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Many historic landfill sites have groundwater plumes that discharge to nearby surface waters. Recent
research indicates that leachate of historic landfills can contain elevated concentrations of per- and
polyfluoroalkylated substances (PFAS), but there is limited data on resulting PFAS inputs to aquatic
ecosystems as might inform on this potential environmental threat. The objective of this study was to
evaluate PFAS exposure in three ecological zones and PFAS mass loading downstream, over 1 year, at
two historic landfill sites where landfill plumes discharge to nearby surface waters (1 pond with outlet
stream, called HB site; 1 urban stream, called DC site). The three zones experienced different
magnitudes and patterns of PFAS concentration exposure (i.e., contaminant presence in the zone). The
endobenthic zone of the sediments receiving the landfill plumes experienced the highest concentrations
(S"PFAS >4000 ng L™ (HB) and >20 000 ng L™* (DC)), often year-round and over a substantial area at
each site. Dilution of landfill PFAS in surface waters was observed though concentrations were still
elevated (> PFAS: >120 ng L (HB) and >60 ng L™ (DC)), with evidence of year-round pelagic zone
exposure. PFAS concentrations in the epibenthic zones could vary between that of the endobenthic and
pelagic zones, sometimes with daily, event-based, and longer-term patterns. Together these findings
suggest historic landfill plumes can lead to substantial PFAS exposure to a variety of aquatic life.
Downstream PFAS mass loadings during base flows were relatively small individually (15 (HB) and 36
(DC) g per year (> PFAS)); however, collective loadings from the numerous historic landfills in
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DOI: 10.1039/d4em006129 a watershed could contribute to increasing PFAS concentrations of connected water bodies, with

rsc.li/espi implications for ecological health, drinking water sources, and fisheries.

Environmental significance

This work demonstrates that historic landfills can be a threat of per- and polyfluoroalkylated substances (PFAS) contamination to surface waters through
leachate-impacted groundwater plumes. It considers commonly-measured PFAS (i.e., short-and long-chain perfluoroalkylated acids), but also several rarely-
measured ultra-short-chain PFAS, adding to limited information on these at landfill sites. The study further illustrates, assesses, and compares the magni-
tudes and spatiotemporal variations in concentrations that may impact three different ecological zones (endobenthic, epibenthic, pelagic) for lentic and lotic
systems. It also provides estimates of PFAS mass loading downstream and how the cumulative loadings from historic landfills compares to some other measured
sources. These findings should inform PFAS management of historic landfills.

1. Introduction few decade§ (see reviews (ref. 1 and 2)), with widesprea}d

occurrence in human blood serum (e.g., (ref. 3 and 4)) and in
Per- and polyfluoroalkylated substances (PFAS; a group of wildlife (e.g., (ref. 5)). Many PFAS are mobile in the environment
thousands of fluorinated chemicals) have become a major and have been detected routinely in precipitation, surface
concern for human health and the environment over the past waters, groundwaters, and drinking water, particularly near
point sources.® Furthermore, many of the PFAS are highly
recalcitrant or (if PFAS-precursors themselves) will degrade to
other such PFAS under natural conditions.” Many PFAS have
also been shown to bioaccumulate in fish and other organisms.”
As a result of these concerns, the use of several PFAS has been
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phased out or restricted in many countries over the past two
decades.®

Municipal landfill leachate is a proven source of PFAS
(reviewed in ref. 9), with potential contributions from many
household and office materials (e.g., cleaning products,
personal care products, non-stick cookware, carpet, upholstery,
treated fabrics and paper, etc.;'°) and biosolids from wastewater
treatment facilities."* The use of PFAS-containing firefighting
foam at landfill fires is another potential source. Some munic-
ipal landfills may have also received PFAS from hazardous
sources; this may be especially applicable to historic landfills
(here defined as closed >25 years) given lax landfilling regula-
tions in the past. Several studies over the past decade have
shown that historic landfills can be a source of PFAS to
surrounding groundwater (e.g., ref. 12-17), though elevated
concentrations were only found for landfills that closed after the
1950s by Propp et al.*® This follows the years when PFAS was first
introduced commercially, possibly sometime in the 1940s.'®
Landfill-impacted groundwater plumes may extend at least 3
km,"” while PFAS contamination in drinking water wellfields
has been linked to a source >10 km away." Such plumes thus
pose a threat of contamination to nearby surface waters and
those further afield through mass loading and subsequent
broader circulation and downstream transport.

Arguably, the threat to surface waters from contaminated
groundwater is greater for historic than modern landfills, for
several reasons. While leachate containment infrastructure of
modern landfills can fail and allow groundwater contamination
to occur, historic landfills are especially prone to this problem
as these often lack engineered liners and leachate collection
systems. The plumes from historic landfills will typically have
had more time to travel, allowing them to reach greater
distances. Historic landfills are also ubiquitous across the
urban and rural landscape in many countries (e.g., comprise the
majority of >100000 landfills in the U.S.;'?), and are often
located close to surface waters.”® Furthermore, some small,
informal, or very old landfills may be unmanaged, allowing
unrestricted transport off-site. However, even regulation-
standard management of historic landfills may be ineffective
for preventing PFAS transport to nearby surface waters, given
that PFAS are rarely monitored at historic landfill sites.

Currently, there is little field data demonstrating or assess-
ing the threat posed by groundwater plumes from historic
landfills for PFAS loading to nearby surface waters and the
resulting exposure to their aquatic ecosystems. Here, even just
the presence of PFAS within specific aquatic ecological zones
(e.g, endobenthic, epibenthic, pelagic) is considered as
evidence of exposure, noting no studies have organism-based
data of exposure. This limited information includes several
porewater samples collected at the edge of a surface water body
(reflecting discharging groundwater) from a few of the 20
historic landfill sites reported by Propp et al.*® Subsequently,
Quan et al.>* and Walsh and Woods** detected elevated PFAS
concentrations in stream waters that are adjacent landfill sites
(predominantly active landfills), but with no groundwater
measurements. And just recently, McFarlan and Lemke"” pub-
lished a study of an historic landfill plume, delineated through
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groundwater wells and numerical modeling, impacting several
ephemeral ponds used to rear fish. Sampling found PFAS in the
pond waters (up to 60 ng L") and in several adjacent streams.
Additionally, to the best of our knowledge, only four published
studies have reported field measurements of groundwater
transport of PFAS to surface waters for other (non-landfill) PFAS
sources.** None of these eight studies (landfill or other sour-
ces) focused on PFAS exposures occurring to multiple aquatic
zones, but for that of Tokranov et al.,>* who measured porewater
(15-100 cm depth; endobenthic zone, at least in part) and
surface water (20 cm above the pond bottom; pelagic zone) for
flow through lakes affected by PFAS sourced from a former fire
fighter training facility and associated wastewater storage
basins.

The objective of this study was to assess the threat posed
from PFAS plumes of historic landfills to aquatic ecosystems of
nearby surface waters, considering the exposure to elevated
PFAS concentrations from three distinct aquatic zones (endo-
benthic, epibenthic, pelagic) and the potential level of mass
loading off-site. This objective was addressed through ~1-year
field studies at two sites of historic landfills with known plume
impact on a nearby surface water body; one is a stream
(Dyment's Creek — DC site) and one is a pond (called HB site).
Both sites had samples with relatively high PFAS concentrations
(3°1,PFAS >1.5 ug L™ ') within the leachate survey of 20 historic
landfills by Propp et al.*® Both landfills are close to the receptor
surface water body, making them extreme but not uncommon
examples in this regard. Details on the groundwater — surface
water interactions and landfill plume discharge characteristics
have been documented by Propp et al.*” for the DC site and by
Hua et al.?® for the HB site. This current study explored PFAS
concentrations (i) in discharging groundwater collected from
the shallow sediments to address benthic zone exposure, (ii) in
the epibenthic zone above the sediment based on continual
measurements of specific conductance as a proxy, and (iii) in
the receiving surface water for benthic and pelagic exposure on
site and downstream. The sample data and measured stream
discharge for streams exiting each site (DC stream or HB pond
outlet stream) were used for calculating PFAS mass discharge
downstream. The focus throughout is on maximum
concentrations/mass discharge and providing insight into
potential variability of these in space and time, as the available
data is too limited to determine broadly-applicable average
values.

Most studies of landfill leachate or leachate-impacted
groundwater have primarily reported concentrations of short-
chain (SC, C4-C7) and long-chain (LC, C8-C16) PFAA (per-
fluoroalkyl acids; see Table 1 for examples and compound
nomenclature), including the classes of PFCA (perfluoroalkyl
carboxylic acids; such as PFOA) and PFSA (per-
fluoroalkylsulfonic acids; such as PFOS). However, landfill
leachate can contain many other PFAS, particularly fluo-
rotelomer carboxylic acids (FTCAs).”> Recently, Bjérnsdotter
et al.* reported high concentrations of USC (C1 to C3) PFCA and
PFSA in landfill leachate. In the present study, targeted PFAS
analysis included a suite of 34 compounds combining
commonly measured SC and LC PFAA, sulfonamides and
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Table 1 PFAS compounds of various types and carbon chain length included in the various analysis runs for the two landfills sites: a previous
study* and this work (SC/LC analyses 1 and 2 for samples collected July—August 2019 and November 2019—-March 2020, respectively; select

samples from November 2019-July 2022 for USC)

PFAS name C-chain  SC/LC (Propp"®)  SC/LC (an.1)  SC/LC (an.2)  USC
Ultra short chain (USC) PFAA

Trifluoromethanesulfonic acid 1 TFMS
Perfluoropropionic acid 3 PFPrA
Perfluoropropanesulfonate 3 PFPrS
Short chain (SC) PFCA

Perfluorobutanoic acid 4 PFBA PFBA PFBA
Perfluoropentanoic acid 5 PFPeA PFPeA PFPeA
Perfluorohexanoic acid 6 PFHxA PFHxA PFHxA
Perfluoroheptanoic acid 7 PFHpA PFHpA PFHpA
Long chain (LC) PFCA

Perfluorooctanoic acid 8 PFOA PFOA PFOA
Perfluorononanoic acid 9 PFNA PFNA PFNA
Perfluorodecanoic acid 10 PFDA PFDA PFDA
Perfluoroundecanoic acid 11 PFUNA PFUNDA PFUNnDA
Perfluorododecanoic acid 12 PFDoDA PFDoDA PFDoDA
Perfluorotridecanoic acid 13 PFTriDA PFTrDA PFTrDA
Perfluorotetradecanoic acid 14 PFTeDA PFTeDA PFTeDA
Perfluorohexadecanoic acid 16 PFHXDA

Short chain (SC) PFSA

Perfluorobutanesulfonate 4 PFBS PFBS PFBS
Perfluoropentanesulfonate 5 PFPeS PFPeS
Perfluorohexanesulfonate 6 PFHXS PFHXxS PFHXS
Perfluoroheptanesulfonate 7 PFHpS PFHpS

Long chain (LC) PFSA

Perfluorooctanesulfonate 8 PFOS PFOS PFOS
Perfluoroethylcyclohexanesulfonate 8 PFECHS PFECHS PFECHS
Perfluorononanesulfonate 9 PFNS
Perfluorodecanesulfonate 10 PFDS PFDS PFDS
Perfluorododecanesulfonate 12 PFDoDS PFDoDS
Sulfonamide PFAS

Perfluorobutylsulfonamide 4 FBSA FBSA
Perfluorohexanesulfonamide 6 FHxSA
Perfluorooctanesulfonamide 8 FOSA FOSA FOSA
Perfluorodecanesulfonamide 10 FDSA
Alternate PFAS

3H-Perfluoro-3-(3-methoxypropoxy) propanoic acid 7 ADONA ADONA
Hexafluoropropylene oxide dimer acid (GenX) 6 HFPO-DA HFPO-DA
Sodium 8-chloroperfluoro-1-octanesulfonate 8 8CI-PFOS 8CI-PFOS
6:2 Chlorinated polyfluoroalkyl ether sulfonate (component of F53B) 8 6:2 CI-PFAES 6:2 CI-PFAES
8:2 Chlorinated polyfluoroalkyl ether sulfonate (component of F53B) 10 8:2 CI-PFAES 8:2 Cl-PFAES

various other PFAS, with a subset of samples also analyzed for
three USC PFAS (Table 1). It must be noted that although some
studies indicate PFCA and PFSA groups (most measured here)
tend to be the dominant PFAS in landfill leachate, likely because
they are terminal degradation products,’*** this targeted PFAS
analysis may miss a substantial amount of PFAS, a common
issue outlined by Wang et al.*® Finally, PFAS analysis was only
performed on a small portion of the total samples measured at
both sites (as reported (ref. 27 and 28)). Thus, results for the
artificial sweetener saccharin, a proven leachate tracer for
historic landfills,””**** ammonium, chloride, and specific
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conductance, are sometimes presented to extrapolate or inter-
polate the PFAS findings.

2. Methods

2.1 Site descriptions

The landfill study sites are in southern Ontario, Canada, with
the HB site (pond®®) in a rural setting with adjacent agricultural
fields and natural woodland, and the DC site (Dyment's Creek?”)
in the downtown area of the City of Barrie. There is much
uncertainty over the types of waste received for both landfill

This journal is © The Royal Society of Chemistry 2025
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sites. Neither site has a landfill liner or leachate collection or
plume capture system in place.

The HB site (Fig. 1a) contains a mounded sanitation landfill
that operated from 1970 to 1986, which is about 480 m long (N-
S) by 280 m wide, and with fill up to 10 m thick. An engineered
pond, which is 200 m (N-S) by 80 m (E-W) and typically <1.2 m
deep, is situated ~40 m west of the landfill. The pond bottom is
covered by fine sediment, with aquatic plants covering much of
its area. A small ephemeral stream, which flows during winter
and spring, enters from the west. The pond empties at its
southern tip through a drainage gate connected to a culvert,
which then issues to the pond outlet stream that feeds a small
perennial south-flowing stream. Details on groundwater -
surface water interactions and contaminant patterns for the site
are provided by previously published data,”® which includes
numerous methods (i.e., shallow groundwater sampling tran-
sects, geophysics - electromagnetic and electrical resistivity,
areal and vertical pond-sediment temperature and specific
conductance measures, vertical hydraulic gradient measure-
ments). The findings indicate the pond is receiving ground-
water year-round over the majority of its area, but perhaps for
the southern end, with spatially-variable discharge rates. Also,

Pond
Landfill Grasses
Trees

Leachate

Well gy Crops

Urban
Stream

Ephemeral stream

Landfill perimeter
Road

Fig. 1 Map of the (a) HB site, showing the single large landfill and the
receiving pond to the west, with sampling of discharging groundwater
at two transects (Transect N-S, ~135 m long, N end at +50 m mark and
S end at —85 m mark; Transect E-W, ~72 m long, east edge at 0 m
mark and crosses Transect N-S at its +30 m mark (sample locations
shown in Fig. S87)) and of surface water at the outlet stream; and (b)
DC site with its three landfills (A, B, C) situated along Dyment's Creek
(flowing west), with sampling of discharging groundwater at five
locations along one streambank at two stretches: B (20 m long) and C
(40 m long) (as shown in Fig. S97), and surface water sampling at up-,
middle-, and down-stream locations (DC-U, DC-M, and DC-D,
respectively). Satellite photos of the sites provided in ESI (Fig. S1 and
S2).+
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a leachate-impacted groundwater plume is travelling through
the shallow sand aquifer to the pond and discharging along its
east shore, with a discharging plume footprint extending 150 m
N-S and about 25 m out into the pond.

The DC site (Fig. 1b) has three historical municipal landfills
that were sequentially operational for ~1 year each from 1960~
1963 and are adjacent to each other along 0.5 km of Dyment's
Creek. The landfills are generally only a few m thick, with fill
material occasionally visible along the stream bank. Dyment's
Creek is 3-5 m wide, with a typical depth <0.3 m during base
flows, over this reach. Past observations indicate that the
streambed and nearby aquifer sediments in the area are
predominantly sand (fine sand to some gravel).?”*>?¢ Previously
published data (methods similar to those noted above for the
HB site but without geophysics) suggest that landfill contami-
nants discharge primarily near the streambank closest the
landfill materials, with less input to the middle of the stream,
but this pattern is also influenced by hyporheic flow patterns.>”

2.2 Field measurements

At the HB site (Fig. 1a), sampling of discharging groundwater
occurred along the east edge of the pond, with five sample
locations along Transect N-S and at eleven locations across the
northern portion of the pond along Transect E-W (detailed view
in Fig. S8; picture in Fig. S7t). At the DC site (Fig. 1b), dis-
charging groundwater samples were collected from five loca-
tions each at a 20 m long straight section called Stretch B
(Fig. S5;T 2 or 5 m sample spacing along S bank) and a 40 m long
meandering section called Stretch C (Fig. S6;1 10 m sample
spacing along N bank) (detailed plan in Fig. S9t). Samples of the
shallow sediment porewater (i.e., discharging groundwater)
were collected using a mini-profiler system®” driven to depths of
0.1-0.2 m below the pond sediment surface at the HB site and
using mini-piezometers installed 0.15 m below the streambed®
at the DC site. For both sampler types, the sampling tips and
incorporated screen mesh were made of stainless-steel and were
attached to 1/4” polyethylene tubing. Groundwater was removed
using a peristaltic pump, with sample collection commencing
after values stabilized for temperature, electrical conductivity
(EC), pH, and dissolved oxygen (DO), measured using hand-
held meters (Pro Plus, Pro ODO; YSI). Samples of stream
water were collected routinely from the pond outlet stream
(where it exits the culvert) at the HB site (Fig. 1a), and from
Dyment's Creek (DC site; Fig. 1b) at upstream (DC-U; Fig. S37),
midstream (DC-M; less frequently), and downstream (DC-D;
Fig. S47) locations. The DC-U and DC-D locations are ~300 m
apart. These grab samples were collected using a plastic syringe
or directly with the sample bottle opened and closed below the
water surface. PFAS samples were collected unfiltered in pre-
rinsed 500 mL HDPE bottles and were stored on ice during
transport and refrigerated prior to analysis; details on filtering
and preservation for other chemical suites are provided in Table
S2 (ESI).t

Leachate exposure to the epibenthic zone was based on
measurements of specific conductance (SpC; standard temper-
ature of 25 ©C), calculated from EC and temperature
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measurements according to Hayashi,*® taken at ~1 cm above
the sediment interface. For the HB site, continual (15 min) SpC
readings were made from August 2, 2019 to February 10, 2020
(subsequent data were lost due to covid travel restrictions) using
HOBO saltwater conductivity/salinity data loggers deployed at
three locations in the pond, approximately 10 m north of
Transect E-W (Fig. 1a) at approximate distances of 10, 20, and
40 m from the east shore (EC-E, EC-M, and EC-W, respectively;
not shown). At the DC site, synoptic SpC measurements were
made at multiple locations at Stretches B and C using a hand-
held probe (YSI).

Stream discharge was determined by stream gauging using
the midpoint method,*® with vertically averaged velocity at each
point measured using a flow meter (Global Water Model FP101;
range 0.4-4.5 m s, accuracy 0.03 m s '). Gauging was per-
formed at the drain culvert for the HB site pond's outlet stream
and at the DC-U and DC-D locations of Dyment's Creek (Fig. 1,
S3 and S4t). Contaminant mass loadings off-site were calcu-
lated as the product of stream discharge measurements and co-
located sample concentrations.

2.3 Chemical analyses

All chemical analyses were performed in Environment and
Climate Change Canada laboratories at the Canada Centre for
Inland Waters (Burlington, ON). The SC and LC PFAS analysis
involved extraction from aqueous matrices using weak-anion
exchange (WAX) solid phase extraction (SPE).*” Final extracts
were analysed by ultra-high-performance liquid chromatog-
raphy tandem mass spectrometry (UHPLC-MS/MS, Waters
Acquity UHPLC and Waters Acquity TQS MS/MS). All mass
spectrometry parameters including cone voltage and collision
energies for precursor to product ion transitions were opti-
mized using authentic standards and are available in previous
publications.”™*® The analytes in this analysis changed slightly
over time, as outlined in Table 1. The method detection limits
(MDLs) varied based on extraction volumes used for each
sample, but all were <1.4 ng L', Additional information are
provided in ESI Appendix C.f

A subset of samples was also analyzed for several ultra short-
chain PFAS (Table 1) using a Thermo Scientific (Waltham,
Massachusetts, USA) 5000 ion chromatography system coupled
to a QTRAP 5500 (AB Sciex, Concord, ON, CAN) tandem mass-
spectrometer (IC/MS/MS). This method has not been reported
on previously; full details are provided in the ESI Appendix C.f
Briefly, the method requires direct injection of 100 pL water
from samples and standards, with quantitation against a 6-
point minimum standard curve performed against prepared
standards. The MDLs were approximately 0.2 and 0.5 ng L, for
TFMS and PFPrS, respectively; PFPrA had background levels so
that the calculation of a MDL was not possible. The analysis can
also quantify PFBA, but this was not determined by this method
in this study as PFBA is available in the SC PFAS analysis. If
available, two multiple reaction monitoring (MRM) transitions
were monitored for each analyte and one for each isotope
labeled internal standard. A test for matrix effects using artifi-
cial groundwater determined percent recoveries ranging from
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102.5% to 111.4% with an average of 107.3%. The artificial
sweetener saccharin (along with several other compounds not
presented here) were analyzed as previously reported with this
same instrument and methodology (see more details in ESI
Appendix CT).**

Additional analyses performed on water samples from the
broader site studies included major anions, soluble reactive
phosphorus, ammonium, alkalinity, major cations and trace
metals, and volatile organic compounds (VOCs), with an analyte
list in Table S1.1 Details about these analyses are provided in
ESI Appendix C.f

3. Results and discussion

3.1 Endobenthic zone exposure to PFAS in discharging
groundwater

PFAS concentrations in samples of discharging groundwater
collected from the shallow (<20 cm depth) sediments from both
landfill sites represent aquatic exposure to sediment-dwelling
endobenthic organisms, though not exposure from sediment-
bound (sorbed) PFAS (e.g., (ref. 42)) via potential pathways
such as direct contact and ingestion, meaning exposure is
potentially under-represented here. The concentrations of SC-
and LC-PFAS (largely PFAA and related compounds; Table 1)
measured along two transects of the pond at the HB site (only
August 2019) and along the streambank at the two study
stretches of the DC site (August, November 2019 and March
2020) are shown in Fig. 2 and 3, respectively. Both sites had
many groundwater plume samples distinguishable by high total
SC + LC PFAS concentrations () SC + LC PFAS), reaching
a maximum of 2640 ng L~ " at the HB site, while several samples
from the DC site surpassed 20 000 ng L', compared to those
with low concentrations representing background groundwater.
Note that differences in ) SC + LC PFAS between samples run
under PFAS analyses 1 and 2 (Table 1) are deemed minor, as
those few PFAS analytes only measured in one of the analyses
were at very low concentrations across comparable samples.
Similar values were reported for the few samples collected at
these sites by Propp et al.*® These PFAS concentrations also fall
within the broad concentration range that previous studies have
reported for landfill leachate or leachate-impacted groundwater
plumes ((see Table 2 within ref. 15)) except for much higher
values for some landfills in China (Yan et al. 2015).** The total
concentrations of the three USC PFAS (Table 1) for a subset of
these locations and dates were >2500 ng L™ " and >500 ng L ™" for
the HB (only two samples) and DC sites (Fig. 4), respectively.
The spatial extent of the landfill plume footprint (i.e., the
sediment area covered by the discharging landfill plume)
represents the endobenthic (and epibenthic) exposure area. The
plume footprint covers ~25% of the HB site pond area, based on
the detection of the high conductivity plume across the pond
bottom by the previous electromagnetic geophysics survey.”® For
the DC site, considering that at least 250 m of the stream
borders landfill on one side and 250 m borders landfill on both
sides, then potentially 750 m of streambank may experience
some leachate-impacted groundwater discharge. These site
assessments illustrate that groundwater plumes from historic

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Concentrations of SC and LC PFAS and specific conductance
(SpC) in shallow groundwater along two transects of the HB site
(Fig. 1a; 5 locations along Transect N-S and 11 locations along Tran-
sect E-W, positions in m; noting NS at +30 m and EW at 3 m are the
same sample) from August 2019. A zone of higher groundwater
discharge was noted for ~20-30 m distance along Transect E-\W.2®

landfills, even those closed 4-6 decades ago, can cause exposure
for endobenthic ecosystems to PFAS concentrations in the pg
L~ range (i.e., similar to groundwater plume values; and likely
higher given the limited set of PFAS analyzed) covering relatively
large portions of the receiving surface waters.

3.2 Groundwater SC and LC PFAS composition

Given expected short groundwater travel times at both sites (i.e.,
with short separation distances (Fig. 1) and high permeability of
the sand aquifers), the discharging plumes likely represent
recent rather than decades-old leachate conditions. At both
historic landfill sites, the measured PFAS are predominantly SC
PFAA (C4-C7) or C8 PFAS rather than longer-chained PFCA
(Fig. 2 and 3). This pattern has been commonly reported for
landfill plumes and is likely due to the higher aqueous solu-
bilities of SC PFAA* and ubiquitous use of C8 PFAS. Further-
more, as was noted by Propp et al.** based on a more limited set
of samples, the HB site is dominated by PFCA (especially

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Concentrations of the USC PFAS: TFEMS, PFPrA and PFPrS, in
shallow groundwater at five locations along each of the two study
stretches of the DC site (Fig. 1b; south side with 2 to 5 m spacing for B
stretch; north side with 10 m spacing for C stretch), each from
sampling performed in November 2019 (left) and March 2020 (right).
Higher groundwater discharge was noted for locations: B 15S and 20S;
C 30N and 40N.#

PFHXxA; Fig. 2), as tends to be the case for modern municipal
landfills,"* whereas the DC site is dominated by PFSA (Fig. 3).
More specifically, the DC site groundwater samples were
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elevated in PFOS, PFBS, and PFHxS, which are PFAS congeners
typically associated with aqueous film forming foam (AFFF)
often used at fire-fighting training areas at airports and military
bases (ref. 42 and references therein). The other major
contributor here, PFECHS, has been linked to aircraft hydraulic
fluid,** motorsport vehicles,” and possibly chrome plating.*®
Marchiandi et al.*” reported PFECHs in surface waters affected
by an industrial fire at a location that had stockpiled >100 000
chemical and industrial drums. Interestingly, the PFCA
concentrations at the DC site were similar to those of the HB
site, as if the DC site had a “regular” landfill signature that was
overwritten by the elevated PFSA concentrations. Though highly
speculative, this composition might reflect dumping of
hazardous materials associated with AFFF use.

For the sulfonamides, FBSA and FOSA were both low
(<5 ng L") for the HB site, with FHxSA and FDSA < MDL;
whereas at the DC site, FBSA, FHxSA and FOSA had maximum
concentrations of 670, 98, and 27 ng L', respectively, while
FDSA < 1 ng L™'. Therefore, these less-frequently measured
PFAS may contribute non-negligible concentrations to the total
PFAS exposure. Considering the newer PFAS (Aug 2019
sampling only), most of the HB and DC samples were below
detection for ADONA, HFPO-DA, 8CIPFOS, 9 CI-PF3ONS F53B
and 11CI-PF30UdS F53B, or else concentrations were low
(<8 ng L. This isn't surprising given the decades-past closing
dates of these landfills.

3.3 Groundwater ultra-short-chain PFAS

Data on USC PFAS sourced from landfills is scarce. A study by
Bjornsdotter et al®® sampled three landfill sites in Sweden
(active and closed, municipal and industrial landfills) and re-
ported maximum concentrations for leachate-impacted
samples of 800 and 90 ng L' for PFPrA and PFPrS, respec-
tively, the latter from a hazardous waste landfill. In this study,
PFPrA and PFPrS concentrations were slightly higher, reaching
2100 and 250 ng L~ " respectively, for the HB site, and 660 and
270 ng L~ " respectively, for the DC site. For the DC site, PFPrA
and PFPrS are most highly correlated (Pearson, p < 0.05) with
concentrations of SC-PFAS: PFPeA, PFPeS, PFHxA, PFHXS; thus
suggesting a landfill source.

The concentration of TFMS was low (<10 ng L™") for all
samples at both landfill sites. In contrast, TFMS reached
500 ng L~ " for landfill-related samples (though for hazardous
waste) in the study of Bjérnsdotter et al.*® and it was a common
chemical detected up to the pg L™" range in groundwaters and
surface waters in urban and industrial areas of Europe.*®
Whether its relative absence here reflects a lack of TFMS use (in
North America or at least in those specific locals) during the
periods these landfills were open or if the TFMS has been
flushed out or volatilized, isn't clear. An expanded investigation
of other landfills with a range in closing dates would be needed
to address this uncertainty.

These results for DC and HB site, though limited, suggest
that USC PFAS can contribute notably to the PFAS profile
measured in this study, supporting the general finding of
Bjornsdotter et al®*® for PFAS in leachate. This contribution
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would likely be greater if trifluoroacetic acid (TFA) were to be
included. They also demonstrate for the first time that USC
PFAS can be transported from landfills via groundwater plumes
to nearby surface waters, where benthic organisms can be
exposed to substantial concentrations.

3.4 Spatial and temporal variation in groundwater PFAS

Concentrations of leachate constituents are known to vary
within individual landfills.***®* However, few studies have
investigated spatial and temporal variation in benthic zone
exposure from a discharging landfill plume (but see (ref. 51)),
with no reports on PFAS. The previous reports on these two
landfill sites by Propp et al.*’ and Hua et al.*® investigated this
variability in detail, considering leachate indicators saccharin,
ammonium, chloride, and specific conductance. Thus, here
only some key observations related to PFAS are presented. Data
from both sites illustrate that there can be substantial spatial
variation in PFAS concentrations (by orders of magnitude) and
composition over short distances (Fig. 2-4). These often match
variation in other leachate indicators, such as SpC (Fig. 2), likely
reflecting differences in the strength of the leachate as affected
by such processes as chemical release to groundwater and
groundwater residence time in the landfill, or influences of
groundwater — surface water interactions. The discharging
groundwater data is much more limited with respect to
temporal patterns, especially for the HB site. However, there are
a few examples of large changes in SC and LC PFAS concen-
trations between sampling events (several months) at the DC
site (Fig. 3); this is particularly evident for location 10S of
Stretch B, with an apparent flip from plume to background
conditions. Propp et al.”” observed similar trends for other
leachate compounds and suggested the cause was due to
changes in groundwater - surface water interactions, including
shifting plume direction and some transition from groundwater
discharge to stream recharge conditions. A final interesting
observation from the DC site is that Stretch B shows high
PFECHS concentrations in comparison to Stretch C despite the
two areas receiving their waste only one year apart, possibly
illustrating differences due to the type of waste received. In
addition to variation in leachate source and influences of
groundwater-surface water interactions, sorption and trans-
formation processes may also influence these patterns.
However, this study was not designed to investigate these
processes.

3.5 Epibenthic exposure to PFAS in discharging
groundwater

Exposure to epibenthic organisms (living on top of sediment)
from contaminants of the landfill plumes will depend on the
rate of groundwater discharge, the magnitude of contaminant
concentrations, and surface water mixing processes, all of
which can vary temporally and spatially. Temperature-based
sediment-bed measurements (qualitative) indicate notable
spatial variation in groundwater discharge at both sites. For the
HB site, high groundwater discharge was measured along
Transect E-W between 20 and 30 m from shore.”® While PFAS

This journal is © The Royal Society of Chemistry 2025
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concentrations were higher near shore (3 and 8 m distances;
Fig. 2), the contaminant flux, and thus potential epibenthic
exposure, was likely higher for the 21 m distance location
despite its ~50% lower concentrations. For the DC site,
groundwater discharge tended to be higher along the stream-
banks and varied along the stream length, influenced by
meanders and streambed topography and debris.”” Higher
fluxes were estimated for locations 15S and 20S for the B section
and 30N and 40N for the C section, all locations with relatively
high PFAS concentrations. Thus, potential epibenthic exposure
was magnified at these locations. These findings illustrate the
influence of spatially-variable groundwater discharge patterns
on potential epibenthic exposure within the landfill plume
footprints, and highlight that measured groundwater concen-
trations alone cannot determine areas of greater risk to epi-
benthic organisms.

A proxy measure of landfill contaminant concentrations
directly in the epibenthic zone was provided via SpC measure-
ments at 1 cm above the sediment surface. No measurements
found elevated epibenthic SpC in comparison to the overlying
water in either study stretch at the DC site, which was likely due
to the flowing stream conditions rapidly diluting the ground-
water signature. A leachate impact might occur at times of low
stream flow, inside eddy areas, etc.,, but these were not
measured.

In contrast, continual SpC monitoring at the HB site pond
(i.e., non-flowing conditions) revealed the epibenthic SpC was
commonly elevated within the plume footprint (locations EC-E
and EC-M; Fig. S87). Noting the linear relationship between SpC
and PFAS concentration in the shallow groundwater samples
(linear regression R> = 0.97, Fig. S167), a continual estimate of
the total PFAS (3 SC + LC + USC PFAS) concentration in the
epibenthic zone at the EC-E location (Fig. 5) was derived by
equating the range of SpC and total PFAS from background
groundwater (700 uS cm™' and 0 ng L', respectively) to the
maximum in the plume groundwater (3500 pS cm ' and
4800 ng L7, respectively). This estimated measure reveals PFAS
exposure occurred across the entire monitoring period but for
a few occasions when the concentration dropped to near
0 ng L™, likely reflecting some enhanced mixing in the pond
during a time of rather low groundwater discharge (typically late
summer). The total PFAS concentration varied substantially
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Fig. 5 Estimated concentration of total PFAS (5> SC + LC + USC) for
epibenthic exposure within the HB pond plume footprint, based on
continuous SpC measurements at ~1 cm above the pond sediments.
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over several time scales, including (i) a diurnal pattern, (ii)
spikes in concentration (to >2000 ng L") that appear influ-
enced by recent rain events, and (iii) a potential seasonal
pattern with prolonged higher concentrations to near-peak
values (~4000 ng L~ ') in winter. The roles of changing
groundwater discharge or altered mixing in the pond in
controlling the SpC and predicted total PFAS concentrations
aren't clear, though both factors are likely involved at times. For
instance, Hua et al.*® noted that high winter exposure corre-
sponded with ice development on the pond, which likely
reduced wind-induced in-pond mixing, but also with elevated
groundwater levels (not shown here) that likely created greater
groundwater flux. These findings illustrate that epibenthic
organisms in non-flowing water bodies may experience inter-
mittent to long periods of exposure to high PFAS concentrations
(potentially undiluted groundwater) within the footprint of
discharging landfill plumes.

3.6 Stream PFAS concentrations and exposure to on-site
pelagic organisms

Concentrations of the various PFAS in the HB pond outlet
stream showed similar composition (Fig. S131) and magnitude
(Fig. 6a) over the monitoring period (five dates for USC - Oct
2019 - March 2020; and seven dates for SC + LC - July 2019 -
March 2020). Only one sample had detectable TFMS. All these
concentrations are ~10 times lower than for the discharging
plume groundwater, indicating dilution from the input of
unaffected groundwater, precipitation (rain and snowmelt), and
minor runoff and flow of the ephemeral inlet stream largely
during the spring melt period. This similar dilution factor
across the different PFAS (i.e., similar composition) suggests
that most of the pond water PFAS was likely sourced from the
landfill plume rather than from other sources (e.g., atmospheric
deposition).

The outlet stream concentrations likely reflect the pond's
open water concentrations in the east and south end of the
pond, given observations suggest pond circulation is predomi-
nantly clockwise®® and the plume discharges to the north-east
portion of the pond. Thus, exposure to organisms in the
pond's overlying water (pelagic zone) extends beyond the plume
footprint; epibenthic organisms outside the plume footprint
may also experience some resulting exposure in low ground-
water flux areas too. Recognizing the limited temporal data
available, the outlet stream PFAS concentrations, supplemented
by those of the conservative leachate indicators (Cl, saccharin),
which show a similar temporal trend (Fig. 6a), suggest pelagic
exposure to PFAS is likely occurring year-round. Unfortunately,
there isn't sufficient data to assess any seasonality to the
pattern.

At the DC stream site, the SC and LC PFAS stream concen-
trations increased from upstream to downstream by 50-144%
for the four sampling dates (Fig. 7), all during base flows,
indicating groundwater mass loading along the study reach.
The increases were predominantly due to PFSAs, particularly
PFOS and PFECHS, which makes sense given their dominance
in the discharging groundwater samples (Fig. 3). PFPrS was
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Fig. 6 Concentrations (a) and mass discharge (b) for various landfill
indicators (chloride — Cl, saccharin — SAC) and PFAS groups (the sum
of PFAA congeners analyzed with 4 to 9 carbon atoms (Table 1) — C4-
C9, and PFPrA + PFPrS — C3 and TFMS (but for (b)), for the HB outlet
stream on the given sampling dates.

below detection in all samples, and the other USC PFAS had
a range of concentrations from 5 to 20 ng L™'. There was no
clear increase downstream for any of the USC PFAS (not shown);
likely the concentrations in groundwater were too low to make
a clear change in the stream. The elevated PFAS concentrations
in the upstream samples are suggestive of an unknown alter-
nate source or sources upstream of these landfills (e.g., leaky
sewers;*), though landfill C inputs upstream of the DC-U
sampling location (Fig. 1b) may also be contributing.

The magnitude of increase in the SC and LC PFAS concen-
trations from upstream to downstream at DC stream was
similar for each sampling date (60-90 ng L™" > ;,PFAAs) with
the exception of August, which had a much smaller increase
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Fig. 7 Concentrations of dominant SC and LC PFAS in surface water
samples from the upstream (U), mid-stream (M; no sample for July 3,
2019), and downstream (D) sampling locations (Fig. 1).

(20 ng L") as shown in Fig. 8b. This change in August is likely
due to lower groundwater discharge to the stream during this
drier month. Key leachate indicators saccharin (Fig. 8a) and
ammonium (Fig. S141) were sampled in stream water more
frequently, and provide additional insight into the stream PFAS
temporal patterns. On the days of PFAS sampling, the increases
in saccharin and ammonium concentrations from upstream to
downstream were modest (e.g, saccharin increase <25 ng L)
compared to some other sampling dates (e.g., saccharin
increases >80 ng L™ in July 2019 and April 2020), particularly at
times of higher base flows. This could mean that PFAS increases
may have been higher at these and other unmeasured times of
year. However, some sampling dates associated with higher and
changing stream flows following rain events (e.g., Sept 10, 2019)
showed saccharin and ammonium concentrations remained
steady or decreased downstream; presumably PFAS

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Concentrations of saccharin (a) and the sum of 12 dominant SC
and LC PFAS (b) from stream samples collected at the upstream
(upright triangles) and downstream (downward triangles) locations
along the DC stream (Fig. 1b). Samples were collected during base flow
periods but for three at higher flows following a rain event indicated by
arrows (at top).

concentrations did likewise. Future work should focus on
clearly identifying these temporal patterns and their key drivers.

3.7 PFAS loading to downstream surface waters

The elevated PFAS concentrations in the outlet stream at the HB
site (Fig. 6a) and the increase in concentrations along the DC
site stream (Fig. 7 and 8) mean both landfill sites are providing
PFAS loading to downstream receptors, potentially even reach-
ing beyond their watersheds to larger water bodies (in this case,
the Laurentian Great Lakes). Estimates of mass loading
(measured stream discharge x stream concentrations) from the
HB pond outlet for the ) _SC + LC PFAS, as well as for leachate
indicators Cl and saccharin, are shown in Fig. 6b. PFAS mass
loading is over 50 mg per day at times, with lower loading
typically measured during the summer, when the outlet stream
discharge was lower (Fig. S101). Hua et al*® noted that this
coincides with a lower pond level (Fig. S117), which is likely due
to greater evaporation from the pond and reduced groundwater
inputs with a lower water table. A crude estimate of annual
loading from this single landfill site is 14.6 g per year for > SC +

This journal is © The Royal Society of Chemistry 2025
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LC, based on an average daily load of 40 mg per day. Assuming
a similar loading pattern with plume inputs starting in 1980 (12
years after the landfill opened), we can derive a crude estimate
of the lifetime downstream loading (up to 2020) from this
landfill to be 0.58 kg.

For the DC site stream, mass discharge of all three landfill
components measured - saccharin, ) SC + LC PFAS (Fig. 9), and
ammonium (Fig. S157), increased notably (often doubling or
more for PFAS) from the upstream to downstream location at
nearly all sampling dates. This loading of up to ~200 mg per day
for > SC + LC PFAS reflects both the increased stream concen-
trations (Fig. 8) and typically higher flow downstream
(Fig. S127). One exception for which saccharin and ammonium
mass discharge declined (but no PFAS data available), was
a sampling date in early August 2019, when the stream at base
flow was losing water to the ground across the study reach. In
contrast, the mass discharge for saccharin and ammonium was
higher following rain events (PFAS not measured then), which
may reflect greater groundwater flux with an elevated water
table from infiltration and following a decline in stream stage.
Or it might also reflect some wash-off from groundwater seeps
along the banks (often observed during non-peak flows). During
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Fig. 9 Calculated mass discharge for saccharin (a) and the sum of 12
dominant SC and LC PFAS (b) for the upstream (upright triangles) and
downstream (downward triangles) locations along the DC stream
(Fig. 1b). Samples were collected during base flow periods but for three
at higher flows following a rain event indicated by arrows (at top). Note
the uncollected upstream sample in March 2020.
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those times, PFAS mass discharge contributed from the landfill
was likely higher as well - potentially 5-10 times higher based
on the difference in saccharin mass discharge observed
between PFAS sampling dates and the rain dates. This vari-
ability over time makes estimating an annual load difficult.
However, using the low flow August 2019 date as a minimum for
the > SC/LC PFAS increase downstream (100 mg per day) gives
a loading of ~36 g per year and so a probable minimum of ~2
kg over the lifetime of these DC landfills (assuming stable
inputs over 55 years). These estimates could be many times too
low.

For comparison purposes, PFAS output from all U.S. landfills
open between 1980 and 2014 to wastewater treatment plants in
2013 was estimated by Lang et al. as 563-638 kg per year (90th
percentile range;**), based on 19 PFAS (predominantly being
PFCAs and FTCAs, with lower releases of PFSAs and their
precursors). The load is dominated by landfills in wet as
opposed to temperate and arid climatic zones. A crude extrap-
olation of the HB and DC site mass loading data, though only
considering SC and LC PFAA, could give some sense of the
potential magnitude of the PFAS contribution to surface waters
via plumes emanating from historic landfills (open after the
1950s). Assuming an average of the conservative loads of these
two sites, 25 g per year of ) SC + LC PFAS, applied to one tenth
of the estimated “more than 100000 active and closed U.S.
landfills”,* gives at least 125 kg per year loading to local
groundwater in the U.S., a value not that much lower than noted
from the Lang et al. study.”* There are many factors that may
render this estimate overly low, such as it does not capture
many PFAS congeners common in landfills, or overly high, such
as the proximity of these example sites to the receiving waters.
Indeed, whether these sites are truly representative of average
conditions, and what percentage of historic landfill sites may
impact nearby surface waters is unknown. However, the order of
magnitude result here suggests that cumulative inputs from
historic landfills could be substantial. Further research is
needed to provide a better estimate.

4. Conclusions

Observations from these two historic landfill sites illustrate the
high PFAS concentrations, including USC PFAS, that can still
exist in groundwater plumes discharging to surface waters
many decades after landfill closure. This can lead to high (ug
L' range) but spatially and temporally variable PFAS exposure
to organisms living in the endobenthic and epibenthic zones
within the discharging plume footprint. This type of exposure
may favour more tolerant benthic organisms, but also those
that are more mobile, being able to move out of the plume
footprint even if it moves throughout the year. Concentrations
in the receiving waters were substantially reduced via dilution
(here by ~10 times), suggesting a lower direct toxicity risk
compared to the benthic zone species, though the impacted
area for the pelagic zone exposure was greater (i.e., beyond the
plume footprint). These two site investigations illustrate that
PFAS exposures to all three ecological zones can extend year-

1084 | Environ. Sci.. Processes Impacts, 2025, 27, 1074-1087

View Article Online

Paper

round, though this may not hold for other sites, depending
on the groundwater - surface water interactions.

Both sites exhibited downstream PFAS mass loading in the g
per year range. Considering the ubiquity of old landfills on the
landscape and that these are rarely managed with off-site
groundwater transport of PFAS in mind, their cumulative
loading to downstream water bodies may be significant. Once in
the surface water body (including its sediments) and trans-
ported downstream, PFAS components may work their way into
and through the aquatic and terrestrial food webs>~¢ and also
pose a threat to fisheries.”” In addition, the impacted surface
waters downstream may be used as a water supply for domestic
use, livestock, or irrigation, posing a risk to human health.

Note that given the targeted analysis of largely (USC, SC, LC)
PFCA and PFSA here, the findings may present an incomplete
(minimum) picture of the exposure and loading of total PFAS at
these sites, and thus the threat posed by PFAS of historic
landfills. Further, whether the PFAS supplied by groundwater
plumes at these two landfill sites were having an ecological
impact, through direct exposure or through the food chain, is
not known. This PFAS exposure is complicated by the mix of
individual PFAS involved, most with limited information on
aquatic toxicity,* and the mixture of various other legacy and
emerging contaminants (e.g., (ref. 15)). Further research is
needed to assess the ecotoxicity of PFAS-containing leachate-
impacted groundwater discharging to freshwater bodies,
ideally through field studies and using multidisciplinary
teams.** Such studies must consider the potential spatial and
temporal variability in contaminant concentrations across the
different ecological zones and its links to groundwater - surface
water interactions in the design of sampling and ecotoxico-
logical protocols.
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