
Environmental
Science
Processes & Impacts

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
N

ov
em

ba
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

4/
07

/2
02

5 
00

:2
5:

33
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Surface-water/gr
aHarvard John A. Paulson School of Engineer

02138, USA. E-mail: vecitis@seas.harvard.e
bU.S. Geological Survey, Northborough, MA
cU.S. Geological Survey, Boulder, CO 80303
dDepartment of Environmental Health, Harv

Harvard University, Boston, MA 02115, USA

† Electronic supplementary informa
10.1039/d1em00329a

Cite this: Environ. Sci.: Processes
Impacts, 2021, 23, 1893

Received 8th August 2021
Accepted 23rd October 2021

DOI: 10.1039/d1em00329a

rsc.li/espi

This journal is © The Royal Society o
oundwater boundaries affect
seasonal PFAS concentrations and PFAA precursor
transformations†
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Elevated concentrations of per- and polyfluoroalkyl substances (PFAS) in drinking-water supplies are

a major concern for human health. It is therefore essential to understand factors that affect PFAS

concentrations in surface water and groundwater and the transformation of perfluoroalkyl acid (PFAA)

precursors that degrade into terminal compounds. Surface-water/groundwater exchange can occur

along the flow path downgradient from PFAS point sources and biogeochemical conditions can change

rapidly at these exchange boundaries. Here, we investigate the influence of surface-water/groundwater

boundaries on PFAS transport and transformation. To do this, we conducted an extensive field-based

analysis of PFAS concentrations in water and sediment from a flow-through lake fed by contaminated

groundwater and its downgradient surface-water/groundwater boundary (defined as #100 cm below

the lake bottom). PFAA precursors comprised 45 � 4.6% of PFAS (PFAA precursors + 18 targeted PFAA)

in the predominantly oxic lake impacted by a former fire-training area and historical wastewater

discharges. In shallow porewater downgradient from the lake, this percentage decreased significantly to

25 � 11%. PFAA precursor concentrations decreased by 85% between the lake and 84–100 cm below

the lake bottom. PFAA concentrations increased significantly within the surface-water/groundwater

boundary and in downgradient groundwater during the winter months despite lower stable

concentrations in the lake water source. These results suggest that natural biogeochemical fluctuations

associated with surface-water/groundwater boundaries may lead to PFAA precursor loss and seasonal

variations in PFAA concentrations. Results of this work highlight the importance of dynamic

biogeochemical conditions along the hydrological flow path from PFAS point sources to potentially

affected drinking water supplies.
Environmental signicance

Groundwater contamination by per- and polyuoroalkyl substances (PFAS) poses risks for drinking-water supplies across the United States. Surface-water/
groundwater boundaries are frequently found along ow paths downgradient from point sources. Transport through these boundaries results in rapid
changes in aqueous biogeochemistry, but the impact of these changes on PFAS transport and precursor transformation is poorly understood. We examined PFAS
transport through surface-water/groundwater boundaries and discovered order-of-magnitude seasonal uctuations in peruoroalkyl acid (PFAA) concentrations
and loss of �85% of inuent precursors. PFAA concentrations were signicantly and inversely associated with temperature and nitrate concentrations. This
work highlights the possibility of substantial spatial and temporal variability in PFAS concentrations originating in boundary regions of high biogeochemical
reactivity.
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Introduction

Human exposure to per- and polyuoroalkyl substances (PFAS)
has been linked to many health effects such as adverse effects
on metabolism, endocrine disruption, and immunotoxicity.1–3

Aqueous lm-forming foams (AFFF) containing PFAS and used
during re emergencies and re-training activities have
contaminated water supplies across the United States of
America (USA).4–7 Processes such as sediment-water sorption
and peruoroalkyl acid (PFAA) precursor transformation
Environ. Sci.: Processes Impacts, 2021, 23, 1893–1905 | 1893
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(herein referred to as precursors) inuence PFAS mobility and
potential contamination of drinking-water supplies near PFAS
source zones.8 Thus, understanding processes that control PFAS
transport and transformation is essential for developing strat-
egies for protecting groundwater and surface-water supplies.

High PFAS concentrations and diverse precursors have been
reported at AFFF-impacted sites.9–11 Some precursors degrade in
the environment into terminal PFAA known to be a concern for
human health.12 Biotransformation of precursors can also lead
to the formation of persistent intermediate precursors,13,14 with
altered mobility and transformation rates compared to the
primary compounds. Prior work has suggested PFAA precursor
biotransformation rates are slower in anaerobic environments
compared to oxic conditions, and that biotransformation under
anaerobic and oxic conditions produces different end-prod-
ucts.14–16 However, impacts of redox gradients and enhanced
biological activity, as found at surface-water/groundwater
boundaries, on precursor transformation and transport are
poorly understood.

Numerous laboratory studies have illustrated that PFAS
sorption at the sediment-water interface affects mobility in
groundwater.17–19 The peruorocarbon chain length (hpfc), head
group, and a variety of environmental properties (e.g., sediment
organic carbon content, mineral and grain coating composi-
tion, pH, aqueous calcium and humic acid concentration) have
all been shown to inuence PFAS partitioning in laboratory
experiments.17–21 However, it is not clear whether PFAS sorption
in the eld is affected by the gradients in redox and biological
activity frequently observed across surface-water/groundwater
boundaries. Experimental data on sorption of precursors is
more limited due to difficulties in detecting and quantifying the
diverse compounds that occur at AFFF-impacted sites, making
new eld-based observations especially useful.

Globally, lakes and rivers are commonly hydraulically con-
nected to groundwater. PFAS-contaminated groundwater has
been shown to contaminate surface waters, and vice versa in
such systems.22–24 For example, our prior work on Cape Cod,
Massachusetts (MA), USA, characterized a contaminated
groundwater plume that discharges to a groundwater-ow-
through glacial kettle lake (Ashumet Pond).6 Such glacial
kettle lakes are common in northern latitudes and formed when
blocks of glacial ice le behind by retreating ice sheets melted
resulting in depressions (kettle holes) in the land surface that
subsequently lled with water.25,26 Upgradient from Ashumet
Pond, we detected PFAS and precursors throughout a 1.2 km-
long longitudinal transect of the suboxic groundwater plume,
highlighting the mobility of precursors in groundwater at this
site.6 PFAS from the upgradient groundwater plume discharges
to Ashumet Pond, and the PFAS-contaminated lake water then
passes through a downgradient surface-water/groundwater
boundary and recharges the downgradient aquifer. The
surface-water/groundwater recharge boundary is a dynamic
region of increased biological and chemical activity.25,27–29

Here we hypothesize that biogeochemical uctuations such
as oxygen content within the downgradient surface-water/
groundwater boundary layer (dened for this study as the top
100 cm of the lake-bottom sediments) affects PFAS transport
1894 | Environ. Sci.: Processes Impacts, 2021, 23, 1893–1905
and transformation on both daily and seasonal timescales. To
test this hypothesis and determine if there are signicant
changes in PFAS and precursor concentrations across the
surface-water/groundwater boundary, we sampled ground-
water, surface water, and sediment downgradient from the
PFAS groundwater plume, with a focus on Ashumet Pond, and
measured changes in 23 targeted PFAS, inferred precursor
concentrations from the total oxidizable precursor (TOP) assay,
and extractable organouorine (EOF). The results of this work
are used to better understand how shis in biogeochemical
conditions along the hydrological ow path affect PFAS trans-
port and precursor persistence.

Materials and methods
Site overview

This study was conducted on western Cape Cod, MA, USA
(Fig. 1). We measured PFAS concentrations along the hydro-
logical pathway of the contaminated groundwater plume as it
discharges to Ashumet Pond, mixes with the lake water, and
subsequently recharges back into downgradient groundwater
(Fig. 1B and C), thereby passing through groundwater/surface-
water discharge and surface-water/groundwater recharge
boundaries. Exchange between groundwater and surface water
occurs predominantly in the shallow, near-shore zones of lakes,
and seepage velocity decreases with increasing distance from
the shoreline.30 At the study site, groundwater generally ows
from northwest to southeast (average ow velocity �0.4 m d�1

(ref. 31–33)) and is intersected by two kettle lakes (Ashumet
Pond and Johns Pond) along the ow path. The term “lake” is
used to describe Ashumet Pond herein because of its large
volume and surface area. Ashumet Pond is the focus of this
study, unless otherwise stated. Ashumet Pond is the rst kettle
lake along the hydrological ow path of groundwater contami-
nated by PFAS from a former-re training area (FTA) and former
wastewater inltration beds (Fig. 1A).6 Regular AFFF use at the
FTA ended in 1985, and one additional application occurred in
1997 due to a re emergency.6 The use of wastewater inltration
beds at the site was discontinued in 1995.6

This study focuses on the downwelling surface-water/
groundwater recharge boundary rather than the upwelling
boundary, because Ashumet Pond provides a spatially and
temporally consistent source of PFAS concentrations to the
downwelling groundwater. PFAS concentrations at the
upwelling surface-water/groundwater boundary are highly
inuenced by location relative to the discharging groundwater
contamination plume. This means that in the upwelling
groundwater PFAS concentration uctuations due to biogeo-
chemical effects are not easily distinguishable from those due
to the dynamic plume position.

Ashumet Pond is a mesotrophic groundwater-ow-through
kettle lake with no permanent surface-water inow or
outow.34 It has an area of 0.82 km2, an estimated hydraulic
residence time of 1.6 years, and a maximum depth of 26 m.34,35

The lake level varied by about 1.1 m during this study
(Fig. S1†).36 Residences with septic systems surround Ashumet
Pond (Fig. 1A). The potential areal extent of recharged lake
This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Study sampling locations. (A) Map of locations sampled between 2016 and 2019. WWIBs denotes wastewater infiltration beds. Most
sampling locations include multiple sampling depths. Blue arrows indicate groundwater flow directions. Contours show elevation of water table
in m above sea level, referenced to the National Geodetic Vertical Datum of 1929 (NGVD 29).38 The plume of per- and polyfluoroalkyl substances
(PFAS)6 primarily discharges to Ashumet Pond near the westernmost extent of the lake. Themaximum aqueous perfluorooctane sulfonate (PFOS)
concentration is shown for each location.41 The locator map is from the U. S. Geological Survey National Hydrography Dataset, data refreshed
April 2019.66 (B) Enlarged view of Ashumet Pond and associated sampling sites. (C) Cross-sectional representation of Ashumet Pond (not to scale)
along section line X–X0 depicted in (B).

Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
N

ov
em

ba
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

4/
07

/2
02

5 
00

:2
5:

33
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
water from Ashumet Pond in the downgradient aquifer was
determined using the groundwater-ow directions inferred
from water-table maps prepared from eld water-level
measurements37 and simulated ow paths from calibrated
groundwater-ow models38,39 (see “Inferred Area of Recharged
Lake Water”, Fig. 1A, blue shading). The ESI† contains addi-
tional site details.
Sampling overview

We collected 289 water samples and 13 deionized (DI) water
equipment blanks) between 2016 and 2019 following U.S.
Geological Survey (USGS) eld protocols.40 Ancillary data
collected in the eld during sampling included temperature,
specic conductance, pH, dissolved oxygen (DO), and nitrate.
Data are provided in the associated data release,41 and
additional details on sample collection are provided in the
ESI.† Water samples were collected from depth proles in
Ashumet Pond and Johns Pond (Fig. 1) in September 2017 (n
This journal is © The Royal Society of Chemistry 2021
¼ 40 samples, 4 proles) and November 2017 (n ¼ 10,
1 prole).

Upgradient and downgradient groundwater. Upgradient
groundwater samples were collected from a “fence” of well
clusters and multilevel samplers (herein referred to as wells)
that provides a cross section of the PFAS contamination plume
approximately transverse to the direction of groundwater ow
along the northwestern, upgradient shore of Ashumet Pond
(section line Y–Y0, Fig. 1B) in July/August 2016 (n ¼ 75) to
conrm the location of the PFAS contamination plume.
Downgradient groundwater samples were collected in July 2017
(n ¼ 39), September 2017 (n ¼ 40), February 2018 (n ¼ 24), and
February 2019 (n¼ 18). Wells F722, F631, F665, and F632 create
a transect with signicant vertical resolution (40 sample ports)41

along the ow path downgradient from the kettle lake. Water
levels for these wells are presented in Table S1† and closely
track the lake water level (Fig. S1†). Additional wells to the west
of the Ashumet Pond and downgradient from Johns Pond were
Environ. Sci.: Processes Impacts, 2021, 23, 1893–1905 | 1895
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included to investigate the width of the area impacted by PFAS-
containing lake water.

Upwelling and downwelling lake-bottom porewater. Sedi-
ment porewater samples (Fig. 1) were collected in the surface-
water/groundwater boundary layer between 15–100 cm below
the bottom of Ashumet Pond and Johns Pond at near-shore sites
where groundwater was upwelling (northwestern side of Ashu-
met Pond) or downwelling (southern and southeastern sides of
Ashumet and Johns Ponds, respectively). The maximum water
depth at these near-shore sites during the sampling events was
66 cm. Associated lake-water samples were also taken 20 cm
above the lake bottom from both lakes. Upwelling porewater
(GWIN; n ¼ 8, water depth at sampling location ¼ 39–48 cm)
and associated lake-water samples (n ¼ 2) were collected in
September 2017 near the northwestern shore of Ashumet Pond
where PFAS-contaminated groundwater from FTA and waste-
water disposal sources was expected to discharge. Upwelling
porewater samples were also collected in September 2017 in the
northern section of Ashumet Pond (GWIN-C; n¼ 2, water depth
at sampling location ¼ 66 cm) where PFAS-free groundwater
was expected to discharge to the lake, along with an associated
lake-water sample (n ¼ 1). Downwelling porewater (GWOUT)
and associated lake-water samples were collected in September
2017 (porewater n ¼ 10 and lake water n ¼ 2, water depth at
sampling location ¼ 31–33 cm except for GWOUT-R-S, which
was above the shoreline), February 2018 (n ¼ 2 and n ¼ 1, water
depth at sampling location ¼ 58–62 cm), and February 2019 (n
¼ 8, n ¼ 2, water depth at sampling location ¼ 46–54 cm) in the
southern section of Ashumet Pond immediately upgradient
from wells F722, F631, F665, and F632. Downwelling porewater
and associated lake water were collected from the southeastern
section of Johns Pond in February 2019 (porewater n ¼ 4 and
lake water n ¼ 1, water depth at sampling location ¼ 44 cm).
The water-surface elevation of Ashumet Pond varied over
a range of 1.1 m at the eld site during the study (Fig. S1†), but
on the dates of sampling the water level only varied over a range
of 0.5 m: �13.5 m above mean sea level in September 2017,
�13.8 m above mean sea level in February 2018, and �14.0 m
above mean sea level in February 2019.

Sediment and soil samples. Sediment samples from the
surface-water/groundwater boundary-layer (n ¼ 14) were
collected from 7 locations near the Ashumet Pond and Johns
Pond shorelines at locations where porewater was sampled in
September 2017 and February 2019 (Fig. 1). Sediment samples
were collected by driving a 5 cm-diameter aluminum tube into
the lake bottom. Sediment cores were subsampled from the 0–
5 cm and 15–30 cm depth intervals. In February 2019, 1 beach
sediment sample (�0–5 cm depth) was collected near the
southeastern shore of Johns Pond, and 2 topsoil samples were
collected near the southern shore of Ashumet Pond from 0–
13 cm depth adjacent to wells F722 and F631 (Fig. 1B).
Chemicals and materials

Table S2† contains the full names and abbreviations for all PFAS
compounds analyzed in this study. PFAS standards (24 native
compounds and 19 isotopically labeled compounds, Table S2†)
1896 | Environ. Sci.: Processes Impacts, 2021, 23, 1893–1905
were obtained from Wellington Laboratories (Guelph, Canada).
Other chemicals used in the analyses are listed in the ESI.†

PFAS extraction and analysis

Water samples were spiked with 40 mL of a 0.03 ng mL�1 internal
standard solution before offline solid phase extraction (SPE)
using Oasis® WAX cartridges (6 mL, 150 mg, 30 mm particle
size, Waters, Milford, MA, USA) following established
methods.6,42,43 Oasis WAX SPE cartridges were preconditioned
with 4 mL of 0.1% ammonium hydroxide in methanol, 4 mL of
methanol, and 4 mL of DI water, and then the 20 mL sample
was added to the cartridge and placed under vacuum to yield
a ow rate of �1 drop per second followed by a 4 mL DI water
rinse before drying the cartridge under vacuum. The samples
were eluted with 4 mL of methanol followed by 4 mL of 0.1%
ammonium hydroxide in methanol, and the collected eluent
was evaporated to dryness using an ultra-high-purity nitrogen
gas stream, reconstituted in 0.75 mL of methanol, heated to
40 �C for 30 min, and vortexed. Finally, 0.75 mL of water was
added, the sample was transferred to a polypropylene micro-
centrifuge tube and centrifuged at 13 000 rpm for 20 min, and
the supernatant was transferred to a polypropylene autosampler
vial for analysis. Samples were analyzed with an Agilent (Santa
Clara, CA) 6460 triple quadrupole liquid chromatograph-
tandem mass spectrometer (LC-MS/MS), as detailed in the
ESI† and previously described.6 6:2 Fluorotelomer sulfonate (6:2
FtS) was removed from the reported results due to periodic
blank contamination. Precursors that were quantied included
4:2 FtS, 8:2 FtS, N-methyl peruorooctane sulfonamidoacetate
(N-MeFOSAA), N-ethyl peruorooctane sulfonamidoacetate (N-
EtFOSAA), and peruorooctane sulfonamide (FOSA). Further
details including quality control, recovery, and precision results
(Table S3) are presented in the ESI.†

TOP assay

The TOP assay44,45 was applied to 79 water samples (8 upwelling
porewater, 16 lake water, 5 lake water near shore above pore-
water locations, 12 downwelling porewater, and 38 down-
gradient groundwater) from July 2017 to February 2018. All lake-
water and porewater samples subjected to the TOP assay were
from Ashumet Pond. Oxidation was completed by combining
a 20 mL water sample with 20 mL of an aqueous potassium
persulfate sodium hydroxide solution. Samples were placed in
a heated (85 �C) water bath overnight, cooled, neutralized with
hydrochloric acid, and extracted with offline SPE. For method
validation, groundwater and lake-water samples were spiked, in
triplicate, with 3 ng of 6:2 FtS, 8:2 FtS, N-MeFOSAA, N-EtFOSAA,
and FOSA. These precursor concentrations were all reduced by
>95%, and the molar recovery calculated from the produced
peruoroalkyl carboxylates (PFCA) was between 93% and 104%,
indicating near-quantitative recovery. Details are available in
the ESI,† and recovery and precision results are presented in
Table S4.†

The total concentration of oxidizable precursors (S precur-
sors) for aqueous samples was inferred from the measured
increases in PFCA with hpfc ¼ 3 to hpfc ¼ 8 produced by the TOP
This journal is © The Royal Society of Chemistry 2021
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assay using a previously developed Bayesian inference method
that has been applied to both AFFF and AFFF-impacted fresh-
water46,47 for all samples with measured increases in PFCA
following the TOP assay. The model produces a distribution of
inferred precursor concentrations using measurements of the
PFCA produced upon oxidation and representative precursor
yields from the literature, and their respective uncertainties.47

This inference method provides a more realistic estimate of
precursor concentrations than the analytically detected changes
in individual PFCA concentrations because it accounts for
method and instrumentation uncertainties as well as incom-
plete recovery due to potential losses during oxidation to uo-
ride and ultra-short chain length PFCA.47 We report the median
of inferred precursor concentrations. Details of the model and
the criteria used to perform inference are provided in the ESI.†

Sediment PFAS and metals analysis

Sediment samples were extracted for PFAS analysis in triplicate
with 0.1% ammonium hydroxide in methanol following previ-
ously developed methods.6,44,48 Selected sediment sample
extracts were subjected to the TOP assay to estimate sediment
precursor concentrations. Separate aliquots of sediment were
extracted with 0.5 M hydrochloric acid, and extractable metal
concentrations, including aluminum, iron, and manganese,
were measured by inductively coupled plasma mass spectrom-
etry (ICP-MS). See ESI† for sediment extraction and analysis
details, and Tables S5–S12† for results and quality assurance
and quality control.

Extractable organouorine (EOF)

EOF analysis was performed on a subset of samples from
Ashumet Pond and downwelling groundwater following the
procedure described in prior work.46 Briey, weak anion
exchange cartridges (Oasis® WAX) were preconditioned and
then loaded with sample. Then, 10 mL of 0.01% v/v ammonium
hydroxide (ACS grade, BDH® VWR International, Radnor, PA) in
deionized water was passed through the cartridges to remove
inorganic uorine and the sample was eluted with LC-MS grade
methanol (Honeywell, Charlotte, NC) and 0.1% v/v ammonium
hydroxide in methanol, evaporated to dryness, and nally
reconstituted into 1.5 mL methanol. Extracts were split 50 : 50
between the LC-MS/MS and the combustion ion chromatograph
(CIC) with a combustion unit from Analytik Jena (Jena, Ger-
many) and a 920 Absorber Module and 930 Compact IC Flex ion
chromatograph from Metrohm (Herisau, Switzerland). Isotopi-
cally labeled internal standards (MPFAC-24 ES, Wellington
Laboratories, Guelph, Ontario, Canada) were added to the LC-
MS/MS fraction aer the extract was split. See ESI† for details
and results (Table S13†).

Statistics

All statistical tests were performed in Python version 3.6 using
scipy.stats or scikit_posthocs. We used nonparametric statistics
for our analysis as data frequently failed Shapiro–Wilk tests for
normality (p < 0.05). The Mann–Whitney U-test (a non-
parametric t-test) was used to evaluate signicant differences
This journal is © The Royal Society of Chemistry 2021
between two populations. For comparisons of more than two
populations of nonparametric data, the Kruskal–Wallis test
with Dunn's post hoc test was used to identify groups that
differed signicantly.
Results and discussion
Homogenous PFAS concentrations in the groundwater-fed
kettle lake

Our results showed the upgradient groundwater PFAS plume
primarily discharges to Ashumet Pond (Fig. 1 and S2†). This was
conrmed by elevated PFAS concentrations in upwelling pore-
water at sites GWIN-131N and GWIN-124N (Fig. 1B). These
results are consistent with previously reported groundwater
discharge patterns.34,35,49–51

In Ashumet Pond, mean PFAS concentrations were highest
for peruorohexane sulfonate (PFHxS) (74 � 6.5 ng L�1),
peruorooctane sulfonate (PFOS) (50 � 4.1 ng L�1), and
peruorooctanoate (PFOA) (29 � 2.8 ng L�1). No signicant
temporal differences in concentrations of the sum of 23 tar-
geted PFAS (S23PFAS) were observed between September and
November 2017 (Mann–Whitney U test, p > 0.05), despite the
collapse of the thermocline between the two sampling dates
(Fig. S3†).41 Non-parametric Kruskal–Wallis with post hoc
Dunn's test performed on all vertical prole sampling
stations and for all seasons in Ashumet Pond revealed
S23PFAS concentrations showed no signicant spatial
differences (Dunn's test, p > 0.05, Fig. S3†) except between
two proles in Ashumet Pond (ASHPD-0010 and ASHPD-0011,
Dunn's test, p < 0.05). Inspection of the data reveals the
median S23PFAS is 200 ng L

�1 for ASHPD-0010 and 230 ng L�1

for ASHPD-0011, which is a 14% difference and within
analytical uncertainty. These data suggest PFAS concentra-
tions were spatially and temporally consistent in Ashumet
Pond.

Elevated PFAS concentrations in wells downgradient from
both Ashumet and Johns Pond conrm that PFAS are present in
groundwater in the inferred area of recharged lake water.41

Mixing of the upgradient shallow groundwater PFAS plume (<30
m below land surface,6 Fig. S2†) of limited lateral dimensions
(<200 m wide) with a surface-water body creates a much wider
zone (>3 km; Fig. 1A) of PFAS-contaminated groundwater upon
recharge of lake water to the downgradient groundwater. This
general hydrological dispersion mechanism has important
implications for other PFAS-contaminated regions with signif-
icant groundwater/lake interactions. For example, when
a groundwater plume of limited lateral and vertical dimensions
enters a well-mixed surface-water body, the spatial extent of
contamination will disperse to the extent of the surface-water
body. Further, if the surface-water body discharges down-
gradient to groundwater (as is the case here) and/or river
outlets, the PFAS contamination will be transported to the
entire area that receives and transmits the discharging water.
Although dilution of PFAS from a more concentrated ground-
water contamination plume will occur upon interaction with
a surface-water body, the spatial footprint of contamination of
Environ. Sci.: Processes Impacts, 2021, 23, 1893–1905 | 1897
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PFAS has the potential to increase substantially, as observed
here.

Precursor degradation within the surface-water/groundwater
boundary layer

We hypothesized that precursors would biodegrade during
transport through the biogeochemically active surface-water/
groundwater boundary layer. Consistent with this hypothesis,
the sum of total inferred precursors (Fig. 2, center) decreased by
85% and the inferred precursor mole fraction (Fig. 3) decreased
by 59% between Ashumet Pond lake water sampled above the
downwelling zone and samples taken 84–100 cm below the lake
bottom (n ¼ 5) (Fig. 2, center). In Ashumet Pond water (n ¼ 19),
the mole fraction of inferred precursors measured was statisti-
cally greater (non-parametric Kruskal–Wallis with post hoc
Dunn's test) than in downwelling porewater (n ¼ 12, p < 0.05)
and downgradient groundwater (n ¼ 37, p < 0.05) (Fig. 3). The
presence of precursors in the downgradient groundwater
Fig. 2 Seasonal fluctuations in perfluoroalkyl acids (PFAA) at the surfac
perfluoroalkyl sulfonates (PFSA), the sum of perfluoroalkyl carboxylates (P
nitrate at the surface-water/groundwater boundary at downwelling sites
R-S sampled in September 2017 (see legend) was landward of the lake sh
and 100 cm below the water table, located 40 cm below the ground su

1898 | Environ. Sci.: Processes Impacts, 2021, 23, 1893–1905
indicates some precursors persist and are transported intact (or
transformed to intermediate precursors) across the surface-
water/groundwater boundary.

Both sorption and biotransformation could cause the
observed reduction in precursors across the surface-water/
groundwater boundary. Estimated sediment precursor concen-
trations (Table S7†) indicate only small increases in terminal
PFAAs following the TOP assay compared to pre-TOP PFAA
concentrations suggesting minimal precursor sorption. A
statistically signicant inverse correlation (Spearman, r ¼
�0.62, p < 0.05) was observed between inferred precursor
concentrations and nitrate in porewater downwelling from
Ashumet Pond, suggesting the decrease in concentration is
related to biotransformation. Nitrate concentrations increased
below the lake bottom in the downwelling zone, reaching
a maximum of 15 mM at 100 cm below the lake bottom in the
September 2017 samples (temperature >20 �C, Fig. 2). This
increase in nitrate is consistent with previous observations at
e-water/groundwater boundary. Vertical depth profiles of the sum of
FCA), inferred precursors, pH, dissolved oxygen (DO), temperature, and
in September 2017, February 2018, and February 2019. *Site GWOUT-
ore due to low water level in Ashumet Pond; the samples are from 15
rface. See Fig. S4† for profiles of individual PFAA concentrations.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Precursor fraction along the hydrological flow path. The
inferred molar fraction of precursors out of the total molar mass of
per- and polyfluoroalkyl substances (PFAS) (inferred precursors, per-
fluoroalkyl carboxylates (PFCA), and perfluoroalkyl sulfonates (PFSA))
along the hydrological flow path. The box encompasses the 1st and 3rd

quartiles of the data and the orange line denotes the median. Whiskers
represent the 3rd quartile plus 1.5 times the interquartile range (upper
bound) or the 1st quartile minus 1.5 times the interquartile range (lower
bound) and extend only to the highest (upper bound) or lowest (lower
bound) data point within that range. Circles represent data outside of
the whisker range. Common letters above each boxplot indicate no
significant difference (p < 0.05) between group comparisons using the
non-parametric Kruskal–Wallis test and post hoc Dunn's test for
multiple comparisons. For statistical tests, the three lake-water
samples from the second boxplot from the left were combined with
the 16 lake-water samples. The travel time (t) and distance (d) from one
sample type to the next is indicated in green. Porewater velocities at
the downwelling sites at Ashumet Pond have been observed to range
from 67 to 440 cm d�1, assuming a porosity of 0.39,28,32,34,67 which
equates to a maximum transport time of 36 hours from the lake
bottom to 100 cm below the lake bottom. SW/GW stands for surface-
water/groundwater.
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this eld site and has been hypothesized to reect bio-
mineralization of organic nitrogen coupled to nitrication.34

These results suggest an association between conditions that
lead to increased nitrate concentrations and precursor loss.
Prior work has shown that the surface-water/groundwater
boundary is a zone of increased microbial activity relative to
the overlying water column owing to the greater nutrient and
microbial abundance in the sediments compared to lake
water.52,53 Nitrication is microbially driven and typically
requires oxygen, ammonia, and redox gradients to proceed.54,55

Nitrication dominates over denitrication in areas with short
porewater residence times, as found at this site.56 The produc-
tion of nitrate (Fig. 2) indicates an active microbial community,
which likely also facilitates biodegradation of PFAS precursor
compounds during passage through the surface-water/
groundwater boundary and would explain the inverse correla-
tion between nitrate and inferred precursor concentrations.

Seasonal changes in PFAA concentrations at the surface-
water/groundwater boundary

PFCA and peruoroalkyl sulfonates (PFSA) concentrations in
downwelling porewater (Fig. 2 and 4) and downgradient
groundwater were signicantly different (Mann–Whitney U test,
p < 0.05) between seasons, with lower average concentrations in
This journal is © The Royal Society of Chemistry 2021
the summer (September) and higher average concentrations in
the winter (February). These seasonal differences are supported
by a strong inverse correlation (highest concentrations at low
temperature) between temperature and the sum of PFCA
concentrations (Spearman, r ¼�0.50, p < 0.05, n¼ 102) and the
sum of PFSA concentrations (Spearman, r¼�0.38, p < 0.05, n¼
102) for all porewater and groundwater directly downgradient
from Ashumet Pond (Fig. 4). Ashumet Pond is the source water
for downwelling porewater and downgradient groundwater.
Temporal trends in the porewater and groundwater are not
linked to PFAA concentration changes in the source water
because PFAA concentrations in Ashumet Pond water were
consistent across all sampling dates (Fig. 4).

At the downwelling surface-water/groundwater boundary
(GWOUT) of Ashumet Pond, the mean concentration in pore-
water increased from September (S23PFAS ¼ 270 ng L�1,
S11PFCA ¼ 110 ng L�1, S7PFSA ¼ 160 ng L�1) to February
(S23PFAS ¼ 510 ng L�1, S11PFCA ¼ 280 ng L�1, S7PFSA ¼
230 ng L�1). Concentrations differed signicantly between the
September and February samples for S23PFAS, S11PFCA, and
S7PFSA (Mann–Whitney U test, p < 0.05). Porewater PFCA
concentrations varied with depth over the 100 cm porewater
prole. In September 2017, the lowest PFCA concentrations
were observed in the deepest, 100 cm samples (Fig. 2, upper
le), suggesting loss of aqueous PFCA with depth. In contrast,
PFCA concentrations increased with increasing depth for the
February 2019 samples (Fig. 2, lower le). This is a large (>3-
fold) increase in aqueous PFCA concentrations, considering the
shallow depth of the boundary-layer porewater samples
(<100 cm below the lake bottom) and short hydraulic residence
times (<36 h) relative to other regions along the hydrological
ow path such as the upgradient groundwater and Ashumet
Pond lake water. The two samples of downwelling porewater
from February 2018 appeared to be more consistent with the
trends seen in September 2017 samples (Fig. 2). However, the
general water-quality parameters (high nitrate concentrations,
an intermediate temperature of 5.3 �C, and intermediate DO
concentrations, Fig. 2, lower right, circles and squares)41 indi-
cate the February 2018 porewater had not completely transi-
tioned to wintertime conditions. In contrast, February 2019
conditions were indicative of a complete wintertime transition,
with mean water temperatures of 1.8 �C and high DO concen-
trations (Fig. 2, lower right, diamonds and triangles).

Similar to the porewater at the surface-water/groundwater
boundary, PFCA concentrations in F722, the rst groundwater
well downgradient from Ashumet Pond, were also signicantly
different than in the lake water at all sampling dates (Mann–
Whitney, p < 0.05) and varied by an order of magnitude across
sampling times. Specically, well F722 displayed low PFCA
concentrations (mean � std. dev.: 27 � 34 ng L�1) in September
2017 and high concentrations in February 2018 (340 �
200 ng L�1) and February 2019 (230 � 150 ng L�1) (Fig. 4). PFSA
concentrations followed similar, but less pronounced, trends
than PFCA, with low September 2017 concentrations (130 �
38 ng L�1) and increased concentrations in February 2018 (170
� 30 ng L�1) and February 2019 (220 � 100 ng L�1) (Fig. 4).
September 2017 PFCA and PFSA concentrations were
Environ. Sci.: Processes Impacts, 2021, 23, 1893–1905 | 1899
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Fig. 4 Perfluoroalkyl acid (PFAA) concentrations along the hydrological flow path. The sum of measured concentrations of perfluoroalkyl
carboxylates (PFCA) and perfluoroalkyl sulfonates (PFSA) along the hydrological flow path (from left to right). The box encompasses the 25th and
75th percentiles and the orange line represents the 50th percentile. Whiskers represent the 3rd quartile plus 1.5 times the interquartile range (upper
bound) or the 1st quartile minus 1.5 times the interquartile range (lower bound). Circles represent outliers. Lake-water samples from February
2018 and 2019 were collected 20 cm above the lake bottom at the downwelling-porewater sampling locations. The mean lake water surface
elevation above mean sea level (National Geodetic Vertical Datum of 1929) in Ashumet Pond36 associated with each sampling event is shown on
the right axis in blue. Downwelling-zone profiles can be found in Fig. 2.
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statistically different from February 2018 and February 2019
concentrations at well F722 (Mann–Whitney, p < 0.05). PFCA
and PFSA concentrations were not signicantly different for
February 2018 and February 2019 (Mann–Whitney, p > 0.05),
supporting the seasonal pattern in concentrations. Similar
trends are observed for both PFCA and PFSA when considering
nanomolar units (Fig. S5†) and individual PFSA compounds
(Fig. S6–S10†).

PFCA and PFSA concentrations in wells with increasing
distance from Ashumet Pond (F631, F665, F632) were not
statistically different (Mann–Whitney, p > 0.05) from those in
Ashumet Pond except for PFSA concentrations in the February
2018 samples from well F631 and the September 2017 samples
from well F632. PFAA concentrations in wells aligned along the
hydrological ow path downgradient from Ashumet Pond were
more variable than those sampled within the lake (Fig. 4). This
reects the observed variability in PFAA concentrations at the
surface-water/groundwater boundary. Processes such asmixing,
vertical layering of seasonal waters, and accumulation of
groundwater recharge at the water table along the ow path
1900 | Environ. Sci.: Processes Impacts, 2021, 23, 1893–1905
likely dampen the signal of seasonal uctuations in PFAA
groundwater concentrations farther away from the lake.

Temporal changes in PFAA concentration cannot be
explained by precursor transformations alone because the
inferred total precursor concentration in Ashumet Pond water is
less than the uctuation in PFAA concentration. Increases in
median PFAA (0.73 nM) concentrations in downwelling pore-
water between September and February exceeded the median
estimate for the concentrations of all inferred precursors in
Ashumet Pond samples (0.43 � 0.09 nM). Additionally,
biotransformation of precursors would be expected to be more
rapid in summer when there is high biological activity due to
increased temperatures.57 This would lead to higher down-
gradient aqueous PFAA concentrations in summer, not in
winter (as observed here). Temporal changes in EOF concen-
trations (Table S13†) further support the conclusion that
temporal differences in PFAA are not driven by precursor
transformation. Concentrations of EOF decrease by 73% from
Ashumet Pond (32� 3.6 nM F) toMA-FSW 722-05BKT (8.7 nM F)
in September 2017. Conversely, concentrations of EOF at MA-
FSW 722-05BKT in February 2018 (60.7 nM F) and 2019
This journal is © The Royal Society of Chemistry 2021
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(34.2 nM F) are similar to or exceed concentrations in Ashumet
Pond. EOF captures both terminal compounds and precursors,
thus total EOF concentrations would not be expected to change
temporally if transformation of precursors into PFAAs at the
surface-water/groundwater boundary drove PFAA uctuations.

Adsorption at the air–water interface cannot explain the
observed temporal trends at the surface water/groundwater
boundary either. For example, GWOUT-L-N was fully
submerged throughout the sampling campaign, yet PFAA loss
with depth was still observed in the summer. Also, temporal
trends were strongest for PFCA, including short chain-length
compounds like peruoropentanoate (PFPeA) that would be
expected to sorb less strongly at the air–water interface (Fig. S6–
S10†).58,59 While neither precursor transformation nor adsorp-
tion at the air–water interface can explain the observed seasonal
trends, the reduction of porewater PFAA concentrations in
summertime and increased porewater PFAA concentrations in
wintertime indicates a reversible phenomenon. The strong
inverse correlation between nitrate and the sum of PFCA
concentrations (Spearman, r ¼ �0.55, p < 0.05, n ¼ 102) and
sum of PFSA concentrations (r ¼�0.28, p < 0.05, n¼ 102) for all
porewater and groundwater directly downgradient from Ashu-
met Pond suggests biological activity is driving the temporal
variations, as further discussed in the following section.

The groundwater and porewater results indicate that: (1) the
surface-water/groundwater boundary is the source of uctua-
tions in downgradient groundwater concentrations, (2)
concentrations in downwelling porewater and nearby down-
gradient groundwater change temporally (seasonally), with
lower concentrations in the summer (September) and higher
concentrations in the winter (February), and (3) these temporal
changes are not driven by precursor transformation or the air–
water interface. There have been few studies investigating
temporal trends of PFAS in groundwater or PFAS transport
across surface-water/groundwater boundaries. Steele et al.60

found no statistically signicant temporal trend in groundwater
data from a site in Alaska, but did nd (weakly) statistically
signicant temporal trends for groundwater at Pease Air Force
Base in New Hampshire. Our results indicate stronger seasonal
trends, likely owing to the surface-water/groundwater boundary
investigated in this work. Another study investigated transport
of PFAS between groundwater and surface water, but was
primarily focused on mass transfer rates.24 The data presented
here provide new information about the importance of the
surface-water/groundwater boundary layer and its potential to
drive temporal uctuations in downgradient groundwater.
Elevated PFCA sediment/water Kd values at lake downwelling
sites

To investigate the processes driving the PFAA (particularly
PFCA) temporal variability, PFAS concentrations in sediment
from the surface-water/groundwater boundary layer were
analyzed at upwelling and downwelling sites on Ashumet Pond
(Fig. S11–S13†). The sediment PFAS composition at the surface-
water/groundwater boundary at downwelling sites (GWOUT)
was dominated by C4–C7 PFCA (21–76% of the total molar
This journal is © The Royal Society of Chemistry 2021
mass, n ¼ 8), whereas at upwelling sites (GWIN) the sediment
PFAS composition had only a small molar fraction of C4–C7
PFCA (0.80–3.2%, n ¼ 4).

Field-derived sediment-water partition coefficients (Kd) were
determined from porewater and solid-phase measurements
(Fig. 1B, S12 and Table S8†). In the upwelling zone (GWIN),
PFCA and PFSA homologues of equivalent peruorocarbon
chain length had similar Kd values, as expected, and varied by
a factor of #5.3 within each sample (Fig. S12 and Table S8†).
The samples from the upwelling zone also followed expected
trends of increasing Kd values with increasing peruorinated
chain length (for hpfc > 5, Fig. S12†). Kd values typically
decreased with increasing sediment depth (Table S8†).

By contrast, in the downwelling zone (GWOUT), eld-derived
PFCA Kd values were larger than PFSA Kd values for homologues
of equivalent hpfc (for hpfc < 8, Fig. S12†) and varied by up to
a factor of 28 within each sample (Fig. S12 and Table S8†).
Additionally, downwelling-zone PFCA Kd values were not always
dependent on chain length, as observed for site GWOUT-R-N
15–30 cm (Sept. 2017), where PFCA Kd values had no chain-
length dependence for hpfc # 8 (Fig. S12†). Kd values typically
decreased with depth (Table S8†) for hpfc > 6 and increased with
depth for hpfc # 6. The high PFCA Kd values compared to PFSA
Kd values was unexpected but is consistent with the temporal
trends observed in porewater and downgradient groundwater
that were particularly pronounced for PFCA.

Prior work, based primarily on laboratory studies, has shown
peruorocarbon chain length is a primary factor mediating
sorption to sediments, with each additional peruorinated
carbon increasing the Kd by 0.50–0.60 log units.5,17 Chain-length
effects are less prominent for PFAA with hpfc < 5.61,62 PFSA are
reported to adsorb more strongly (+0.23 log units) than PFCA
with the same peruorocarbon chain length due to headgroup
(sulfonate vs. carboxylate) effects.5,17 Sorption to solids has also
been shown to increase with increasing sediment organic
carbon content, iron and aluminum oxide grain coatings, and
divalent cation concentrations.17,19,63 However, these studies
nd that the trends observed for chain-length and headgroup
are typically preserved. Our eld-derived Kd results display
important differences compared to the lab-based results.
Specically, chain-length dependent relationships are not
always observed, and PFCA sorbed more strongly than PFSA in
the downwelling surface-water/groundwater boundary exam-
ined during this eld study.

There are important geochemical and hydrologic differences
between the upgradient and downgradient sides of Ashumet
Pond that may help explain the observed differences in PFAA
sorption. Measured sediment concentrations of iron (Fe) and
manganese (Mn) (Table S9†) were typically higher at the
upwelling sites (Fe: 360 � 440 mg g�1; Mn: 968 � 1000 mg g�1)
compared to downwelling sites (136� 45 mg g�1 for Fe and 32�
24 mg g�1 for Mn), where increased sorption for PFCA was
observed. Total carbon in sediment near the downwelling site is
higher (92 � 1 mmol g�1) than in the sediment near the
upwelling sites (�43 mmol g�1).34 Higher sediment organic
carbon would lead to higher expected Kd values at the down-
gradient site, as reported here (Fig. S12 and Table S8†), but PFAS
Environ. Sci.: Processes Impacts, 2021, 23, 1893–1905 | 1901
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sorption by organic carbon is also expected to result in a larger
Kd for PFSA than for PFCA, which contrasts with the eld
observations presented here.17 Porewater velocity measure-
ments indicate ow rates are typically higher in the down-
welling zone compared to the upwelling zone (Table S14†).
Higher ow rates favor non-equilibrium conditions. However,
non-equilibrium conditions and/or sorption nonlinearity
cannot explain the large PFCA Kd values and temporal aqueous
PFAA trends, especially given the homogenous concentrations
in the Ashumet Pond source water.

The eld evidence suggests that PFAA are reversibly
sequestered in summer (during times of high biogeochemical
activity) and subsequently released in the winter (during times
when biological activity is diminished).52,57 Biologically
mediated sorption (such as sorption to microbial biolms or
incorporation into lipid bilayers) would explain both the
temporal trends in downgradient porewater and groundwater
and also the strong PFCA Kd values observed in sediment. On
the upgradient side of the lake, suboxic PFAS-containing
groundwater containing recalcitrant dissolved organic
carbon concentrations of 0.78–1.1 mgC L�1 discharges to the
largely oxic lake water.34,41 On the downgradient side of the
lake, oxic lake water containing more labile and higher
concentrations of dissolved organic carbon (�2 mgC L�1)34,41

recharges the groundwater and stimulates microbial growth
(e.g. the porewater DO concentrations progressively decrease
with depth below the lake bottom in the summer (Fig. 2),
indicating biological consumption). In winter, the porewater
within 100 cm of the lake bottom remains oxygen-rich (Fig. 2),
likely owing to a decrease in biological activity during the
winter. Observed temporal uctuations in aqueous PFCA and
PFSA concentrations are associated with cyclical changes in
biogeochemical conditions (DO, temperature, nitrate) in the
downgradient porewater (Fig. 2 and 4). There is a statistically
signicant inverse correlation (Spearman, r ¼ �0.69, p < 0.05)
between PFCA and nitrate concentrations at well F722 for all
available sample data, suggesting sorption may be related to
biological processes. Sorption to bacteria, lipid bilayers, and
proteins has been shown to be stronger for PFSA than PFCA
with similar hpfc,64,65 in contrast to observations presented
here. However, it has also been reported that live Gram-
negative bacteria may accumulate more PFAS (particularly
PFOA) than dead bacteria.64 This is consistent with high
porewater and groundwater aqueous PFCA concentrations in
winter, when the sediment is less biologically active and thus
may sorb less PFCA mass and/or potentially release PFCA
mass back to the aqueous phase as the local algal and
microbial activity is reduced. Similarly, the increased pore-
water and groundwater aqueous PFCA concentrations in
winter coincide with a general decrease in downwelling PFCA
Kd values from September 2017 to February 2019 (Fig. S12†).
The ndings here suggest that typical oxic laboratory parti-
tioning experiments using sterilized, dried sediments may not
reect partitioning in a natural environment where a range of
dynamic processes and biogeochemical conditions occur,
such as those found at the surface-water/groundwater
recharge boundary.
1902 | Environ. Sci.: Processes Impacts, 2021, 23, 1893–1905
Conclusion

This study investigated variability in PFAS concentrations between
a surface-water body and the region where recharge of surface
water to the downgradient groundwater occurs and disperses
PFAS over an area that ismuch larger than the original upgradient
groundwater plume. This work demonstrates that sorption and
transformation mechanisms at the surface-water/groundwater
boundary are important in reducing transport of precursors into
downgradient groundwater. A fraction of the precursors persists
in the downgradient groundwater, indicating a need for better
accounting of their contribution to the total PFAS burden in the
environment, even at locations distant (>km) from sites of direct
AFFF application. PFAS concentrations in source water from
Ashumet Pond were constant over time and space, but uctuated
signicantly at the surface-water/groundwater boundary at the
downgradient side of the lake, which can impact downgradient
PFAS concentrations in groundwater that may be used as
a drinking-water supply. The spatial and temporal variability in
aqueous PFAS concentrations found at this site, where the
hydrology is well known and the well-characterized source water
has consistent PFAS concentrations, indicate that single space-
time-point sampling is insufficient to fully characterize PFAS
concentrations in groundwater and may neglect substantial
temporal concentration uctuations. The temporal variability in
groundwater PFCA concentrations (and, to a lesser degree, PFSA
concentrations) and large eld-derived Kd values for PFCA suggest
that there are processes that have not been accounted for and
need to be examined further to allow for accurate modeling and
prediction of PFAS fate, transport, and risk. The combined
evidence of temporal trends and strong inverse correlations with
nitrate suggests that future work should investigate biologically
driven sorption mechanisms and whether rapid biotransforma-
tion of precursors affects eld Kd values. Specically, future
studies should incorporate analysis of microbial community and
abundance and investigate the interconnection between redox
conditions, biological activity, and PFAS sorption.
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