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Abstract

Water supplies for millions of U.S. individuals exceed maximum contaminant levels for per- 

and polyfluoroalkyl substances (PFAS). Contemporary and legacy use of aqueous film forming 

foams (AFFF) is a major contamination source. However, diverse PFAS sources are present within 

watersheds, making it difficult to isolate their predominant origins. Here we examine PFAS source 

signatures among six adjacent coastal watersheds in Cape Cod, MA, USA using multivariate 

clustering techniques. A distinct signature of AFFF contamination enriched in precursors with 

six perfluorinated carbons (C6) was identified in watersheds with an AFFF source, while 

others were enriched in C4 precursors. Principal component analysis of PFAS composition in 

impacted watersheds showed a decline in precursor composition relative to AFFF stocks and a 

corresponding increase in terminal perfluoroalkyl sulfonates with <C6 but not those with ≥C6. 

Prior work shows that in AFFF stocks, all extractable organofluorine (EOF) can be explained by 

targeted PFAS and precursors inferred using Bayesian inference on the total oxidizable precursor 

assay. Using the same techniques for the first time in impacted watersheds, we find that only 

24%–63% of the EOF can be explained by targeted PFAS and oxidizable precursors. Our work 

thus indicates the presence of non-AFFF, large organofluorine sources in these coastal watersheds.

Graphical Abstract

*Corresponding author: Bridger J. Ruyle, bruyle@g.harvard.edu. 

The authors declare no competing financial interest.

Supporting Information. Supplementary site information, Sampling protocol, PFAS extraction and analysis, Extractable 
organofluorine analysis, Bayesian inference method, Supplementary statistical methods, Composition of AFFF in the principal 
component analysis, PFAS fluxes from the Quashnet River to Waquoit Bay.

HHS Public Access
Author manuscript
Environ Sci Technol. Author manuscript; available in PMC 2024 May 10.

Published in final edited form as:
Environ Sci Technol. 2021 March 16; 55(6): 3686–3695. doi:10.1021/acs.est.0c07296.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Per- and polyfluoroalkyl substances (PFAS) are a broad class of persistent anthropogenic 

chemicals with aliphatic fluorinated chains.1,2 Water supplies for millions of Americans 

exceed state level maximum contaminant levels (MCLs) for PFAS in drinking water.3,4 

At least 600 sites across the United States (USA) have been contaminated by the use 

of aqueous film forming foam (AFFF) containing PFAS for firefighting and training.5 

However, distinguishing AFFF contamination from other sources is challenging because 

diverse PFAS sources are present in watersheds such as industry, septic systems, wastewater, 

agriculture, and atmospheric deposition.6

Both legacy (electrochemical fluorination: ECF and fluorotelomer: FT) and contemporary 

(FT only) AFFF contain large quantities of polyfluoroalkyl precursors,7–10 that may degrade 

into terminal perfluoroalkyl acids (PFAA) subject to water quality guidelines.7,11,12 PFAS 

composition in AFFF contaminated surface water and groundwater is expected to change 

along the hydrological flow path due to preferential sorption13 and degradation of these 

precursors.7,8,11,12,14 Such processes could potentially confound detection and isolation of 

the PFAS attributable to AFFF contamination at a given location.

Traditional methods for measuring PFAS (targeted LC-MS/MS) only capture a small 

fraction of the PFAS present in AFFF and environmental samples.8–10,15,16 The total 

oxidizable precursor (TOP) assay uses a strong oxidant to transform precursors into 

terminal PFAA that are detectable using targeted LC-MS/MS. Most prior studies have 

lumped TOP assay results into a single category of oxidizable precursors.13,17 Ruyle et 

al.10 developed a new statistical method based on Bayesian inference to infer the original 

precursor concentrations of a given chain length present in aqueous samples using published 

laboratory data on oxidative yields of terminal perfluoroalkyl carboxylates (PFCA), and 

measured concentrations of terminal products in environmental samples following the TOP 

assay. ECF and FT precursors present in AFFF have unique oxidation yields18–20 that are 

used in the statistical inference to reconstruct the manufacturing origin of AFFF mixtures.10

Some precursors are resistant to oxidation by the TOP assay or yield ultrashort chain PFCA 

that are not routinely included in targeted analyte lists.20,21 All of these compounds will be 

captured by measurements of extractable organofluorine (EOF). Prior work showed virtually 

all (median 104±19%) of the EOF in ECF and FT AFFF stocks can be explained by targeted 
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PFAS analysis and oxidizable precursors captured by the TOP assay.10 Precursors with six 

perfluorinated carbons (C6) were most abundant in both ECF and FT AFFF.10 Previous 

studies in AFFF-impacted environments have reported a large fraction of unexplained 

organofluorine. However, they only included one or two C6 precursors on the targeted 

analyte list and could not distinguish AFFF precursors from other sources of unidentified 

organofluorine.16,22,23

Multivariate clustering techniques and spatial relationships between sampling locations and 

major PFAS sources can assist in identifying predominant PFAS contamination sources in 

surface water.24 Prior work has not considered AFFF impacted locations or included C6 

precursors because analytical standards needed for the analysis were unavailable at the time. 

Although several standards for C6 precursors are now available, new standard production 

can lag decades behind industrial PFAS production and does not automatically result in 

their inclusion in targeted analyte lists.10 As an intermediate step, routine analysis of the 

TOP assay with statistical inference to identify the chain length and manufacturing origin of 

precursors would facilitate their inclusion in source-attribution modeling.

Here, we evaluate whether multivariate clustering techniques using information on targeted 

PFAS and precursor composition from the TOP assay and statistical inference can 

distinguish the signature of AFFF contamination from other sources. For this analysis, we 

use measured PFAS composition in surface water from six coastal watersheds in Cape Cod, 

MA, USA. Measurements include 27 targeted PFAS, the TOP assay, and EOF. We use these 

data to characterize the fraction of EOF accounted for by oxidizable precursors and targeted 

PFAS together for the first time in natural waters and to quantify mass fluxes of unexplained 

organofluorine in these coastal watersheds.

Materials and Methods

Study region.

We collected surface water from kettle lakes and rivers in the six coastal watersheds in 

Cape Cod, MA, USA shown in Figure 1. Sites were selected based on well-characterized 

hydrology as part of past United States Geological Survey (USGS) research efforts.25,26 

Three watersheds (Childs, Quashnet, Mill Creek) contain an upgradient AFFF source zone 

from historical fire-training activity with extensive regional groundwater and surface water 

contamination, and three (Marston Mills, Mashpee, and Santuit) were used as controls 

for watersheds without a known AFFF source.17,27,28 Please see the SI for additional site 

description.

We searched the Facility Registration Service (FRS) codes for other potential PFAS point 

sources within the six watersheds, following the same procedure described in Zhang et al.24 

Seven airport operations were identified within the watersheds but none were certified for 

AFFF use.29 Thus, they were unlikely to be important PFAS sources and no other relevant 

sources were identified.

Most sites were sampled 1–2 times (Childs: Jul-18, Mill Creek: Jul-18, Apr-19; Quashnet: 
repeat sampling Aug-17 to Jul-19; Marston Mills: Jul-18, Apr-19; Mashpee: Apr-19; 
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Santuit: Jul-18, Jul-19). In total, 54 samples were collected, divided among watersheds with 

a known AFFF source zone (n = 44) and those without an AFFF source zone (n = 13).

We repeatedly sampled from one location within an AFFF impacted river (Quashnet R.) to 

assess temporal variability in PFAS concentrations (Aug-17, Jul-18, Oct-18, Feb-19, Apr-19, 

Jul-19). Data from August 2017 are reported in previous work.30 The Quashnet R. contains 

groundwater seeps along the flow path and 95% of the riverine flow volume is accounted 

for by groundwater inputs.30 The Supporting Information (SI) provides additional details of 

sampling (Table S1) and collection protocols.

PFAS extraction and analysis.

Unfiltered surface water samples (200 mL) were extracted following the methods described 

in prior work17 and the SI. Samples were analyzed for 27 PFAS with an Agilent (Santa 

Clara, CA) 6460 triple quadrupole liquid chromatography-tandem mass spectrometer 

(LC-MS/MS) (Table S2). Targeted analytes included C3–C13 perfluoroalkyl carboxylates 

(PFCA), C4–C10 perfluoroalkyl sulfonates (PFSA), Cn (n = 4,6,8) perfluoroalkyl 

sulfonamides, C8 perfluoroalkyl sulfonamide acetates, Cn:2 (n = 4,6,8) fluorotelomer 

sulfonates, and a polyfluoroalkyl ether carboxylate (DONA) with 5 perfluorinated carbons 

(Table S3). Method detection limits (MDLs; Table S4) ranged from 0.005 to 2.62 ng L−1. 

Concentrations are reported in Table S5. Analyte recoveries for targeted analysis ranged 

from 70% to 130% and are reported in Table S6.

Bayesian inference on TOP assay results.

The total oxidizable precursor (TOP) assay was performed on all aqueous samples. We 

followed a slightly modified procedure from Houtz and Sedlak18 that is described in a 

previous publication17 and the SI. Changes in C3–C7 (C3 = PFBA, C7 = PFOA) following 

the TOP assay are reported in Table S7.

Precursors concentrations grouped by chain length and manufacturing origin (Table S8) are 

based on TOP assay measurements followed by Bayesian inference (see the SI for details). 

This inference method is described in Ruyle et al.10 for AFFF stocks. The distributions 

of C4–C8 ECF and Cn:2 (n = 4,6,8) FT precursors were inferred by multiplying the 

unique oxidation yields of ECF and n:2 FT precursors and their respective uncertainties18–

20 by an iterative simulation sequence of best estimates using Markov chain Monte Carlo 

(MCMC) analysis implemented by emcee 3.0.231 in Python 3.7.8. The solution minimizes 

the least-squares of the log difference between the model and measurements of the TOP 

assay, and the medians are reported here (Table S8). The source code for the Bayesian 

inference is available for download and use at https://github.com/SunderlandLab/oxidizable-

pfas-precursor-inference.

Here we apply the method for the first time to environmental samples with slight 

modifications. We relaxed the assumptions related to prior probability distributions for 

precursors in AFFF before performing the inference on samples from watersheds with 

an AFFF source zone to account for potential biogeochemical changes in precursor 

composition (Table S9).18 Since the focus of this work was on identifying the signature 

of AFFF in natural waters, we did not include modifications to the TOP assay to detect <C3 
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PFCA20 or changes in PFCA > C7 because prior work shows their detection is not needed to 

complete the PFAS mass balance in ECF or FT AFFF.10 For watersheds that did not contain 

a known AFFF source, we used a uninformative prior32 because of the lack of quantitative 

information on precursors in these environments. In an uninformative prior, all precursor 

concentrations have equal weighting and no information is assumed.

Extractable organofluorine analysis (EOF).

We analyzed extractable organofluorine (EOF) in a subset of samples from the Quashnet 

watershed with a known AFFF source (n = 7) (Table S10). Extractions followed the method 

used in prior work10 and extraction volumes ranged between 240–400 mL. Concentrations 

above the LOD were corrected by subtracting the extraction blank and adjusted by the 

dilution factor. The MDL (1.95 to 3.26 nM F) was calculated as three times the standard 

deviation of the extraction blank adjusted by the dilution factor. Additional details are 

provided in the SI.

Statistical analyses.

13 of the 27 targeted PFAA (C3–C8 PFCA, C4–C8 PFSA), C4–C8 ECF precursors, and 

n:2 FT (n = 4,6,8) precursors were detected in >70% of samples analyzed (Table 1) and 

were used in all statistical analyses. A 70% detection frequency was selected because 

values below the MDL must be imputed (non-zero composition for all measurements is a 

requirement of the compositional analyses described below) and prior work suggests that 

30% censoring is an upper threshold for multivariate analyses such as principal components 

analysis (PCA) performed here.33,34 Detection frequency and concentration ranges for the 

14 targeted PFAS below the MDL in more than 30% of the samples analyzed are reported in 

Table S11.

For the 13 PFAA with > 70% detection in this study (C3–C8 PFCA, C4–C8 PFSA), 

we imputed values that were below the MDL using robust regression on order statistics 

(ROS).34 Targeted precursors, which were detected in <50% of samples, were not included 

in statistical analyses. Instead, precursor concentrations used in statistical analyses were 

based on results of the Bayesian inference on TOP assay measurements. The targeted 

precursors in this study oxidize to PFCA measured in the TOP assay and thus contribute to 

precursor concentrations inferred through Bayesian inference. We performed all statistical 

analyses in R version 3.4.4 using FactoMineR,35 factoextra,36 and NADA (ros)37 and python 

version 3.7.8 using SciPy38 and statsmodels.39

We used non-parametric tests throughout this work because the dataset failed tests for 

normality required for parametric analyses (Shapiro-Wilks test corrected for multiple 

comparison using false discovery rate [FDR] correction p-value < 0.05). We tested for 

statistically significant differences in molar concentrations and composition of targeted 

PFAS from watersheds with and without AFFF sources using the non-parametric Mann-

Whitney U test corrected for multiple comparisons using FDR correction (Table 1). We 

tested for statistically significant temporal differences in PFAS and EOF at the mouth of the 

Quashnet River using a non-parametric analysis of variance (Kruskal-Wallis corrected for 

multiple comparisons using FDR correction, Table S12).
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Following the approach laid out in prior work,24 we examined clustering patterns for 

PFAS measured in this work using both principal component analysis (PCA) on surface 

water samples (n = 54; Table S13) and non-parametric hierarchical clustering using the 

UPGMA algorithm (Figure S1). We analyzed differences in PFAS composition rather than 

concentrations to facilitate comparison of PFAS concentrations spanning different orders of 

magnitude. We tested several data processing methods to see if PCA results were sensitive 

to the choice of non-detect imputation and transformation. Results were robust across data 

treatment methods (Figure S2). We performed a second PCA comparing the composition of 

surface water from watersheds with AFFF sources (n = 41) and ECF (n = 9) and FT (n = 

19) AFFF reported in Houtz et al.8 and Ruyle et al.10 (Table S14). Results from the PCA 

on center-log ratio transformed40 molar compositional data with non-detects imputed using 

ROS are presented here. The SI contains additional details of the statistical methods and 

their assumptions.

Results and Discussion

Significant enrichment of PFAS in AFFF impacted watersheds

The average concentration of the 13 targeted PFAS with >70% detection in watersheds with 

a known AFFF source (600±270 pM) was 17 times larger than those without an AFFF 

source (35±6 pM). Total concentrations of oxidizable precursors in watersheds with a known 

AFFF source (160±110 pM) were more than ten times greater than in watersheds without a 

known AFFF source (15±12 pM). All of the targeted PFAS and oxidizable precursors were 

statistically significantly enriched in the watersheds with a known AFFF source compared to 

the other watersheds (Table 1).

All three watersheds with a known AFFF source exceeded the U.S. Environmental 

Protection Agency (U.S. EPA) Lifetime Health Advisory of 70 ng L−1 for the sum of 

PFOS and PFOA in drinking water41 and the Massachusetts Department of Environmental 

Protection (MA DEP) Maximum Contaminant Level of 20 ng L−1 for the sum of six PFAS: 

PFHpA, PFOA, PFNA, PFDA, PFHxS, and PFOS42 (Table S5). PFOS (max = 533 ng 

L−1) and PFHxS (max = 576 ng L−1) were detected at the highest levels in the AFFF 

impacted watersheds (Table 1), consistent with the known abundance of these compounds in 

legacy ECF AFFF.8,10 PFAS concentrations were below regulatory guidelines in watersheds 

without a known AFFF source. The most abundant PFAS at these sites, PFBS (max = 9.25 

ng L−1) and PFBA (max = 9.41 ng L−1), are not currently subject to regulatory guidelines in 

the United States, which have largely focused on long chained compounds.

Mean PFAS concentrations measured in the Quashnet R. over a two-year period between 

August-2017 and July-2019 on six sampling dates did not show statistically significant 

differences (Table S12). In contrast, the log10 of the flowrate43 fluctuated by more than 

two standard deviations across sampling periods (Figure S3). Large fluctuations in redox 

conditions of these watersheds occur seasonally when temperatures increase and biological 

activity reaches peak levels.44 Concentrations of redox sensitive contaminants such as 

nitrate show a strong seasonal cycle.44,45 No temporal variability in the observed PFAS 

concentrations suggests that releases from the source zone rather than geochemical and 

hydrologic variability dominate observed concentrations in this system.
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PFAS composition differed between watersheds with and without AFFF sources. In 

watersheds without an AFFF source, PFBS and PFBA accounted for a statistically 

significantly greater molar fraction (26±8%) of PFAS compared to the watersheds with 

AFFF sources (6±3%) (Table 1). In watersheds with an AFFF source, PFOS and 

PFHxS together accounted for 40±13% of PFAS and were statistically significantly 

enriched compared to watersheds without an AFFF source (Table 1). The linear PFOS 

isomer accounted for 67±10% of total PFOS in watersheds with AFFF sources, closely 

reflecting the original PFOS composition in ECF products such as LightWater™ AFFF.10 

In watersheds without an AFFF source, the linear isomer of PFOS was statistically 

significantly lower (Mann-Whitney U; p-value<0.001) than the ratio observed in AFFF-

contaminated watersheds (50±9% PFOS), consistent with observations in many freshwater 

systems.46 The linear PFHxS isomer made up 85±2% of total PFHxS in watersheds with 

AFFF sources, which is similar to reported values for other surface waters (76–93%).46 In 

watersheds without an AFFF source, linear and branched PFHxS isomers were detected 

together at only 2/13 sampling sites (77% and 79% linear).

Enrichment of C6 precursors in AFFF impacted watersheds

Seven of the nine targeted polyfluoroalkyl precursors were only detected in watersheds with 

an AFFF source (Table S11). Such limited detections are common due to the diversity of 

potential precursors and their transformation intermediates in AFFF7,11,47 and other PFAS-

based products.48 Alternatively, the TOP assay can be used to aggregate diverse precursors 

to overcome methodological detection limits. Oxidizable precursors captured by the TOP 

assay were detectable at every site (Table S7), including in 11 samples where no targeted 

precursors were observed (Table S5).

Results of the Bayesian inference on TOP assay results yielded distributions (Figure 2) and 

median estimates (Table 1, Table S9) of the concentrations of C4–C8 ECF and 4:2, 6:2, 

and 8:2 FT precursors. Precursor concentrations were statistically significantly enriched 

in surface waters with AFFF sources (Table 1). The PFAS fraction accounted for by 

precursors was similar between watersheds with and without an AFFF source (20%−26%), 

but composition differed significantly (Table 1). In watersheds with a known AFFF source, 

C6 ECF precursors were most abundant, accounting for 11% of PFAS. In watersheds 

without a known AFFF source, C4 ECF precursors and 4:2 FT precursors were most 

abundant, accounting for 14% of PFAS (Table 1). C4 ECF and 4:2 FT precursors were 

statistically significantly enriched in watersheds without a known AFFF source. C6 ECF 

precursors were statistically significantly enriched in watersheds with a known AFFF source 

(Table 1).

Figure 2 shows the modeled distributions of oxidizable precursors across watersheds. 

The kernel density (y-axis) indicates the probability of occurrence of a given precursor, 

while the x-axis shows expected concentrations given constraints from terminal PFCA 

produced following the TOP assay. In the AFFF impacted watershed downstream of the 

Joint Base Cape Cod (Fig 2a; Quashnet R. sample), C6 ECF precursors occur at the 

highest probabilities and concentrations. Much lower probabilities (kernel densities) are 

observed for the FT precursors. By contrast, the kernel density and concentrations of 6:2 
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FT precursors are much higher in the downgradient environment of a municipal airport 

fire-training area in Mill Creek. Targeted C6 precursors (perfluorohexane sulfonamide and 

6:2 fluorotelomer sulfonate) accounted for up to 66% of oxidizable C6 precursors at these 

sample locations (Table S9).

ECF and FT AFFF were often used at the same sites. Poor recordkeeping has confounded 

the true history of AFFF use.2 The Bayesian inference performed on TOP assay results helps 

to estimate the relative amount of ECF and FT AFFF used at each site. For example, if 

ECF AFFF (approximately 50% precursors) and FT AFFF (>99% precursors) (Table S14) 

were used in equal amounts, the percentage of ECF precursors in downstream environments 

would be approximately 33%, assuming that the biogeochemical influences on precursor 

composition affects both kinds of precursors at similar rates. ECF precursors accounted for 

72±11% of precursors in the Quashnet R. watershed downstream of the military fire training 

area, suggesting ECF AFFF was used at a greater than 2:1 ratio on the Joint Base Cape Cod. 

This is consistent with estimates of the US military’s historical AFFF stock which consisted 

of 70–75% ECF AFFF.49 In Mill Creek, ECF precursors contributed 45±26% of precursors, 

suggesting that both ECF and FT AFFF were used at that site in similar proportions.

Mixed precursors were present at background sites without a known AFFF source zone 

(Fig 2b,d). 4:2 FT precursors occurred at the highest concentrations, followed by C4 ECF 

precursors. At the Santuit site (Fig 2b), 8:2 FT and C8 ECF precursors occurred at higher 

concentrations compared to the watershed that did not contain a known AFFF source 

(Marstons Mills, Fig 2d).

Distinct signature of AFFF contamination

Principal component analysis (PCA) using the molar composition of PFAS in all samples 

reveals distinct PFAS clustering along Dimension 1 (Figure 3) based on the presence 

or absence of AFFF sources within the watershed. PCA results were corroborated using 

hierarchical clustering (Figure S1) and were robust to all data preprocessing methods tested 

(Figure S2).

Watersheds with a known AFFF source score negatively along Dimension 1 and were 

enriched in PFOS, PFHxS, and C5 and C6 ECF precursors (Fig 3a). These compounds 

constitute 82±2% PFAS in ECF AFFF (Table S14). This result reinforces that legacy ECF 

AFFF use was the dominant source of targeted and oxidizable PFAS in AFFF impacted 

watersheds in this study, overwhelming potential contributions from diffuse sources that 

are reflected in the background sites and a wastewater infiltration system.17 The AFFF 

source signature is preserved in the downstream environment, which agrees with prior work 

that found associations between the presence of military fire-training areas and increased 

probability of detecting PFHxS and PFOS in proximate drinking water.3

Surface waters in watersheds without an AFFF source score positively on Dimension 1 

and are enriched in short chain PFAA and C4 precursors. Prior work in the same region 

showed PFBS was the dominant PFAS in private wells contaminated by septic systems.50 It 

is therefore plausible that the observed enrichment in C4 PFAS in this study in watersheds 
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without a known AFFF source reflects contamination from septic systems that integrate 

PFAS present in modern consumer products.51

We performed a second PCA to distinguish ECF and FT AFFF from the PFAS composition 

observed in watersheds with a known AFFF source (Figure 3b). Clusters of legacy ECF 

AFFF, legacy and contemporary FT AFFF, and impacted surface water are shown in Figure 

3b. AFFF products were weighted 0.69 for ECF products and 0.31 for FT products based on 

the average inferred ratio of AFFF manufacturing origin across all sites in watersheds with 

an AFFF source. We see clear separation and clustering of PFAS in ECF AFFF, FT AFFF 

and impacted surface water samples. Dimension 1 of the PCA (40% of variance) separates 

ECF- and FT-based AFFF. Dimension 2 (17% of variance) distinguishes the commercial 

AFFF products and impacted surface water samples.

Differences in the PCA (Figure 3b) along Dimension 2 reflect a decline in the relative 

abundance of all precursors in surface waters from AFFF-impacted watersheds compared to 

FT AFFF and ECF AFFF. One possibility is that this reflects dilution by other PFAS sources 

containing more terminal PFAS. However, watersheds without an AFFF source in this region 

contained a similar proportion of precursor compounds (Table 1), suggesting such a scenario 

is unlikely.

The decline in C6 ECF precursors in AFFF impacted ecosystems relative to ECF AFFF 

was not accompanied by a corresponding increase in the terminal PFSA as they were for 

the C4 and C5 ECF precursors (Figure 3b). PCA results show a chain length dependence 

between the magnitude of the loading vector for ECF precursors and their terminal PFSA 

(Fig 3b, Table S13). Along Dimension 2, we observe the greatest loading vector delta 

between C4 and C5 ECF precursors and their terminal PFSA. For ≥C6 ECF precursors, we 

see diminished loading vector deltas corresponding to an increase in the terminal PFSA with 

declines in precursor composition relative to AFFF.

Prior work has shown ECF precursors degrade into terminal PFSA over a variety of 

timescales.12,52 We hypothesize that the chain length dependent relationship between 

loading vectors of precursors shown in Figure 3b and their terminal PFSA may reflect 

greater bioavailability of short chain precursors. This could be due to increased preference 

for the aqueous phase of shorter chain PFAS, as predicted by perfluorinated chain length-

sorption relationships in the literature.53,54 These studies have focused on establishing such 

relationships for terminal PFAS, thus further laboratory investigations using precursors with 

different chain lengths would be highly informative.

High concentrations of unexplained extractable organofluorine (EOF)

Concentrations of EOF detected downgradient from the AFFF source zone in the Quashnet 
R. ranged from below the LOD to 29.0 nM F (Table S10). Figure 4 compares EOF measured 

at AFFF impacted sites to targeted PFAS concentrations (panel a) and the sum of oxidizable 

precursors from the TOP assay and targeted PFAAs (panel b). Both metrics fail to account 

for all the EOF detected in the same samples. Targeted PFAS account for 18–46% of 

the EOF across samples (Figure 4a). The inclusion of oxidizable precursors captured an 

additional 15±6% (min=5%, max=20%) of EOF across the samples (Fig 4b, Table S10).

Ruyle et al. Page 9

Environ Sci Technol. Author manuscript; available in PMC 2024 May 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



At the sampling site closest to the source zone (Moody Pond), 37% of the EOF was 

unexplained (Table S10), and near the estuarine mouth of the Quashnet R., 39–76% of EOF 

was unexplained. Molar concentrations of these unidentified compounds are extremely high 

since targeted PFAS and oxidizable precursors together account for an average of 8 nM F 

(Table S10) and individual PFAS exceed water quality guidelines. Because all of the EOF 

in ECF and FT AFFF source material can be explained by targeted PFAS and oxidizable 

precursors,10 high concentrations of unexplained EOF in AFFF impacted watersheds likely 

did not originate directly from AFFF use.

Moody et al.22 similarly observed large fractions of PFAS that could not be explained 

by PFOS, PFOA, and PFHxS in surface water after an accidental release of ECF AFFF. 

Assuming that PFOS accounted for 30% to 50% of PFAS, consistent with the composition 

in ECF AFFF (Table S14), we estimate the fraction of unexplained PFAS in that work 

between 25±18% and 56±11% (Table S15). This is comparable to our results (39–76%). 

Together, these results suggest large fractions of unidentified organofluorine compounds 

from other PFAS sources in some North American surface waters.

Previous work hypothesized that fluorinated agrochemicals and pharmaceuticals, which are 

not considered PFAS, account for some of the unexplained EOF16.2 Several measurements 

of these compounds are available from municipal and private wells from the region 

(equivalent to 0.23 to 0.48 nM F; Table S16; adapted from Schaider et al.50,55). Using these 

data we estimate that the most commonly prescribed fluorinated pharmaceuticals could at 

most account for 3% of the unexplained EOF in the Quashnet R. Fluorinated agrochemicals 

may have been used historically.56 However, most chemicals in the class contain at most 

one perfluorinated carbon and would have to be present at extremely high concentrations 

>3±1 nM (approximately six times greater than PFAS) to account for all unexplained EOF. 

We therefore speculate that abundant private septic systems in the region are the most likely 

source of unexplained EOF.20,21,51 Septic systems could contain PFAS not on our analyte 

list (including ultrashort chain PFAS) and/or PFAS not amenable to detection by the TOP 

assay. The magnitude of this unexplained EOF signature is alarming and warrants additional 

investigation.

Implications for PFAS inputs from rivers to marine ecosystems

Groundwater fed rivers within the sandy Cape Cod aquifer flow into downstream marine 

ecosystems and the ocean, which represents the terminal sink for global PFAS discharges. 

Previous modeling work57–60 estimated that continental discharges of legacy PFAS would be 

negligible after 2014 due to their phase-out in consumer products and a relatively small lag 

time (less than one year) between releases to rivers and inputs to the marine environment. 

Measurements performed here indicate that legacy PFAS in slowly moving groundwater 

constitute a large source to the downstream coastal environment, representing a substantial 

lag between environmental PFAS releases and inputs to marine ecosystems. For example, 

the major use of AFFF at the Joint Base Cape Cod occurred in the 1980s,17 yet legacy 

PFAS that exceed regulatory advisories are still being observed almost 40 years later near 

the mouth of the Quashnet R. that flows into a local estuary (Waquoit Bay).
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We estimated the flux of PFOS (2.9±0.8 kmol yr−1) to Waquoit Bay from the Quashnet R. 

based on the average PFAS concentration measured at the most downstream location and 

freshwater discharges to the estuary (Table S12).61 The measured flux of PFOS to Waquoit 
Bay reported here is 1.9 orders of magnitude larger than predicted by the population-based 

PFOS discharge relationship developed in previous work.58 Documented AFFF-use occurred 

at more than 70 coastal military bases and airports across the United States.5 Our results thus 

suggest riverine discharges in these watersheds may be a substantial and ongoing source of 

legacy PFAS to the marine environment.

For Waquoit Bay, the reported fluxes may represent a lower bound for PFAS loading 

because submarine groundwater discharge accounts for between 2% and 17% of freshwater 

inputs to the estuary.62,63 Submarine groundwater discharge to estuaries is known to 

represent a substantial source of nutrients to the marine environment,64,65 and similarly 

may result in delayed transport of legacy PFAS. Such a process could explain the prevalence 

of legacy PFAS in seawater along the northwestern Atlantic coast and shelf obtained in 2014 

and 2016.66

Previous studies have assumed that precursors mainly enter the ocean through wet 

deposition following atmospheric oxidation of volatile precursors.57,67,68 The measured 

precursor flux from the Quashnet R. to the downstream estuary (Waquoit Bay) in this study 

(Table S12) demonstrates direct riverine discharge is also an important transport pathway 

to the marine environment. The fate of these compounds in marine ecosystems is not 

well understood and warrants further investigation. For example, Zhang et al.66 suggested 

precursors to C5 and C6 PFCA may preferentially accumulate in marine food webs relative 

to legacy PFAS.

Quantitative detection methods developed for LC-MS/MS (targeted analysis and TOP) fail 

to explain substantial fractions of EOF in surface water downstream of AFFF sources. 

Unexplained EOF indicates the presence of additional, large non-AFFF sources,10 which 

may lead to biological exposures. In a study of marine mammals from Nantucket Sound 

and Massachusetts Bay, Spaan et al.69 found unexplained EOF accounted for 30–75% of the 

organofluorine in their livers.

High levels of unexplained EOF discharged to coastal ecosystems are not accounted for 

in previously published estimates of continental PFAS discharges to the ocean.57,58,60,70 

If a similar ratio of PFOS to EOF (approximately 10%, Table S10) was observed across 

all sources, cumulative continental discharges of PFAS to the ocean could be 2,850–

50,800 Mg. This estimate is likely conservative because AFFF-impacted surface water 

is relatively enriched in PFOS compared to diffuse sources (Table 1). Such discharges 

could be greater than cumulative estimated global emissions of PFCA, PFOS, and PFOS 

precursors,59,60 indicating large potential releases of previously unidentified PFAS to 

the marine environment that may enhance PFAS exposures of aquatic life and seafood 

consumers.
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Fig 1. Field sampling locations on western Cape Cod, Massachusetts, USA.
Samples were collected between August 2017 and July 2019. Groundwater-flow models of 

the sandy glacial Cape Cod aquifer were used to delineate watershed boundaries shown 

in crimson and green.25,26 Three watersheds outlined in crimson (Childs, Quashnet, Mill 
Creek) contain a known source zone (marked by red crosses) for PFAS due to use of 

aqueous film forming foams (AFFF). Three watersheds outlined in green (Marstons Mills, 

Mashpee, Santuit) represent background locations with no known AFFF source zone.
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Fig 2. Inferred concentrations of oxidizable precursors and their perfluorinated chain length 
using Bayesian inference on results of the TOP assay.
Panels show probability density functions estimated by the non-parametric kernel density 

of the concentrations of oxidizable precursors. A high kernel density indicates greater 

probability of the estimate. Precursors are grouped by perfluorinated chain length and 

manufacturing source. Electrochemical fluorination (ECF) precursors range from 4–8 

perfluorinated carbons (C4–C8) while fluorotelomer (FT) precursors have n perfluorinated 

carbons followed by two aliphatic hydrocarbons (n:2, n=4,6,8).2 Samples downstream of 

AFFF source zones are shown in panel (a) the Quashnet R., and panel (c) Mill Creek. 

Samples from background sites are shown in panel (b) the Santuit R., and (d) Marstons Mills 
R.
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Figure 3. Scores and loading vectors for the first (Dimension 1) and second (Dimension 2) 
principal components in surface water and AFFF.
Panel (a): surface water from watersheds with an AFFF source zone (blue, n = 41) and 

without an AFFF source (orange, n = 13). Panel (b): Literature data on fluorotelomer (FT) 

AFFF (purple, n = 19, manufactured between 1986–2017), electrochemical fluorination 

(ECF) AFFF (green, n = 9, manufactured between 1988–2001), and AFFF impacted surface 

water from this study (blue, n = 41). Circles in panels (a) and (b) represent the minimum 

convex hull that encircles all data within the group.
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Figure 4. Organofluorine measurements (n = 5) in AFFF-impacted surface water.
Panel (a) compares the sum of targeted PFAS to EOF in six samples downgradient of an 

AFFF source zone, including five samples from the Quashnet R. and one sample from 

Moody Pond. Panel (b) compares the sum of targeted PFAS and oxidizable precursors 

identified using the TOP assay and EOF in the same samples. Error bars represent the 25% 

and 75% of inferred unknown oxidizable precursors using Bayesian inference (see methods 

and SI). The observations are shaded by the fraction of EOF explained by PFAS analysis and 

are compared to the 1:1 line (gray). Two samples below the LOD for EOF are not shown.
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Table 1.

Summary statistics for PFAS measured in this study.1

PFAS
Detection

Frequency2
[%]

Mean pM concentration (±SD) [ng L−1]3 Mean composition (±SD) [%]

AFFF
watershed

(n = 41)

non-AFFF
watershed

(n = 13)

Mann-Whitney U 
Test4

[U-value]

AFFF
watershed

(n = 41)

non-AFFF
watershed

(n = 13)

Mann-Whitney U 
Test4

[U-value]

Σ 13 PFAA 5 100 600±273 [236] 35.0±6.0 [11] *** [0] 80±5 74±16 [217]

PFBA 83 25.8±14.3 [5] 6.05±1.99 [1] *** [10] 4±2 13±5 *** [21]

PFPeA 91 61.6±40.8 [16] 4.60±1.37 [1] *** [0] 8±4 10±3 * [149]

PFHxA 98 67.6±41.7 [21] 4.84±2.63 [2] *** [0] 9±2 10±5 [254]

PFHpA 87 28.6±15.2 [10] 2.21±0.75 [1] *** [0] 4±1 5±1 [177]

PFOA 94 40.7±16.6 [17] 2.95±1.28 [1] *** [1] 6±1 6±3 [228]

PFNA 83 28.4±22.1 [13] 0.78±0.39 [0.4] *** [0] 4±3 2±1 ** [126]

PFBS 100 12.8±3.27 [4] 6.06±1.69 [2] *** [20] 2±1 13±3 *** [2]

PFPeS 81 12.3±5.3 [4] 1.57±0.67 [1] *** [3] 2±0 4±2 ** [119]

l-PFHxS 100 131±99 [52] 1.96±0.65 [1] *** [0] 17±5 4±1 *** [4]

br-PFHxS 80 21.5±15.9 [9] 2.03±0.96 [1] *** [7] 3±1 4±2 * [169]

PFHpS 80 4.83±2.83 [2] 0.47±0.22 [0.2] *** [6] 1±0 1±1 [204]

l-PFOS 98 117±71 [58] 0.71±0.21 [0.4] *** [0] 15±5 2±1 *** [0]

br-PFOS 96 47.5±23.2 [24] 0.74±0.20 [0.4] *** [0] 6±2 2±1 *** [2]

ΣPrecursors 5 100 157±113 14.5±11.7 *** [8] 20±5 26±16 [217]

4:2 FT 100 5.77±3.01 3.50±4.40 *** [95] 1±1 6±6 *** [22]

6:2 FT 100 15.6±34.8 1.02±1.55 *** [24] 2±4 2±3 [266]

8:2 FT 100 8.7±24.4 0.75±1.56 *** [73] 1±2 2±3 [210]

C4 ECF 100 23.1±16.4 4.54±4.78 *** [36] 3±1 8±7 ** [128]

C5 ECF 100 12.6±9.2 0.72±0.60 *** [4] 2±0 1±1 * [166]

C6 ECF 100 86.8±63.6 1.35±2.05 *** [0] 11±3 2±3 *** [32]

C7 ECF 100 1.55±1.01 0.70±0.92 *** [107] 0±0 1±1 *** [38]

C8 ECF 100 2.43±1.76 1.88±3.23 ** [130] 0±0 3±5 [260]

1
Data reported are for PFAS detected in greater than 70% of samples.

2
Across all samples collected in this study.

3
Mean concentrations for targeted PFAA in ng L−1 are presented in square brackets.

4
Levels of statistical significance:

*=
p ≤ 0.05,

**=
p ≤ 0.01,

***=
p ≤ 0.001
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5
PFAA concentrations were quantitated from targeted analysis while precursor concentrations were inferred from the TOP assay.
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