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Highlights

What are the main findings?

• Legacy PFAS are detectable in 47% of solid phase samples at eroding historical
coastal landfills.

• Consistent detection of PFOA and PFOS at a waste disposal site operating in the 1970s
and 1980s.

• Flux (mass over time) of PFAS in solid phase release is similar in magnitude to
documented PFAS release via leachate at landfills.

What are the implications of the main findings?

• The age of the landfill has a bearing on PFAS detection.
• The rapid sampling method demonstrated here is suitable for PFAS risk assessment at

other eroding legacy waste sites.
• Flux data are important for contextualising the significance of PFAS release to the

water environment.

Abstract

Historical landfills in coastal environments are at increasing risk of erosion under changing
climate conditions. Various studies have highlighted pollutant release associated with
potentially toxic elements and flame retardants from such erosional processes, but there
has been little focus on per- and poly-fluoroalkyl substance (PFAS) release as a result
of physical erosion at such sites, despite landfills being highlighted as a key source of
PFAS to the water environment. This study presents a rapid screening approach that
could be adopted at scale by regulators to assess the presence and potential flux of PFAS
released at three historical municipal waste landfill sites in the UK. The sites selected
cover a range of epochs prior to rigorous environmental regulation from the second half
of the twentieth century. At the older waste deposits (Withernsea: 1950s–1960s; Hessle:
1930s–1970s), all 52 PFAS analysed in solid materials were below the detection limits
except for two samples where modest concentrations (0.92–1.98 ng/g) of perfluorooctane
sulfonate (PFOS) and perfluoroethylcyclohexane sulfonate (PFecHS) were detected. At the
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more recently operational site (Crosby: 1970s–1980s), the legacy PFAS chemicals, PFOS
and perfluorooctanoic acid (PFOA), were present in all samples in modest concentrations
(6.01–8.22 ng/g for PFOS; 0.62–1.20ng/g for PFOA) below contaminated land thresholds.
At this site, it was possible to model the flux of PFAS release based on LiDAR surveys of the
eroding waste terrace over an 18-year period. This showed an annualised total solid phase
PFAS (PFOS plus PFOA in this case) flux in the region of 2.5–16.9 g/yr, which is towards
the lower end of the reported landfill leachate flux at inland sites. While such releases are
relatively modest on an individual site basis, in transitional and coastal waters in heavily
urbanised and (post-)industrial regions, the aggregated solid phase PFAS flux from the
large number of eroding historical landfills (n = 114) could be significant.

Keywords: forever chemicals; municipal solid waste; coastal erosion; pollution

1. Introduction
Per- and polyfluorinated chemicals (PFASs) are a group of anthropogenic organic

chemicals characterised by carbon-fluorine bonds that are difficult to break down. They are
widely distributed across environmental compartments, have the potential to bioaccumu-
late and biomagnify [1–3], and are implicated in a range of potentially negative ecological
and human health effects [4,5]. Numerous studies on PFAS distribution in industrial and
post-industrial settings have either directly observed or linked closed municipal solid waste
(MSW) disposal sites (legacy landfills) as key PFAS sources to ground and surface water
receptors [6–9]. Where such landfills date from epochs prior to modern environmental
regulation, they often were unlined and operated on a dilute and disperse model, which
could increase potential pollutant release risks. In the UK and many other jurisdictions,
there are significant numbers of legacy landfills in low-lying coastal areas that are increas-
ingly prone to flooding or erosion [10]. Recent estimates in the UK suggest there are up to
1400 legacy municipal waste sites that are in areas subject to current flooding or erosion,
and a further 700 that may become so by 2100 [11]. Such coastal landfill sites have been
shown to be potential sources of a range of pollutants such as potentially toxic elements
(PTEs, e.g., As, Cd, Cr, Cu, Pb, Ni and Zn [12,13]) and some persistent organic pollutants
such as polybrominated diphenyl ethers (PDBEs, [14]), but there remains uncertainty on
waste composition and specific chemical risks at legacy landfill sites given the generally
poor record keeping at the time of waste disposal prior to more stringent regulation from
the 1970s onwards.

Given the large number of legacy landfills potentially susceptible to erosion or flooding,
and the growing concern around PFAS sources to the water environment, there is a critical
need to screen the potential PFAS risks associated with eroding legacy landfill sites. Global
studies have consistently highlighted the risk of PFAS leachate pathways from landfills [8],
with some studies demonstrating significant, direct PFAS pathways to adjacent freshwater
receptors [9]. Recent regulatory reviews in the UK have found a range of PFAS routinely
present in landfill leachate at twenty-four permitted sites [15]. However, these studies
targeted predominantly operating or recently closed sites and potential leachate pathways
only [15]. At eroding coastal sites, it is likely that a key PFAS pathway to the coastal
zone is from eroding solids (and subsequent physical and chemical breakdown), rather
than leachate plumes, which are often attenuated in near-field sediments (which may
themselves be subsequently prone to physical erosion in some settings). Furthermore,
PFAS mass balance studies in the United States suggest that the bulk (up to 84%) of landfill
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PFAS inventory is retained in solid phases annually [16], highlighting the potential risks
associated with physical erosion pathways.

It would be anticipated that landfill age would also have a major bearing on PFAS com-
position and presence, given the development of PFAS chemistry in the 1930s, widespread
commercial production and use in the 1950s, and a dramatic increase in the number of
PFAS compounds developed and used thereafter [17]. Furthermore, some long-chain PFAS
have now been phased out of production by leading manufacturers due to growing envi-
ronmental and health concerns (e.g., perfluorooctanoic acid, PFOA, and perfluorooctane
sulfonate, PFOS) and are also being regulated out of active use (e.g., PFOA and its salts;
and some perfluorinated silane compounds under UK REACH legislation [18]). As such,
identifying both enduring sources of legacy PFAS to the water environment is crucial for
informing long term catchment and coastal planning [19].

This study aims to provide the first solid phase PFAS data from actively eroding legacy
landfill sites into the UK water environment using a rapid sampling approach that could be
replicated at scale by regulatory authorities and practitioners, making use of best-available
commercial laboratory screening. The specific objectives of this study are to (a) determine
the presence or otherwise of PFAS in solid phases eroding from legacy landfill sites using
commercial laboratory PFAS analysis, (b) consider whether PFAS composition is related to
landfill age, and (c) for actively eroding sites, make the first estimate of solid phase PFAS
flux from landfills to coastal environments.

2. Materials and Methods
2.1. Study Sites

Three legacy (i.e., closed) coastal landfill sites were selected for sampling that spanned
a range of epochs of disposal and were highlighted as being of high risk of current and
future erosion in national screening exercises [11] (Figure 1). Crosby Beach landfill (Mersey-
side) received MSW from the 1970s to the 1980s according to official records, whilst the
Hessle MSW landfill (East Riding of Yorkshire) operated between 1932 and 1978 [20]. The
Withernsea (East Riding of Yorkshire) landfill represents the oldest of the sampled sites
and operated from a period from the early 20th Century up until the 1960s (i.e., the earliest
widespread commercial PFAS use). Detailed descriptions of site histories and example
waste artefacts for estimating the age of samples that were collected concurrently are
provided in Appendix A (Table A1) and in [12].

The waste deposits were all a mixture of fine fraction (e.g., landfill cover material/fine
wastes) and bulk materials (e.g., construction and demolition waste, some large plastic
sheeting, etc., see Figure 1). At each of the sites, five bulk samples (∼1 kg) of fines from
the waste matrix were taken for PFAS analysis. Each bulk sample consisted of a pooled
and homogenised composite of ∼6 × ∼150 g subsamples recovered along a 10 m section
of exposed, eroding materials, up to a depth of no more than 100 mm below the exposed
surface, collected with stainless steel trowel and mixed using the trowel in a 5L HDPE
containers prior to cold storage (<4 ◦C) and laboratory analysis. All samples were taken
from deposits above high water marks, but potentially in the splash zone during storm
events. Surface layers of approximately 10 mm were therefore removed to avoid potential
PFAS contamination from tidal waters or sea spray (e.g., [21]). The five bulk samples from
each site consisted of the fine-fraction (sieved in the field at <20 mm diameter particle size)
matrix and were collected at even intervals across the eroding waste frontage at each landfill.
Whilst this provides good coverage of actively eroding wastes, it must be highlighted that
at sites with long operational histories (e.g., Hessle), the sampling provides only a snapshot
of the wastes deposited at a particular timepoint. Visual inspection of the eroding frontage
showed that this finer fraction comprised roughly 50% of the waste volume, which is
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consistent with the range of bulk characterisation of MSW in other studies (e.g., [22]).
Systematic quantification of these fractions through intrusive bulk (1 m3) sampling was not
possible in this preliminary study due to the risk of potential disturbance to sensitive areas,
and is not in keeping with the rapid assessment approach outlined here. Waste artefacts
collected (Appendix A, Table A1) were collected opportunistically where they emerged
from the waste matrix next to the sample locations.

 

Figure 1. Sample site location map and indicative images of eroding waste materials at each location.
Broad sample locations shown top right and yellow arrows provide indication of scale at field sites.

In addition, five samples for bulk density measurement were each taken at Crosby,
Hessle and Witnernsea with one sample taken from the central point of the six sub-sampling
locations for PFAS analysis (see above). These waste matrix samples were collected in sealed
cylindrical plastic containers (polypropylene, length = 55 mm, Ø = 45 mm, volume = 70 mL)
and gently hammered into the waste matrix for moisture content and bulk density analysis.
Reference samples were taken in a similar manner from nearby superficial deposits at all
locations, which consisted of glacial till of Devensian age (Hessle and Withernsea) and
mature dune deposits of Quaternary age (Crosby) for all analyses, which serve as effective
field blanks. These were all consistently fine-grained material (<20 mm diameter), so they
did not require physical separation.

2.2. PFAS Analysis

Waste samples were sent for analysis at a commercial laboratory (ALS Laborato-
ries (UK) Ltd., Deeside, UK) within one week of sampling using the accredited method
TM338 [23]. The samples were spiked with isotopically labelled standards and then
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extracted by solid phase extraction (SPE). Then they were analysed for 52 PFAS com-
pounds (Supporting Information Table S1), using isotope dilution high performance liquid
chromatography–tandem mass spectrometry (HPLC-MS/MS). The mean recovery for la-
belled PFAS was 82% (range = 75% to 103%). Laboratory blanks consisting of certified
PFAS-free de-ionised water were processed with each analysis batch. The limits of detection
(LOD) ranged from 0.5 ng/g PFOA to 10 ng/g 6:2 FTAB in solid samples, which are all
above toxicological screening thresholds (see Supporting Information Table S1 for details).

2.3. Flux Estimates

At the Crosby site only, an estimate of change in waste volume over time was under-
taken through analysis of LiDAR (Light Detection and Ranging) derived digital elevation
models (DEMs) available from coastal monitoring agencies between 2006 and 2024. The
derived topographic maps have a 1 m spatial resolution and therefore allow quantification
of change in the volume of the waste terrace at Crosby Beach. The volume of the waste ter-
race above current sea levels (0 m Ordnance Datum Newlyn; ODN) was calculated for each
survey epoch in QGIS 3.22, and differencing between surveys allowed for the calculation
of a time series of overall beach terrace (i.e., eroding landfill, Figure 1) volumetric change.

To account for uncertainty in individual DEMs, a minimum level of detectable
change was calculated following the error-propagation approach detailed in [24] by
Brasington et al. (2003). Root mean square error (RMSE) was estimated from around
1000 survey points per survey taken along a fixed reference track, where elevation was
presumed to be unchanging. The resulting vertical RMSE across all 5 surveys was 0.099 m,
resulting in a minimum detectable elevation change threshold of 0.14 m, below which
observed elevation differences were discounted as they were considered indistinguishable
from background noise. Any change within +/− 0.14 m was therefore zeroed for the
purpose of volumetric change calculations.

These resulting volume estimates were coupled with bulk density data and PFAS
concentration data, and fines percentage of the waste (assuming a range and median of
published values: 40%, 50% and 80% volume: 22) to estimate the total solid phase PFAS
flux from the landfill over time.

3. Results
3.1. PFAS Presence and Concentration

All three reference sites showed all 52 monitored PFAS to be below prescribed detec-
tion limits (Supporting Information Table S1). All samples from Withernsea and Hessle
showed similar non-detects, with the exception of two Hessle samples showing the pres-
ence of branched PFOS (1.9 ng/g) in one sample (HU–H5), and the eight-carbon cyclic
PFAS perfluoroethylcyclohexane sulfonate (PFecHS; 0.917 ng/g: Table 1) in another sample
(HU-H4). The Crosby samples showed all measured PFAS compounds below detection
limits with the exception of PFOA, linear PFOS and branched PFOS, which were consis-
tently present in all five site samples (Table 1). Median concentrations were 0.789 ng/g
(range: 0.620–1.200 ng/g) for PFOA; 1.47 ng/g (range: 0.740–2.76 ng/g) for branched
PFOS; and 4.58 ng/g (range: 2.06–5.46 ng/g) for linear PFOS, respectively (Table 1). The
percentage of linear PFOS (of total PFOS) ranged from 64.7 to 82.9% (median: 73.6%) in the
Crosby samples.

3.2. PFAS Flux

The bulk density of waste samples varied from 0.59 to 0.93 t/m3 (mean: 0.78 t/m3;
standard deviation: 0.1) across the three sites, with the Crosby site showing a slightly higher
average (0.85 t/m3; standard deviation: 0.07) than the other sites (Appendix A; Figure A1).
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Flux estimates are only computed for the Crosby site, where consistent detection of PFOS
and PFOA was apparent. The change in waste terrace morphology and rates of material
loss are shown in Figure 2. Over the monitoring period (2006–2024), a total of 43,263 m3

was lost from the waste deposit, with rapid loss in the early monitoring epoch (2006–2008)
of 15,619 m3, followed by more gradual loss in the subsequent epochs. Coupling the bulk
density measurements with PFOS/PFOA concentration from dry samples gave PFOA flux
ranging 0.8–2.1 g/yr and PFOS flux ranging from 2.0 to 14.7 g/yr, with a median of 0.8 g/yr
and 6.3 g/yr for PFOA and PFOS, respectively (Table 2). The total of detected PFAS flux
(i.e., sum of detected PFOA, linear PFOS and branched PFOS) is estimated to be in the
range of 2.5–16.9 g/yr over the monitoring period. Table 3 includes some comparative
flux estimates from environmental PFAS monitoring in other studies, which are discussed
in Section 4.

Figure 2. Topographic change at the Crosby beach landfill deposit showing aggregate elevation
change in the waste terrace (2006–2024; left) and waste terrace cross-sectional change over the different
LiDAR sampling epochs (a–d).

Table 1. PFAS concentrations (all ng/g) for compounds found above the detection limit in at least one
sample. Descriptive statistics are only present for sites where all values are above detection limits.

SAMPLE (Site) PFOA Linear PFOS Branched PFOS Total PFOS PFECHS

HU_H4 (Hessle) <0.5 <0.6 <0.6 <1.2 0.92

HU_H5 (Hessle) <0.5 <0.6 1.98 1.98 <0.5

HU-C1 (Crosby) 1.04 5.46 2.76 8.22 <0.5

HU-C2 (Crosby) 1.20 4.58 1.63 6.21 <0.5

HU-C3 (Crosby) 0.62 2.06 0.74 2.80 <0.5

HU-C4 (Crosby) 0.79 4.98 1.03 6.01 <0.5

HU-C5 (Crosby) 0.74 2.70 1.47 4.17 <0.5

Crosby mean (+/−
standard deviation) 0.87 (0.24) 3.96 (1.49) 1.53 (0.77) 5.48 (2.07) -

Crosby median (range) 0.79 (0.62–1.20) 4.58 (2.06–5.46) 1.47 (0.74–2.76) 6.01 (1.98–8.22) -
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Table 2. Flux estimates for PFOA and PFOS release from the Crosby site based on waste terrace
volume loss, bulk density data, and concentration data. Note: Annualised fines loss assumes
scenarios of 40%, 50% and 80% of the landfill volume is fine material, with the rest being bulky
deposits (e.g., construction and demolition wastes) as per published MSW composition data [22].

Scenario
Total
Volume Loss
(2006–2024; m3)

Annualised
Volume
Loss (m3)

Annualised
Fines Volume
loss (m3)

Bulk
Density
(kg/m3)

PFOA
(ng/g)

PFOS
(ng/g)

PFOA
Flux
(g/yr)

PFOS
Flux
(g/yr)

PFAS
Flux
(g/yr)

Minimum

43,263 2403.5

961.4 756 0.62 2.80 0.45 2.03 2.48

Median 1201.8 864 0.79 6.05 0.82 6.28 7.10

Maximum 1922.8 931 1.20 8.22 2.15 14.7 16.9

Table 3. PFAS flux estimates from this study are compared with a range of literature estimates.

PFAS Flux Type Flux Estimate (g/yr) Location and Derivation Reference

Solid phase total PFAS flux
from eroding landfill
(median estimates)

Total PFAS: 7.1 g/yr (range: 2.5–16.9 g/yr)
PFOS: 6.3 g/yr (range: 2.0–14.7 g/yr)
PFOA: 0.8 g/yr (range: 0.5–2.1 g/yr)

Crosby legacy landfill
(England) based on PFAS
concentrations in five bulk
waste samples, bulk density
measurements and LiDAR
assessment of volume change
in five monitoring intervals
from 2006 to 2024.

This study

Total PFOS and PFOA load
from Fazakerley and Formby
wastewater treatment works,
which discharge into the same
receiving transitional/coastal
water body as the
Crosby landfill

Fazakerley WwTW: PFOS: 132 g/yr
PFOA: 147 g/yr
Formby WwTW: PFOS: 90 g/yr
PFOA: 270 g/yr

Based on reported (n > 12)
and modelled PFAS releases
from the national chemicals
investigation
programme scheme

[7]

Total PFOS and PFOA load
from 44 wastewater treatment
works in the Mersey basin

PFOS: 5170 g/yr
(average of 117.5 g/yr per site)
PFOA: 23,700 g/yr (average of 538.6 g/yr
per site)

River Mersey (England) based
on reported (n > 12) and
modelled PFAS releases from
the national chemicals
investigation
programme scheme.

[7]

Instream total PFAS flux gain
where landfill leachate plume
enters surface water

Total PFAS: 36 g/yr

Dyment’s Creek, Ontario
(Canada). Based on
monitoring PFAS
concentration and flow
upstream and downstream of
the known landfill leachate
plume input to surface water.
Gain in PFAS load reported.

[9]

Average release of 28 PFAS
from ten Norwegian landfills
in leachate

Total PFAS: median 49 g/yr (range
9.2–510 g/yr)
PFOS: median 0.65 g/yr (range: 0.15–1.6)
PFOA: median 1.2 g/yr (range: 0.66–18.0)

Survey of ten Norwegian
landfills receiving
predominantly MSW, across
a representative
geographical range.

[25]

Total instream PFAS flux at
tidal limit (with breakdown
for PFOS and PFOA)

Total PFAS: 68,100 g/yr
PFOS: 9810 g/yr
PFOA: 14,360 g/yr

River Mersey (England),
based on 32 samples for PFAS
concentration across a range
of flows. Load based on the
product of flow
and concentration.

[7]
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4. Discussion
4.1. PFAS in Eroding Legacy Waste

The samples collected here represent three example sites from a large number of
eroding coastal legacy waste sites [11] across an age range of disposal from the 1940s to the
1980s. The absence of recorded PFAS compounds above detection limits at Withernsea and,
for all but two compounds, in two different samples at Hessle, does not necessarily mean
there is no risk associated with PFAS at these locations. It may be that with more refined
methods, such as non-target screening and total organic fluorine assays [26,27], more
consistent detection could be provided. However, this study aimed to provide an approach
that could be broadly adopted for screening by regulatory agencies using commercial
facilities, with LODs that are suitable for initial soil screening to regulatory standards [28].

The data suggest that age and waste composition are important drivers of likely PFAS
presence. Artefacts collected from the area where samples for analysis were taken suggest
a window of age for the actively eroding waste at Withernsea around the 1950s–1960s
(Appendix A; Table A1), which would be in the early phases of commercial and domestic
PFAS use [17]. As such, it is not unexpected that PFAS concentrations fall below detection
limits. Materials collected from the Hessle site, which, according to official records, operated
from 1932 to 1978 [20], showed an abundance of plastic debris (principally food packaging)
around sample locations, which were dated based on listed products and logos to the late
1950s and 1970s (see Appendix A; Table A1). Again, this would represent a relatively early
phase of mass PFAS use in consumer products, and given the long (46 year) interval of
waste acceptance at this site. It is likely that the eroding frontage provides a snapshot of
only part of this period of deposition, hence the presence of PFOS in only one sample and
PFecHS in another. The latter is another legacy PFAS (phased out of commercial use) that
was widely used in chrome-plating and hydraulic fluids and has been routinely detected in
landfill leachate [9]. Whilst there are no formal soil or sediment guidelines for PFecHS, the
concentrations in the one sample reported here are similar in magnitude to those reported
from contaminated soils near major airports [29].

According to official records, the Crosby site operated more recently than the other
two sites, and artefacts collected from eroding wastes are consistent with material from the
late 1970s to the mid-1980s (see Supporting Information Table S1). The narrow window
of site operation may be partly responsible for the consistency in detection and values for
PFOS and PFOA from samples at the Crosby site (Table 1). The absolute concentrations
of PFOS and PFOA at Crosby (Table 1) are moderate when compared with UK regulatory
guidance on soil PFAS, which recommends screening levels of 0.013 mg PFOS per kg
(dry weight), and 0.019 mg PFOA per kg (dry weight) based on toxicological guidance
for the secondary poisoning of birds and mammals [28]. All values at Crosby fall below
these, with peak concentrations being equivalent to 63% and 6% of the respective PFOS
and PFOA soil screening thresholds (Appendix A. Table A2). Whilst no formal marine
sediment PFAS guidelines are adopted in the UK or EU, the concentrations reported here
fall below tentative sediment quality standards for PFOS (60 ng/g [30]) and are within
a similar order of magnitude to reported background marine sediment concentrations
(PFOA: median 0.29 ng/g; max: 1.4 ng/g) in the North East Atlantic [31].

The ratio of linear to branched PFOS in the material is consistent with the approximate
70% linear to 30% branched isomers reported to be produced by 3M in PFOS products [32]
(Table 1), suggesting minimal transformation of the bulk PFOS in the landfill solids. The
presence of PFOS and PFOA at Crosby is consistent with the age of the deposits and
widespread use of these compounds in a range of consumer goods such as surface coatings
on fabrics, cookware and paper products, and aqueous fire-fighting foams containing PFOA
and PFOS which could be associated with the extensive construction and demolition wastes
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co-disposed in the landfill, prior to large scale substitution of these legacy PFAS with short
chain alternatives [17].

4.2. PFAS Flux

At the Crosby site, where consistent PFOA and PFOS were apparent, fluxes in the order
of 2.5–9.2 g PFOS; 0.6–1.3 g PFOA per year were estimated (Table 2). To contextualise these
values, Table 3 shows documented PFAS fluxes from a range of studies, including local
river systems and documented wastewater treatment works sources. The annual PFOA and
PFOS flux at Crosby is relatively modest when compared to documented releases from large
wastewater treatment works in the region (Table 3), including those discharging within
the same receiving transitional coastal water body, which are typically one to two orders
of magnitude higher. However, the value is consistent in magnitude with documented
fluxes from landfill leachates reported elsewhere [25]. The rate of this solid phase release
will, however, likely be less consistent than leachate releases from large landfills, given the
importance of extreme events in driving erosion of coastal waste deposits [33] as suggested
by the high variability in waste terrace retreat rate over the monitored epochs (Figure 2).
We would also anticipate that the immediate ecological risk associated with solid phase
release of PFAS would be less than that of aqueous release via leachate, but there is scope
for subsequent transfer from sediment-bound forms with erosion and dissolution processes
once released into coastal waters.

4.3. Management Implications

This study demonstrates the presence of measurable PFAS in solid deposits eroding
from two of the three coastal legacy landfill sites studied. The presence of legacy PFAS
(PFOS and PFOA) at one site was consistent in all samples, albeit at values that would
not directly cause concern with regard to soil screening quality. However, the estimated
flux based on retreat of the waste deposits at this site is equivalent to documented PFOA
and PFOS leaching rates from inland landfills [25]. Whilst this is a relatively modest flux
compared to reported data on local wastewater treatment works PFAS releases and riverine
PFAS flux [7,19], the cumulative impact of PFAS release from coastal landfills in some
regions could be notable given the close geographical clustering of many legacy landfills
in areas of high population and centres of former industry [11]. Efforts to quantify these
contributions from both landfill plumes [9] and solid phase erosion (particularly during
short-duration extreme events) to receiving watercourses should be prioritised.

As a means for identifying and assessing potential PFAS risk from eroding coastal
waste deposits, the approach adopted here could provide a routine and relatively low-cost
approach for initial risk screening. However, in some cases such an approach will only offer
a snapshot in time of the potential contents of an eroding landfill, particularly for those
with long periods of waste acceptance (like the Hessle site here), and more refined (and
expensive) analytical approaches (e.g., Total Organic Fluorine, TOF and Total Oxidizable
Precursor, TOP assay; non-target screening) would enhance the approach for legacy PFAS
not covered by the sample suite. The screening approach here also gives quite a high
range in flux values (Table 2), which are principally derived from assumptions around fines
content of the sampled waste (~45% of the range in flux values is derived from these) and
variations in PFAS concentration (~45% of the range, see Appendix A; Figure A2). Efforts
to constrain these values would require additional sampling efforts for PFAS concentration
and intrusive ground investigations for bulk sampling to accurately quantify fine content
on a site-by-site basis, both of which would add high cost to investigations. At high-
risk coastal landfill sites, for example, large municipal waste sites with high flood risk or
significant erosion forecasts [11,13], such detailed (and costly) ground investigations for
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solid phase and leachate sampling may likely be needed to assess the full suite of PFAS
(and other pollutant) risks.

Based on the data collected in this study, coastal landfills that operated under more
relaxed environmental regulatory regimes from the late 1960s to the 1980s, at a time of
rising consumerism and increased everyday use, and production of PFOA and PFOS [34],
should be a particular focus for more in-depth studies of PFAS presence, behaviour and
potential release. This should include rapid PFAS screening of waste materials and any
leachates present, as well as possible impacts on near-field coastal sediments. National
exercises to prioritise and manage legacy landfills should ensure records of the estimated
age of deposits are compiled and subsequently used to inform risk assessments [11] and
site investigations.

5. Conclusions
Detectable PFAS were present in 47% of municipal solid waste samples taken from

three actively eroding coastal landfills in England. At the oldest of the sites receiving waste
in the 1950s–1960s, there were consistent non-detects and only occasional detection of
PFOA and PFecHS at another site where waste samples were likely from the 1950s–1970s.
Legacy PFAS (PFOS and PFOA) were present in all samples at one of the three sites, which
received municipal solid waste in the 1970s and 1980s, at concentrations that fall below
national soil screening standards. The estimated PFAS flux from this site, from coupling
waste terrace erosion estimates with concentration and bulk density data, suggested only
modest release rates consistent with reported landfill leachate flux estimates and shows
that historical coastal landfills are likely to present long-term, low-level sources of legacy
PFAS to coastal systems. The approach described here provides a relatively low-cost, rapid
screening method for PFAS in eroding wastes and highlights a tangible pollution pathway
from eroding wastes to the surrounding coastal environment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w18030383/s1, Supplementary Information Table S1: Supporting-
Info_Table_S1_PFAS_Landfill data.csv containing solid phase PFAS data from all samples.
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Appendix A
Appendix A.1. Site Details and Waste Artefacts

As is typical of many legacy waste sites, formal records of detailed waste acceptance
are not available. Both the Crosby and Hessle sites appear on the official Environment
Agency Historical Landfill Database [20], but the Withernsea site does not. The Crosby
site is listed as operating from 1976 to 1981 [12] and forms a small terrace at the top of the
beach that is actively eroding. This waste terrace had extensive visible plastic sheets and
bags emerging along the frontage, and whilst this site was not a high priority for collecting
dateable artefacts given the narrow window of operation, plastic snack wrappers collected
were consistent with production from the mid to late 1970s (Table A1). Prior to the modern
waste disposal, the beach area was used for disposal of World War II demolition wastes [11],
which form much of the subaerial beach deposits (Figure 1).

The Hessle site had a much more extensive period of waste acceptance in official
records (1932–1978) with listed wastes including household, commercial, industrial, inert
and liquid sludge being received [20]. The deposit varies in height but consists of up to 3 m
of waste terrace that is perched on glacial till and estuarine silts. Much of the area marked
as landfill has been redeveloped for commercial offices and industrial premises. Given
the extensive period of operation, where feasible in sampling, identifiable waste artefacts
were collected from across the eroding frontage to try and constrain dates of the sampled
eroding waste. These included several plastic food wrappers (Table A1) which suggested
that eroding material was likely to range from the late 1950s to the early 1970s.

The Withernsea site does not appear in national landfill databases but is thought to
have operated over several decades up until closure in the 1960s [12]. The waste consists
of a relatively thin layer (up to ~3 m thickness) of compacted waste, with some evidence
of combustion prior to disposal (e.g., ashes and partially melted glass bottles). Artefacts
collected were dominated by ceramic homeware, pharmaceutical and beverage glass bottles,
but did also include some early plastic material associated with personal care products
and toys (Table A1). These are typically consistent with brands and products from the late
1950s and early 1960s (Table A1).

Table A1. Selected waste artefacts found in eroding frontage at each site that provide indicative age
estimates of the landfills.

Artefact Description and Approximate Dating

 

Site: Crosby
Artefact: Plastic potato chip snack wrapper found in
waste matrix. ‘Twists’ produced by the company Smiths
and consistent with branding from the mid-1970s [35].
No best-before end date visible.

https://doi.org/10.3390/w18030383
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Table A1. Cont.

Artefact Description and Approximate Dating

 

Site: Hessle
Artefact: Plastic wrapper for Bonus bread found in waste
matrix. Plastic-covered metal twist-tie in place and
associated labelling highlighting the recent packaging
innovation with the “New Bonus stays fresher longer!”
slogan. Twist-ties were invented in 1961 [36], so likely
places this plastic wrapper in the early to mid-60s at
the earliest.

 

Site: Hessle
Artefact: Plastic wrapper for Wonderloaf Home Bake
part-baked bread found in waste matrix. “Wonderloaf”
brand name first used in 1955 by United Bakeries [37].
Use of Celsius measurement alongside Fahrenheit in
cooking instructions suggests a date range of early-1960s
to early-1970s. Online forum posts indicate that the
Wonderloaf factory closed around 1978 [38].

 

Site: Hessle
Artefact: New Zealand lamb branded heavy duty plastic
meat packaging embedded in the waste matrix. Includes
the lamb in front of a globe logo with “The best in the
world” slogan that had limited use from the
mid-1950s [39] as an alternative to the more commonly
used rosette [40]. Plastic meat packaging was introduced
broadly from the late-1950s into early-1960s [41].
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Table A1. Cont.

Artefact Description and Approximate Dating

 

Site: Withernsea
Artefact: Gibbs branded toothpaste likely to be from the
late 1960s as it is labelled ‘Gibbs fluoride’. Colgate and
Gibbs were the first companies to add fluoride to
toothpaste in the mid-1960s [42]. Branding is consistent
with 1965–1970 Gibbs adverts [43].

 

Site: Withernsea
Artefact: Max Factor Hollywood Creme Puff Compact
Instant Make-Up (Atomic Star design) found within
waste matrix. One of the few plastic items observed at the
site. Introduced to the market by Max Factor in 1953 [44].

 

Site: Withernsea
Artefact: Plastic “Groucho goggles” or “Beagle Puss
glasses” found with waste matrix. Plastic version of the
glasses mass-marketed from the late 1950s [45].
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Table A1. Cont.

Artefact Description and Approximate Dating

 

Site: Withernsea
Artefact: Glass Brylcreem jar with embossed ‘Brylcreeem’
logo on base. Distinctive textured, hand-shaped design in
glass used for Brylcreem from the 1940s and changed to
plastic packaging in the 1960s [46].

Appendix A.2. Waste Bulk Density Data

Figure A1. Distribution of dry bulk density measurements for waste samples taken from the three
study sites. Note: the Environment Agency uses waste density of 0.83 tonnes per cubic metre
(830 kg/m3) for non-hazardous waste in routine waste management data [47], which is broadly
consistent with data here (data set mean of 784 kg/m3). Grey box denotes interquartile range.

Appendix A.3. Comparison of PFAS Concentrations with Category 4 Screening Levels

The Hazard Index (HI) associated with human exposure to PFAS in soils in contam-
inated land settings is derived by CL:AIRE [48] in the UK for four PFAS (PFOA, PFOS,
PFHxS, and PFNA). This is based on dividing reported soil concentrations by Category
4 Screening Levels (C4SL) which themselves are derived from review of toxicological
studies and health-based guidance values to consider the likely risk of human exposure via
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oral, inhalation and dermal routes to generate a Hazard Quotient (HQ). Different C4SLs are
set depending on land use with higher risk values for residential properties and locations
where food is grown for public consumption (e.g., allotments [48]). In this case the public
open space (parkland) is used, given the open nature of the Crosby waste site. The Hazard
Index (HI) is calculated as follows:

HI = HQPFOA + HQPFOS + HQPFHxS + HQPFNA

The risk of human exposure across a range of likely exposure routes is considered
acceptable (subject to uncertainties and site-specific constraints) if the individual PFAS and
total PFAS hazard index is <1. These individual PFOA and PFOS Hazard Quotients and
overall HI are all well below this threshold in all Crosby samples (Table A2).

Table A2. PFAS Hazard Index for Crosby site (only) calculated as per [47] (Section 4.2). Note total
PFAS HI based on HQPFOA and HQPFOS given PFHxS and PFNA were <LOD.

Sample
Concentration (µg/kg) Hazard Quotient

Hazard Index
PFOA PFOS PFOA PFOS

HU_C1 1.04 8.22 0.013 0.104 0.12

HU_C2 1.20 6.21 0.015 0.079 0.09

HU_C3 0.62 2.8 0.008 0.035 0.04

HU_C4 0.789 6.01 0.010 0.076 0.09

HU_C5 0.737 4.17 0.009 0.053 0.06

Figure A2. Data show the percentage of the range in flux estimates that can be attributed to each
of the three changing variables used in the minimum, median and maximum flux estimates: bulk
density, PFAS concentration data, and the assumption of % of fines in the waste deposit (as per [22]).
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