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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Load-based methods better define PFAS 
sources than concentration data alone.

• Largest PFAS river loads observed in 
sub-catchments with lower 
concentrations.

• PFAS yield was highest in headwater 
catchments with confirmed industrial 
sources.

• Gadolinium tracing linked PFAS to in
dustry discharges at 62 % of sample 
sites.

• Spatial load analysis is vital for identi
fying and prioritising PFAS remediation.
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A B S T R A C T

Source apportionment of per- and polyfluoroalkyl substances (PFAS) in rivers is typically based on water con
centrations, which cannot quantify PFAS loads or define geographical source areas. This study applied a river 
catchment-scale approach to identify PFAS source zones and assess the relative importance of industrial PFAS 
sources in the River Mersey, UK – a post-industrial, densely populated catchment with diverse PFAS sources. 
Synoptic sampling and PFAS river load analysis identified key sub-catchments and river stretches contributing 
the majority of PFAS. Notably, the highest PFAS concentrations did not always correspond to the greatest loads. 
Most PFOS (64 %), PFOA (49 %), 6:2FTS (46 %) and PFHxS (56 %) were exported from the Upper Mersey sub- 
catchment, despite higher concentrations in northern sub-catchments, emphasising the importance of load-based 
monitoring. Mass balance analysis of loads highlighted substantial inputs from specific river stretches, notably 
the Lower Irwell (Bolton to Manchester City Centre), River Tame (Marple Bridge to Stockport), and Upper Mersey 
(Stockport to Urmston). While PFAS loads generally scaled with catchment area, yield (load per unit area) 
analysis identified disproportionately high exports from small headwater catchments, notably the upper River 
Roch (PFOA, PFHpA and PFHxA) and Glaze Brook (PFBS). Industrial sources in these sub-catchments (a waste 
management facility and landfills, respectively) were confirmed using gadolinium anomaly analysis and 
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consented discharge records. More widely, gadolinium data suggested industrial discharges may contribute to 
PFAS occurrence at 62 % of our sample sites throughout the catchment. These findings demonstrate that spatial 
analysis of PFAS loads, rather than concentrations alone, is critical for identifying PFAS source areas. We present 
a scalable monitoring framework for PFAS source apportionment applied at the river catchment-scale that can be 
used by environmental managers to target and prioritise PFAS source areas for detailed monitoring and 
remediation.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a class of more than 
10,000 compounds containing at least one fully fluorinated methyl or 
methylene carbon atom (European Chemicals Agency, 2023). PFAS are 
extremely resistant to chemical and thermal degradation and utilised in 
thousands of consumer products from food packaging to personal care 
products and in almost all industrial and manufacturing processes 
(notably fire-fighting foams) since the 1950s (Kurwadkar et al., 2022). 
Due to their extreme persistence, PFAS have been detected in environ
ments and wildlife worldwide (Cousins et al., 2022; Evich et al., 2022; 
Garnett et al., 2021). PFAS have been detected in human serum (Ho 
et al., 2022), and the most studied compounds are linked to a range of 
negative health outcomes in humans (Garg et al., 2020; Obsekov et al., 
2023; Pelch et al., 2022).

For several decades, a major strand of PFAS research has focussed on 
occurrence and concentrations in rivers given their importance as food 
and drinking water sources and because rivers are important vectors for 
the transport of PFAS from primary sources on land to the oceans (Byrne 
et al., 2024; Cai et al., 2025). Recent syntheses of global surface water 
(including rivers) concentrations indicate PFAS are near ubiquitous in 
rivers (Ackerman Grunfeld et al., 2024; Calore et al., 2023; Kurwadkar 
et al., 2022). Global median concentrations of the most studied indi
vidual compounds vary from approximately 3 to 20 ng L− 1, with per
fluorooctanoic acid (PFOA) and perfluorobutanoic acid (PFBA) typically 
occurring at the highest concentrations (Byrne et al., 2025; Calore et al., 
2023). Surface water concentrations in China are elevated compared to 
western countries with rivers receiving most (57.6 %) of the PFAS 
environmental emissions in China (Calore et al., 2023). Benchmarking 
global surface water PFAS concentrations (n = 9479) against threshold 
regulatory limits, Ackerman Grunfeld et al. (2024) estimated that up to 
84 % of global surface waters fail to meet the Canadian sum of all PFAS 
criteria (sum total of 25 specific PFAS less than 30 ng L− 1) (Health 
Canada, 2023) and up to 54 % fail to meet the EU sum of all PFAS 
criteria (sum total of 20 specific PFAS less than 500 ng L− 1) (EU, 2020).

The next challenge for PFAS river science is source apportionment to 
inform catchment or site-specific management and remediation. The 
potential sources of PFAS in river catchments are well documented and 
can include effluent from primary sources such as PFAS manufacturers 
and industry (Megson et al., 2024; Petre et al., 2022), and secondary 
sources such as effluents from wastewater treatment works (WwTWs) 
(Cookson and Detwiler, 2022), leachates and runoff from landfills 
(Zhang et al., 2023), agricultural land (Biswas et al., 2025), airports and 
military bases (Ruyle et al., 2023). A common approach to source 
apportionment is to relate PFAS river water concentrations to land use 
characteristics and nearby potential sources through multi-variate an
alyses (Breitmeyer et al., 2023; Yao et al., 2014; Zhang et al., 2016a). 
The fingerprinting approach uses PFAS chemical signatures to constrain 
PFAS detected in river water to certain industrial activities or processes 
(Charbonnet et al., 2021). If the PFAS signature is unique and can be 
mapped to a specific industrial facility or historical process (a primary 
source), the fingerprinting approach can be used to identify sources 
(Joseph et al., 2023). However, the fingerprinting approach requires 
complex multi-variate analyses and expert knowledge of PFAS chemis
try and potentially has limited utility for secondary sources like WwTW 
and landfills which contain many PFAS compounds from diverse sources 
and time periods. Furthermore, these approaches cannot isolate the 

geographical contributing areas of PFAS input at the river catchment- 
scale, nor can they establish how much PFAS (the PFAS load) enters a 
river from these areas. For persistent chemicals like PFAS that are 
considered chronically toxic, the total amount present in the environ
ment is arguably more important than the concentration. As these sub
stances do not break down easily and can accumulate over time, a high 
load means greater long-term exposure risks for ecosystems and 
humans, especially through bioaccumulation and food chains. Loads 
also better reflect the potential for PFAS to disperse and persist across 
regions, making it a more meaningful measure for environmental impact 
and regulatory decisions. Furthermore, analysis of spatial patterns in 
PFAS loads allows one to quantify and rank sources, so that the largest 
sources (in terms of PFAS mass) can be the subject to remedial 
interventions.

Mass balance analysis of river PFAS loads can help catchment man
agers constrain PFAS geographical source areas and prioritise in
terventions based on the mass of PFAS entering rivers. Temporal 
analysis and modelling of observed PFAS river loads upstream and 
downstream of a PFAS manufacturing plant in North Carolina, USA, 
established the point source PFAS loading from the facility and the 
temporal trend in PFAS export from the catchment (Petre et al., 2022). 
Our work, in the River Mersey catchment in the United Kingdom (UK), 
established the first temporally-robust estimates of PFAS export for a 
major European river system (Byrne et al., 2024). Furthermore, analysis 
of PFAS loads at the river catchment outlet and from WwTWs demon
strated quantitatively that perfluorooctane sulfonic acid (PFOS) from 
WwTWs accounted for only 50 % of the total PFOS river export, sug
gesting non-WwTW sources are significant in post-industrial and heavily 
urbanised river catchments. Although the studies of Byrne et al. (2024)
and Petre et al. (2022) successfully quantified the loads associated with 
major and known point sources (industry and WwTWs), the load 
contribution from unknown point and non-point sources is difficult to 
establish. A potential approach to establish PFAS source areas and loads 
across mixed-source river catchments is analysis of spatial patterns in 
PFAS loads collected under steady river flow conditions. This synoptic 
sampling approach has been widely used to locate and quantify sources 
of trace metal(loids) in mineralised and mining-impacted river catch
ments for remediation interventions (Byrne et al., 2020; Mayes et al., 
2008; Runkel et al., 2023). A similar approach, using time of travel 
sampling, was used to establish PFAS loads and sources linearly along 
the Neshaminy Creek, Pennsylvania, USA (Woodward et al., 2024). As 
far as we are aware, no published studies have attempted synoptic 
sampling across a large (>2000 km− 2) and highly urbanised river 
catchment to investigate PFAS sources and loads.

In this study, we present a river catchment-scale investigation of 
PFAS concentrations and loads in an urbanised, post-industrial and hy
drologically complex river system (the River Mersey, UK) to identify 
PFAS geographical source areas and to establish the relative importance 
of industrial sources for PFAS transport through rivers. Our specific 
objectives were to: i) establish spatial patterns of PFAS concentrations 
across a heavily urbanised river basin; ii) constrain the geographical 
source areas of PFAS within the river basin, and iii) estimate the relative 
importance of industrial sources in controlling PFAS river water 
concentrations.

P. Byrne et al.                                                                                                                                                                                                                                   Science of the Total Environment 1001 (2025) 180502 

2 



2. Methodology

2.1. Study site

The wider Manchester conurbation is the second most populous 
urban area (2.8 million people) in the UK. The region is located in the 
River Mersey catchment, comprising the Upper River Mersey, River 
Irwell, River Irk, River Medlock, River Bollin, Glaze Brook and Sinder
land Brook sub-catchments (total catchment area = 2030 km2) (Fig. S1). 
The drainage system rises in the Pennine moorland to the north and east 
of the river catchment, and in the Cheshire Plain lowland to the south. 
The drainage system is heavily modified and urbanised (42 %), con
taining a mixture of land uses and activities typical of many post- 
industrial river catchments where high PFAS concentrations have been 
recorded (Evich et al., 2022). A notable modification of the drainage 
system is the Manchester Ship Canal (MSC), a navigable 58 km long 
channel connecting central Manchester to the River Mersey Estuary and 
the Irish Sea. Several major tributaries of the Mersey flow into the MSC 

as well as effluents from numerous WwTWs – some of these WwTWs 
receive water from outside of the catchment. Fig. 1 highlights numerous 
potential PFAS sources (1950s to present) that exist in the catchment, 
including effluents from WwTWs, landfills, industry (metal plating and 
manufacture of chemicals, textiles, and electronics), agriculture and 
airports, though concentration and loading data are only known for 
WwTWs (Byrne et al., 2024).

2.2. River water sampling

River water samples for PFAS analysis were collected at 63 locations 
across the Mersey catchment (Fig. 2) under moderately low (Q70) to 
moderately high (Q20) flow conditions (measured at the catchment 
outlet at sample site M20-H19) (National River Flow Archive (NRFA), 
2024) between 14th and 30th August 2023 (Fig. S2). Sample sites were 
selected to represent all major and minor tributary rivers and, where 
possible, several samples were collected from the source of a tributary to 
its downstream confluence to capture linear changes in PFAS loads and 

Fig. 1. River Mersey catchment showing the locations of potential PFAS sources. Source data were obtained from the Environment Agency Consented Discharge 
dataset (Environment Agency, 2025).
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concentrations. Unfiltered water samples were collected from below the 
water surface and in the centroid of flow using a 2 L high-density 
polyethylene (HDPE) bottle. Samples were then decanted into two 50 
mL HDPE tubes for laboratory analysis of 17 PFAS [9 per
fluoroalkylcarboxyclic acids (PFCAs), 6 perfluoroalkylsulfonates 
(PFSAs), perfluorooctanesulfonamide (PFOSA), and 6:2 fluorotelomer 
sulfonate (6:2FTS)] by LC-MS/MS (Table S1). The PFAS analysis suite 
reflects the most commonly detected compounds in river water world
wide (Calore et al., 2023) and by the Environment Agency in England 
(Environment Agency, 2021), however we acknowledge that emerging 
evidence suggests a greater number of compounds may be present in 
river water (Joerss et al., 2022). Further information on PFAS sampling 
and analytical procedures can be found in the Supplementary 
Information.

2.3. Load estimation

Synoptic water sampling at 23 river flow gauges was conducted 
across the Mersey Basin on the 22nd and 23rd of August 2023 (Fig. 2 – 
red circles). Sampling was conducted under steady river flow conditions 
(Fig. S2) so that spatial patterns of PFAS loads could be used to identify 
geographical source areas and sinks of PFAS within the river system. The 
daily loads (g day− 1) of individual PFAS compounds at each of the 23 
gauged sample sites were calculated as the product of the measured 

water sample concentrations (ng L− 1) and the observed river discharge 
(L s− 1) extrapolated to a daily load. River discharge data (within ±15 
min of water sample collection) at the time of PFAS sampling were ob
tained from the National River Flow Archive (National River Flow 
Archive (NRFA), 2024). PFAS loads were also estimated for the MSC at 
Latchford Locks using historical data (1997 to 2002) from the Envi
ronment Agency of England gauge at the Latchford Locks (Supplemen
tary Information). PFAS yield was also calculated for sites with 
combined concentration and flow data by dividing estimated load by 
catchment area (National River Flow Archive (NRFA), 2024).

2.4. Gadolinium anomalies

A stable gadolinium (Gd) compound is used as a paramagnetic 
contrasting agent in magnetic resonance imaging (MRI) and persists 
through urban WwTWs and the receiving river (Lawrence, 2010; Ver
planck et al., 2010). When plotting rare earth element (REE) concen
tration data, urban WwTW effluent displays a positive Gd enrichment 
called a Gd anomaly (Bau and Dulski, 1996; Verplanck et al., 2005). We 
utilise Gd anomalies to evaluate the potential spatial relationship be
tween river water PFAS concentrations with both a WwTW and non- 
WwTW (industrial) signal. Water samples for REE analysis were 
collected at the same location and time as the PFAS samples. The sam
ples were filtered with a 0.22 μm pore-size filter membrane and acidified 

Fig. 2. The River Mersey catchment showing the drainage network, urban extent (grey coverage) and the locations and sample IDs of 63 sample locations from 
August 2023. Blue circles show samples sites where water only samples were collected (n = 40) and red circles show sites where water samples and river discharge 
measurements were taken (n = 23). Source of drainage network data is EDINA Digimap Ordnance Survey Service (2025).
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with concentrated HNO3 to a pH of <2. REE concentrations were 
determined by inductively coupled plasma-mass spectrometry (ICP-MS) 
using an Agilent 7900 instrument. Samples were determined in triplicate 
using a direct calibration curve quantification technique with 103Rh 
used as an internal standard.

The size of the gadolinium anomaly can be quantified as the ratio of 
measured Gd to the expected Gd (Gd*), interpolated from its neigh
bouring REEs, Samarium (Sm) and Dysprosium (Dy), after normalisation 
using a reference material (the North American Shale Composite). 
Samarium and Dy were selected for interpolation as they do not have 
interfering isotopes or multiple redox states that could bias the calcu
lated baseline concentration. To assess whether samples were affected 
by anthropogenic Gd inputs, we also calculated the proportion of Gd 
relative to the total REE content (Gd% = [Gd] / Ʃ[REE] x 100). Samples 
where Gd contributed more than 15 % of total REEs generally exhibited 
a clear positive anomaly (Gd/Gd* > 3), consistent with wastewater- 
derived inputs. Therefore, we used >15 % Gd as a threshold to distin
guish samples impacted by WwTW effluent from those showing only 
natural variability (Fig. S3).

3. Results and discussion

3.1. PFAS concentrations and spatial patterns

Eleven of the seventeen targeted PFAS were detected across the River 
Mersey catchment with detection frequencies between 2 % (per
fluorodecanoic acid, PFDA) and 97 % (PFOA) (Table S2). Median con
centrations ranged from 1.31 ng L− 1 (perfluorohexane sulfonic acid, 
PFHxS) to 5.31 ng L− 1 (PFOS) (Fig. 3), which is similar to other studies 
of urban river catchments (Breitmeyer et al., 2023; Cookson and 
Detwiler, 2022; Zushi et al., 2011) and global surface water data 
(Ackerman Grunfeld et al., 2024; Calore et al., 2023). Peak concentra
tions and the greatest range in concentrations were for PFOA (270 ng 

L− 1; range = 269.27 ng L− 1), PFBS (110 ng L− 1; range = 108.83 ng L− 1) 
and PFHxA (44.9 ng L− 1; range = 43.72 ng L− 1). Comparing the 
measured PFAS concentrations in river water to threshold regulatory 
concentrations, we estimate that all of our samples would meet the EU 
sum of all PFAS criteria (sum total less than 500 ng L− 1) (EU, 2020), 
however 35 % of our samples would fail to meet the stricter Canadian 
sum of all PFAS criteria (sum total less than 30 ng L− 1) (Health Canada, 
2023). Although River Mersey water is not used as drinking water, 
drinking water standards provide a valuable benchmark. Furthermore, it 
is highly likely that our targeted analytical approach (17 compounds) 
underestimates the total PFAS concentrations in our samples, as found in 
studies using non-targeted or total PFAS analytical approaches (Ateia 
et al., 2023; Megson et al., 2024).

Fig. 4 illustrates the concentrations of PFOS, PFOA and the sum of 
nine most frequently detected PFAS spatially across the River Mersey 
catchment. PFOS concentrations (Fig. 4a) generally increased with dis
tance downstream in sub-catchments. As a result, elevated PFOS con
centrations occurred where the rivers Irwell, Irk and Medlock converge 
in Manchester city centre. The highest PFOS concentration occurred in 
the Upper Mersey (M14-H13; 25.6 ng L− 1) before it discharges into the 
MSC. Increasing concentrations downstream in urban catchments has 
been reported elsewhere and related to increases in the percentage of 
urban area upstream of sampling points (Breitmeyer et al., 2023; Zhang 
et al., 2016a; Zushi et al., 2011). In the River Mersey catchment, this 
urbanisation signal is likely driven by the accumulation of point source 
discharges from industry and WwTWs (Fig. 1). Historical landfills are 
also widespread in the lower catchment and typically located close to 
the river channel (e.g. in the lower part of the Upper Mersey sub- 
catchment) where non-point and point discharges of leachate probably 
contribute to increases in PFAS concentrations in rivers (Neill and 
Megson, 2024). The spatial pattern in PFOA (Fig. 4b), PFBS and PFBA 
concentrations (Fig. S4) was different from PFOS with notably higher 
concentrations in the north of the Mersey catchment in the rivers Irk, 

Fig. 3. Nine PFAS compounds detected in 63 river water samples collected across the River Mersy Basin in August 2023. Perfluorodecanoic acid (PFDA) and 
perfluorononanoic acid (PFNA) are excluded from the figure as their detection frequency was less than 5 %. The yellow box represents the interquartile range, and 
the internal black line is the median value. The upper and lower whiskers represent 1.5 times the interquartile range. Black diamonds represent individual samples, 
with samples lower or higher than the whiskers defined as outliers.
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Irwell and Glaze Brook. This pattern is evident in the sum of nine PFAS 
concentrations (Fig. 4c) indicating these compounds dominate the PFAS 
signal. Historically, the rivers Irk and Irwell have been major centres for 
textile production in riparian areas, as well as containing paper mills, 
collieries and an associated coal-fired power station (in the lower 
Irwell); chemical industries producing synthetic dyes and finishing 
products (Irk), printworks, metal plating, wire and cable manufacturing 
facilities have been present in the Irk catchment.

Although concentrations generally increased downstream in the 
catchment, some notable exceptions are evident where elevated con
centrations were consistently found in headwater catchments. Elevated 
PFOS concentrations were detected in Black Brook in the Upper Mersey 
(M8; 12.7 ng L− 1), the River Beal in the Roch catchment (I7; 8.38 ng 
L− 1), and Glaze Brook (GB2; 7.18 ng L− 1). The highest PFOA 

concentrations were recorded in the headwaters of the River Roch (I32- 
H10; 270 ng L− 1) and these elevated concentrations persisted to the 
confluence with the MSC in central Manchester. The highest PFBS 
concentration was detected in the headwaters of Glaze Brook (GB3; 110 
ng L− 1) which also had elevated PFOA (GB3; 11.4 ng L− 1) and the 
highest recorded PFBA concentrations (GB3; 20.2 ng L− 1). Elevated 
concentrations of other compounds were also detected in Glaze Brook 
(PFPA, PFHxA), the River Beal (PFPA, PFHxA; PFHxS), the River Roch 
(PFHxA), and Sinderland Brook (PFPA; PFHxA; PFHxS).

The Environment Agency (EA) database of Consented Discharges to 
Controlled Waters (Environment Agency, 2025) highlights several po
tential industrial PFAS sources in these catchments which might account 
for the elevated concentrations – these are mapped in Fig. 1. In the River 
Roch, elevated PFOA and PFHxA at site I32-H10 occurred downstream 

Fig. 4. Proportional circles maps of PFOS (a), PFOA (b) and sum of nine PFAS concentrations (c). bdl = below detection limit.
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of trade discharges from a waste management facility. Other potential 
industrial sources along this stretch of river include discharges from 
chemicals, paper and foam producers, textiles manufacturers and Bury 
WwTW. The River Beal, which discharges into the River Roch below I32- 
H10, had elevated concentrations of most detected PFAS at site I7 which 
may be due to discharge from Crompton Effluent Treatment Works – a 
permitted landfill. In Glaze Brook, we found elevated concentrations of 
almost all detected PFAS, in particular in the upper catchment in Carr 
Brook at site GB3. PFBS in particular is a major component of landfill 
leachate (Knutsen et al., 2019; Liu et al., 2024), and two permitted 
landfills (Holcroft Hall Quarry Landfill Site and Risley Landfill) are 
located in the headwaters of this sub-catchment above site GB3. 
Elevated PFAS concentrations persist further downstream at site GB1- 
H20 which is downstream of high PFAS discharges from Irlam, Tyldes
ley and Leigh WwTWs.

3.2. PFAS loads and geographical source areas

Table 1 summarises the PFAS loads measured at samples sites (n = 7) 
located at the outlets of the seven major sub-catchments. The largest 
PFOS (62 %; 12.85 g day− 1), PFOA (49 %; 7.38 g day− 1), 6:2FTS (46 %; 
3.12 g day− 1), and PFHxS (56 %; 1.73 g day− 1) loads were sourced from 
the Upper Mersey sub-catchment despite the general pattern of higher 
concentrations in the north of the Mersey catchment. This might be 
explained by the larger catchment area of the Upper Mersey (37 %) 
compared with the Irwell (30 %). PFHxA loads were highest in the Irwell 
(31 %; 4.95 g day− 1) and PFHpA loads were similar in both sub- 
catchments (Upper Mersey = 31 %; 1.44 g day− 1 and Irwell = 32 %; 
1.45 g day− 1). Of note, Glaze Brook had the highest PFBS load (39 %; 
2.58 g day− 1) and the third largest PFOA (7 %; 1.03 g day− 1), PFHxA 
(22 %; 1.41 g day− 1) and PFHpA loads (15 %; 0.69 g day− 1) despite only 
representing 9 % of the total area of the seven sub-catchments. The River 
Bollin contributed the third largest PFOS, 6:2FTS and PFHxS loads and 
represents 12 % of the area of the sub-catchments.

Analysis of the spatial pattern of PFAS loads across all twenty-three 
sample sites allows quantification of changes in loads change from up
stream to downstream and the identification of source areas. Fig. 5 il
lustrates PFOS, PFOA and the sum of seven PFAS (PFOS, PFOA, PFBS, 
PFHxA, PFHxS, 6:2FTS and PFHpA) loads throughout the Mersey 
catchment as Sankey plots. In these plots, the thickness of the line is 
proportional to the PFAS load, and the grey lines represent stretches of 
river where there is an increase in load. For example, the rivers Roch, 
Croal and Upper Irwell flow into the Lower Irwell. The PFOS load 
contribution from the River Roch (I11-H2; 2.5 g day− 1) is greater than 
the River Croal (I31-H9; 0.61 g day− 1) and the Upper Irwell (I27-H5; 
0.44 g day− 1) (Table S3). The PFOA load contribution from the River 
Roch is also higher (4.1 g day− 1) than the Croal (0.53 g day− 1) and the 
Upper Irwell (0.54 g day− 1). For both PFOS and PFOA, the total load 
contribution from the three rivers is less than the load measured farther 
downstream in the Lower Irwell such that 28 % of PFOS (1.4 g day− 1) 
and 6 % of PFOA (0.36 g day− 1) in the Lower Irwell is unaccounted for 
(Table S4), represented as ‘X2’ in Fig. 5a and b. This additional load in 
the Lower Irwell could originate as effluents from landfills, WwTWs, 
electrical / battery, leather or paper manufacturers located along this 

stretch of river (Fig. 1). A large increase in load also occurs for both 
PFOS (11.7 g day− 1; 91 %) and PFOA (6.7 g day− 1; 90 %) between the 
River Tame (M16-H15) and the Upper Mersey (M14-H13), represented 
as ‘X3’ in Fig. 5a and b, in an area where several WwTWs, landfills and 
chemicals manufacturers discharge to the river. For all PFAS com
pounds, there is a large unaccounted-for increase in loads in the Man
chester Ship Canal (MSC1), represented as ‘X4’ in Fig. 5. All seven major 
sub-catchments discharge into the canal, however, the increase in load 
measured at the outlet of the sub-catchments and the load estimated for 
the MSC ranges from 80 % for PFBS to 7 % for PFOS (Table S4). Several 
WwTWs discharge directly to the MSC (Fig. 1). Only PFOS and PFOA 
loading data are available for the WwTWs (Byrne et al., 2024), which 
might explain why these compounds have the lowest percent difference. 
The discrepancy between loads measured in the sub-catchments and in 
the MSC could result from error in the MSC PFAS loads, which are 
estimated rather than observed (Supplementary Information). There 
may also be unaccounted for sources to the MSC or biological trans
formation of PFAS precursors within the canal sediments which in 
WwTWs sometimes increases effluent loads (Moneta et al., 2023; 
Thompson et al., 2022). Although the general pattern observed was an 
increase in loads between sample points, a large decrease in PFBS load 
(89 %) occurred between the Goyt (M19-H18) and the Tame (M16- 
H15), represented as ‘S1’ in Fig. S5b. As PFBS is a terminal degradation 
product, sorption to sediments rather than transformation probably 
explains the decrease in load in this stretch of river.

Fig. 6 illustrates PFAS load data against catchment area (UK Centre 
for Ecology and Hydrology, 2025) for the twenty-three load sample 
sites. In general, there are weak to moderately strong and highly sig
nificant (p < 0.001 for all compounds except PFOA where p < 0.004) 
correlations between load and catchment area, which suggests PFAS 
river load scales with catchment area in highly urbanised river catch
ments. Positive residuals (data above the predicted model line) can be 
used to highlight catchments with disproportionately large loading. 
Elevated loads are particularly evident in the River Roch (I9-H1; I32- 
H10; I11-H2), River Irk (I30-H8) and Glaze Brook (GB1-H20). Of note, 
PFOA load (8.4 g day− 1) in the upper River Roch (I32-H10) with a 
catchment area of 14.8 km2 was of similar magnitude to the total PFOA 
load (22 g day− 1) discharged at the outlet of the River Mersey at Westy 
(M20-H19) with a catchment area of 2030 km2. We can highlight 
catchments with disproportionately high loads by calculating the PFAS 
catchment yield. Catchment yield is calculated as the PFAS load divided 
by the catchment area upstream of the load monitoring point. The yield 
metric provides a means of comparing loads from different size catch
ments by quantifying the PFAS load per unit drainage area. Fig. 7 il
lustrates PFAS yields for selected catchments in the Mersey – the 
catchment areas are sourced from the UK National River Flow Archive 
(UK Centre for Ecology and Hydrology, 2025). The catchment draining 
to I32-H10 on the River Roch had the largest PFOA (0.564 g km− 2 

day− 1), PFHpA (0.019 g km− 2 day− 1) and PFHxA (0.013 g km− 2 day− 1) 
yields. The catchment draining to GB1-H20 on Glaze Brook had the 
largest PFBS (0.017 g km− 2 day− 1) yield. The River Irwell at I29-H7 had 
the largest 6:2FTS (0.005 g km− 2 day− 1) yield and the River Mersey at 
M14-H13 had the largest PFHxS (0.003 g km− 2 day− 1) and PFOS (0.019 
g km− 2 day− 1) yields.

Table 1 
PFAS loads (g day− 1) measured at the outlet of seven major sub-catchments of the River Mersey. The percentage contribution of catchment area and loads are given in 
parentheses. PFPA and PFBA are excluded as they were detected at less than half of the load measurement sites.

Catchment (% area) Site ID PFOS PFOA PFHxA PFBS PFHpA 6:2 FTS PFHxS

River Bollin (14 %) B1-H22 1.22 (6 %) 0.47 (3 %) 0.81 (13 %) 0.52 (8 %) 0.45 (10 %) 0.66 (10 %) 0.29 (9 %)
Glaze Brook (9 %) GB1-H20 0.75 (4 %) 1.03 (7 %) 1.41 (22 %) 2.58 (39 %) 0.69 (15 %) 0.13 (2 %) 0.14 (4 %)
Sinderland Brook (2 %) SB1-H21 0.13 (1 %) 0.11 (1 %) 0.12 (2 %) 0.09 (1 %) 0.07 (2 %) 0.01 (0.2 %) 0.04 (1 %)
Upper Mersey (37 %) M14-H13 12.85 (62 %) 7.38 (49 %) 1.55 (24 %) 1.11 (17 %) 1.44 (31 %) 3.12 (46 %) 1.73 (56 %)
River Irwell (30 %) I29-H7 4.95 (24 %) 5.53 (36 %) 1.99 (31 %) 2.08 (31 %) 1.45 (32 %) 2.57 (38 %) 0.77 (25 %)
River Medlock (3 %) I33-H11 0.29 (1 %) 0.19 (1 %) 0.07 (1 %) 0.03 (1 %) 0.08 (2 %) 0.03 (0.5 %) 0.04 (1 %)
River Irk (4 %) I30-H8 0.62 (3 %) 0.49 (3 %) 0.48 (7 %) 0.24 (4 %) 0.40 (9 %) 0.20 (3 %) 0.10 (3 %)
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3.3. Use of Gd anomalies to discriminate WwTW (population-derived) 
and Non-WwTW (industry-derived) PFAS Sources

Urban rivers that receive effluents from WwTWs have unique REE 
patterns displaying positive Gd anomalies due to the use of gadopentetic 
acid as a contrasting agent in MRI scans (Verplanck et al., 2005). Here, 
we correlate Gd anomalies with PFAS water concentrations to identify 
sample sites where WwTW effluents are a probable source and where no 
large WwTW source is evident. Our analysis of REE concentrations in 
River Mersey waters designates samples where the percent Gd of the 
total REE concentration (Gd%) exceeds 15 % as clearly impacted by 
WwTW. We found approximately 62 % (n = 37) of water samples to 
have minor or no Gd anomalies (no WwTW source likely) and 38 % (n =
23) of samples to have a Gd anomaly (WwTW source likely) (Figs. S6 and 
S7). In Fig. 8a-d, PFAS concentration data are plotted against Gd% - the 
dashed line represents the Gd anomaly threshold of 15 %. Several 
sample sites plot below the Gd anomaly threshold but have elevated 
PFAS concentrations. These samples are highlighted in Fig. 8 and 
correspond to the River Roch (I32-H10, I9-H1, I11-H2) and Glaze Brook 
(GB1-H20) sites that have high PFHxA, PFHpA, PFOA and PFBS catch
ment yields. Together, the PFAS loading and Gd anomaly analyses 
indicate these catchments are substantial sources of non-WwTW (in
dustry) derived PFAS.

The spatial pattern in Gd anomalies is illustrated in Fig. 8e. Sample 
sites with no Gd anomaly (blue diamonds) occur mostly in the upper 
part of the Mersey and in all seven major sub-catchments. While some 

small WwTWs do discharge to the river in these areas, they serve small 
communities which probably do not have medical (MRI) facilities using 
gadopentetic acid. It is more likely in these areas that the major sources 
of PFAS are legacy and contemporary discharges from industrial sources 
– potentially via small WwTWs. Most of the sample sites with positive Gd 
anomalies cluster toward the centre of the Mersey catchment and 
downstream of major WwTWs. Sample sites with elevated PFAS and 
very large Gd anomalies, included GB1-H20, I30-H8 and B1-H22. These 
sample sites are located downstream of effluent discharges from Gla
zebury, Tyldesley and Leigh WwTWs (GB1-H20), from Oldham and 
Royton WwTWs (I30-H8), and from Macclesfield WwTW (B1-H20). 
However, any sample sites with Gd% > 15 % can be considered 
contaminated with PFAS from WwTWs and potentially from other non- 
WwTW sources.

3.4. Implications for source apportionment of PFAS in post-industrial 
rivers

This study demonstrates how spatial analysis of PFAS river loads, 
combined with tracers of wastewater treatment works (WwTW) efflu
ents, can identify PFAS source areas and support geographically based 
source apportionment. Two key findings are highlighted below.

Fig. 5. Sankey diagrams illustrating the change in PFAS loads through the Mersey catchment for PFOS (a), PFOA (b) and the sum of seven PFAS (PFOS, PFOA, PFBS, 
PFHxA, PFHxS, 6:2FTS, PFHpA) (c). The line thickness is linearly proportional to the load magnitude. The blue lines represent observed loads. The grey lines 
highlight the location and magnitude of unaccounted for loads in the catchment. The purple lines represent observed loads from WwTW (2015 to 2017 from the UK 
Chemical Investigation Programme) discharging to the MSC. In this catchment, all of the major tributary rivers flow into the Manchester Ship Canal (MSC1). Further 
downstream, water in MSC1 overflows into the Lower Mersey and also continues downstream in the canal as MSC2.
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3.5. Spatial analysis of PFAS loads at the catchment-scale identifies 
geographical source areas

Our analysis of PFAS loads at the outlets of the seven main Mersey 
sub catchments showed that areas with the highest PFAS concentrations 
did not always export the highest PFAS loads. For example, PFOS, PFOA, 
6:2 FTS and PFHxS loads were greatest from the Upper Mersey (Table 1), 
despite higher concentrations occurring in northern tributaries. This 
emphasises the importance of load-based PFAS monitoring, which pro
vides a measure of total mass flux, compared with statistical source 
apportionment methods that rely only on concentration variability 
(Kolpin et al., 2021; Silver et al., 2023; Zhang et al., 2016b; Zushi et al., 
2011). Without load information, the relative importance of sources 
cannot be established.

At higher spatial resolution, we mapped PFAS loads along individual 
river stretches (Fig. 5). This revealed distinct input zones, including the 
Lower Irwell (Bolton–Manchester), River Tame (Marple Bridge
–Stockport), and Upper Mersey (Stockport–Urmston). The largest input 
occurred to the Manchester Ship Canal (MSC), although these loads were 
based on historical data. All these reaches, including the MSC, receive 
inputs from WwTWs, industrial facilities and landfills. Normalising 
loads by catchment area identified disproportionate yields in certain 
locations (Fig. 6), notably the River Roch (source–Littleborough) for 
PFOA, PFHpA and PFHxA, and Glaze Brook for PFBS.

Although we located geographical sources of PFAS inputs, the spe
cific contributions from individual sources remain unknown. This is the 

logical next step in the river catchment approach, achievable through 
high resolution synoptic sampling, which has been applied to apportion 
loads from point and non- point sources in mining impacted rivers. Such 
approaches are rarely used for PFAS, partly because of the difficulty of 
acquiring paired flow and water quality data under steady flow condi
tions in complex, urbanised catchments. Woodward et al. (2024), 
however, successfully used a time of travel method in a Pennsylvania 
catchment, isolating PFAS contributions from WwTWs and military 
bases. Applying similar methods in the Mersey source areas we identi
fied could quantify source contributions and inform targeted remedia
tion. Temporal variability in inputs, driven by hydrology and effluent 
discharges, adds complexity, but this can be addressed through time 
variable sampling and modelling (Petre et al., 2022; Byrne et al., 2024).

3.6. Non-WwTW (industrial) PFAS sources are significant in urbanised, 
post-industrial catchments

WwTWs are well documented PFAS sources to rivers (Coggan et al., 
2019; Desgens-Martin et al., 2023), and contribute ~50 % of the PFOS 
exported from the Mersey (Byrne et al., 2024). However, WwTW inputs 
alone cannot explain observed PFOS export, implying additional non- 
WwTW sources and/or in-river transformation of PFAS precursors to 
PFOS. Precursor degradation in WwTWs, where effluent PFAS loads 
exceed influents (Moneta et al., 2023; Thompson et al., 2022) supports 
this possibility. We also observed a large decrease in PFBS load along a 
stretch of river between the Rivers Goyt and Tame, which may have 

Fig. 6. Scatterplots of PFAS loads against drainage area upstream of the sample point. Note the logarithmic axis scales. r and p refer to outputs from Pearson's product 
moment correlation on log-transformed data, where the linear regression model is represented by a red line. Labels are provided for samples sites discussed in 
the text.
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occurred from sorption to sediments or precursor transformation. 
Woodward et al. (2024) observed similar behaviours for some PFAS in 
the Neshaminy Creek, Pennsylvania. We are not aware of any other 
published studies that have observed this in a river environment. 
Perhaps this is because a change in concentration alone cannot distin
guish losses from dilution or source variability.

Gadolinium (Gd) anomalies, a tracer of WwTW effluent, provided 
additional insight. Only 38 % of samples displayed Gd anomalies 
indicative of strong WwTW inputs. The remaining 62 % lacked such 
signatures, suggesting significant PFAS contributions from non-WwTW 
sources. These could include industrial discharges and legacy contami
nation from landfills. The Mersey catchment has no PFAS manufacturing 
facilities but has a long industrial history, including textiles, paper and 
printing, tanneries, sawmills, chemical plants, and coal mining. 

Although heavy industry has declined since the early 20th century, 
many sites operated into the late 20th century when PFAS use was 
widespread. This legacy persists through numerous landfills and 
contaminated land sites. Indeed, headwater catchments such as the 
River Roch and Glaze Brook exported large PFBS, PFOA, PFHpA and 
PFHxA yields despite lacking Gd anomalies, consistent with industrial or 
landfill sources. Gd anomalies have been used previously to trace PFAS 
from WwTWs in New Mexico, USA (Beisner et al., 2024) but our study is 
the first to explicitly relate Gd anomalies to PFAS to separate WwTW and 
non-WwTW sources. This complementary approach enhances spatial 
loading analysis by providing independent evidence to distinguish in
dustrial and legacy sources from municipal wastewater contributions. 
While non-targeted analysis (NTA) could provide even greater source 
resolution, understanding spatial PFAS load patterns remains essential 

Fig. 7. The River Mersey catchment highlighting selected catchments and associated PFAS yields. The colour ramp is determined by natural breaks in data. 
Catchment labels are provided for locations referred to in the text.
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to identify and prioritise the areas contributing the largest inputs and 
posing the highest health and environmental risks.

4. Conclusions

Rivers and their drainage systems play a crucial role in transporting 
PFAS from terrestrial sources to marine environments, representing a 
key exposure pathway for ecosystems and humans. In post-industrial 
river catchments, the multitude of potential PFAS sources complicates 
efforts to identify priority areas for interventions. This study demon
strates a river catchment-based methodology that integrates synoptic 
sampling and mass balance analysis to spatially resolve PFAS river loads 
and isolate key source areas.

In the River Mersey catchment, UK, our analysis reveals that the 
highest river PFAS concentrations do not necessarily correspond to the 
highest PFAS loads. This finding highlights a critical risk: interventions 
based solely on concentration hotspots may overlook areas contributing 
the largest PFAS loads. Instead, we show that small, headwater sub- 
catchments – particularly the upper Glaze Brook and River Roch – 
exhibit the highest PFAS yields (load per unit area). In Glaze Brook, this 
is likely due to legacy landfill leachates and in the River Roch due to a 
waste management facility with consented discharge (Fig. 1). Gadolin
ium anomalies support the widespread influence of WwTWs in con
trolling river PFAS concentrations, with Gd anomalies evident at 38 % of 
sample sites where PFAS were also detected. However, our results 
indicate that industrial sources, especially those emerging post 1950s, 
may be more significant contributors than previously recognised, with 
PFAS at 62 % of our sample sites possibly sourced from industry.

Overall, this study provides a scalable monitoring framework for 
PFAS source apportionment in mixed-source, post-industrial river 
catchments. We emphasise that while PFAS concentrations inform 
ecological and human health risk, load-based assessments applied at the 
river catchment-scale are essential for targeting remediation efforts to
ward areas delivering the highest mass flux to rivers.
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