well
head connection to the larger landfill gas collection system was
disabled to create a neutral to positive pressure, workable for
flow through the sampling system, then gas composition/


Figure 1. Developed system for sampling neutral PFAS directly from landfill gas well heads.
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temperature was recorded using an Optimax Biogas analyzer
(MRU Instruments, Humble, TX). Duplicate sampling trains
were connected to existing gas well sampling ports.
Approximately 1,200 L was sampled through each train at a
flow rate of 5 L min−1. After sampling, PUF/XAD-2 cartridges
were sealed and individually stored at ≤4 °C for transport/
storage. Quality control (QC) procedures are provided in the
SI, section 2.


2.3. Extraction and Analysis. Spent XAD-2 from each
cartridge was weighed and transferred to a 50 mL
polypropylene centrifuge tube and vortexed, and approximately
2 g aliquoted for extraction. Samples were spiked with a
mixture of mass labeled IS (Table S-5), rotated end-over-end
for 18 h in 4 mL of 75/25% (v/v) ethyl acetate and methanol,
and centrifuged for 10 min at 4,000 rpm. Supernatants were
transferred to 15 mL centrifuge tubes, and the extraction
process was repeated, combining supernatants from the two-
fold extraction. Extracts were concentrated to 3 mL via gentle
nitrogen evaporation, aliquoted, and stored no more than 30
days at −20 °C until analysis. QC details are provided in the
SI, section 2 (Table S-6 and Figure S-1).


Targeted analysis of 27 neutral PFAS by positive chemical
ionization (PCI) with selected ion monitoring (SIM) was
conducted using a Thermo Scientific TRACE 1310 gas
chromatograph coupled to a Thermo Scientific Orbitrap
Exploris GC 240 mass spectrometer (GC-HRMS; see SI,
section 2 for details regarding GC separations and
instrumentation). A 12-point external calibration curve (from
1 to 2,000 pg μL−1) was developed for quantitation, prepared
through serial gravimetrically derived dilutions of primary
stock solutions. A mixture of mass labeled IS at concentrations
of 150 pg μL−1 was added to each calibration level. When a
labeled standard was not available for a compound, a labeled
standard with a similar retention time or structure was utilized
for quantitation (Table S-5).


3. RESULTS AND DISCUSSION
Unexpectedly, several neutral PFAS concentrations in LFG
exceeded the implemented calibration levels. Because of


considerable exceedance for some compounds, dilution
would reduce IS below instrument detection; therefore, in
instances where sample concentrations exceeded calibration
limits, two concentrations are presented (Equation S-1): a
minimum value which assumes the highest calibration
concentration and a maximum extrapolated concentration.
Fluorine mass release calculations utilize minimum values,
preventing overextrapolation while providing a conservative
estimate for leachate comparison. Even under these
assumptions, substantial concentrations of neutral PFAS,
higher than those previously observed, were identified. Future
assessments should deploy shorter sampling durations to refine
findings.


3.1. Neutral PFAS in Landfill Gas. Except for 4:2 FTOH
in one landfill, 13 PFAS were detected in duplicate samples
across the three sites (site characteristics are provided in Table
S-9). Observed concentrations are displayed in Table 1. At
minimum, combined concentrations of neutral PFAS in LFG
ranged from 22,000 to 33,000 ng m−3. Considering
extrapolated values, total concentrations ranged from 210,000
to 940,000 ng m−3, an order of magnitude higher than those
previously reported in LFG.39


3.1.1. FTOHs and sFTOHs in Landfill Gas. Like previous
studies on LFG and air surrounding landfills, FTOHs
dominated neutral PFAS concentrations;28,31,32,39,40 however,
extrapolated concentrations in this study surpassed previous
reports in LFG, in some cases by 2 orders of magnitude, and
were more comparable (although much lower) to concen-
trations recently identified in soil vapor near a PFAS
manufacturing facility.55 While there are uncertainties given
the degree of extrapolation, the magnitude of FTOHs found in
this study compared to existing research suggests fundamental
differences potentially related to sampling methodology (e.g.,
much larger sampling volumes) and/or sampled landfill
characteristics (e.g., waste type, age, air intrusion), although
these data were not available for comparison. Across the three
sites, 6:2, 8:2, and 10:2 FTOH, combined, made up 87 to 97%
of total concentrations, but 8:2 FTOH alone constituted 50 to
79%. The shortest and longest analyzed homologues, 4:2 and


Table 1. Average Concentrations (n = 2) of 13 Neutral PFAS (ng m−3) from Three Municipal Solid Waste Landfills in Florida
(Site Characteristics Are Provided in Table S-9)a


concentration (ng m−3)


analyte landfill 1 E landfill 2 E landfill 3 E


4:2 FTOH 220 ND 57
6:2 FTOH >9,900 170,000 >6,000 22,000 >6,500 62,000
8:2 FTOH >6,800 200,000 >6,000 140,000 >6,500 740,000
10:2 FTOH >5,100 14,000 >3,000 23,000 >5,000 120,000
12:2 FTOH 860 1,400 5,000
5:2 sFTOH >2,900 8,800 >1,700 9,000 >1,900 5,900
7:2 sFTOH 320 >1,300 13,000 >1,400 11,000
8:2 FTO 2,500 1,300 550
10:2 FTO 650 840 540
12:2 FTO 97 580 160
8:2 FTOAc 610 90 490
10:2 FTOAc 99 19 140
6:2 FTMAc 3,800 56 150


aConcentrations of 6:2, 8:2, and 12:2 FTOH and 5:2 and 7:2 sFTOH consistently exceeded the upper limit of developed calibration ranges;
therefore, both a minimum concentration (assuming the highest calibration concentration) and a maximum extrapolated concentration are
provided. Italicized values denote a minimum concentration. Column “E” presents average maximum concentrations. “ND” denotes non-detect
measurements. FTAcs, FASAs, FASEs, FTIs, and 8:2 FTMAc were not detected in any samples. Analyte acronyms and details are provided in Table
S-5.
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12:2 FTOH, were significantly lower in concentration (Table
S-10). This is supported by previous FTOH distributions
determined from source fluoro-telomer polymers62 and
observations in LFG, urban air, and air surrounding wastewater
treatment/landfill sites.28−31,39,40,63 Concentrations of 12:2
FTOH were of similar magnitude to those in Titaley et al., but
4:2 FTOH has not been detected in LFG, suggesting MSW
landfills to be a previously unidentified potential source of
atmospheric 4:2 FTOH.39


Secondary FTOHs have not been targeted in gas-phase
landfill research but have been identified in condensate
associated with LFG collection systems.37 As intermediary
byproducts of 6:2 and 8:2 FTOH biodegradation to PFAAs,
5:2 and 7:2 sFTOH, were unsurprisingly elevated, they were at
least an order of magnitude lower than respective parent
FTOH homologues.64−66 All detections of 5:2 sFTOH and
two out of three detections of 7:2 sFTOH were above
calibration, combined sums attributed to 2 to 10% of total
concentrations.
3.1.2. Other Neutral PFAS in Landfill Gas. Other neutral


PFAS fell within acceptable calibration ranges and together
accounted for 0.22 to 1.9% of total concentrations. FTO
homologues have been encountered in other LFG and ambient
air studies, but in past assessments 8:2 and 10:2 FTO were
below limits of quantitation and 12:2 FTO concentrations
were consistently an order of magnitude higher than those
reported here.39,59 To the authors’ knowledge, 8:2 and 10:2
FTOAc and 6:2 FTMAc have not been determined in LFG.
FTOAcs are not commonly assessed analytes but are
associated with fluoropolymer textile treatments and have
been identified in one indoor air study from Japan.67,68


Similarly, 6:2 FTMAc has only been analyzed in a few studies
on cosmetics and wastewaters but at lower concentra-
tions.69−71


3.2. Comparative Fluorine Mass Release between
Landfill Byproducts. Normalizing PFAS concentrations on a
fluorine basis allows comparisons to be drawn between
different matrices and PFAS types (e.g., gas−liquid, neutral−
ionic, precursor−terminal). This methodology is widely used
to assess the “mass balance” of PFAS within systems, given that
the long-term environmental fate of measurable PFAS is
transient, whereas the mass of fluorine is conserved.17,72,73


Here, the same approach is utilized to compare the PFAS
mobility in leachate versus LFG pathways. Neutral (Table 1,
minimum values) and ionic (Table S-4) PFAS concentrations
in LFG and leachate from this study were individually
normalized to a mass of fluorine (Equation S-2) using
compound specific fluorine mass fractions (Table S-8).
Summed fluorine masses in leachate and LFG were then
scaled according to site-specific annual generation volumes
reported for each landfill (Table S-9).41 A caveat of this
comparison is the absence of measurements for neutral species
in leachate and ionic species in LFG; however, the literature
suggests FTOHs (the dominant neutral class identified)
predominantly exist in the gaseous phase, while PFAAs exist
in liquid or particulate phases.28,74 Subsequent research should
assess neutral and ionic compounds in both matrices to
validate findings and further elucidate the PFAS behavior in
landfills.


Even utilizing minimum concentrations observed in LFG,
equal magnitudes of fluorine release are observed between
LFG and leachate at each site (Figure 2)�contrasting from
existing estimates of PFAS mass flow from landfills.9 Existing


estimates, based on limited data, suggest that most PFAS mass
mobilized from landfills releases through leachate (∼62%).9


However, our data from Landfill 1, showing over 76% fluorine
release in LFG, along with substantial masses released by LFG
in Landfills 2 and 3 (at minimum 40% and 32%, respectively),
indicate that LFG may serve as an equal, likely greater, conduit
of PFAS mobility from landfills than leachate, concurring with
previous reactor studies on FTOH volatilization and neutral/
ionic PFAS assessments of select waste materials.17,75,76


At least 79 to 92% of the fluorine mass in LFGs were derived
from FTOH/sFTOH classes, with minimal contribution from
FTOs, FTOAcs, and FTMAcs. In this conservative assessment,
fluorine from LFG surpassed leachate in only Landfill 1.
Although actual fluorine emission from LFG is higher than
reported here, the elevated ratio of gas-to-leachate generation
at Landfill 1 likely caused this difference (Table S-9). Landfill
2, the largest site, demonstrated the highest combined fluorine
release from leachate and LFG, followed by Landfill 3, and
then Landfill 1, corresponding to descending waste mass in
place at each location.


4. IMPLICATIONS
This study provides fundamental data about neutral PFAS in
LFG from MSW landfills. Unexpectedly, FTOH/sFTOH
detections in LFG from this study exceeded implemented
calibration levels; subsequent research should deploy shorter
sampling durations. Regardless, even under more conservative
assumptions these findings suggest that LFG, largely unscruti-
nized for PFAS, contains similar or greater magnitudes of
PFAS compared to leachate, mostly attributed to midlength
FTOH homologues. As landfills can be viewed as unabating
PFAS repositories, the significance of LFG management in
mitigating the long-term, long-range atmospheric transport of


Figure 2. Annual fluorine mass release in landfill leachate versus
landfill gas (LFG) from three municipal solid waste landfills in
Florida. Fluorine masses in leachate are derived from ionic PFAS
(∑93 PFAS) concentrations measured in leachate from each site
(Table S-4) multiplied by the annual leachate generation volume and
scaled using each detected compound’s fluorine mass fraction (Tables
S-8, S-9). The same methodology was applied for neutral PFAS (∑27
PFAS) in LFG by using the average of minimum concentrations
(Table 1). Asterisked (*) values denote input FTOH/sFTOH
concentrations which were above calibration levels developed for this
study and therefore assumed to be at the highest calibration
concentration. Consequently, these findings should be viewed as
minimum values which conservatively estimate the magnitude of
PFAS mobility in leachate versus LFG.
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neutral PFAS, and subsequently derived PFAAs, cannot be
understated. Unlike landfill leachate, LFG collection systems
(when in place) are not fully efficient, collecting an estimated
∼50−70% of generated biogases.77 Though this is a
considerable collection efficiency of biogas and presumably
neutral PFAS, management of captured LFG fractions varies
globally, from no treatment to degrees of carbon filtration and
thermal treatment (i.e., flaring, advanced renewable natural gas
technologies). Because the feasibility of PFAS destruction
through thermal treatment remains unclear, research is needed
to determine the treatment/removal efficiency of existing LFG
management technologies. Considering the range of LFG
capture efficiency, the retention and emission of neutral PFAS
via fugitive emissions (i.e., migration through the waste layer)
should also be examined, along with the role of landfill waste
type, age, and temperature in neutral PFAS variability.
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PFAS, often found in landfills, are a family of about 15,000 human-made chemicals and can take thousands
of years to break down in the environment. Photograph: Nature Picture Library/Alamy
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increase in toxic chemicals, says study
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At this unsettling time
We hope you appreciated this article. Before you close this tab, we want to ask if you
could support the Guardian at this crucial time for journalism in the US.


Not all journalism is the same. At the Guardian, we see it as our job not only to
report the facts as we find them, but to give you the whole picture. Never sanitized
or censored, our reporting provides the historical and global context necessary to
fully understand the turbulent times in which we’re living.


As we witness the erosion of democratic norms and political stability in our country
– with heightened violence and division, troops on city streets, attacks on academia
and science, and disregard for the rule of law – the role of the press as an engine of
scrutiny, truth and accountability becomes increasingly important.


At the Guardian, we proudly platform voices of dissent, and we are fearless when it
comes to investigating corruption and challenging power. We don’t have a single
viewpoint, but we do have a shared set of values: humanity, curiosity and honesty
guide us, and our work is rooted in solidarity with ordinary people and hope for our
shared future.


Not every news organization sees its mission this way – and nor is their editorial
independence as ironclad as ours. In the past year, several large US media outlets
have caved to outside pressure at the behest of their corporate and billionaire
owners. We are thankful the Guardian is different. 


Our only financial obligation is to fund independent journalism in perpetuity: we
have no ultrarich owner, no shareholders, no corporate bosses with the power to
overrule or influence our editorial decisions. Reader support is what guarantees our
survival and safeguards our independence – and every cent we receive is reinvested
in our work. 


It has never been more urgent, or more perilous, to pursue reporting in the US that
holds power to account and counters the spread of misinformation – and at the
Guardian we make our journalism free and accessible to all. Can you spare just 37
seconds now to support our work and protect the free press?


We value whatever you can spare, but a recurring contribution makes the most
impact, enabling greater investment in our most crucial, fearless journalism. As our
thanks to you, we can offer you some great benefits – including seeing far fewer
fundraising messages like this. We’ve made it very quick to set up, so we hope you’ll
consider it. Thank you.
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‘Forever chemicals’:
what are PFAS and
what risk do they
pose?


Read more


Processes intended to decontaminate noxious liquid landfill waste before it
enters rivers and sewers have been found to increase the levels of some of
the worst toxic chemicals, a study has shown.


Landfills are well known to be a main source of PFAS forever chemicals – or
per- and polyfluoroalkyl substances – but the new study shows that the
treatment plants designed to clean up the liquid waste can instead boost the
levels of banned PFAS such as PFOA and PFOS, in some cases by as much as
1,335%.


PFAS are a family of about 15,000 human-made
chemicals with nonstick properties that are used in a
wide range of consumer products and industrial
processes. They can take thousands of years to break
down in the environment and the handful that have
been studied in detail have been found to be toxic, with
PFOA and PFOS linked to cancers and other diseases.
PFAS pollution is widespread, having been found in the
remotest parts of the world, and it is thought every US


citizen has it in their blood.


Using data from an Environment Agency investigation into landfill liquid
waste, which is known as leachate, Dr David Megson from Manchester
Metropolitan University, who co-authored the study found “that instead of
removing the banned chemicals PFOS and PFOA our treatment plants are
actually creating them … likely being formed from the transformation of
other PFAS within a chemical soup”.


Megson is concerned that the understanding of what is going on in the UK at
landfill sites is poor and that monitoring “only looks at a few specific PFAS,
so we are only getting a tiny snapshot of what is actually out there and what
impact it may be having”.


The study looked at the leachate from 17 historical and operational landfills,
just a fraction of the total across the country. Pippa Neill from the Ends
Report, a co-author of the study, said that “with potentially hundreds of
landfill operators legally allowed to discharge their treated leachate into the
environment” there is an “urgent need” for more research so that PFAS can
be disposed of properly.


There is also “an urgent need to ban all PFAS globally, whether through the
existing Stockholm convention or a new global treaty on PFAS”, according to
Dr Sara Brosché, an adviser at the International Pollutants Elimination
Network. “PFOS and PFOA were known by the producers to be toxic from the
beginning of their use in consumer products, and they continue to poison
the environment and our bodies many years after they have been regulated.
A multitude of PFAS are now in use with little or no publicly disclosed
information about where they are used or their health impacts.”


In an attempt to halt contamination, the European Commission is
considering a groundbreaking proposal to regulate thousands of PFAS as one
class, something that is being fiercely contested by the PFAS industry. The
UK has not followed the EU’s lead, prompting dozens of the world’s leading
PFAS experts to write directly to UK ministers on Thursday, urging the
government to “take a more ambitious approach and follow the science …
Regulating all PFAS as one group is the only way to tackle PFAS pollution”.


Dr Shubhi Sharma, a scientific researcher at the charity Chem Trust, said:
“PFAS emissions from landfills can contaminate the surrounding
groundwater and surface water and are linked to serious health risks, such as
kidney and testicular cancer. The UK government must take immediate
action to regulate this entire group of PFAS.”


Dr Daniel Drage, an associate professor at the University of Birmingham, is
also concerned that the same thing is happening in a range of treatment
systems.
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“It’s paramount that we identify other treatment processes that remove
PFAS from leachate prior to its release into the environment,” he said. “This
is a multibillion pound global public health issue and likely to go beyond
government expenditure. I would suggest that industries that have profited
substantially from the use of PFAS over the last half a century have a moral
duty to protect future generations from the consequences of these uses.”


A spokesperson for the Environment Agency confirmed it is “working closely
with the landfill industry” and that it is “carrying out further investigations
about PFAS within the landfill waste mass, treatment processes, and on the
consequences of the treatment that leachate undergoes.”


Climate breakdown is likely to exacerbate pollution from landfills, according
to Prof Kate Spencer from Queen Mary University of London. Particularly
“for historic landfills that are not lined these PFAS chemicals can enter
surface and groundwaters with potential consequences for ecological and
human health. This is likely to increase as the severity and frequency of
flooding increases”, she said.
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A B S T R A C T


Per- and polyfluoroalkyl substances (PFAS), commonly known as “forever chemicals”, are ubiquitous in surface 
waters and potentially threaten human health and ecosystems. Despite extensive monitoring efforts, PFAS risk in 
European surface waters remain poorly understood, as performing PFAS analyses in all surface waters is 
remarkably challenging. This study developed two machine-learning models to generate the first maps depicting 
the concentration levels and ecological risks of PFAS in continuous surface waters across 44 European countries, 
at a 2-km spatial resolution. We estimated that nearly eight thousand individuals were affected by surface waters 
with PFAS concentrations exceeding the European Drinking Water guideline of 100 ng/L. The prediction maps 
identified surface waters with high ecological risk and PFAS concentration (>100 ng/L), primarily in Germany, 
the Netherlands, Portugal, Spain, and Finland. Furthermore, we quantified the distance to the nearest PFAS point 
sources as the most critical factor (14%–19%) influencing the concentrations and ecological risks of PFAS. 
Importantly, we determined a threshold distance (4.1–4.9 km) from PFAS point sources, below which PFAS 
hazards in surface waters could be elevated. Our findings advance the understanding of spatial PFAS pollution in 
European surface waters and provide a guideline threshold to inform targeted regulatory measures aimed at 
mitigating PFAS hazards.


1. Introduction


Owing to their resistance to heat, water, and oil, over 14,000 per- 
and polyfluoroalkyl substances (PFAS) are extensively utilized in 
various industrial and consumer applications, such as in nonstick 
cookware, firefighting foams, food containers, and anti-staining fabrics 
(Ackerman Grunfeld et al., 2024; Evich et al., 2022). However, 
throughout their life cycle, from manufacture to disposal, PFAS are 
released into various environmental media, including surface water, 
soil, and air (Bonato et al., 2025; Evich et al., 2022; Podder et al., 2021). 
For example, PFAS may enter surface water via industrial and municipal 
wastewater discharge (Huang et al., 2025; Salvatore et al., 2022). Given 
that surface water supplies half of all drinking water globally (FAO, 
2024; Wang et al., 2023), it may represent an important pathway of 
PFAS exposure in both humans and organisms. Owing to the ubiquity of 


PFAS in aquatic environments, global concerns regarding their persis
tence, mobility, and potential for adverse health impacts are increasing 
(Cousins et al., 2022; Park et al., 2024; Sims et al., 2022).


PFAS are associated with adverse health effects in humans and 
wildlife, such as kidney cancer, infertility, liver effects, and altered 
immune function (Chiriac et al., 2023; Cordner et al., 2024; Steenland 
et al., 2010). In response to the potential risks posed by PFAS, the Eu
ropean Union has proposed guidelines for PFAS concentrations in 
drinking water, setting limits of 500 ng/L for the sum of all PFAS or 100 
ng/L for the sum of 20 selected PFAS (Cappelli et al., 2024; EU, 2020). 
Considerable efforts have also been made to investigate the occurrence 
of PFAS in European surface waters, primarily at the regional scale (e.g., 
the Danube River (Ng et al., 2022) and the River Rhine (Möller et al., 
2010)), while investigations at the national (e.g., Germany (Göckener 
et al., 2023)) level are limited. Recently, “the Forever Pollution Project” 
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compiled a large dataset from various sources, recording 265,621 
measurements of PFAS concentrations in surface waters across Europe 
(Cordner et al., 2024). However, this dataset is primarily descriptive 
(Moghadasi et al., 2023), and a considerable portion of European surface 
waters lacks records. To date, the spatially explicit patterns of PFAS risk 
in continuous surface waters across Europe, as well as the key spatial 
drivers underlying these patterns, remain largely unexplored.


Generating a high-resolution map of the PFAS risk in European 
surface waters can both provide important insights into the underlying 
risk patterns and inform targeted mitigation strategies. Despite its 
importance, comprehensive continental monitoring of PFAS in surface 
waters remains challenging because of the substantial costs and tech
nical complexities involved. Machine-learning modelling offers a 
promising approach for predicting the PFAS risk in surface waters where 
monitoring data are scarce, owing to its excellent ability to establish 
nonlinear relationships between known contamination data and rele
vant environmental parameters (Chen et al., 2025; Chen et al., 2024; 
Podgorski and Berg, 2022). Recent modelling practices have demon
strated its application to the mapping of PFAS risks in Chinese surface 
water (Hu et al., 2023; Huang et al., 2025), US surface water (Breitmeyer 
et al., 2024) and groundwater (Park et al., 2024; Tokranov et al., 2024), 
as well as European soil (Moghadasi et al., 2023). In this study, we 
hypothesized that an interpretable machine-learning model could 
accurately predict PFAS concentrations, as well as the associated risks, 
in European surface waters, while also identifying the key spatial drivers 
underlying these patterns.


To test this hypothesis, we first compiled data on the concentrations 
of 20 selected PFAS at 9,985 surface water sites in 32 European countries 
(Fig. S1) and then calculated the cumulative ecological risk of PFAS at 
these sites by using the risk quotient (RQ) method (Bureau, 2003). 
Subsequently, two interpretable eXtreme Gradient Boosting (XGBoost) 
models were developed by establishing nonlinear relationships between 
the PFAS data and 20 relevant environmental parameters. These two 
XGBoost models allowed us to generate the first detailed maps of the 
total concentration and ecological risk of PFAS in European surface 
waters at a spatial resolution of 2 km. Furthermore, the concentration 
map was utilized to estimate the population affected by surface waters 
with PFAS levels exceeding the European Drinking Water guideline of 
100 ng/L. Finally, the interpretable XGBoost algorithm was applied to 
identify the key influencing factors and threshold distance of PFAS point 
sources, so as to mitigate PFAS hazards in European surface waters.


2. Materials and methods


2.1. PFAS concentration


The following 20 PFAS, listed in the European Drinking Water 
Directive 2020/2184 (EU, 2020), were selected: perfluorobutanoic acid, 
perfluoropentanoic acid, perfluorohexanoic acid, perfluoroheptanoic 
acid, perfluorooctanoic acid (PFOA), perfluorononanoic acid, per
fluorodecanoic acid, perfluoroundecanoic acid, perfluorododecanoic 
acid, perfluorotridecanoic acid, perfluorobutane sulfonic acid, per
fluoropentane sulfonic acid, perfluorohexane sulfonic acid, per
fluoroheptane sulfonic acid, perfluorooctane sulfonic acid (PFOS), 
perfluorononane sulfonic acid, perfluorodecane sulfonic acid, per
fluoroundecane sulfonic acid, perfluorododecane sulfonic acid, and 
perfluorotridecane sulfonic acid.


Data on the PFAS present in surface waters across Europe were 
retrieved from the “Forever Pollution Project” (https://foreverpollution. 
eu/) (Cordner et al., 2024). To assess the occurrence of the 20 PFAS in 
European surface waters and to minimize possible biases, we applied the 
following selection criteria and statistical analysis: (i) only surface water 
sites located in continental Europe were included, excluding those on 
islands or in seas; (ii) the PFAS concentrations in the most recent year 
were used to reflect the current pollution level, where sites were 
sampled over multiple years; (iii) PFAS concentrations above the limit of 


quantification (LOQ) were recorded and assigned a value of 0 in case of 
the concentrations reporting as “below LOQ”; and (iv) all PFAS con
centration units were converted to ng/L. After employing these quality 
control procedures, a final dataset of 20 PFAS from 9,985 sites in surface 
waters across 32 European countries was compiled for further analysis 
(Fig. S1).


2.2. Ecological risk assessment


We assessed the ecological risk of PFAS in European surface waters 
by using the common RQ method (Bureau, 2003). The RQ of each PFAS 
was calculated by comparing the measured concentration (MEC) in 
surface waters with the existing ecotoxicity thresholds (i.e., the pre
dicted no-effect concentration [PNEC]), as follows (Rodrigues et al., 
2024; Tang et al., 2025): 


RQ = MEC / PNEC                                                                        (1)


PNEC = min [(EC50 or LC50) / AF]                                                 (2)


where EC50 and LC50 are the median effective and lethal concen
trations for aquatic organisms at three trophic levels (i.e., algae, in
vertebrates, and fish), respectively, which were obtained from the 
USEPA ECOTOX Database (https://cfpub.epa.gov/ecotox/), as shown in 
Table S1. The assessment factor (AF) was set to 1,000 (Rodrigues et al., 
2024). Accordingly, the individual RQ of each PFAS was calculated 
based on the most sensitive taxonomic group from three species 
(Rodrigues et al., 2024).


Given the similar mode of action of PFAS (Mu et al., 2022), the risk of 
PFAS mixture was evaluated by summing the RQs of all individual PFAS 
(RQmix), performed using the concentration addition model (Loewe and 
Muischnek, 1926). The ecological risk of PFAS mixtures was classified 
into the following four levels based on the RQmix values: no risk (RQmix 
< 0.01), low risk (0.01 < RQmix < 0.1), moderate risk (0.1 < RQmix < 1), 
and high risk (RQmix > 1).


2.3. Preprocessing of variables for machine-learning models


To mitigate the differences in analytical precision among different 
PFAS data sources and focus on identifying the regions of concern, we 
developed two machine-learning classification models, with reference to 
previous studies (Lombard et al., 2024; Podgorski and Berg, 2020; 
Tokranov et al., 2024; Xiao et al., 2024) and our recent works (Chen 
et al., 2025; Chen et al., 2024). One model was developed to predict the 
four ecological risk levels (i.e., RQmix < 0.01, 0.01 < RQmix < 0.1, 0.1 <
RQmix < 1, and RQmix > 1) of PFAS in European surface waters. The 
other model, which had four PFAS concentration classes (i.e., <1, >1 to 
< 10, >10 to < 100, and > 100 ng/L), was developed to map the PFAS 
pollution level in European surface waters, and to estimate the affected 
population. The boundaries for the four PFAS concentration classes were 
selected based on the regulatory thresholds, environmental pollution 
levels, and analytical limitations: (i) The European Drinking Water 
Directive 2020/2184 recommends a sum of 20 selected PFAS below 100 
ng/L (Cappelli et al., 2024; EU, 2020); (ii) concentrations less than 10 
ng/L are considered a low level of PFAS contamination, while levels 
exceeding 10 ng/L are of environmental concern, as categorized by the 
“Forever Pollution Project” (https://pdh.cnrs.fr/en/about/); and (iii) 
the average LOQ of the 20 PFAS was approximately 1 ng/L, according to 
the analytical method outlined in the Technical guidelines of the 
Directive from the European Parliament and of the Council (EU, 2024). 
A LOQ below 1 ng/L may increase the risk of false positive results (Ruffle 
et al., 2023).


Twenty predictor variables, representing established associations 
and serving as proxies for factors potentially influencing the spatial 
distribution of PFAS in surface waters, were selected (details in Text S1 
and Table S2). These variables encompassed the climate, land use, soil, 
geographic, agricultural, and socioeconomic parameters associated with 
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each site. The variables were further standardized using the Z-score 
method (Zhao et al., 2023). Additionally, they were converted into grid 
cells at a resolution of 2 km × 2 km, enabling the two machine-learning 
models to predict the PFAS concentration and ecological risk in grid cells 
without PFAS data.


2.4. Model development and evaluation


For the two models, four concentration or ecological risk levels, and 
the 20 variables in each grid cell were designated as the response and 
predictor variables, respectively. The entire dataset was partitioned into 
10 spatial clusters by using the K-means clustering algorithm based on 
the spatial locations, with eight randomly selected clusters assigned to 
the training set (80%) and the remaining two clusters forming the test 
set (20%) used for model performance evaluation. To optimize the 
model hyperparameters, a 10-fold cross-validation method was 
employed, in which the training set was further divided into 10 clusters 
using K-means clustering. In each of the ten rounds, nine randomly 
selected clusters were used for the training subset, while the remaining 
cluster served as the validation subset. This spatial partitioning strategy 
was used to mitigate potential spatial biases by ensuring that nearby 
locations were not simultaneously included in either the training or the 
test sets.


Based on a comparison of the performances of four common 
machine-learning algorithms (XGBoost, feedforward neural network, 
support vector machine, and K-nearest neighbor), XGBoost was selected 
as the final model owing to its superior performance (Table S3-S4). 
Model performance was assessed by the accuracy, sensitivity, specificity 
and the Area Under the ROC (receiver operator characteristic) curve 
(AUC). The hyperparameters of the two final XGBoost models were: 
n_estimators, max_depth, learning_rate, min_child_weight, gamma, 
subsample, scale_pos_weight and colsample_bytree (Table S5).


The two final XGBoost models were applied to the prediction dataset 
to predict the total concentration and ecological risk levels of the 20 
PFAS in European surface waters at a 2-km spatial resolution. The grid 
map of European surface waters was downloaded from Natural Earth 
Database (https://www.naturalearthdata.com/). The machine-learning 
models were performed using the sklearn package in Python 3.11.5.


2.5. Model interpretation and uncertainty analysis


The XGBoost models were interpreted using the SHapley Additive 
exPlanations (SHAP) method, which evaluates the contribution of each 
predictor variable and calculates the marginal effect of predictor vari
ables on a model’s predictions. A positive SHAP value indicates a posi
tive contribution, whereas a negative value indicates a negative 
contribution (Chen et al., 2025). Furthermore, we applied a generalized 
additive model (GAM) (Chen et al., 2022; Jia et al., 2024) to analyze the 
relationships between the predictor variables and their corresponding 
SHAP values. The SHAP analysis was performed using the shap package 
(Lundberg et al., 2020) in Python 3.11.5. The GAM fitting was devel
oped based on the LinearGAM package (Daniel et al., 2018) in Python 
3.11.5.


To perform an uncertainty analysis of the model predictions, a Monte 
Carlo simulation approach was employed (Zhao et al., 2023). The 
simulation involved 100 iterations, where different training sets were 
generated using a resampling technique. For each iteration, the XGBoost 
model was trained on a resampled training set and then used to predict 
the prediction dataset. The standard deviations of the predictions in 
each grid cell across all iterations were computed to quantify the un
certainty. The average value of the standard deviation for each country 
was further calculated to assess the impact of uneven PFAS sites (Fig. S1) 
on model uncertainty. Finally, uncertainty maps of the predictions of the 
two models were generated based on the calculated standard deviation 
at a resolution of 2 km.


2.6. Estimation of population affected by PFAS exceedance in surface 
waters


As previously mentioned, a value of 100 ng/L for the sum of the 20 
selected PFAS is the recommended European Drinking Water guideline 
(Cappelli et al., 2024; EU, 2020). We defined grid cells with predicted 
PFAS concentrations exceeding a threshold of 100 ng/L as excessive 
regions. To estimate the population affected by surface waters with 
PFAS concentrations exceeding 100 ng/L, we calculated the affected 
population residing in excessive regions by multiplying the total popu
lation by the model probability and the proportion of domestic drinking 
water consumption from untreated surface water. Country-level data on 
the proportion of domestic drinking water consumption sourced directly 
from untreated surface water bodies, such as rivers, dams, lakes, ponds, 
streams, canals, and irrigation canals, were downloaded from the JMP 
database (https://washdata.org/monitoring/drinking-water). Owing to 
the lack of data on the proportion of domestic drinking water con
sumption from untreated surface water in each grid cell, we assumed 
that this data was uniform within a country. Data on the European 
population density in the year 2020 at 1-km resolution were obtained 
from the GPWv4 dataset (CIESIN, 2018). Accordingly, we calculated the 
affected population living in excessive regions by country, as follows: 


peopletotal = peopleurban + peoplerural                                             (3)


peopleurban = densityurban × percurban × pro                                    (4)


peoplerural = densityrural × percrural × pro                                       (5)


where peopletotal, peopleurban, and peoplerural represent the total, 
urban, and rural potentially affected populations, respectively. densi
tyurban and densityrural are the population densities in the urban and 
rural regions in 2020, respectively. percurban and percrural are the urban 
and rural proportions of domestic drinking water usage from untreated 
surface water, respectively. pro is the predicted probability of PFAS 
concentration exceeding 100 ng/L by the XGBoost model.


3. Results and discussion


3.1. Occurrence of PFAS at the surface water sites


Our meta-analysis compiled a dataset comprising 25,801 concen
tration records for 20 PFAS at 9,985 surface water sites in 32 European 
countries (Figs. S1-S2). The PFAS levels, predominantly measured 
within the past five years (2020–2024) and accounting for 70.4% of the 
total data (Fig. S3), provided preliminary insights into the current status 
of PFAS contamination in European surface waters. Nevertheless, these 
sites exhibited an uneven spatial distribution, with a concentration in 
Western (e.g., France and the United Kingdom) and Southern Europe (e. 
g., Italy) (Figs. S1-S2). Of the 9,985 sites, 31.2% either did not detect any 
PFAS or had levels below the quantification limit. In addition, PFAS 
mixtures were present at 4,725 (47.3%) of the 9,985 sites, with a 
maximum of 18 detected PFAS (Fig. S4). Among the 20 PFAS, PFOS had 
the highest detection frequency (54.3%), followed by PFOA (37.2%) 
(Fig. S5). Previous meta-analysis has also reported PFOA and PFOS as the 
most commonly detected PFAS, with detection frequencies of 81%–90% 
in global surface waters (Sims et al., 2022). This was likely attributed to 
their widespread historical production and use in applications such as 
waterproof coatings and firefighting foams, as well as their designation 
as priority analytes in PFAS monitoring studies (Muir and Miaz, 2021; 
Pistocchi and Loos, 2009).


3.2. Prediction map of PFAS concentration in surface waters


Generating a high-resolution map of the PFAS concentration in Eu
ropean surface waters is essential for understanding PFAS pollution 
patterns and identifying priority areas requiring intervention. Our study 
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developed an XGBoost model to predict the total concentration of the 20 
PFAS in European surface waters at a 2-km resolution (Fig. 1). The 
model exhibited a high predictive performance, with an accuracy, AUC, 
sensitivity, and specificity of 0.92, 0.99, 0.92, and 0.87, respectively 
(Fig. 1a and Table S3). These metrics indicate the capability of the model 
to accurately forecast unknown PFAS concentration patterns. The un
certainty of the prediction map was evaluated by calculating the stan
dard deviation in each grid cell, which exhibited a median, average, and 
maximum of 0.13, 0.13, and 0.20, respectively. Despite the uneven 
geographic distribution of PFAS sites across European countries 
(Fig. S1), the predictive performance of the model remained consistent 
and satisfactory. This was evidenced by the fact that the average stan
dard deviation values by country ranged from 0.10 to 0.15, close to the 
overall average of 0.13 (Fig. S6).


The PFAS concentration prediction map (Fig. 1b) showed that 
approximately 63% of European surface waters exhibited PFAS con
centrations below 10 ng/L, suggesting a generally low level of PFAS 
contamination across the continent. Notably, 37% of European surface 
waters were predicted to have PFAS concentrations of environmental 
concern (>10 ng/L), primarily located in regions such as Spain, Ger
many, Romania, Ukraine, and Serbia.


To identify priority regions, that is, regions most urgently requiring 
water quality management, we defined regions with PFAS concentra
tions exceeding the European Drinking Water guideline of 100 ng/L as 
“excessive regions”. Excessive regions were located predominantly in 
Germany and the Netherlands (e.g., the Rhine River and its tributaries), 
Portugal (e.g., the Sorraia and Sado Rivers), Spain (e.g., the Genil, Zújar, 
and Guadalimar Rivers), and Finland (e.g., the Kitinen River) (Fig. 1b). 
Compared to regions with low PFAS levels, excessive regions with high 
PFAS concentrations were generally located closer to PFAS sources, had 
higher population densities, and underwent more socioeconomic ac
tivity (Fig. S7). For instance, the Rhine River, one of Central Europe’s 
largest waterways with a dense population, suffers from severe PFAS 
contamination caused by substantial wastewater discharge from over 
2,800 treatment plants, as well as intensive industrial activities, 
including those of nearly 10% of global chemical industries (Li et al., 
2023) and three PFAS production facilities (Fig. S8).


To the best of our knowledge, this study is the first to perform a 
model prediction of PFAS concentrations in European surface waters, 
providing a data-driven foundation for understanding PFAS contami
nation patterns across Europe. The predictions derived from our model 
were generally consistent with the findings obtained from previous 
regional-scale monitoring efforts. For instance, a previous investigation 


reported that the concentrations of 26 target PFAS at 40 river sites along 
the Swedish coast were 1–60 ng/L (Nguyen et al., 2017), which is 
consistent with our predicted concentration ranges below 100 ng/L 
(Fig. 1b). Additionally, a meta-analysis found that the PFAS concentra
tions were below 10 ng/L in most European waters (Domingo and Nadal, 
2019). An important advancement of our study is the identification of 
excessive regions, for which no monitoring data had been reported, such 
as the Sorraia and Sado Rivers in Portugal, and the Kitinen River in 
Finland (Fig. 1b). For individuals residing in these excessive regions, we 
recommend both avoiding the direct consumption of surface water and 
switching to purified bottled water. Our prediction map, particularly for 
excessive regions, can serve as a guide for raising awareness for public 
consumption, future monitoring, and PFAS removal options tailored to 
local surface-water conditions.


3.3. Population affected by PFAS exceedance in surface waters


To assess the potential impact of PFAS contamination in surface 
waters on humans, we quantified the number of individuals affected by 
surface waters with PFAS concentrations exceeding the European 
Drinking Water guideline of 100 ng/L. In 29 of the 44 European coun
tries, we estimated that approximately 7,749 individuals were affected 
by surface waters with PFAS concentrations exceeding 100 ng/L. 
Geographically, the affected populations were concentrated in Central 
and Southwestern Europe (Fig. 2a). Germany was the predominant 
contributor, accounting for up to 28.74% (Fig. 2b), followed by Spain 
(19.87%), the Netherlands (14.31%), and France (12.94%). The 
remaining 25 countries collectively contributed to less than 25% of the 
total affected population.


3.4. Ecological risk of PFAS in surface waters


Of the 9,985 sites, PFAS posed a potential ecological risk at 14% of 
the sites (Fig. S9). Specifically, PFAS posed no risk at most sites 
(86.39%), followed by low (11.18%), moderate (1.88%), and high 
(0.55%) risks. Notably, the above analysis results were highly dependent 
on existing monitoring data. Given both the uneven distribution of PFAS 
and the lack of PAFS measurements in numerous surface waters 
(Fig. S9), site-specific risk assessments may not comprehensively cap
ture the PFAS risks in European surface waters.


To investigate the spatially explicit patterns of ecological risks posed 
by PFAS in European surface waters, we developed an XGBoost model 
using known PFAS risk data and 20 environmental spatial variables. This 


Fig. 1. European mapping of PFAS concentrations in surface waters. (a) The area under curve (AUC) of the receiver operator characteristics (ROC) in an XGBoost 
model. A higher AUC value indicates a better ability of this XGBoost model to distinguish the four concentration levels of PFAS. (b) The map of total concentration of 
20 PFAS in European surface waters with prediction results by the XGBoost model.
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model performed very well, as evidenced by its accuracy, AUC, sensi
tivity, and specificity of 0.97, 0.93, 0.94, and 0.93, respectively (Fig. 3a 
and Table S3). In addition, the uncertainty in the model prediction was 
evaluated by calculating the standard deviation for each grid cell. The 
standard deviation values ranged from 0 to 0.19, with average and 
median values of 0.06 and 0.04, respectively, suggesting low uncer
tainty in the model (Fig. S10). Although the average standard deviation 
varied among countries, ranging from 0.03 to 0.135, this was not 
significantly related to the number of sampling sites in each country 
(Fig. S10). Overall, a higher uncertainty was observed in grid cells with 
higher ecological risk levels, such as those in Finland and Spain. This 
finding was consistent with the results of previous machine-learning 
models applied to groundwater (Xiao et al., 2024) and soil (Zhao 
et al., 2023).


Using the developed XGBoost model, we successfully mapped the 
ecological risk levels of PFAS in European surface waters at a resolution 
of 2 km (Fig. 3b). The analysis results revealed that approximately 96% 
of the surface waters were predicted to have no ecological risk (i.e., 
RQmix < 0.01), which aligns with the results of previous regional 
monitoring studies conducted in the Llobregat River in Spain (Campo 


et al., 2015) and in the Danube River (Ng et al., 2022). Only 4% of 
European surface waters were predicted to be at potential ecological risk 
(i.e., RQmix > 0.01), primarily located in the Rhine River and its tribu
taries in Germany, the Sorraia and Sado Rivers in Portugal, and the 
Zújar, Genil and Guadalimar Rivers in Spain. Additionally, surface wa
ters with the high ecological risk of PFAS (i.e., RQmix > 1) were iden
tified in Eastern Finland, such as the Hossanj and Kemijoki Rivers. These 
surface waters with potential PFAS risks generally coincided with sur
face waters with high PFAS concentrations. Overall, the ecological risk 
of PFAS in European surface waters was relatively low, but surface 
waters with a high ecological risk of PFAS require further attention and 
enhanced monitoring.


3.5. Contributing factors


Understanding the effects of natural and anthropogenic factors on 
the spatial distribution of PFAS contamination in European surface 
waters is crucial for implementing targeted PFAS mitigation strategies. 
This study quantified the relative contributions of 20 factors by using the 
SHAP method (Fig. 4 and Fig. S11). In the two XGBoost models, the 


Fig. 2. Population by country affected by surface waters with PFAS concentrations exceeding the European Drinking Water guideline of 100 ng/L. Geographical 
distribution (a) and national ranking (b) of affected populations.


Fig. 3. European mapping of ecological risk of PFAS in surface waters. (a) The area under curve (AUC) of the receiver operator characteristics (ROC) in an XGBoost 
model. A higher AUC value indicates a better ability of this XGBoost model to distinguish the four ecological risk levels of PFAS. (b) The map of ecological risk of 20 
PFAS in European surface waters with prediction results by the XGBoost model. The ecological risk of PFAS was divided into four levels based on the total risk 
quotient (RQmix): RQmix < 0.01, no risk; 0.01 < RQmix < 0.1, low risk; 0.1 < RQmix < 1, moderate risk; and RQmix > 1, high risk.
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dominant influencing factors were socioeconomic parameters (41.0%– 
43.1%), including the distance to the nearest site potentially containing, 
using, or emitting PFAS, gross domestic product (GDP), GDP per capita, 
population, human development index, and human footprint parame
ters. This result was expected because population growth and increased 
socioeconomic activity are generally accompanied by an increased 
production and usage of PFAS (e.g., food containers and fire-suppressing 
foams) (Evich et al., 2022), thereby contributing to elevated PFAS 
emissions.


The second major contributing factor was climate-related conditions, 
including temperature, precipitation, wind speed, solar radiation, water 
vapor pressure, evapotranspiration, and the aridity index, which 
cumulatively contributed 28.4%–30.4%. These climatic conditions can 
significantly affect the environmental behavior and fate of PFAS in 
surface water, including their transport, storage, transformation, and 
dilution (Huang et al., 2025). Soil properties were another important 
factor, accounting for 12.6%–13.8%. The topographical features of 
elevation and slope can alter the volume, velocity, and direction of river 
flow (Sheikholeslami and Hall, 2023), thereby influencing the transport 
and fate of PFAS in surface water.


3.6. Management for mitigating PFAS pollution


Of the 20 factors, the distance to the nearest site potentially con
taining, using, or emitting PFAS (Dist_PFAS_source) was identified as the 
most critical factor in the two XGBoost models, accounting for 13.8%– 
18.5% of the model contributions (Fig. 4 and Fig. S11). Lower values of 
Dist_PFAS_source had positive SHAP values (Fig. 4), suggesting that the 
probabilities of a high PFAS concentration (i.e., >100 ng/L) and 
ecological risk (i.e., RQmix > 1) increased with decreasing Dis
t_PFAS_source value. This finding could be attributed to the tendency for 
sites in close proximity to PFAS sources (e.g., fire training facilities, 
metal-coating facilities, landfills, and waste treatment plants) to accu
mulate higher concentrations of these compounds. A recent study also 
recognized Dist_PFAS_source as a key factor driving the PFAS distribu
tion in US groundwater (Tokranov et al., 2024).


To provide a scientific foundation for precise regulation, we further 
applied a GAM method to determine the relationship between 


Dist_PFAS_source values and the corresponding SHAP values, thereby 
exploring how Dist_PFAS_source influenced the PFAS concentration and 
ecological risk in surface waters (Fig. 5). The GAM analysis revealed 
that, when the Dist_PFAS_source values were below 4.1–4.9 km, the 
SHAP values for both XGBoost models were positive, indicating a posi
tive effect. Conversely, when the Dist_PFAS_source values exceeded this 
threshold of 4.1–4.9 km, the SHAP values were negative, suggesting that 
the probabilities of a high PFAS concentration (i.e., >100 ng/L) and 
ecological risk (i.e., RQmix > 1) decreased with increasing Dis
t_PFAS_source value. Accordingly, we defined the critical distance (i.e., 
4.1–4.9 km) as the tipping point at which Dist_PFAS_source transitioned 
from having a positive influence to having a negative influence. Taken 
together, we recommend that facilities with potential PFAS sources (e. 
g., PFAS production facilities, fire training stations, landfills, and 
wastewater treatment plants) be located at least 4.1–4.9 km away from 
surface waters to mitigate the adverse effect of PFAS contamination to 
humans and ecosystems.


4. Limitations and prospects


To the best of our knowledge, this study presents the first compre
hensive assessment of the adverse impacts of PFAS contamination in 
European surface waters on human and ecosystem health. However, this 
study had several limitations and uncertainties that warrant further 
consideration. First, the PFAS concentrations and predictor datasets 
were obtained from diverse sources, an issue inherent in large-scale 
machine-learning studies (Chen et al., 2025; Podgorski and Berg, 
2022; Tokranov et al., 2024; Xiao et al., 2024). Although we resampled 
all predictor datasets to a 2-km resolution and developed XGBoost 
classification models to mitigate the effects of varied data sources, the 
disparity in data quality might have still introduced uncertainties into 
the XGBoost models. Pursuing a more uniform data resolution and 
quality for comprehensive prediction should be a focus of future 
modeling studies. Second, the European Union has established two 
guidelines: the sum of 20 selected PFAS should not exceed 100 ng/L, and 
the sum of all PFAS should not exceed 500 ng/L (Cappelli et al., 2024; 
EU, 2020). Incorporating a broader range of PFAS into our assessment 
may significantly increase the number of regions with high ecological 


Fig. 4. Shapley additive explanation (SHAP) waterfall diagram of two XGBoost models for predicting total concentration (a) and ecological risk (b) of PFAS. SHAP 
values greater than 0 indicate a positive effect, and vice versa. The color of the point represents the magnitude of the variable value. Feature descriptions are provided 
in Table S2.
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risks and affected populations. Third, the estimated affected populations 
were calculated by multiplying the total population by the model 
probability and the proportion of domestic drinking water consumption 
from untreated surface water at the country level, because of the lack of 
higher-resolution data on surface water usage (Podgorski and Berg, 
2020; Xiao et al., 2024). Fourth, our assessment focused solely on sur
face water, without accounting for groundwater. Future studies should 
conduct a comprehensive assessment incorporating a wider range of 
PFAS and higher-resolution data on water usage, while considering both 
surface and groundwater. Finally, the distance to the nearest potential 
PFAS source site (i.e., Dist_PFAS_source) was used as a predictor variable 
in our XGBoost models. We did not calculate the distance to each indi
vidual type of PFAS point source, owing to the limited availability of 
data on many source types as model inputs. Future research should 
measure or collect more comprehensive data on different types of PFAS 
sources, such as PFAS production facilities, airports, fire training sta
tions, landfills, and wastewater treatment plants. This would enable the 
determination of critical distance thresholds for each source type, which 
could inform more targeted regulatory measures to mitigate PFAS haz
ards in surface waters.


5. Conclusion


This study developed two XGBoost machine-learning models based 
on data on 20 PFAS from 9,985 surface water sites across Europe, as well 
as 20 relevant environmental parameters. By applying the two XGBoost 
models, we mapped the concentrations and ecological risk levels of 
PFAS in continuous European surface waters at a resolution of 2 km. 
These maps have implications for raising awareness of PFAS pollution in 
European surface waters, guiding future environmental monitoring and 
providing information on PFAS removal strategies tailored to local 
conditions. Furthermore, we estimated that nearly eight thousand in
dividuals, living mainly in Central and Southwestern Europe, were 
affected by surface waters with PFAS concentrations exceeding the Eu
ropean Drinking Water guideline of 100 ng/L. Using a combination of 
the SHAP and GAM method, we identified Dist_PFAS_source as the most 
important contributor (13.8%–18.5%) influencing the PFAS concentra
tion and ecological risk. We then examined the relationship between 
Dist_PFAS_source and SHAP values, which enabled us to determine a 
critical distance threshold (4.1–4.9 km). This threshold provides a sci
entific basis for decision-makers to precisely regulate potential point 
sources of PFAS (e.g., PFAS production facilities, landfills, and waste
water treatment plants), which should be located at least 4.1–4.9 km 
away from surface waters to safeguard humans and ecosystems.
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increase the levels of some of the worst toxic chemicals, a study has shown.

Landfills are well known to be a main source of PFAS forever chemicals – or per- and polyfluoroalkyl substances – but the
new study shows that the treatment plants designed to clean up the liquid waste can instead boost the levels of banned PFAS
such as PFOA and PFOS, in some cases by as much as 1,335%.”

https://www.theguardian.com/environment/2024/nov/04/decontamination-of-landfill-waste-leads-to-increase-in-toxic-
chemicals-says-study

Currently, PFAS are ubiquitous in surface waters- and that means the Willamette River, into which untold numbers of gallons
of PFAS containing landfill leachate from Coffin Butte have been released untreated after being transported to the Corvallis
and Salem water treatment plants.

Solutions do not exist to “treat” PFAS forever chemicals.  It behooves us to lessen the amount of toxic leachate in our region
by not approving the expansion of Coffin Butte in this very wet part of the Willamette Valley.

Local and global concerns regarding the persistence of PFAS, how they move through the environment, and the potential for
adverse health impacts of PFAS are increasing.  Here in Benton County, we have the ability to make a decision in order to
safeguard the health of our population and our natural resources.

A Big Liability

The Coffin Butte owners and operators have not been good stewards. They have not been good partners.  There are many
incidences of violations and mishandling of the confidence and trust placed in them.

Coffin Butte landfill is not a resource to us - rather it is a mountainous and growing liability and a source of real health and
environmental concerns. 

The landfill’s expansion would further impinge upon our rights to our health and our finite natural resources of clean air
and water.  There are consequences of leachate that percolates into groundwater, or that is disposed of in the Willamette
River.  Consequences of PFAS that burp into the air along with landfill gasses.  Those PFAS forever chemicals are
percolating into our bodies and natural environments.  

From Politico, October 2025-   A group of 24 European politicians whose blood was tested for toxic PFAS chemicals over the
summer all had the substances in their bodies, the NGOs involved in the testing revealed Tuesday.
“I tested positive for four substances, and three of them can harm unborn children, act as endocrine disruptors, cause liver
damage, and are suspected of being carcinogenic,” said Danish Environment Minister Magnus Heunicke in a written
statement, describing his results as a “frightening reality.”

PFAS in our environments are ubiquitous locally and globally. “Owing to their resistance to heat, water, and oil, over 14,000
per - and polyfluoroalkyl substances (PFAS) are extensively utilized in various industrial and consumer applications, such as
in nonstick
cookware, firefighting foams, food containers, and anti-staining fabrics.”

Please oppose this expansion.
Thank you for your diligence.

Susan Walenza
1415 NW Greenwood Place
Corvallis

Susan

https://www.frontiersin.org/journals/water/articles/10.3389/frwa.2024.1480241/abstract?utm_source=F-NTF&utm_medium=EMLX&utm_campaign=PRD_FEOPS_20170000_ARTICLE
https://www.frontiersin.org/journals/water/articles/10.3389/frwa.2024.1480241/abstract?utm_source=F-NTF&utm_medium=EMLX&utm_campaign=PRD_FEOPS_20170000_ARTICLE
https://www.theguardian.com/environment/2022/feb/08/what-are-pfas-forever-chemicals-what-risk-toxicity
https://www.theguardian.com/environment/2022/feb/08/what-are-pfas-forever-chemicals-what-risk-toxicity
https://www.theguardian.com/environment/2024/nov/04/decontamination-of-landfill-waste-leads-to-increase-in-toxic-chemicals-says-study
https://www.theguardian.com/environment/2024/nov/04/decontamination-of-landfill-waste-leads-to-increase-in-toxic-chemicals-says-study
https://www.politico.eu/article/eu-ministers-pfas-blood-test-forever-chemicals/
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PFAS, often found in landfills, are a family of about 15,000 human-made chemicals and can take thousands
of years to break down in the environment. Photograph: Nature Picture Library/Alamy
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At this unsettling time
We hope you appreciated this article. Before you close this tab, we want to ask if you
could support the Guardian at this crucial time for journalism in the US.

Not all journalism is the same. At the Guardian, we see it as our job not only to
report the facts as we find them, but to give you the whole picture. Never sanitized
or censored, our reporting provides the historical and global context necessary to
fully understand the turbulent times in which we’re living.

As we witness the erosion of democratic norms and political stability in our country
– with heightened violence and division, troops on city streets, attacks on academia
and science, and disregard for the rule of law – the role of the press as an engine of
scrutiny, truth and accountability becomes increasingly important.

At the Guardian, we proudly platform voices of dissent, and we are fearless when it
comes to investigating corruption and challenging power. We don’t have a single
viewpoint, but we do have a shared set of values: humanity, curiosity and honesty
guide us, and our work is rooted in solidarity with ordinary people and hope for our
shared future.

Not every news organization sees its mission this way – and nor is their editorial
independence as ironclad as ours. In the past year, several large US media outlets
have caved to outside pressure at the behest of their corporate and billionaire
owners. We are thankful the Guardian is different. 

Our only financial obligation is to fund independent journalism in perpetuity: we
have no ultrarich owner, no shareholders, no corporate bosses with the power to
overrule or influence our editorial decisions. Reader support is what guarantees our
survival and safeguards our independence – and every cent we receive is reinvested
in our work. 

It has never been more urgent, or more perilous, to pursue reporting in the US that
holds power to account and counters the spread of misinformation – and at the
Guardian we make our journalism free and accessible to all. Can you spare just 37
seconds now to support our work and protect the free press?

We value whatever you can spare, but a recurring contribution makes the most
impact, enabling greater investment in our most crucial, fearless journalism. As our
thanks to you, we can offer you some great benefits – including seeing far fewer
fundraising messages like this. We’ve made it very quick to set up, so we hope you’ll
consider it. Thank you.
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‘Forever chemicals’:
what are PFAS and
what risk do they
pose?

Read more

Processes intended to decontaminate noxious liquid landfill waste before it
enters rivers and sewers have been found to increase the levels of some of
the worst toxic chemicals, a study has shown.

Landfills are well known to be a main source of PFAS forever chemicals – or
per- and polyfluoroalkyl substances – but the new study shows that the
treatment plants designed to clean up the liquid waste can instead boost the
levels of banned PFAS such as PFOA and PFOS, in some cases by as much as
1,335%.

PFAS are a family of about 15,000 human-made
chemicals with nonstick properties that are used in a
wide range of consumer products and industrial
processes. They can take thousands of years to break
down in the environment and the handful that have
been studied in detail have been found to be toxic, with
PFOA and PFOS linked to cancers and other diseases.
PFAS pollution is widespread, having been found in the
remotest parts of the world, and it is thought every US

citizen has it in their blood.

Using data from an Environment Agency investigation into landfill liquid
waste, which is known as leachate, Dr David Megson from Manchester
Metropolitan University, who co-authored the study found “that instead of
removing the banned chemicals PFOS and PFOA our treatment plants are
actually creating them … likely being formed from the transformation of
other PFAS within a chemical soup”.

Megson is concerned that the understanding of what is going on in the UK at
landfill sites is poor and that monitoring “only looks at a few specific PFAS,
so we are only getting a tiny snapshot of what is actually out there and what
impact it may be having”.

The study looked at the leachate from 17 historical and operational landfills,
just a fraction of the total across the country. Pippa Neill from the Ends
Report, a co-author of the study, said that “with potentially hundreds of
landfill operators legally allowed to discharge their treated leachate into the
environment” there is an “urgent need” for more research so that PFAS can
be disposed of properly.

There is also “an urgent need to ban all PFAS globally, whether through the
existing Stockholm convention or a new global treaty on PFAS”, according to
Dr Sara Brosché, an adviser at the International Pollutants Elimination
Network. “PFOS and PFOA were known by the producers to be toxic from the
beginning of their use in consumer products, and they continue to poison
the environment and our bodies many years after they have been regulated.
A multitude of PFAS are now in use with little or no publicly disclosed
information about where they are used or their health impacts.”

In an attempt to halt contamination, the European Commission is
considering a groundbreaking proposal to regulate thousands of PFAS as one
class, something that is being fiercely contested by the PFAS industry. The
UK has not followed the EU’s lead, prompting dozens of the world’s leading
PFAS experts to write directly to UK ministers on Thursday, urging the
government to “take a more ambitious approach and follow the science …
Regulating all PFAS as one group is the only way to tackle PFAS pollution”.

Dr Shubhi Sharma, a scientific researcher at the charity Chem Trust, said:
“PFAS emissions from landfills can contaminate the surrounding
groundwater and surface water and are linked to serious health risks, such as
kidney and testicular cancer. The UK government must take immediate
action to regulate this entire group of PFAS.”

Dr Daniel Drage, an associate professor at the University of Birmingham, is
also concerned that the same thing is happening in a range of treatment
systems.
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“It’s paramount that we identify other treatment processes that remove
PFAS from leachate prior to its release into the environment,” he said. “This
is a multibillion pound global public health issue and likely to go beyond
government expenditure. I would suggest that industries that have profited
substantially from the use of PFAS over the last half a century have a moral
duty to protect future generations from the consequences of these uses.”

A spokesperson for the Environment Agency confirmed it is “working closely
with the landfill industry” and that it is “carrying out further investigations
about PFAS within the landfill waste mass, treatment processes, and on the
consequences of the treatment that leachate undergoes.”

Climate breakdown is likely to exacerbate pollution from landfills, according
to Prof Kate Spencer from Queen Mary University of London. Particularly
“for historic landfills that are not lined these PFAS chemicals can enter
surface and groundwaters with potential consequences for ecological and
human health. This is likely to increase as the severity and frequency of
flooding increases”, she said.

Advertisement

Save on all of The Times.
New interests. New insights. New
inspirations. Elevate your season with
savings.
The New York Times

Subscribe now.

Ad

Get updates about our journalism and ways to support and enjoy our
work.

theguardian.com

Privacy Policy Privacy
Policy Terms of Service

Save on all of The Times.
New interests. New insights. New
inspirations. Elevate your season with
savings.
The New York Times

Subscribe now.

Ad

Support $5/monthly

Recommended

Support $15/monthly

Unlock All-access digital benefits:

Far fewer asks for support

Ad-free reading on all your devices

Unlimited access to the premium Guardian app

Exclusive newsletter for supporters, sent every week from the Guardian newsroom

Unlimited access to our new Guardian Feast App

Support once from just $1

Waste Pfas Landfill Pollution news

US

Sign in

Support us

No censorship here Close

https://support.theguardian.com/us/contribute?REFPVID=mghkarl5wiy2aasm3idd&INTCMP=header_support_2025-05-12_PRICEANCHOR_HEADER__US_CONTROL&acquisitionData=%7B%22source%22%3A%22GUARDIAN_WEB%22%2C%22componentId%22%3A%22header_support_2025-05-12_PRICEANCHOR_HEADER__US_CONTROL%22%2C%22componentType%22%3A%22ACQUISITIONS_HEADER%22%2C%22campaignCode%22%3A%22header_support_2025-05-12_PRICEANCHOR_HEADER__US_CONTROL%22%2C%22abTests%22%3A%5B%7B%22name%22%3A%222025-05-12_PRICEANCHOR_HEADER__US%22%2C%22variant%22%3A%22CONTROL%22%7D%5D%2C%22referrerPageviewId%22%3A%22mghkarl5wiy2aasm3idd%22%2C%22referrerUrl%22%3A%22https%3A%2F%2Fwww.theguardian.com%2Fenvironment%2F2024%2Fnov%2F04%2Fdecontamination-of-landfill-waste-leads-to-increase-in-toxic-chemicals-says-study%22%2C%22isRemote%22%3Atrue%7D
https://www.theguardian.com/
https://www.theguardian.com/
https://www.theguardian.com/commentisfree
https://www.theguardian.com/sport
https://www.theguardian.com/culture
https://www.theguardian.com/lifeandstyle
https://www.theguardian.com/us/environment
https://www.theguardian.com/environment/climate-crisis
https://www.theguardian.com/environment/wildlife
https://www.theguardian.com/environment/energy
https://www.theguardian.com/environment/pollution
https://www.theguardian.com/environment/series/green-light
https://www.theguardian.com/environment/waste
https://www.theguardian.com/profile/rachel-salvidge
https://www.theguardian.com/us/environment
https://www.theguardian.com/environment/climate-crisis
https://www.theguardian.com/environment/wildlife
https://www.theguardian.com/environment/energy
https://www.theguardian.com/environment/pollution
https://www.theguardian.com/environment/series/green-light
https://www.theguardian.com/
https://www.theguardian.com/commentisfree
https://www.theguardian.com/sport
https://www.theguardian.com/culture
https://www.theguardian.com/lifeandstyle
https://www.theguardian.com/info/2018/sep/17/guardian-us-morning-briefing-sign-up-to-stay-informed
https://www.theguardian.com/info/about-guardian-us
https://manage.theguardian.com/help-centre
https://www.theguardian.com/info/complaints-and-corrections
https://www.theguardian.com/info/about-guardian-us/contact
https://www.theguardian.com/tips
https://www.theguardian.com/securedrop
https://www.theguardian.com/info/privacy
https://www.theguardian.com/info/cookies
https://uploads.guim.co.uk/2025/09/05/Tax_strategy_for_the_year_ended_31_March_2025.pdf
https://www.theguardian.com/help/terms-of-service
https://www.theguardian.com/index/subjects/a
https://www.theguardian.com/index/contributors
https://www.theguardian.com/email-newsletters?INTCMP=DOTCOM_FOOTER_NEWSLETTER_US
https://theguardian.newspapers.com/
https://bsky.app/profile/us.theguardian.com
https://www.facebook.com/theguardian
https://www.instagram.com/guardian
https://www.linkedin.com/company/theguardian
https://www.threads.com/@guardian_us
https://www.tiktok.com/@guardian
https://www.youtube.com/user/TheGuardian
https://usadvertising.theguardian.com/
https://www.theguardian.com/guardian-labs-us
https://jobs.theguardian.com/
https://workforus.theguardian.com/
https://www.theguardian.com/help/accessibility-help
https://www.theguardian.com/environment/2024/nov/04/decontamination-of-landfill-waste-leads-to-increase-in-toxic-chemicals-says-study#top
https://support.theguardian.com/us/contribute?product=SupporterPlus&ratePlan=Monthly&REFPVID=mghkarl5wiy2aasm3idd&INTCMP=gdnwb_copts_memco_2025-10-09_STRAIGHT_TO_CHECKOUT_EPIC__US_CONTROL&acquisitionData=%7B%22source%22%3A%22GUARDIAN_WEB%22%2C%22componentId%22%3A%22gdnwb_copts_memco_2025-10-09_STRAIGHT_TO_CHECKOUT_EPIC__US_CONTROL%22%2C%22componentType%22%3A%22ACQUISITIONS_EPIC%22%2C%22campaignCode%22%3A%22gdnwb_copts_memco_2025-10-09_STRAIGHT_TO_CHECKOUT_EPIC__US_CONTROL%22%2C%22abTests%22%3A%5B%7B%22name%22%3A%222025-10-09_STRAIGHT_TO_CHECKOUT_EPIC__US%22%2C%22variant%22%3A%22CONTROL%22%7D%2C%7B%22name%22%3A%22SUPPORTER_AMOUNTS_EVERGREEN__US_REGION%22%2C%22variant%22%3A%22CONTROL%22%2C%22testType%22%3A%22AMOUNTS_TEST%22%7D%5D%2C%22referrerPageviewId%22%3A%22mghkarl5wiy2aasm3idd%22%2C%22referrerUrl%22%3A%22https%3A%2F%2Fwww.theguardian.com%2Fenvironment%2F2024%2Fnov%2F04%2Fdecontamination-of-landfill-waste-leads-to-increase-in-toxic-chemicals-says-study%22%2C%22isRemote%22%3Atrue%7D
https://syndication.theguardian.com/?url=https%3A%2F%2Fwww.theguardian.com%2Fenvironment%2F2024%2Fnov%2F04%2Fdecontamination-of-landfill-waste-leads-to-increase-in-toxic-chemicals-says-study&type=article&internalpagecode=environment/2024/nov/04/decontamination-of-landfill-waste-leads-to-increase-in-toxic-chemicals-says-study
https://www.theguardian.com/environment/2022/feb/08/what-are-pfas-forever-chemicals-what-risk-toxicity
https://www.frontiersin.org/journals/water/articles/10.3389/frwa.2024.1480241/abstract?utm_source=F-NTF&utm_medium=EMLX&utm_campaign=PRD_FEOPS_20170000_ARTICLE
https://www.theguardian.com/environment/2022/feb/08/what-are-pfas-forever-chemicals-what-risk-toxicity
https://www.theguardian.com/environment/2023/feb/23/what-are-pfas-forever-chemicals-how-toxic-are-they-and-how-do-you-become-exposed
https://www.theguardian.com/environment/article/2024/jun/28/landfill-sites-across-england-could-be-leaking-harmful-toxic-ooze-warn-experts-forever-chemicals-pfas
https://www.theguardian.com/environment/article/2024/jun/28/hidden-dangers-old-uk-landfills-toxic-chemicals
https://www.su.se/department-of-environmental-science/news/uk-ministers-urged-to-toughen-regulation-on-toxic-forever-chemicals-by-leading-scientists-1.773369
https://www.theguardian.com/environment/2024/oct/15/cost-dealing-pfas-problem-sites-frightening-environment-agency-england
https://www.theguardian.com/environment/2024/feb/01/seventeen-landfills-in-england-make-toxic-liquid-hazardous-to-drinking-water
https://www.theguardian.com/environment/2023/nov/28/forever-chemicals-found-in-drinking-water-sources-across-england
https://www.theguardian.com/
https://www.theguardian.com/help/privacy-policy
https://policies.google.com/privacy
https://policies.google.com/terms
https://support.theguardian.com/us/contribute?REFPVID=mghkarl5wiy2aasm3idd&INTCMP=2025-09-22_BRAND_BANNER__DESKTOP_US_COLLAPSABLE_V1_CONTROL&acquisitionData=%7B%22source%22%3A%22GUARDIAN_WEB%22%2C%22componentId%22%3A%222025-09-22_BRAND_BANNER__DESKTOP_US_COLLAPSABLE_V1_CONTROL%22%2C%22componentType%22%3A%22ACQUISITIONS_ENGAGEMENT_BANNER%22%2C%22campaignCode%22%3A%222025-09-22_BRAND_BANNER__DESKTOP_US_COLLAPSABLE_V1_CONTROL%22%2C%22abTests%22%3A%5B%7B%22name%22%3A%222025-09-22_BRAND_BANNER__DESKTOP_US%22%2C%22variant%22%3A%22COLLAPSABLE_V1_CONTROL%22%7D%5D%2C%22referrerPageviewId%22%3A%22mghkarl5wiy2aasm3idd%22%2C%22referrerUrl%22%3A%22https%3A%2F%2Fwww.theguardian.com%2Fenvironment%2F2024%2Fnov%2F04%2Fdecontamination-of-landfill-waste-leads-to-increase-in-toxic-chemicals-says-study%22%2C%22isRemote%22%3Atrue%7D&product=SupporterPlus&ratePlan=Monthly


Landfill Gas: A Major Pathway for Neutral Per- and Polyfluoroalkyl
Substance (PFAS) Release
Ashley M. Lin, Jake T. Thompson, Jeremy P. Koelmel, Yalan Liu, John A. Bowden,
and Timothy G. Townsend*

Cite This: https://doi.org/10.1021/acs.estlett.4c00364 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The undisclosed and ubiquitous use of perfluoroalkyl
and polyfluoroalkyl substances (PFAS) in consumer products has led
to a growing issue of environmental pollution, particularly within the
solid waste community, where the fate of volatile (neutral) PFAS in
landfilled refuse is not well understood. Here, three municipal solid
waste landfills in Florida were assessed for neutral PFAS in landfill gas
and ionic PFAS in landfill leachate to compare the relative mobility
between the two pathways. Landfill gas was directly sampled using a
high volume, XAD-2 resin based sampling approach developed for
adsorption and analysis of 27 neutral PFAS. Across sites, 13 neutral
PFAS were identified from fluorotelomer alcohol (FTOH),
fluorotelomer olefin (FTO), secondary FTOH, fluorotelomer acetate
(FTOAc), and fluorotelomer methyl acrylate (FTMAc) classes;
however, FTOHs dominated concentrations (87−97% total neutral PFAS), with most detections surpassing utilized calibration
levels. Even under conservative assumptions, the mass of fluorine leaving in landfill gas (32−76%) was comparable to or greater than
the mass leaving in landfill leachate (24−68%). These findings suggest that landfill gas, a less scrutinized byproduct, serves as a major
pathway for the mobility of PFAS from landfills.
KEYWORDS: volatile, emissions, GC, fluorotelomer alcohol

1. INTRODUCTION
Widespread per- and polyfluoroalkyl substance (PFAS)
contamination has been a mounting environmental concern
due to their chemical persistence and toxicity to human and
biotic health.1−4 While numerous industries are being
confronted with PFAS-related management challenges, the
burden of remediation and PFAS removal has often fallen on
downstream industries�namely, the solid waste sector.5−9

Discarded, PFAS-laden consumer products including textiles,
wood products, and packaging and commonly landfilled
industrial byproducts like MSW incineration ash and waste-
water biosolids are known contributors to PFAS loading in
landfills.10−16 Existing research suggests most discarded PFAS
mass is retained within landfills9,17 with liquid-phase by-
products of waste decomposition, leachate and gas condensate,
currently considered prevalent pathways for PFAS mobiliza-
tion.2,7,9 However, the extent of PFAS release to another major
byproduct, landfill gas (LFG), has remained largely unscruti-
nized.

The bulk of PFAS characterization studies focus on
nonvolatile/semivolatile (ionic) perfluoroalkyl acids (PFAAs)
measured in liquid and solid matrices, in part because of a high
presence and awareness of these species within the PFAS
community but largely because analytical capabilities for ionic

PFAS measurement are better established.18−21 Volatile
(neutral) PFAS are also utilized in consumer prod-
ucts13,22−27,27 and have been determined in a few studies on
ambient air surrounding landfills and near wastewater treat-
ment plants,28−32 but a lack of volatile analytical standards and
latency in methodological development has hindered the
progression of gas phase research in environmental matrices.
Whereas PFAS characterization in leachate is established,
concentrations ranging from thousands to tens of thousands of
nanograms per liter are commonly encountered;33−38 only two
studies characterize volatile PFAS directly in LFG.39,40 Titaley
et al. identified fluorotelomer alcohol (FTOH), fluorotelomer
acrylate (FTAc) and fluorotelomer olefin (FTO) homologues
in LFG with combined concentrations ranging from 4,600 to
14,000 ng m−3 across three landfills. Goukeh et al., only
assessing FTOHs, identified higher combined concentrations
than Titaley et al., finding ∼18,000 ng m−3 (sum of 6:2 and 8:2
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FTOH) in the one LFG sample examined. These studies
suggest PFAS variability in LFG, which motivates further
investigation, deploying higher sampling volumes39 and larger
analyte lists40 to understand the potential presence of other
neutral PFAS and distribution among landfills of different
regions, compositions, and sizes.

With the ongoing development of PFAS regulation,19

understanding the partitioning behavior of PFAS in major
repositories like MSW landfills grows increasingly critical to
minimize environmental and human risk. Unlike leachate, LFG
is not always captured by collection systems, and management
varies broadly across landfills, ranging from no treatment (i.e.,
passive venting) to some treatment (i.e., flaring, LFG to energy
projects), but current treatment, if any, is not intended for
PFAS.41,42 Emerging research suggests the toxicity of volatile
species (specifically 6:2 FTOH) to be significantly higher than
their ionic counterparts via the inhalation pathway (a main
route of exposure for volatile compounds).43−47 Further,
degradation of neutral species to ionic PFAAs once emitted to
the atmosphere is well established.48−58 The potential for long-
range atmospheric transport of PFAS from landfills under-
scores the importance of considering neutral species and their
fate during management to prevent further environmental
contamination of highly scrutinized PFAAs such as perfluor-
ooctanoic acid (PFOA) and perfluorooctanesulfonic acid
(PFOS). As the only studies on LFG primarily identified
FTOHs in LFG, the magnitude and significance of other
neutral species remains unclear.

Here, LFG was sampled directly from gas well heads at three
MSW landfill locations in Florida using a higher volume
sampling protocol. XAD-2 resin sandwiched between polyur-
ethane foam (PUF) was utilized for PFAS capture, then
samples were analyzed for 27 volatile/semivolatile (neutral)
PFAS via targeted gas chromatography high resolution mass
spectrometry (GC-HRMS). To contextualize release in the gas
phase, leachate was also collected at each landfill and analyzed
for ionic PFAS (n = 93) using ultrahigh pressure liquid
chromatography tandem mass spectrometry (UHPLC-MS/
MS). The observed LFG and leachate concentrations were
normalized on a mass of fluorine basis to compare the
potential mobility in gas versus leachate matrices. This study
provides foundational data critical for understanding the role of

landfills in anthropogenic PFAS release and for informing LFG
management.

2. METHODS AND MATERIALS
For brevity, materials and methods associated with ionic PFAS
analysis in landfill leachate are provided in section 1 of the
Supporting Information (Tables S-1 through S-4).

2.1. Standards and Reagents. Targeted neutral PFAS
(≥97% purity, n = 27) were purchased from Wellington
Laboratories Inc. (Guelph, ON, Canada), SynQuest Labo-
ratories (Alachua, FL), and Chiron (Stiklestadveien, Trond-
heim, Norway). Nine classes of neutral PFAS (perfluoroalkane
sulfonamides (FASAs), perfluoroalkane sulfonamidoethanols
(FASEs), fluorotelomer acetates (FTOAcs), fluorotelomer
methyl acrylates (FTMAcs), fluorotelomer iodides (FTIs),
fluorotelomer secondary alcohols (sFTOHs), FTOHs, FTAcs,
and FTOs) were measured using eight isotopically labeled
internal standards (IS) from FASA, FASE, FTOH, and FTMAc
classes for quantitation (Table S-5).

2.2. Sample Preparation and Collection. Polyvinyl
chloride (PVC) cartridges filled with 4−5 g of Amberlite XAD-
2 resin retained between two polyurethane foam (PUF) discs
were utilized for PFAS capture.29,59,60 Before use, XAD-2
sorbent was made PFAS-free through sequential Soxhlet
extractions.61 All cartridge components, sampling vessels, and
tubing were sonicated in a mixture of Liquinox and PFAS-free
water, rinsed, and then sonicated in methanol and methanol
rinsed before use. Once dried and assembled, cartridges were
stored in individually sealed polyethylene bags at 4 °C until
sampling.

As neutral compounds were the focus of this investigation,
aerosolized/particulate-bound PFAS were not specifically
targeted for capture; however, a condensate collection system
was included to prevent moisture interference. The developed
sampling system (Figure 1) consisted of a condensate
knockout (borosilicate, barbed Erlenmeyer flask contained in
a cold box), two PUF/XAD-2 cartridges (installed in-series), a
rotameter for flow control, a portable vacuum pump, and
PFAS-free Tygon tubing. Before each sampling event, gas well
head connection to the larger landfill gas collection system was
disabled to create a neutral to positive pressure, workable for
flow through the sampling system, then gas composition/

Figure 1. Developed system for sampling neutral PFAS directly from landfill gas well heads.
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temperature was recorded using an Optimax Biogas analyzer
(MRU Instruments, Humble, TX). Duplicate sampling trains
were connected to existing gas well sampling ports.
Approximately 1,200 L was sampled through each train at a
flow rate of 5 L min−1. After sampling, PUF/XAD-2 cartridges
were sealed and individually stored at ≤4 °C for transport/
storage. Quality control (QC) procedures are provided in the
SI, section 2.

2.3. Extraction and Analysis. Spent XAD-2 from each
cartridge was weighed and transferred to a 50 mL
polypropylene centrifuge tube and vortexed, and approximately
2 g aliquoted for extraction. Samples were spiked with a
mixture of mass labeled IS (Table S-5), rotated end-over-end
for 18 h in 4 mL of 75/25% (v/v) ethyl acetate and methanol,
and centrifuged for 10 min at 4,000 rpm. Supernatants were
transferred to 15 mL centrifuge tubes, and the extraction
process was repeated, combining supernatants from the two-
fold extraction. Extracts were concentrated to 3 mL via gentle
nitrogen evaporation, aliquoted, and stored no more than 30
days at −20 °C until analysis. QC details are provided in the
SI, section 2 (Table S-6 and Figure S-1).

Targeted analysis of 27 neutral PFAS by positive chemical
ionization (PCI) with selected ion monitoring (SIM) was
conducted using a Thermo Scientific TRACE 1310 gas
chromatograph coupled to a Thermo Scientific Orbitrap
Exploris GC 240 mass spectrometer (GC-HRMS; see SI,
section 2 for details regarding GC separations and
instrumentation). A 12-point external calibration curve (from
1 to 2,000 pg μL−1) was developed for quantitation, prepared
through serial gravimetrically derived dilutions of primary
stock solutions. A mixture of mass labeled IS at concentrations
of 150 pg μL−1 was added to each calibration level. When a
labeled standard was not available for a compound, a labeled
standard with a similar retention time or structure was utilized
for quantitation (Table S-5).

3. RESULTS AND DISCUSSION
Unexpectedly, several neutral PFAS concentrations in LFG
exceeded the implemented calibration levels. Because of

considerable exceedance for some compounds, dilution
would reduce IS below instrument detection; therefore, in
instances where sample concentrations exceeded calibration
limits, two concentrations are presented (Equation S-1): a
minimum value which assumes the highest calibration
concentration and a maximum extrapolated concentration.
Fluorine mass release calculations utilize minimum values,
preventing overextrapolation while providing a conservative
estimate for leachate comparison. Even under these
assumptions, substantial concentrations of neutral PFAS,
higher than those previously observed, were identified. Future
assessments should deploy shorter sampling durations to refine
findings.

3.1. Neutral PFAS in Landfill Gas. Except for 4:2 FTOH
in one landfill, 13 PFAS were detected in duplicate samples
across the three sites (site characteristics are provided in Table
S-9). Observed concentrations are displayed in Table 1. At
minimum, combined concentrations of neutral PFAS in LFG
ranged from 22,000 to 33,000 ng m−3. Considering
extrapolated values, total concentrations ranged from 210,000
to 940,000 ng m−3, an order of magnitude higher than those
previously reported in LFG.39

3.1.1. FTOHs and sFTOHs in Landfill Gas. Like previous
studies on LFG and air surrounding landfills, FTOHs
dominated neutral PFAS concentrations;28,31,32,39,40 however,
extrapolated concentrations in this study surpassed previous
reports in LFG, in some cases by 2 orders of magnitude, and
were more comparable (although much lower) to concen-
trations recently identified in soil vapor near a PFAS
manufacturing facility.55 While there are uncertainties given
the degree of extrapolation, the magnitude of FTOHs found in
this study compared to existing research suggests fundamental
differences potentially related to sampling methodology (e.g.,
much larger sampling volumes) and/or sampled landfill
characteristics (e.g., waste type, age, air intrusion), although
these data were not available for comparison. Across the three
sites, 6:2, 8:2, and 10:2 FTOH, combined, made up 87 to 97%
of total concentrations, but 8:2 FTOH alone constituted 50 to
79%. The shortest and longest analyzed homologues, 4:2 and

Table 1. Average Concentrations (n = 2) of 13 Neutral PFAS (ng m−3) from Three Municipal Solid Waste Landfills in Florida
(Site Characteristics Are Provided in Table S-9)a

concentration (ng m−3)

analyte landfill 1 E landfill 2 E landfill 3 E

4:2 FTOH 220 ND 57
6:2 FTOH >9,900 170,000 >6,000 22,000 >6,500 62,000
8:2 FTOH >6,800 200,000 >6,000 140,000 >6,500 740,000
10:2 FTOH >5,100 14,000 >3,000 23,000 >5,000 120,000
12:2 FTOH 860 1,400 5,000
5:2 sFTOH >2,900 8,800 >1,700 9,000 >1,900 5,900
7:2 sFTOH 320 >1,300 13,000 >1,400 11,000
8:2 FTO 2,500 1,300 550
10:2 FTO 650 840 540
12:2 FTO 97 580 160
8:2 FTOAc 610 90 490
10:2 FTOAc 99 19 140
6:2 FTMAc 3,800 56 150

aConcentrations of 6:2, 8:2, and 12:2 FTOH and 5:2 and 7:2 sFTOH consistently exceeded the upper limit of developed calibration ranges;
therefore, both a minimum concentration (assuming the highest calibration concentration) and a maximum extrapolated concentration are
provided. Italicized values denote a minimum concentration. Column “E” presents average maximum concentrations. “ND” denotes non-detect
measurements. FTAcs, FASAs, FASEs, FTIs, and 8:2 FTMAc were not detected in any samples. Analyte acronyms and details are provided in Table
S-5.
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12:2 FTOH, were significantly lower in concentration (Table
S-10). This is supported by previous FTOH distributions
determined from source fluoro-telomer polymers62 and
observations in LFG, urban air, and air surrounding wastewater
treatment/landfill sites.28−31,39,40,63 Concentrations of 12:2
FTOH were of similar magnitude to those in Titaley et al., but
4:2 FTOH has not been detected in LFG, suggesting MSW
landfills to be a previously unidentified potential source of
atmospheric 4:2 FTOH.39

Secondary FTOHs have not been targeted in gas-phase
landfill research but have been identified in condensate
associated with LFG collection systems.37 As intermediary
byproducts of 6:2 and 8:2 FTOH biodegradation to PFAAs,
5:2 and 7:2 sFTOH, were unsurprisingly elevated, they were at
least an order of magnitude lower than respective parent
FTOH homologues.64−66 All detections of 5:2 sFTOH and
two out of three detections of 7:2 sFTOH were above
calibration, combined sums attributed to 2 to 10% of total
concentrations.
3.1.2. Other Neutral PFAS in Landfill Gas. Other neutral

PFAS fell within acceptable calibration ranges and together
accounted for 0.22 to 1.9% of total concentrations. FTO
homologues have been encountered in other LFG and ambient
air studies, but in past assessments 8:2 and 10:2 FTO were
below limits of quantitation and 12:2 FTO concentrations
were consistently an order of magnitude higher than those
reported here.39,59 To the authors’ knowledge, 8:2 and 10:2
FTOAc and 6:2 FTMAc have not been determined in LFG.
FTOAcs are not commonly assessed analytes but are
associated with fluoropolymer textile treatments and have
been identified in one indoor air study from Japan.67,68

Similarly, 6:2 FTMAc has only been analyzed in a few studies
on cosmetics and wastewaters but at lower concentra-
tions.69−71

3.2. Comparative Fluorine Mass Release between
Landfill Byproducts. Normalizing PFAS concentrations on a
fluorine basis allows comparisons to be drawn between
different matrices and PFAS types (e.g., gas−liquid, neutral−
ionic, precursor−terminal). This methodology is widely used
to assess the “mass balance” of PFAS within systems, given that
the long-term environmental fate of measurable PFAS is
transient, whereas the mass of fluorine is conserved.17,72,73

Here, the same approach is utilized to compare the PFAS
mobility in leachate versus LFG pathways. Neutral (Table 1,
minimum values) and ionic (Table S-4) PFAS concentrations
in LFG and leachate from this study were individually
normalized to a mass of fluorine (Equation S-2) using
compound specific fluorine mass fractions (Table S-8).
Summed fluorine masses in leachate and LFG were then
scaled according to site-specific annual generation volumes
reported for each landfill (Table S-9).41 A caveat of this
comparison is the absence of measurements for neutral species
in leachate and ionic species in LFG; however, the literature
suggests FTOHs (the dominant neutral class identified)
predominantly exist in the gaseous phase, while PFAAs exist
in liquid or particulate phases.28,74 Subsequent research should
assess neutral and ionic compounds in both matrices to
validate findings and further elucidate the PFAS behavior in
landfills.

Even utilizing minimum concentrations observed in LFG,
equal magnitudes of fluorine release are observed between
LFG and leachate at each site (Figure 2)�contrasting from
existing estimates of PFAS mass flow from landfills.9 Existing

estimates, based on limited data, suggest that most PFAS mass
mobilized from landfills releases through leachate (∼62%).9

However, our data from Landfill 1, showing over 76% fluorine
release in LFG, along with substantial masses released by LFG
in Landfills 2 and 3 (at minimum 40% and 32%, respectively),
indicate that LFG may serve as an equal, likely greater, conduit
of PFAS mobility from landfills than leachate, concurring with
previous reactor studies on FTOH volatilization and neutral/
ionic PFAS assessments of select waste materials.17,75,76

At least 79 to 92% of the fluorine mass in LFGs were derived
from FTOH/sFTOH classes, with minimal contribution from
FTOs, FTOAcs, and FTMAcs. In this conservative assessment,
fluorine from LFG surpassed leachate in only Landfill 1.
Although actual fluorine emission from LFG is higher than
reported here, the elevated ratio of gas-to-leachate generation
at Landfill 1 likely caused this difference (Table S-9). Landfill
2, the largest site, demonstrated the highest combined fluorine
release from leachate and LFG, followed by Landfill 3, and
then Landfill 1, corresponding to descending waste mass in
place at each location.

4. IMPLICATIONS
This study provides fundamental data about neutral PFAS in
LFG from MSW landfills. Unexpectedly, FTOH/sFTOH
detections in LFG from this study exceeded implemented
calibration levels; subsequent research should deploy shorter
sampling durations. Regardless, even under more conservative
assumptions these findings suggest that LFG, largely unscruti-
nized for PFAS, contains similar or greater magnitudes of
PFAS compared to leachate, mostly attributed to midlength
FTOH homologues. As landfills can be viewed as unabating
PFAS repositories, the significance of LFG management in
mitigating the long-term, long-range atmospheric transport of

Figure 2. Annual fluorine mass release in landfill leachate versus
landfill gas (LFG) from three municipal solid waste landfills in
Florida. Fluorine masses in leachate are derived from ionic PFAS
(∑93 PFAS) concentrations measured in leachate from each site
(Table S-4) multiplied by the annual leachate generation volume and
scaled using each detected compound’s fluorine mass fraction (Tables
S-8, S-9). The same methodology was applied for neutral PFAS (∑27
PFAS) in LFG by using the average of minimum concentrations
(Table 1). Asterisked (*) values denote input FTOH/sFTOH
concentrations which were above calibration levels developed for this
study and therefore assumed to be at the highest calibration
concentration. Consequently, these findings should be viewed as
minimum values which conservatively estimate the magnitude of
PFAS mobility in leachate versus LFG.
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neutral PFAS, and subsequently derived PFAAs, cannot be
understated. Unlike landfill leachate, LFG collection systems
(when in place) are not fully efficient, collecting an estimated
∼50−70% of generated biogases.77 Though this is a
considerable collection efficiency of biogas and presumably
neutral PFAS, management of captured LFG fractions varies
globally, from no treatment to degrees of carbon filtration and
thermal treatment (i.e., flaring, advanced renewable natural gas
technologies). Because the feasibility of PFAS destruction
through thermal treatment remains unclear, research is needed
to determine the treatment/removal efficiency of existing LFG
management technologies. Considering the range of LFG
capture efficiency, the retention and emission of neutral PFAS
via fugitive emissions (i.e., migration through the waste layer)
should also be examined, along with the role of landfill waste
type, age, and temperature in neutral PFAS variability.
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A B S T R A C T

Per- and polyfluoroalkyl substances (PFAS), commonly known as “forever chemicals”, are ubiquitous in surface 
waters and potentially threaten human health and ecosystems. Despite extensive monitoring efforts, PFAS risk in 
European surface waters remain poorly understood, as performing PFAS analyses in all surface waters is 
remarkably challenging. This study developed two machine-learning models to generate the first maps depicting 
the concentration levels and ecological risks of PFAS in continuous surface waters across 44 European countries, 
at a 2-km spatial resolution. We estimated that nearly eight thousand individuals were affected by surface waters 
with PFAS concentrations exceeding the European Drinking Water guideline of 100 ng/L. The prediction maps 
identified surface waters with high ecological risk and PFAS concentration (>100 ng/L), primarily in Germany, 
the Netherlands, Portugal, Spain, and Finland. Furthermore, we quantified the distance to the nearest PFAS point 
sources as the most critical factor (14%–19%) influencing the concentrations and ecological risks of PFAS. 
Importantly, we determined a threshold distance (4.1–4.9 km) from PFAS point sources, below which PFAS 
hazards in surface waters could be elevated. Our findings advance the understanding of spatial PFAS pollution in 
European surface waters and provide a guideline threshold to inform targeted regulatory measures aimed at 
mitigating PFAS hazards.

1. Introduction

Owing to their resistance to heat, water, and oil, over 14,000 per- 
and polyfluoroalkyl substances (PFAS) are extensively utilized in 
various industrial and consumer applications, such as in nonstick 
cookware, firefighting foams, food containers, and anti-staining fabrics 
(Ackerman Grunfeld et al., 2024; Evich et al., 2022). However, 
throughout their life cycle, from manufacture to disposal, PFAS are 
released into various environmental media, including surface water, 
soil, and air (Bonato et al., 2025; Evich et al., 2022; Podder et al., 2021). 
For example, PFAS may enter surface water via industrial and municipal 
wastewater discharge (Huang et al., 2025; Salvatore et al., 2022). Given 
that surface water supplies half of all drinking water globally (FAO, 
2024; Wang et al., 2023), it may represent an important pathway of 
PFAS exposure in both humans and organisms. Owing to the ubiquity of 

PFAS in aquatic environments, global concerns regarding their persis
tence, mobility, and potential for adverse health impacts are increasing 
(Cousins et al., 2022; Park et al., 2024; Sims et al., 2022).

PFAS are associated with adverse health effects in humans and 
wildlife, such as kidney cancer, infertility, liver effects, and altered 
immune function (Chiriac et al., 2023; Cordner et al., 2024; Steenland 
et al., 2010). In response to the potential risks posed by PFAS, the Eu
ropean Union has proposed guidelines for PFAS concentrations in 
drinking water, setting limits of 500 ng/L for the sum of all PFAS or 100 
ng/L for the sum of 20 selected PFAS (Cappelli et al., 2024; EU, 2020). 
Considerable efforts have also been made to investigate the occurrence 
of PFAS in European surface waters, primarily at the regional scale (e.g., 
the Danube River (Ng et al., 2022) and the River Rhine (Möller et al., 
2010)), while investigations at the national (e.g., Germany (Göckener 
et al., 2023)) level are limited. Recently, “the Forever Pollution Project” 
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compiled a large dataset from various sources, recording 265,621 
measurements of PFAS concentrations in surface waters across Europe 
(Cordner et al., 2024). However, this dataset is primarily descriptive 
(Moghadasi et al., 2023), and a considerable portion of European surface 
waters lacks records. To date, the spatially explicit patterns of PFAS risk 
in continuous surface waters across Europe, as well as the key spatial 
drivers underlying these patterns, remain largely unexplored.

Generating a high-resolution map of the PFAS risk in European 
surface waters can both provide important insights into the underlying 
risk patterns and inform targeted mitigation strategies. Despite its 
importance, comprehensive continental monitoring of PFAS in surface 
waters remains challenging because of the substantial costs and tech
nical complexities involved. Machine-learning modelling offers a 
promising approach for predicting the PFAS risk in surface waters where 
monitoring data are scarce, owing to its excellent ability to establish 
nonlinear relationships between known contamination data and rele
vant environmental parameters (Chen et al., 2025; Chen et al., 2024; 
Podgorski and Berg, 2022). Recent modelling practices have demon
strated its application to the mapping of PFAS risks in Chinese surface 
water (Hu et al., 2023; Huang et al., 2025), US surface water (Breitmeyer 
et al., 2024) and groundwater (Park et al., 2024; Tokranov et al., 2024), 
as well as European soil (Moghadasi et al., 2023). In this study, we 
hypothesized that an interpretable machine-learning model could 
accurately predict PFAS concentrations, as well as the associated risks, 
in European surface waters, while also identifying the key spatial drivers 
underlying these patterns.

To test this hypothesis, we first compiled data on the concentrations 
of 20 selected PFAS at 9,985 surface water sites in 32 European countries 
(Fig. S1) and then calculated the cumulative ecological risk of PFAS at 
these sites by using the risk quotient (RQ) method (Bureau, 2003). 
Subsequently, two interpretable eXtreme Gradient Boosting (XGBoost) 
models were developed by establishing nonlinear relationships between 
the PFAS data and 20 relevant environmental parameters. These two 
XGBoost models allowed us to generate the first detailed maps of the 
total concentration and ecological risk of PFAS in European surface 
waters at a spatial resolution of 2 km. Furthermore, the concentration 
map was utilized to estimate the population affected by surface waters 
with PFAS levels exceeding the European Drinking Water guideline of 
100 ng/L. Finally, the interpretable XGBoost algorithm was applied to 
identify the key influencing factors and threshold distance of PFAS point 
sources, so as to mitigate PFAS hazards in European surface waters.

2. Materials and methods

2.1. PFAS concentration

The following 20 PFAS, listed in the European Drinking Water 
Directive 2020/2184 (EU, 2020), were selected: perfluorobutanoic acid, 
perfluoropentanoic acid, perfluorohexanoic acid, perfluoroheptanoic 
acid, perfluorooctanoic acid (PFOA), perfluorononanoic acid, per
fluorodecanoic acid, perfluoroundecanoic acid, perfluorododecanoic 
acid, perfluorotridecanoic acid, perfluorobutane sulfonic acid, per
fluoropentane sulfonic acid, perfluorohexane sulfonic acid, per
fluoroheptane sulfonic acid, perfluorooctane sulfonic acid (PFOS), 
perfluorononane sulfonic acid, perfluorodecane sulfonic acid, per
fluoroundecane sulfonic acid, perfluorododecane sulfonic acid, and 
perfluorotridecane sulfonic acid.

Data on the PFAS present in surface waters across Europe were 
retrieved from the “Forever Pollution Project” (https://foreverpollution. 
eu/) (Cordner et al., 2024). To assess the occurrence of the 20 PFAS in 
European surface waters and to minimize possible biases, we applied the 
following selection criteria and statistical analysis: (i) only surface water 
sites located in continental Europe were included, excluding those on 
islands or in seas; (ii) the PFAS concentrations in the most recent year 
were used to reflect the current pollution level, where sites were 
sampled over multiple years; (iii) PFAS concentrations above the limit of 

quantification (LOQ) were recorded and assigned a value of 0 in case of 
the concentrations reporting as “below LOQ”; and (iv) all PFAS con
centration units were converted to ng/L. After employing these quality 
control procedures, a final dataset of 20 PFAS from 9,985 sites in surface 
waters across 32 European countries was compiled for further analysis 
(Fig. S1).

2.2. Ecological risk assessment

We assessed the ecological risk of PFAS in European surface waters 
by using the common RQ method (Bureau, 2003). The RQ of each PFAS 
was calculated by comparing the measured concentration (MEC) in 
surface waters with the existing ecotoxicity thresholds (i.e., the pre
dicted no-effect concentration [PNEC]), as follows (Rodrigues et al., 
2024; Tang et al., 2025): 

RQ = MEC / PNEC                                                                        (1)

PNEC = min [(EC50 or LC50) / AF]                                                 (2)

where EC50 and LC50 are the median effective and lethal concen
trations for aquatic organisms at three trophic levels (i.e., algae, in
vertebrates, and fish), respectively, which were obtained from the 
USEPA ECOTOX Database (https://cfpub.epa.gov/ecotox/), as shown in 
Table S1. The assessment factor (AF) was set to 1,000 (Rodrigues et al., 
2024). Accordingly, the individual RQ of each PFAS was calculated 
based on the most sensitive taxonomic group from three species 
(Rodrigues et al., 2024).

Given the similar mode of action of PFAS (Mu et al., 2022), the risk of 
PFAS mixture was evaluated by summing the RQs of all individual PFAS 
(RQmix), performed using the concentration addition model (Loewe and 
Muischnek, 1926). The ecological risk of PFAS mixtures was classified 
into the following four levels based on the RQmix values: no risk (RQmix 
< 0.01), low risk (0.01 < RQmix < 0.1), moderate risk (0.1 < RQmix < 1), 
and high risk (RQmix > 1).

2.3. Preprocessing of variables for machine-learning models

To mitigate the differences in analytical precision among different 
PFAS data sources and focus on identifying the regions of concern, we 
developed two machine-learning classification models, with reference to 
previous studies (Lombard et al., 2024; Podgorski and Berg, 2020; 
Tokranov et al., 2024; Xiao et al., 2024) and our recent works (Chen 
et al., 2025; Chen et al., 2024). One model was developed to predict the 
four ecological risk levels (i.e., RQmix < 0.01, 0.01 < RQmix < 0.1, 0.1 <
RQmix < 1, and RQmix > 1) of PFAS in European surface waters. The 
other model, which had four PFAS concentration classes (i.e., <1, >1 to 
< 10, >10 to < 100, and > 100 ng/L), was developed to map the PFAS 
pollution level in European surface waters, and to estimate the affected 
population. The boundaries for the four PFAS concentration classes were 
selected based on the regulatory thresholds, environmental pollution 
levels, and analytical limitations: (i) The European Drinking Water 
Directive 2020/2184 recommends a sum of 20 selected PFAS below 100 
ng/L (Cappelli et al., 2024; EU, 2020); (ii) concentrations less than 10 
ng/L are considered a low level of PFAS contamination, while levels 
exceeding 10 ng/L are of environmental concern, as categorized by the 
“Forever Pollution Project” (https://pdh.cnrs.fr/en/about/); and (iii) 
the average LOQ of the 20 PFAS was approximately 1 ng/L, according to 
the analytical method outlined in the Technical guidelines of the 
Directive from the European Parliament and of the Council (EU, 2024). 
A LOQ below 1 ng/L may increase the risk of false positive results (Ruffle 
et al., 2023).

Twenty predictor variables, representing established associations 
and serving as proxies for factors potentially influencing the spatial 
distribution of PFAS in surface waters, were selected (details in Text S1 
and Table S2). These variables encompassed the climate, land use, soil, 
geographic, agricultural, and socioeconomic parameters associated with 
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each site. The variables were further standardized using the Z-score 
method (Zhao et al., 2023). Additionally, they were converted into grid 
cells at a resolution of 2 km × 2 km, enabling the two machine-learning 
models to predict the PFAS concentration and ecological risk in grid cells 
without PFAS data.

2.4. Model development and evaluation

For the two models, four concentration or ecological risk levels, and 
the 20 variables in each grid cell were designated as the response and 
predictor variables, respectively. The entire dataset was partitioned into 
10 spatial clusters by using the K-means clustering algorithm based on 
the spatial locations, with eight randomly selected clusters assigned to 
the training set (80%) and the remaining two clusters forming the test 
set (20%) used for model performance evaluation. To optimize the 
model hyperparameters, a 10-fold cross-validation method was 
employed, in which the training set was further divided into 10 clusters 
using K-means clustering. In each of the ten rounds, nine randomly 
selected clusters were used for the training subset, while the remaining 
cluster served as the validation subset. This spatial partitioning strategy 
was used to mitigate potential spatial biases by ensuring that nearby 
locations were not simultaneously included in either the training or the 
test sets.

Based on a comparison of the performances of four common 
machine-learning algorithms (XGBoost, feedforward neural network, 
support vector machine, and K-nearest neighbor), XGBoost was selected 
as the final model owing to its superior performance (Table S3-S4). 
Model performance was assessed by the accuracy, sensitivity, specificity 
and the Area Under the ROC (receiver operator characteristic) curve 
(AUC). The hyperparameters of the two final XGBoost models were: 
n_estimators, max_depth, learning_rate, min_child_weight, gamma, 
subsample, scale_pos_weight and colsample_bytree (Table S5).

The two final XGBoost models were applied to the prediction dataset 
to predict the total concentration and ecological risk levels of the 20 
PFAS in European surface waters at a 2-km spatial resolution. The grid 
map of European surface waters was downloaded from Natural Earth 
Database (https://www.naturalearthdata.com/). The machine-learning 
models were performed using the sklearn package in Python 3.11.5.

2.5. Model interpretation and uncertainty analysis

The XGBoost models were interpreted using the SHapley Additive 
exPlanations (SHAP) method, which evaluates the contribution of each 
predictor variable and calculates the marginal effect of predictor vari
ables on a model’s predictions. A positive SHAP value indicates a posi
tive contribution, whereas a negative value indicates a negative 
contribution (Chen et al., 2025). Furthermore, we applied a generalized 
additive model (GAM) (Chen et al., 2022; Jia et al., 2024) to analyze the 
relationships between the predictor variables and their corresponding 
SHAP values. The SHAP analysis was performed using the shap package 
(Lundberg et al., 2020) in Python 3.11.5. The GAM fitting was devel
oped based on the LinearGAM package (Daniel et al., 2018) in Python 
3.11.5.

To perform an uncertainty analysis of the model predictions, a Monte 
Carlo simulation approach was employed (Zhao et al., 2023). The 
simulation involved 100 iterations, where different training sets were 
generated using a resampling technique. For each iteration, the XGBoost 
model was trained on a resampled training set and then used to predict 
the prediction dataset. The standard deviations of the predictions in 
each grid cell across all iterations were computed to quantify the un
certainty. The average value of the standard deviation for each country 
was further calculated to assess the impact of uneven PFAS sites (Fig. S1) 
on model uncertainty. Finally, uncertainty maps of the predictions of the 
two models were generated based on the calculated standard deviation 
at a resolution of 2 km.

2.6. Estimation of population affected by PFAS exceedance in surface 
waters

As previously mentioned, a value of 100 ng/L for the sum of the 20 
selected PFAS is the recommended European Drinking Water guideline 
(Cappelli et al., 2024; EU, 2020). We defined grid cells with predicted 
PFAS concentrations exceeding a threshold of 100 ng/L as excessive 
regions. To estimate the population affected by surface waters with 
PFAS concentrations exceeding 100 ng/L, we calculated the affected 
population residing in excessive regions by multiplying the total popu
lation by the model probability and the proportion of domestic drinking 
water consumption from untreated surface water. Country-level data on 
the proportion of domestic drinking water consumption sourced directly 
from untreated surface water bodies, such as rivers, dams, lakes, ponds, 
streams, canals, and irrigation canals, were downloaded from the JMP 
database (https://washdata.org/monitoring/drinking-water). Owing to 
the lack of data on the proportion of domestic drinking water con
sumption from untreated surface water in each grid cell, we assumed 
that this data was uniform within a country. Data on the European 
population density in the year 2020 at 1-km resolution were obtained 
from the GPWv4 dataset (CIESIN, 2018). Accordingly, we calculated the 
affected population living in excessive regions by country, as follows: 

peopletotal = peopleurban + peoplerural                                             (3)

peopleurban = densityurban × percurban × pro                                    (4)

peoplerural = densityrural × percrural × pro                                       (5)

where peopletotal, peopleurban, and peoplerural represent the total, 
urban, and rural potentially affected populations, respectively. densi
tyurban and densityrural are the population densities in the urban and 
rural regions in 2020, respectively. percurban and percrural are the urban 
and rural proportions of domestic drinking water usage from untreated 
surface water, respectively. pro is the predicted probability of PFAS 
concentration exceeding 100 ng/L by the XGBoost model.

3. Results and discussion

3.1. Occurrence of PFAS at the surface water sites

Our meta-analysis compiled a dataset comprising 25,801 concen
tration records for 20 PFAS at 9,985 surface water sites in 32 European 
countries (Figs. S1-S2). The PFAS levels, predominantly measured 
within the past five years (2020–2024) and accounting for 70.4% of the 
total data (Fig. S3), provided preliminary insights into the current status 
of PFAS contamination in European surface waters. Nevertheless, these 
sites exhibited an uneven spatial distribution, with a concentration in 
Western (e.g., France and the United Kingdom) and Southern Europe (e. 
g., Italy) (Figs. S1-S2). Of the 9,985 sites, 31.2% either did not detect any 
PFAS or had levels below the quantification limit. In addition, PFAS 
mixtures were present at 4,725 (47.3%) of the 9,985 sites, with a 
maximum of 18 detected PFAS (Fig. S4). Among the 20 PFAS, PFOS had 
the highest detection frequency (54.3%), followed by PFOA (37.2%) 
(Fig. S5). Previous meta-analysis has also reported PFOA and PFOS as the 
most commonly detected PFAS, with detection frequencies of 81%–90% 
in global surface waters (Sims et al., 2022). This was likely attributed to 
their widespread historical production and use in applications such as 
waterproof coatings and firefighting foams, as well as their designation 
as priority analytes in PFAS monitoring studies (Muir and Miaz, 2021; 
Pistocchi and Loos, 2009).

3.2. Prediction map of PFAS concentration in surface waters

Generating a high-resolution map of the PFAS concentration in Eu
ropean surface waters is essential for understanding PFAS pollution 
patterns and identifying priority areas requiring intervention. Our study 
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developed an XGBoost model to predict the total concentration of the 20 
PFAS in European surface waters at a 2-km resolution (Fig. 1). The 
model exhibited a high predictive performance, with an accuracy, AUC, 
sensitivity, and specificity of 0.92, 0.99, 0.92, and 0.87, respectively 
(Fig. 1a and Table S3). These metrics indicate the capability of the model 
to accurately forecast unknown PFAS concentration patterns. The un
certainty of the prediction map was evaluated by calculating the stan
dard deviation in each grid cell, which exhibited a median, average, and 
maximum of 0.13, 0.13, and 0.20, respectively. Despite the uneven 
geographic distribution of PFAS sites across European countries 
(Fig. S1), the predictive performance of the model remained consistent 
and satisfactory. This was evidenced by the fact that the average stan
dard deviation values by country ranged from 0.10 to 0.15, close to the 
overall average of 0.13 (Fig. S6).

The PFAS concentration prediction map (Fig. 1b) showed that 
approximately 63% of European surface waters exhibited PFAS con
centrations below 10 ng/L, suggesting a generally low level of PFAS 
contamination across the continent. Notably, 37% of European surface 
waters were predicted to have PFAS concentrations of environmental 
concern (>10 ng/L), primarily located in regions such as Spain, Ger
many, Romania, Ukraine, and Serbia.

To identify priority regions, that is, regions most urgently requiring 
water quality management, we defined regions with PFAS concentra
tions exceeding the European Drinking Water guideline of 100 ng/L as 
“excessive regions”. Excessive regions were located predominantly in 
Germany and the Netherlands (e.g., the Rhine River and its tributaries), 
Portugal (e.g., the Sorraia and Sado Rivers), Spain (e.g., the Genil, Zújar, 
and Guadalimar Rivers), and Finland (e.g., the Kitinen River) (Fig. 1b). 
Compared to regions with low PFAS levels, excessive regions with high 
PFAS concentrations were generally located closer to PFAS sources, had 
higher population densities, and underwent more socioeconomic ac
tivity (Fig. S7). For instance, the Rhine River, one of Central Europe’s 
largest waterways with a dense population, suffers from severe PFAS 
contamination caused by substantial wastewater discharge from over 
2,800 treatment plants, as well as intensive industrial activities, 
including those of nearly 10% of global chemical industries (Li et al., 
2023) and three PFAS production facilities (Fig. S8).

To the best of our knowledge, this study is the first to perform a 
model prediction of PFAS concentrations in European surface waters, 
providing a data-driven foundation for understanding PFAS contami
nation patterns across Europe. The predictions derived from our model 
were generally consistent with the findings obtained from previous 
regional-scale monitoring efforts. For instance, a previous investigation 

reported that the concentrations of 26 target PFAS at 40 river sites along 
the Swedish coast were 1–60 ng/L (Nguyen et al., 2017), which is 
consistent with our predicted concentration ranges below 100 ng/L 
(Fig. 1b). Additionally, a meta-analysis found that the PFAS concentra
tions were below 10 ng/L in most European waters (Domingo and Nadal, 
2019). An important advancement of our study is the identification of 
excessive regions, for which no monitoring data had been reported, such 
as the Sorraia and Sado Rivers in Portugal, and the Kitinen River in 
Finland (Fig. 1b). For individuals residing in these excessive regions, we 
recommend both avoiding the direct consumption of surface water and 
switching to purified bottled water. Our prediction map, particularly for 
excessive regions, can serve as a guide for raising awareness for public 
consumption, future monitoring, and PFAS removal options tailored to 
local surface-water conditions.

3.3. Population affected by PFAS exceedance in surface waters

To assess the potential impact of PFAS contamination in surface 
waters on humans, we quantified the number of individuals affected by 
surface waters with PFAS concentrations exceeding the European 
Drinking Water guideline of 100 ng/L. In 29 of the 44 European coun
tries, we estimated that approximately 7,749 individuals were affected 
by surface waters with PFAS concentrations exceeding 100 ng/L. 
Geographically, the affected populations were concentrated in Central 
and Southwestern Europe (Fig. 2a). Germany was the predominant 
contributor, accounting for up to 28.74% (Fig. 2b), followed by Spain 
(19.87%), the Netherlands (14.31%), and France (12.94%). The 
remaining 25 countries collectively contributed to less than 25% of the 
total affected population.

3.4. Ecological risk of PFAS in surface waters

Of the 9,985 sites, PFAS posed a potential ecological risk at 14% of 
the sites (Fig. S9). Specifically, PFAS posed no risk at most sites 
(86.39%), followed by low (11.18%), moderate (1.88%), and high 
(0.55%) risks. Notably, the above analysis results were highly dependent 
on existing monitoring data. Given both the uneven distribution of PFAS 
and the lack of PAFS measurements in numerous surface waters 
(Fig. S9), site-specific risk assessments may not comprehensively cap
ture the PFAS risks in European surface waters.

To investigate the spatially explicit patterns of ecological risks posed 
by PFAS in European surface waters, we developed an XGBoost model 
using known PFAS risk data and 20 environmental spatial variables. This 

Fig. 1. European mapping of PFAS concentrations in surface waters. (a) The area under curve (AUC) of the receiver operator characteristics (ROC) in an XGBoost 
model. A higher AUC value indicates a better ability of this XGBoost model to distinguish the four concentration levels of PFAS. (b) The map of total concentration of 
20 PFAS in European surface waters with prediction results by the XGBoost model.
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model performed very well, as evidenced by its accuracy, AUC, sensi
tivity, and specificity of 0.97, 0.93, 0.94, and 0.93, respectively (Fig. 3a 
and Table S3). In addition, the uncertainty in the model prediction was 
evaluated by calculating the standard deviation for each grid cell. The 
standard deviation values ranged from 0 to 0.19, with average and 
median values of 0.06 and 0.04, respectively, suggesting low uncer
tainty in the model (Fig. S10). Although the average standard deviation 
varied among countries, ranging from 0.03 to 0.135, this was not 
significantly related to the number of sampling sites in each country 
(Fig. S10). Overall, a higher uncertainty was observed in grid cells with 
higher ecological risk levels, such as those in Finland and Spain. This 
finding was consistent with the results of previous machine-learning 
models applied to groundwater (Xiao et al., 2024) and soil (Zhao 
et al., 2023).

Using the developed XGBoost model, we successfully mapped the 
ecological risk levels of PFAS in European surface waters at a resolution 
of 2 km (Fig. 3b). The analysis results revealed that approximately 96% 
of the surface waters were predicted to have no ecological risk (i.e., 
RQmix < 0.01), which aligns with the results of previous regional 
monitoring studies conducted in the Llobregat River in Spain (Campo 

et al., 2015) and in the Danube River (Ng et al., 2022). Only 4% of 
European surface waters were predicted to be at potential ecological risk 
(i.e., RQmix > 0.01), primarily located in the Rhine River and its tribu
taries in Germany, the Sorraia and Sado Rivers in Portugal, and the 
Zújar, Genil and Guadalimar Rivers in Spain. Additionally, surface wa
ters with the high ecological risk of PFAS (i.e., RQmix > 1) were iden
tified in Eastern Finland, such as the Hossanj and Kemijoki Rivers. These 
surface waters with potential PFAS risks generally coincided with sur
face waters with high PFAS concentrations. Overall, the ecological risk 
of PFAS in European surface waters was relatively low, but surface 
waters with a high ecological risk of PFAS require further attention and 
enhanced monitoring.

3.5. Contributing factors

Understanding the effects of natural and anthropogenic factors on 
the spatial distribution of PFAS contamination in European surface 
waters is crucial for implementing targeted PFAS mitigation strategies. 
This study quantified the relative contributions of 20 factors by using the 
SHAP method (Fig. 4 and Fig. S11). In the two XGBoost models, the 

Fig. 2. Population by country affected by surface waters with PFAS concentrations exceeding the European Drinking Water guideline of 100 ng/L. Geographical 
distribution (a) and national ranking (b) of affected populations.

Fig. 3. European mapping of ecological risk of PFAS in surface waters. (a) The area under curve (AUC) of the receiver operator characteristics (ROC) in an XGBoost 
model. A higher AUC value indicates a better ability of this XGBoost model to distinguish the four ecological risk levels of PFAS. (b) The map of ecological risk of 20 
PFAS in European surface waters with prediction results by the XGBoost model. The ecological risk of PFAS was divided into four levels based on the total risk 
quotient (RQmix): RQmix < 0.01, no risk; 0.01 < RQmix < 0.1, low risk; 0.1 < RQmix < 1, moderate risk; and RQmix > 1, high risk.

L. Zhao et al.                                                                                                                                                                                                                                    Environment International 199 (2025) 109504 

5 

f=Re=:,.=ce~ i"iv=-r=er_=Opera=-.!=c..:=:.:='.:::'.ting·= ~=~C ... ~harac_:-~::teri~--~-~Ql~:~1::9::~~~ 8 c C) Curves 

1.0 

10;-w ~ I~ 20"B 

- Norisk 

J~ 40"B 

70"N 

Low risk 
(b) 

0.8 
- Moderate risk 
- Highrisk 

60'N 
,( 

-
r; 

t;f · 
50"N 

, • - No risk (AUC = 0.88) 
,/ Low risk (AUC = 0.86) 

,,,' -- Moderate risk (AUC = 0.99) 
.~ -- High risk (AUC = 1.00) 

o.o;:;--n,---;;-;-----::r::-~~_J 
Q0 Q2 OA Q6 

0.2 

-40"N 

0.8 1.0 
False Positive Rate 



dominant influencing factors were socioeconomic parameters (41.0%– 
43.1%), including the distance to the nearest site potentially containing, 
using, or emitting PFAS, gross domestic product (GDP), GDP per capita, 
population, human development index, and human footprint parame
ters. This result was expected because population growth and increased 
socioeconomic activity are generally accompanied by an increased 
production and usage of PFAS (e.g., food containers and fire-suppressing 
foams) (Evich et al., 2022), thereby contributing to elevated PFAS 
emissions.

The second major contributing factor was climate-related conditions, 
including temperature, precipitation, wind speed, solar radiation, water 
vapor pressure, evapotranspiration, and the aridity index, which 
cumulatively contributed 28.4%–30.4%. These climatic conditions can 
significantly affect the environmental behavior and fate of PFAS in 
surface water, including their transport, storage, transformation, and 
dilution (Huang et al., 2025). Soil properties were another important 
factor, accounting for 12.6%–13.8%. The topographical features of 
elevation and slope can alter the volume, velocity, and direction of river 
flow (Sheikholeslami and Hall, 2023), thereby influencing the transport 
and fate of PFAS in surface water.

3.6. Management for mitigating PFAS pollution

Of the 20 factors, the distance to the nearest site potentially con
taining, using, or emitting PFAS (Dist_PFAS_source) was identified as the 
most critical factor in the two XGBoost models, accounting for 13.8%– 
18.5% of the model contributions (Fig. 4 and Fig. S11). Lower values of 
Dist_PFAS_source had positive SHAP values (Fig. 4), suggesting that the 
probabilities of a high PFAS concentration (i.e., >100 ng/L) and 
ecological risk (i.e., RQmix > 1) increased with decreasing Dis
t_PFAS_source value. This finding could be attributed to the tendency for 
sites in close proximity to PFAS sources (e.g., fire training facilities, 
metal-coating facilities, landfills, and waste treatment plants) to accu
mulate higher concentrations of these compounds. A recent study also 
recognized Dist_PFAS_source as a key factor driving the PFAS distribu
tion in US groundwater (Tokranov et al., 2024).

To provide a scientific foundation for precise regulation, we further 
applied a GAM method to determine the relationship between 

Dist_PFAS_source values and the corresponding SHAP values, thereby 
exploring how Dist_PFAS_source influenced the PFAS concentration and 
ecological risk in surface waters (Fig. 5). The GAM analysis revealed 
that, when the Dist_PFAS_source values were below 4.1–4.9 km, the 
SHAP values for both XGBoost models were positive, indicating a posi
tive effect. Conversely, when the Dist_PFAS_source values exceeded this 
threshold of 4.1–4.9 km, the SHAP values were negative, suggesting that 
the probabilities of a high PFAS concentration (i.e., >100 ng/L) and 
ecological risk (i.e., RQmix > 1) decreased with increasing Dis
t_PFAS_source value. Accordingly, we defined the critical distance (i.e., 
4.1–4.9 km) as the tipping point at which Dist_PFAS_source transitioned 
from having a positive influence to having a negative influence. Taken 
together, we recommend that facilities with potential PFAS sources (e. 
g., PFAS production facilities, fire training stations, landfills, and 
wastewater treatment plants) be located at least 4.1–4.9 km away from 
surface waters to mitigate the adverse effect of PFAS contamination to 
humans and ecosystems.

4. Limitations and prospects

To the best of our knowledge, this study presents the first compre
hensive assessment of the adverse impacts of PFAS contamination in 
European surface waters on human and ecosystem health. However, this 
study had several limitations and uncertainties that warrant further 
consideration. First, the PFAS concentrations and predictor datasets 
were obtained from diverse sources, an issue inherent in large-scale 
machine-learning studies (Chen et al., 2025; Podgorski and Berg, 
2022; Tokranov et al., 2024; Xiao et al., 2024). Although we resampled 
all predictor datasets to a 2-km resolution and developed XGBoost 
classification models to mitigate the effects of varied data sources, the 
disparity in data quality might have still introduced uncertainties into 
the XGBoost models. Pursuing a more uniform data resolution and 
quality for comprehensive prediction should be a focus of future 
modeling studies. Second, the European Union has established two 
guidelines: the sum of 20 selected PFAS should not exceed 100 ng/L, and 
the sum of all PFAS should not exceed 500 ng/L (Cappelli et al., 2024; 
EU, 2020). Incorporating a broader range of PFAS into our assessment 
may significantly increase the number of regions with high ecological 

Fig. 4. Shapley additive explanation (SHAP) waterfall diagram of two XGBoost models for predicting total concentration (a) and ecological risk (b) of PFAS. SHAP 
values greater than 0 indicate a positive effect, and vice versa. The color of the point represents the magnitude of the variable value. Feature descriptions are provided 
in Table S2.
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risks and affected populations. Third, the estimated affected populations 
were calculated by multiplying the total population by the model 
probability and the proportion of domestic drinking water consumption 
from untreated surface water at the country level, because of the lack of 
higher-resolution data on surface water usage (Podgorski and Berg, 
2020; Xiao et al., 2024). Fourth, our assessment focused solely on sur
face water, without accounting for groundwater. Future studies should 
conduct a comprehensive assessment incorporating a wider range of 
PFAS and higher-resolution data on water usage, while considering both 
surface and groundwater. Finally, the distance to the nearest potential 
PFAS source site (i.e., Dist_PFAS_source) was used as a predictor variable 
in our XGBoost models. We did not calculate the distance to each indi
vidual type of PFAS point source, owing to the limited availability of 
data on many source types as model inputs. Future research should 
measure or collect more comprehensive data on different types of PFAS 
sources, such as PFAS production facilities, airports, fire training sta
tions, landfills, and wastewater treatment plants. This would enable the 
determination of critical distance thresholds for each source type, which 
could inform more targeted regulatory measures to mitigate PFAS haz
ards in surface waters.

5. Conclusion

This study developed two XGBoost machine-learning models based 
on data on 20 PFAS from 9,985 surface water sites across Europe, as well 
as 20 relevant environmental parameters. By applying the two XGBoost 
models, we mapped the concentrations and ecological risk levels of 
PFAS in continuous European surface waters at a resolution of 2 km. 
These maps have implications for raising awareness of PFAS pollution in 
European surface waters, guiding future environmental monitoring and 
providing information on PFAS removal strategies tailored to local 
conditions. Furthermore, we estimated that nearly eight thousand in
dividuals, living mainly in Central and Southwestern Europe, were 
affected by surface waters with PFAS concentrations exceeding the Eu
ropean Drinking Water guideline of 100 ng/L. Using a combination of 
the SHAP and GAM method, we identified Dist_PFAS_source as the most 
important contributor (13.8%–18.5%) influencing the PFAS concentra
tion and ecological risk. We then examined the relationship between 
Dist_PFAS_source and SHAP values, which enabled us to determine a 
critical distance threshold (4.1–4.9 km). This threshold provides a sci
entific basis for decision-makers to precisely regulate potential point 
sources of PFAS (e.g., PFAS production facilities, landfills, and waste
water treatment plants), which should be located at least 4.1–4.9 km 
away from surface waters to safeguard humans and ecosystems.
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Dear Benton County Commissioners,


I oppose Coffin Butte landfill's expansion.

Clean air and water are precious vital resources for all of us in Benton County. 

A feeling of ease in our communities because our elected officials consistently stand 
up for our safety, health and welfare, is vitally important.

Promises have been broken over the years by the owners and operators of Coffin Butte 
landfill.  And our county has failed in its oversight.

The landfill expansion if approved weighs on our common resources to a great extent 
over an extended period of time, affecting our grandchildren and their children.


It’s Wet Here


This post-war landfill is in a very wet part of a wet valley.  

Adair Village gets 51 inches of rain, on average, per year. 

At Arlington, an alternative regional landfill with large capacity and accessible by rail, 
the average annual rainfall is less than 9 inches.


There is a strong link between wet conditions and leachate production in landfills.

Every droplet of water that splashes down on an open landfill cell will slowly trickle 
through the trash, transforming into a concentrated liquid waste known as leachate.


Moisture encourages bacterial decomposition, which is the primary process for 
methane generation in landfills.


Landfill Gas


Billowing tarps, tears and odors indicate the release of methane and landfill gasses into 
our air.  These gasses also contain PFAS.  “According to an EPA-funded study recently 
published in the peer-reviewed Environmental Science and Technology Letters, PFAS 
could be escaping landfills via gas at concentrations similar to — if not higher than — 
liquid leachate."  

I have attached the research paper entitled Landfill Gas: A Major Pathway for Neutral 
Per- and Polyfluoroalkyl Substance (PFAS) Release.


https://subscriber.politicopro.com/eenews/f/eenews/?id=00000190-6eae-d7ad-a9b8-7fae7ce80000


In the paper, researchers noted that they have “detected “unexpectedly” high levels of 
PFAS in landfill gas, adding to a growing body of evidence on how “forever chemicals” 
leave waste sites.”


PFAS Forever Chemicals


All over the world, PFAS in landfills are growing.  In Europe and the UK research has 
been forward thinking and robust.  I cite here a Guardian article from November 4, 2024 
telling of a project seeking to remove PFAS forever chemicals from leachate that 
contaminates groundwater and surface water - and can cause health problems, 
including kidney and testicular cancer. 

“Processes intended to decontaminate noxious liquid landfill waste before it enters 
rivers and sewers have been found to increase the levels of some of the worst toxic 
chemicals, a study has shown.


Landfills are well known to be a main source of PFAS forever chemicals – or per- and 
polyfluoroalkyl substances – but the new study shows that the treatment plants 
designed to clean up the liquid waste can instead boost the levels of banned PFAS 
such as PFOA and PFOS, in some cases by as much as 1,335%.”


https://www.theguardian.com/environment/2024/nov/04/decontamination-of-landfill-
waste-leads-to-increase-in-toxic-chemicals-says-study 

Currently, PFAS are ubiquitous in surface waters- and that means the Willamette River, 
into which untold numbers of gallons of PFAS containing landfill leachate from Coffin 
Butte have been released untreated after being transported to the Corvallis and Salem 
water treatment plants.


Solutions do not exist to “treat” PFAS forever chemicals.  It behooves us to lessen the 
amount of toxic leachate in our region by not approving the expansion of Coffin Butte 
in this very wet part of the Willamette Valley.


Local and global concerns regarding the persistence of PFAS, how they move through 
the environment, and the potential for adverse health impacts of PFAS are increasing.  
Here in Benton County, we have the ability to make a decision in order to safeguard the 
health of our population and our natural resources.


https://www.frontiersin.org/journals/water/articles/10.3389/frwa.2024.1480241/abstract?utm_source=F-NTF&utm_medium=EMLX&utm_campaign=PRD_FEOPS_20170000_ARTICLE
https://www.theguardian.com/environment/2022/feb/08/what-are-pfas-forever-chemicals-what-risk-toxicity
https://www.theguardian.com/environment/2022/feb/08/what-are-pfas-forever-chemicals-what-risk-toxicity
https://www.theguardian.com/environment/2024/nov/04/decontamination-of-landfill-waste-leads-to-increase-in-toxic-chemicals-says-study
https://www.theguardian.com/environment/2024/nov/04/decontamination-of-landfill-waste-leads-to-increase-in-toxic-chemicals-says-study


A Big Liability


The Coffin Butte owners and operators have not been good stewards. They have not 
been good partners.  There are many incidences of violations and mishandling of the 
confidence and trust placed in them.


Coffin Butte landfill is not a resource to us - rather it is a mountainous and growing 
liability and a source of real health and environmental concerns. 


The landfill’s expansion would further impinge upon our rights to our health and 
our finite natural resources of clean air and water.  There are consequences of leachate 
that percolates into groundwater, or that is disposed of in the Willamette River.  
Consequences of PFAS that burp into the air along with landfill gasses.  Those PFAS 
forever chemicals are percolating into our bodies and natural environments.  


From Politico, October 2025-   A group of 24 European politicians whose blood was 
tested for toxic PFAS chemicals over the summer all had the substances in their 
bodies, the NGOs involved in the testing revealed Tuesday.

“I tested positive for four substances, and three of them can harm unborn children, act 
as endocrine disruptors, cause liver damage, and are suspected of being carcinogenic,” 
said Danish Environment Minister Magnus Heunicke in a written statement, describing 
his results as a “frightening reality.” 

PFAS in our environments are ubiquitous locally and globally. “Owing to their resistance 
to heat, water, and oil, over 14,000 per - and polyfluoroalkyl substances (PFAS) are 
extensively utilized in various industrial and consumer applications, such as in nonstick 
cookware, firefighting foams, food containers, and anti-staining fabrics.” 

Please oppose this expansion.

Thank you for your diligence.


Susan Walenza

1415 NW Greenwood Place

Corvallis


https://www.politico.eu/article/eu-ministers-pfas-blood-test-forever-chemicals/


PFAS in the body 

PFAS in Surface Water 

Landfill Gas- Major Pathway for PFAS Release 

Decontamination of Leachate Leads to Increase in Toxic Chemicals

https://www.politico.eu/article/pfas-chemicals-20-eu-politicians-test-positive-forever-chemicals-blood/
https://pdf.sciencedirectassets.com/271763/1-s2.0-S0160412025X00052/1-s2.0-S0160412025002557/main.pdf?X-Amz-Security-Token=IQoJb3JpZ2luX2VjEPn%2F%2F%2F%2F%2F%2F%2F%2F%2F%2FwEaCXVzLWVhc3QtMSJGMEQCIF1VCObgjw5Em0e6mQ9AZ6TzLA4z7faHhHll6i%2BeJwanAiBfgXD%2FQjn5EnLVtkd8lcomFCFPfyhNleS2mvZXn%2B31sSq7BQiS%2F%2F%2F%2F%2F%2F%2F%2F%2F%2F8BEAUaDDA1OTAwMzU0Njg2NSIMDArie%2BZ%2Fbqpigxq5Ko8FumIO99CtSlzRjA0JHFS%2F4SqVpq8eT8Kwg4nagygKbi%2BVv6viC%2FJhOi7ihBSctzn0%2Ftg6MpYX3%2F6kD13J2%2Ba65TG6v5cbIp9mpIy3s%2FLx2fJaxGrzB0n3C0nmLT8TOwm0FyFmsPNhuLt2Q6hgV5Ii2zKDS2BsZWerh1KyRnyady6GfccdhIgTRqcwicAUmwQ6QcbvjFOV6eYI7PqVkF5KATXKPPOP%2FoB4ahrMruih6S2%2FCeg0OPYCcCGltx6uhOjRf%2FGGKaKTsw7WUkfN0GX1PXV0F%2BDIbWDJpl5HRd59VRNYmaJJBYYxRz2LevGDPoIuGRxf8PNLQCGPX06DW1fAwZpdeTnM%2BkWI1WfMZ3dm8J3R9F0VB2YSMCiCpTGhqRGD5xOTFFiG6XQ4TbH3oQnpJVJhnPgPc2dPpqGQnw76WahtW%2BzqwAIA0HvkrTDjqCTgYY8nzZNdc6XYStHwga4nOG1F8%2Fi5zSf0cjFgsWs5rrLN16q4Boj8JdVWBV4XG7J8uJqmnPNgDGcIs1%2Bd74X8Z3nEtMfCKQHLAkvIc9sTZ%2BPx7FnpBI1JW0swrArxOFRXPhTwg5yVVCtFrr59XaVZrx%2Bk1fQdftbafrYc%2BAMK7ZisaUH4IYdvPXCkTpzH5F6uoR5hz0jeNvgRjtbS0tFHU%2F2Zptq9E0bH6uN2dZ5dfEVPDhQoXMo%2Fx%2F5abSL3lTEl8WOdd7Lkd8G%2F06EJ17cp13HmKUw2VpHq%2F5rwu11Vh9%2BQsq%2FlvcA9uRH%2B4JR3duX8B4LceL7Huz82XG5zz41kI39bjKJRgkwnVzplHRslCZvKuuWfidwqnHfCnV0TiaMg6KRNJdQL9PT%2B2EzI9BVcYf24t6xEy8yND4%2Ft6jpDVjDK6I%2FHBjqyAQveeZSlkTIFa2hCdNL%2BxOxWoDlYWjZnAeM36HEHyBWRbatRRnqTTQXK4RML7SPJqUdiIM%2FiA9tZtpvtR4sPewJWeJrOd66KnEMTe%2BrXi784Z2UyHmT03wjSMAwvW0Dl6WUadPm4pAcqQmxiMYTof0RQMW3y%2F5nEZVJ0zg%2B2%2Brthsnx41%2FLDydAjYXV9CQ9%2ByxD0uTzU7I79mhtn0ObB%2F%2FnEcnV67HWq%2BDKPwsAheFm2Vnk%3D&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20251006T181012Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYZ66FM74H%2F20251006%2Fus-east-1%2Fs3%2Faws4_request&X-Amz-Signature=e212069b158a43fdf32697b7a1082e8f07a88cd2ad1b733e5bc1d72eaec484a6&hash=bb15a3ccdf2509bb2ac3dc542614e261a1de1e251475963952f136686d726632&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0160412025002557&tid=spdf-ec44dd7f-1a71-41fa-9399-eb268d1e7bb8&sid=058e1058729ec34fb97ba367de5e24673964gxrqa&type=client&tsoh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&rh=d3d3LnNjaWVuY2VkaXJlY3QuY29t&ua=0f16585e0f5657055d07&rr=98a71d3c092496ba&cc=us
https://www.newswise.com/pdf_docs/171873360857531_062624LandfillPFAS.pdf
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