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Abstract

The United States Environmental Protection Agency (USEPA) completed nationwide screening of 

six perfluoroalkyl substances in U.S. drinking water from 2013–2015 under the Third Unregulated 

Contaminant Monitoring Rule (UCMR3). UCMR3 efforts yielded a dataset of 36,139 samples 

containing analytical results from >5,000 public water systems (PWSs). This study used UCMR3 

data to investigate three aspects of per- and polyfluoroalkyl substances (PFASs) in drinking water: 

the occurrence of PFAS and co-contaminant mixtures, trends in PFAS detections relative to PWS 

characteristics and potential release types, and temporal trends in PFAS occurrence. This was 

achieved through bivariate and multivariate analyses including categorical analysis, concentration 

ratios, and hierarchical cluster analysis. Approximately 50% of samples with PFAS detections 

contained ≥2 PFASs, and 72% of detections occurred in groundwater. Large PWSs (>10,000 

customers) were 5.6 times more likely than small PWSs (≤10,000 customers) to exhibit PFAS 

detections; however, when detected, median total PFAS concentrations were higher in small PWSs 

(0.12 μg/L) than in large (0.053 μg/L). Bivariate and multivariate analyses of PFAS composition 

suggested PWSs reflect impacts due to firefighting foam use and WWTP effluent as compared to 

other source types for which data were available. Mann-Kendall analysis of quarterly total PFAS 

detection rates indicated an increasing trend over time (p=0.03). UCMR3 data provide a 

foundation for tiered design of targeted sampling and analysis plans to address remaining 

knowledge gaps in the sources, composition, and concentrations of PFASs in U.S. drinking water.
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1. INTRODUCTION

The occurrence of per- and polyfluoroalkyl substances (PFASs) in the environment is a 

critical concern due to prevalence of use and release (Buck et al. 2011; Prevedouros et al. 

2006), concerns about toxicity (DeWitt 2015; Lau et al. 2007; USEPA 2016b, 2016a), and 

known exposures (Braun et al. 2016; Frisbee et al. 2010). PFASs have been used in a wide 

variety of products and applications due to their unique chemistry that includes surface 

activity, resistance to chemical and biological degradation, and both hydro- and 

oleophobicity. PFAS applications and products include fluoropolymer manufacturing, stain 

and water repellant coatings, and certain classes of firefighting foams called aqueous film 

forming foams (AFFF) (Buck et al. 2011; Kissa 2001). Resistance to degradation also causes 

the environmental persistence of some PFASs (Krafft and Riess 2015) such 

perfluorooctanoate (PFOA) and perfluorooctane sulfonate (PFOS), which are considered 

recalcitrant (Merino et al., 2016; USEPA, 2016a; USEPA, 2016b). Persistent PFASs are not 

expected to degrade when discharged to water, air, or soil.

To date many studies have focused on perfluoroalkyl substances, particularly PFOA and 

PFOS. Perfluoroalkyl substances are recalcitrant and contain an alkyl tail with all carbons 

bonded to fluorine. There are also a wide range of polyfluoroalkyl substances, which still 

have at least one perfluoroalkyl moiety (CnF2n+1) but also contain carbons bonded to 

hydrogen, and these compounds are capable of transformation in the environment (Buck et 

al. 2011).

Polyfluoroalkyl substances are sometimes referred to as precursors because of their ability to 

transform to recalcitrant, perfluoroalkyl terminal endpoints following release in the 

environment (Harding-Marjanovic et al. 2015; Mejia Avendaño and Liu 2015; Knepper and 

Lange 2012). Release of a single precursor may result in formation of multiple intermediate 

PFAS transformation products with different perfluoroalkyl endpoints. This process may 

lead to increases in perfluoroalkyl substance concentrations with time and/or distance from 

the release source (Ahrens and Bundschuh 2014; Weber et al. 2017). It is unlikely that any 

PFAS-impacted site will be characterized by a single PFAS species; rather, it is expected that 

there will invariably be mixtures of PFAS involved. These PFAS mixtures will likely be 

found in the environment for reasons ranging from multiple sources present in a region, the 

general use of PFASs as mixtures even in a single product (e.g., AFFF), and finally the 
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changes in commonly used PFASs over time such as those precipitated by the phase-out of 

PFOS and PFOA in the U.S. and other countries (Buck et al., 2011; CONCAWE, 2016). 

PFASs may also co-occur in with other (i.e. non-PFAS) contaminants. For example, 

application of AFFF to fuel fires has led to groundwater plumes containing PFASs and 

hydrocarbon constituents (McGuire et al. 2014).

It is possible to gain insights regarding sources of PFAS releases based on composition, 

concentrations, and temporal trends observed in occurrence data. For example, 

perfluoroalkyl carboxylates (PFCAs) such as PFOA have been used widely as 

manufacturing aids in the fluoropolymer industry, whereas perfluoroalkyl sulfonates 

(PFSAs) such as PFOS were a major component of some formulations of AFFF (Houtz et al. 

2013; Prevedouros et al. 2006). Some AFFF formulations contain precursors that can 

generate PFCAs following release, and other precursors used in surface protection products 

may generate PFSAs (Harding-Marjanovic et al. 2015; Mejia Avendaño and Liu 2015; 

Rhoads et al. 2008). Additionally, PFAS use has changed over time (Houtz et al. 2013; Wang 

et al. 2013). Long chain PFASs, defined by USEPA as PFSAs ≥ perfluorohexane sulfonate 

(PFHxS) and PFCAs≥ PFOA and their precursors, have been phased out in favor of short 

chained PFASs and replacement products such as ADONA and GenX (Wang et al. 2013). In 

addition, different sources release different PFAS mixtures to different primary aqueous 

environments. Manufacturing releases often occur to surface water bodies, though 

groundwater impacts through historical disposal practices or atmospheric deposition are 

possible (Davis et al. 2007; Oliaei et al. 2013). Applications of AFFF occur at or near the 

land surface, leading to potential for migration through the subsurface to groundwater 

aquifers though some overland flow to surface water bodies may occur.

PFASs are unregulated at the federal level, though USEPA has issued nonenforceable 

lifetime health advisories (LHAs) for the sum of PFOA and PFOS of 0.07 μg/L in drinking 

water (USEPA, 2016a; USEPA, 2016b). To inform the need for a federal drinking water 

maximum contaminant levels (MCL) for unregulated compounds, USEPA compiles 

information on occurrence in U.S drinking water via the Unregulated Contaminant 

Monitoring Rule (UCMR). Under this rule, certain public water systems (PWSs) monitor for 

a designated list of unregulated contaminants during a three-year period. The most recent 

round of monitoring, labeled UCMR3, included PFOA, PFOS, and 4 additional PFASs. The 

publicly-accessible UCMR3 dataset was available by mid-2016. Formal regulatory 

determinations based on UCMR data generally occur several years after monitoring is 

completed (Roberson and Eaton 2014). PFASs are currently regulated at the state level in 

some regions (e.g. New Jersey, Vermont). Regulations typically target PFOA and/or PFOS, 

but have been developed for other PFASs in some areas (i.e. NCDHHS 2017). Additionally, 

regulation of PFAS mixtures may become more common as studies are completed on 

mixture toxicity. For example, only limited studies to date, have investigated the potential for 

synergistic effects of PFAS mixtures (Carr et al. 2013; Wolf et al. 2014).

Multiple studies examined PFAS occurrence data generated by UCMR3 monitoring (Hu et 

al. 2016; Suthersan et al. 2016). One study concluded that 6 million U.S residents were 

being served by PWSs with PFOA and PFOS concentrations that exceeded the LHA in one 

or more samples (Hu et al. 2016). Additionally, positive correlations were identified between 
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numbers of potential PFAS point sources within specific regions and PFAS detections within 

those areas (Hu et al. 2016). This work concluded that industrial sources represented the 

highest per source contribution, but minor sources, including wastewater treatment plants 

(WWTPs) that are more numerous, likely also represent a significant cumulative 

contribution. A recent evaluation of UCMR3 data focused on 1,4-dioxane occurrence 

concluded PFAS detections were significantly correlated with 1,4-dioxane detections. 

However, detection rates for all PFASs were much lower than the detection rate for 1,4-

dioxane and several other UCMR3 contaminants (Adamson et al. 2017).

Knowledge gaps remain regarding sources, occurrence, and fate of PFASs in the 

environment, and UCMR3 data can be further leveraged towards providing insights into 

some of these key questions. The UMCR3 dataset for PFASs is unique because it includes 

data on PFAS mixtures from PWSs of various sizes, from multiple source water types (e.g. 

surface water, groundwater), over a broad geographic distribution, and over a three-year 

period. The objective of the current study was to use UCMR3 data to advance understanding 

of PFASs in U.S drinking water by addressing three primary hypotheses: 1) due to complex 

chemistry and usage history for PFAS-containing products, multiple PFASs will be present 

whenever detected in a drinking water supply, and are likely to be correlated with other co-

contaminants; 2) concentration and relative abundance of PFASs detected in drinking water 

are a function of PWS characteristics (i.e. source water type, system size) and serve as 

indicators of the source of PFAS contamination; 3) temporal trends in PFAS occurrence 

reflect their recalcitrance and changes in use and source control of these compounds. Lastly, 

the results of the study were used to investigate the extent to which the UCMR3 dataset is a 

general representative proxy for PFAS occurrence in U.S. drinking water.

2. METHODS

2.1 Data Sources

This study relied on publicly available data collected to support USEPA’s UCMR3 efforts 

(USEPA 2012). UCMR3 data contains PWS information and compound analytical results 

for >73,000 drinking water samples collected 2013–2015 from >5000 PWSs. System 

information includes PWS identification, state, zip code, system size, and water source type 

for each drinking water sample collected. PWSs size was designated as either large (serving 

populations >10,000) or small (serving populations ≤10,000). Water sources were specified 

as groundwater, groundwater under the influence of surface water, surface water, or mix. 

Sampling and analysis of 6 PFASs (Table 1) and 15 additional compounds was mandatory 

for all large PWSs in the U.S., but only a subset of smaller PWSs. Each PWS sampled for at 

least one year, yielding 36,139 samples analyzed for PFASs. Minimum reporting limits 

(MRLs) were specified to ensure each PWS generated uniform occurrence data (Table 1). A 

complete description of the UCMR3 sampling and analysis protocol can be found in USEPA 

(2016c), and a summary of the process is provided in Adamson et al. (2017). Information 

regarding population size served by specific PWSs was identified in the USEPA Safe 

Drinking Water Information System (SDWIS, https://ofmpub.epa.gov/apex/sfdw/f?

p=108:200::::::).
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2.2 Regulatory Limits

To provide perspective on PFAS impacts in U.S. drinking water, data were evaluated vs. 

relevant advisories and regulatory limits. The LHAs for PFOA and PFOS were used to 

evaluate potential PFAS exceedances of health-based standards, along with select drinking 

water regulatory limits established by individual states (e.g., Connecticut, Vermont, New 

Jersey) (Table 1). State limits were used to evaluate the national data set, but this was done 

solely to provide perspective on the impact of applying different drinking water standards 

and not to imply that these standards apply outside of regions for which they were 

developed.

2.2 Statistical Analysis

A combination of methods was used to assess patterns in co-occurrence and relationships 

between parameters. To assess if differences between two groups (e.g., concentration 

distribution of one PFAS vs. a different PFAS) were significant, the Mann Whitney U test 

was used (two-tailed test, p≤0.05). Bivariate analyses of relationships between PFAS pairs 

were performed with odds ratios (correlates likelihood of detection) and linear regression of 

concentrations, using log-transformed data when needed to account for non-normal data 

distributions. Many parameters were categorical in nature (e.g., detection vs. non-detection; 

small vs. large system size), so co-occurrence was evaluated using categorical analysis 

methods (chi square). Results were reported as an odds ratio that quantifies the increase in 

likelihood (i.e. odds) of a particular outcome based on association with another particular 

occurrence (e.g., PFOS detection in samples with PFOA detection vs. no PFOA). The Mann-

Kendall test was used as a nonparametric assessment of temporal trends in detection rates 

over time. These analyses were performed using custom Microsoft Excel tools or ProUCL 

(Version 5.0.00, USEPA, 2013).

Cluster analysis was used as a multivariate method for determining relationships between 

PFASs based on detection and concentration. The primary goal was to establish the 

hierarchy between each of the 6 PFASs as a measure of collective co-occurrence. 

Concentrations in samples with detections of one or more PFASs were entered into ClustVis 

(http://biit.cs.ut.ee/clustvis/), and pareto scaling was used as an initial data processing step to 

minimize the effects of large concentration ranges. Clustering was performed using 

Euclidean distances, and Ward’s Method was selected for linking clusters. Detailed methods 

associated with this tool for cluster analysis are described elsewhere (Metsalu and Vilo 

2015).

3. RESULTS AND DISCUSSION

3.1 Overview of Data and Regulatory Comparison

A total of 36,977 samples from 4,920 PWSs were analyzed for PFASs as part of the UCMR3 

monitoring, and detections of PFASs occurred in 1.6% of samples and 4% of PWSs in the 

2013–2015 period. PFAS detections ranged from 0.01 (PFHpA) to 7 μg/L (PFOS). The 

number of detections of each compound varied from 19 (PFNA and PFBS) to 379 (PFOA, 

Figure S.1). Within detections (i.e. non-detects eliminated), average PFAS concentrations 

ranged from 0.025 (PFHpA) – 0.18 (PFBS) μg/L. Elevated average concentration and 
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potentially the low frequency of detection of PFBS are partially a function of the 0.09 μg/L 

MRL, which was the highest of the 6 PFASs studied (Table 1). The low frequency of 

detection for PFNA cannot be attributed to the MRL as the limit of 0.02 μg/L was the same 

as that of PFOA, the most frequently detected compound. MRLs of 0.01-0.02 μg/L for 

PFCAs (PFHpA, PFOA, and PFNA) were lower than MRLs of 0.03 – 0.09 μg/L for PFSAs 

(PFBS, PFHxS, and PFOS).

Results of UCMR3 monitoring results were compared to select health-based water quality 

standards to gain perspective on the number of systems representing potentially-elevated 

exposures. From 2013–2015, 64 PWSs exceeded the non-enforceable LHA of 0.07 μg/L for 

PFOS and PFOA. Previous work noted six million people in the U.S. are served by these 

PWSs (Hu et al. 2016). Multiple states have established health-based, enforceable (at the 

state level) PFAS drinking water quality standards that differ from the LHA. Though not 

applicable nationally, these standards illustrate how changing regulatory standards influence 

an exposure assessment. For example, over 8 million people are served by the 124 UCMR3 

PWSs with PFOA and PFNA measured in excess of New Jersey regulations, and 

approximately 14 million are served by the 153 PWSs that exceeded the Vermont PFOA 

regulation (Table 1). This demonstrates that continued evolution of PFAS regulation, based 

in part on continued study of toxicity, leads to uncertainty regarding the number of PWSs in 

the U.S. that will be judged to pose health concerns for exposed populations.

In 598 samples with detectable levels of PFASs, approximately 50% contained mixtures of 2 

or more PFASs (Figure 1). As mentioned, PFAS co-occurrence may reflect release from 

multiple PFAS-containing products or applications, changes in PFAS use over time, and/or 

precursor transformation. PFAS mixtures are therefore consistent with complex use, release, 

and chemistry, as well as previous studies where multiple PFASs were measured in surface 

water and groundwater at PFAS-impacted sites such as military installations, landfills, and 

PFAS or fluoropolymer manufacturing facilities (Anderson et al. 2016; Bach et al. 2017; 

Houtz et al. 2013; McGuire et al. 2014; Oliaei, F. et al. 2006; Oliaei et al. 2013; Weber et al. 

2017).

Concentration distributions illustrate that increases in the number of PFASs detected in 

drinking water samples are associated with higher average total PFAS levels and increased 

likelihood of exceeding the LHA (Figure 2). Considering only samples with measureable 

PFAS concentrations, there was a log linear increase (R2=0.97) in average total PFAS 

concentration with increasing number of compounds detected. In samples with 3-5 PFASs 

detected, 75-100% exceeded the LHA. These trends suggest samples with more than five 

PFASs present will contain still greater total PFAS concentrations and will exceed the LHA. 

Recent studies have identified numerous additional PFASs that co-occur with UCMR3 

PFASs in surface water and groundwater (e.g. Backe et al. 2013; Barzen-Hanson et al. 2017; 

Strynar et al. 2015). Occurrence of these additional PFASs in UCMR3 was not evaluated, 

but results of previous studies suggest there will be instances where they occur.

3.2 Occurrence of Compound Mixtures in UCMR3

3.2.1 Odds Ratios—The occurrence of PFAS mixtures was investigated by calculating the 

odds ratio for all pairs of PFASs (Table S.1). The odds ratio quantifies how the detection of 
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one compound increases the likelihood of detecting a second compound. Higher odds ratios 

are associated with increased co-occurrence. The odds ratio considers correlations between 

detections and not concentrations. As mentioned, patterns in PFAS use lead to potential for 

commingled releases and/or simultaneous release of multiple PFASs, so it is not surprising 

that there was a high degree of association between most pairs of PFASs. Odds ratios ranged 

from 46 (PFOS and PFNA) to 876 (PFOS and PFHxS). Use of odds ratios to further 

elucidate release type is limited because multiple sources may explain co-occurrence of a 

single pair. For example, PFOS and PFHxS are documented to co-occur at sites impacted by 

AFFF, fluoropolymer manufacturing, and landfills (Bach et al. 2017; Dauchy et al. 2012; 

McGuire et al. 2014; NHDES 2017; Oliaei et al. 2013).

Positive associations also occurred between detection of PFASs and other UCMR3 

contaminants, including 1,4-dioxane, HCFC-22, hexavalent chromium, chlorate, and 1,1-

dichloroethane. Odds ratios were lower than those associated with PFAS pairs (1.2-14.2). 

Strongest odds ratios were between PFASs and 1,4-dioxane. PFASs and 1,4-Dioxane are 

both documented to co-occur with trichloroethylene, particularly in groundwater (Adamson 

et al. 2014; Anderson et al. 2012; McGuire et al. 2014), but the direct association of PFASs 

with 1,4-Dioxane has not been investigated outside of UCMR3 data. These patterns of co-

occurrence do not provide definitive evidence of co-located usage or release of PFASs with 

these other contaminants, and environmental distribution is further influenced by factors 

such as differential transport, attenuation, or treatment.

3.2.2 Bivariate Concentration Correlations—Odds ratios provided limited 

understanding regarding potential release types leading to PFAS detections in UCMR3 data, 

so concentrations of PFASs were examined to provide additional insights into co-occurrence 

and potential sources. Whereas odds ratios considered strictly PFAS detections, bivariate 

concentration correlations examined ratios of concentrations in samples where at least two 

PFASs occurred. Cross plots of concentrations for each pair of PFASs indicate if consistent 

correlations are present in the ratios of two PFASs over the range of detection. The 

relationships based on the UCMR3 data exhibit a significant degree of variability (R2 = 

0.00-0.89, Figure S.2), which likely reflects factors such as multiple possible PFAS sources 

in drinking water and differing fate and transport characteristics. Despite this variability, 

significant (p<0.05) positive correlations in concentrations of six PFAS pairs (PFOS/PFOA, 

PFOS/PFHxS, PFOS/PFHpA, PFOA/PFHxS, PFOA/PFHpA, and PFBS/PFHpA) did occur. 

These six pairs were further examined by comparing ranges of ratios that occurred within 

samples to ratios measured in AFFF-impacted groundwater, WWTP effluent, and 

fluoropolymer manufacturing (Figure 2).

The highest odds ratio was observed for PFOS and PFHxS and this pair also exhibited a 

significant, positive correlation in concentrations (Figure S.2). PFOS and PFHxS were both 

major components of historic AFFF formulations and are commonly reported to occur at 

AFFF-impacted sites (Anderson et al. 2016; Houtz et al. 2013; Hull et al. 2017; McGuire et 

al. 2014); however, they are also documented to co-occur at sites impacted by manufacturing 

activity (Bach et al. 2017; Dauchy et al. 2012; Oliaei et al. 2013) and in WWTP effluent 

(Ahrens et al. 2009). Ratios PFHxS to PFOS in data from UCMR3, and each of these source 
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types were similar (Figure 2a), making it difficult to use this specific pair to better 

understand predominant sources of PFASs in UCMR3.

Conversely, ratios of PFOS to PFOA and PFHxS to PFOA measured in previous studies are 

more likely reflect differences based on release type (Figure 2b and Figure S.3). PFOA was 

the primary PFAS historically used for manufacturing some types of polytetrafluoroethylene 

(Prevedouros et al. 2006). So not surprisingly, aqueous data from previous studies of sites 

impacted by historical fluoropolymer manufacturing practices exhibit ratios reflective of 

high PFOA concentrations relative to other PFASs (Bach et al. 2017; Dauchy et al. 2012; 

Oliaei et al. 2013). PFAS ratios in WWTP effluent data also reflect elevated levels of PFOA 

(Ahrens et al. 2009). PFOA is not documented to be a major component in foams that have 

been analyzed (i.e. mg/L of PFOA vs. g/L of PFOS) (Houtz et al. 2013). PFOA occurs in 

AFFF-impacted water, but in comparison to water impacted by fluoropolymer 

manufacturing and WWTP effluent, ratios of PFOS to PFOA and PFHxS to PFOA reflect 

relatively lower PFOA concentrations (Anderson et al. 2016; Houtz et al. 2013; Hull et al. 

2017). Ratios of PFOS and PFHxS to PFOA in UCMR3 appear more consistent with AFFF-

impact scenarios as opposed to other release types for which data are available (Figure 2b 

and Figure S.3).

The remaining three PFAS pairs that had significant concentration correlations in the 

UCMR3 dataset involve PFHpA. Interestingly, PFHpA, has no known instances of 

intentional production or use that could be identified in the literature, and likely occurs as an 

impurity or due to precursor transformation (Hanari et al. 2014; Harding-Marjanovic et al. 

2015; Houtz and Sedlak 2012). In UCMR3 data, ratios of PFOS to PFHpA, PFOA to 

PFHpA, and PFBS to PFHpA are different from the majority of fluoropolymer 

manufacturing ratios. They are consistent with AFFF-impacted groundwater and, to some 

degree, WWTP effluent (Figure 2c and Figure S.3). The similarity of PFBS to PFHpA ratios 

in UCMR3 to WWTP effluent is particularly interesting because WWTP effluent is expected 

to release primarily to surface water bodies and the majority of the limited PFBS detections 

in UCMR3 data were in surface water. Differences between source water types in UCMR3 

are discussed further in Section 3.3.1.

3.2.3 Multivariate Analysis—To further utilize the full distribution of concentration data 

generated during UCMR3 monitoring, hierarchical cluster analysis was performed using the 

set of samples with detections of one or more PFASs (Figure S.4). Relative to pair-wise 

evaluations, this method further integrates information from the 6 different PFASs measured 

in each sample. Resulting clusters support results of bivariate concentration correlations. 

Specifically, PFOA and PFHpA cluster together and are distinct from an adjacent cluster of 

PFOS and PFHxS. PFBS did not cluster with either of these two groups, but it was more 

closely related to the PFOA/PFHpA and PFOS/PFHxS clusters than PFNA.

The dissimilarity of PFNA and PFBS is related to low detection rates (which impacts the 

concentration-based cluster analyses) but also may reflect other factors. PFNA and PFBS are 

present at AFFF-impacted sites, but at lower concentrations relative to other UCMR3 PFASs 

(Anderson et al. 2016; Houtz et al. 2013; Hull et al. 2017). The primary known use of PFNA 

is for manufacturing of polyvinylidene fluoride (Buck et al. 2011; Prevedouros et al. 2006), 
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which is not known to be associated with other PFASs and may explain the dissimilarity 

from clusters in the analysis. Separate clustering of PFBS may be the result of multiple 

factors. Production of PFASs by some manufacturers has shifted towards perfluorobutane 

sulfonyl based chemistry for applications such as stain resistant surface treatments and 

fluorosurfactants (Buck et al. 2011; Renner 2006), which may serve as unique sources of 

PFBS. As noted, detections of PFBS were primarily in surface water, and PFBS is the only 

UCMR3 PFAS where the rate of detection was higher in surface water vs. groundwater. This 

is consistent with transport characteristics of PFBS, which exhibits weaker sorption than 

PFOA, PFNA, PFHxS, and PFOS (Guelfo and Higgins 2013; Higgins and Luthy 2006), and 

therefore less likely to be retained in aquifer sediments or the solid phase (e.g. sludge) of 

waste treatment processes. Notably this is consistent with PFBS to PFHpA ratios, which 

were similar in composition to WWTP effluent. Collectively, the separate clustering (i.e. 

weaker relationships) of PFBS and PFNA suggests the influence of both separate source 

types and environmental distribution.

3.3 Influence of System Characteristics

3.3.1 Source Water Relationships—In general groundwater was predominant in 

UCMR3 data, representing 72% of all samples where PFAS detections occurred, and the 

average total PFAS concentration was higher (p<0.0001, Mann-Whitney U test) in 

groundwater (0.21 μg/L) than in surface water (0.09 μg/L, Figure 3). As mentioned, rates of 

occurrence and concentrations of the individual UCMR3 PFASs were also higher in 

groundwater vs. surface water with the exception of PFBS (Figure S.5), and this likely 

reflects both sources and transport properties. PFHpA is the only UCMR3 PFAS that 

exhibits weak sorption similar to that of PFBS (Guelfo and Higgins 2013), and though it has 

higher occurrence and average concentration in groundwater, the differences were minor as 

compared to the segregation by source water type seen for other groundwater dominant 

PFASs. In order to determine if other key differences were present in the composition of 

PFASs in surface water vs. groundwater in UCMR3 data, concentrations of total PFSAs 

(PFOS, PFHxS, and PFBS) and PFCAs (PFHpA, PFOA, and PFNA) in UCMR3 were 

further studied to see if trends were apparent.

Total PFSA and total PFCA composition of UCMR3 samples illustrate key differences 

based on source water type. This was evaluated using the ratio of total PFSAs (PFOS

+PFHxS+PFBS) to total PFASs (sum of all 6 UCMR3 PFASs). The remaining fraction of 

total PFAS is comprised by total PFCAs (PFHpA+PFOA+PFNA). The total PFSA to total 

PFASs ratio exhibits a clear shift towards higher percentages of PFSAs in samples from 

groundwater relative to samples from surface water (Figure S.6). For example, 61% of 

groundwater samples had total PFSA to total PFASs ratios greater than 0.5. In surface water, 

only 37% of samples with detections were dominated by PFSAs and the remaining 63% had 

PFSA to total PFASs ratios of less than 0.5 (i.e. were dominated by PFCAs). There was a 

statistically-significant difference between the groundwater and surface water sample sets 

(Mann-Whitney U test; p<0.01). These data confirm that total PFAS concentrations in 

groundwater-based drinking water supplies in UCMR3 were more likely to contain mixtures 

dominated by PFSAs.
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The composition of total PFASs in surface water vs. groundwater is largely consistent with 

the types of releases more prevalent in each type of source water. For example, PFSAs are 

primarily associated with AFFF, mist suppressants, and surface protection products (Favreau 

et al., 2017). AFFF poses particular relevance to groundwater because it is primarily land 

applied leading to potential for subsurface migration, and as discussed, multiple PFAS ratios 

in UCMR3 were consistent with ratios measured in groundwater at AFFF-impacted sites. 

Using data from two of these sites for the six UCMR3 PFASs (i.e. eliminating other PFASs 

measured at these sites for which data are not available in UCMR3), the median percentage 

of PFSAs in the sum of 6 UCMR3 PFASs was 82-96% in groundwater (Houtz et al. 2013; 

Hull et al. 2017). This range is higher than the median of 74% PFSAs observed in UCMR3 

groundwater samples with PFAS detections, possibly reflecting different AFFF 

formulations, associated precursor transformation, or contributions of additional PFAS 

sources such as fluoropolymer manufacturing that may lead to higher fractions of PFCAs.

In contrast, PWSs sourced from surface water were more likely to be dominated by PFCAs. 

The median fraction of PFCAs comprising total PFASs in UCMR3 surface water systems 

was 100% (i.e. the majority of surface water samples with detections contained PFCAs but 

not PFSAs). As discussed, environmental samples with higher percentages of PFCAs have 

been attributed to sources including fluoropolymer manufacturing, landfills, and WWTP 

effluent (Ahrens et al. 2009; Arvaniti and Stasinakis 2015; Bach et al. 2017; Dauchy et al. 

2012; Houtz et al. 2016; Oliaei et al. 2013; Weber et al. 2017), which all have relevance to 

surface water scenarios. Manufacturing facilities may impact surface water through surface 

runoff, storm water outfalls, or industrial WWTP effluent. WWTPs typically discharge 

effluent to surface water, they receive wastes from numerous potential sources including 

landfill leachate, and are generally ineffective at removing PFASs (Merino et al. 2016). 

Considering only UCMR3 PFASs, previous work has found raw drinking water sources 

impacted by fluoropolymer manufacturing were comprised of a median of 79% PFCAs 

(Dauchy et al. 2012), compared to the median value of 100% in UCMR3 surface water 

samples with detections. PFCAs in prior studies of WWTP comprised a median value of 

75% of total PFASs (Ahrens et al. 2009). The median value of 100% in UCMR3 surface 

water samples is elevated relative to these sources. PFASs in surface water discharges are 

likely subject to dilution in receiving waters before uptake by downstream PWSs. In prior 

studies of WWTP effluent, 88% of PFAS detections were below the MRLs for the respective 

UCMR3 compounds (Ahrens et al. 2009). In general, the combination of elevated MRLs and 

dilution is likely an underlying cause of low surface water detection frequency in UCMR3 

relative to groundwater.

3.3.2 System Size—The UCMR3 monitoring program included all large PWSs in the 

U.S. and a subset (800) of small PWSs. The frequency of detection for all UCMR3 PFASs 

was higher in large PWSs than in small (Figure S.5). The detection frequency for ≥1 PFASs 

in samples from small systems was low (9 of 2830 samples, or 0.3%). Based on a categorical 

analysis of sample data for total PFASs (sum of the 6 UCMR3 PFASs), water samples 

supplied from large PWSs were 5.6 times more likely than small PFASs to have a detection 

of one or more PFASs (p<0.0001; 95% confidence limits of 2.9 - 10.8 on the odds ratio). 

However, when detected, total PFAS concentrations were higher (p=0.026, Mann-Whitney U 

Guelfo and Adamson Page 10

Environ Pollut. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



test) in small PWSs (average = 0.30 μg/L) than in large (average = 0.17 μg/L) (Figure 3). 

Given that only a subset of small PWSs were sampled as part of UCMR3 efforts, these 

results raise questions regarding the potential for PFAS impacts in the remainder of small 

systems. The representativeness of the data set is further discussed in Section 3.5.

3.4 PFAS Persistence Over Time

Despite efforts to phase out PFOS, PFOA, and their precursors, there is concern about their 

long-term fate in the environment due to the lack of attenuation mechanisms. Additionally, 

other PFASs are still broadly used, leading to questions about overall PFAS emissions into 

the environment. UCMR3 generated three years of data that may provide insights into 

temporal trends in PFAS concentrations. Concentration data were not suitable for temporal 

analysis (Supplementary data, Section S.1). Instead, for each quarter when monitoring 

occurred, a single detection rate was established representative of all PFASs analyzed during 

that period. Detection rates were also established individually for PFOS and PFOA. This 

method is considered valid because >99% samples were analyzed for all 6 PFASs 

simultaneously and the same MRLs were used throughout the UCMR3 monitoring period. 

The quarterly detection rates for all PFASs, PFOA, and PFOS over time were evaluated 

using both linear regression and the Mann Kendall test (Figure 4, Figure S.7) (Connor et al. 

2014). For overall PFAS detections, the slope of the best-fit regression line was increasing 

but not statistically different from zero (p=0.26), while Mann-Kendall analysis indicated an 

increasing trend in detection rates over time (p=0.03). Similar results were obtained for 

analysis of individual detection rates for PFOA (increasing, p=0.01) and PFOS (probably 

increasing, p=0.1). This provides moderate evidence of increasingly-frequent detection rates 

over the course of UCMR3 monitoring for PFAS overall and for PFOA and PFOS 

individually.

Temporal trends in UCMR3 data for PFOA and PFOS do not provide evidence that the 2002 

phase-out of PFOS and gradual phase-out of PFOA beginning in 2006 had an impact on 

detection rates during the period of UCMR3 monitoring. Though based on detections, these 

results support a previous study that found concentrations of PFOS and PFOA in a North 

Carolina watershed remained similar between 2006 and 2013 (Sun et al. 2016). Each PFAS 

included in UCMR3 is a perfluoroalkyl substance, so results in North Carolina and UCMR3 

may partially reflect a lack of destructive attenuation mechanisms that would accelerate 

decreasing PFAS concentrations and detections over time. Additionally, use of replacement 

PFASs that may serve as precursors after release into the environment may contribute to 

consistent or increased detections of PFASs. Precursors of PFOA and PFOS have been 

phased out in the U.S., but generation may be ongoing from legacy releases, and precursors 

of shorter UCMR3 PFASs may still be in use. Based on these results, recent efforts at PFAS 

source control of new or legacy PFASs are not clearly reflected in occurrence rates in 

drinking water data.

4. IMPLICATIONS OF UCMR3 FOR PFAS IN US DRINKING WATER

The UCMR3 monitoring program included only a subset of environmentally-relevant PFASs 

and drinking water sources in the U.S. Nevertheless, the resulting dataset is large and 
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includes a broad distribution of PWSs in the U.S. and its territories. An important question is 

whether data are representative of PFASs in U.S. drinking water in terms of distribution, 

composition, and concentrations.

UCMR3 captured all large PWSs in the U.S. but only 800 small PWSs and no private 

drinking water wells. When selected in 2010, the PWSs sampled in UCMR3 served ~79% 

(248 million) of the US population (Adamson et al., 2017). Previous studies estimate that in 

2010, 44.5 million U.S. residents used private wells as a major source of drinking water (Hu 

et al. 2016; Maupin, Molly A. et al. 2014). Private, state, and local monitoring efforts have 

identified PFAS impacts in small PWSs and private wells not involved in UCMR3 (e.g., 

Hoosick Falls, NY and Bennington, VT). To better understand resulting knowledge gaps, 

data from small PWSs using groundwater were assumed to be representative of private 

wells. The detection rate for at least one PFAS in small systems using groundwater was 

0.4% as compared to a 1.9% detection rate in all groundwater samples. If small groundwater 

systems are considered a proxy for private wells, then private wells are 4.5 times less likely 

to detect one or more PFASs relative to other systems.

While the rate of PFAS detection in small PWSs and private wells is likely to be lower than 

other system types, there may be relatively elevated PFAS levels in these supplies when 

impacts do occur. Analyses of the UCMR3 dataset based on PWS characteristics revealed 

higher average, total PFAS concentrations in groundwater and in small systems (Figure 3, 

Figure S.5). Only a small set of 8 samples with PFAS detections were collected at PWSs that 

were both small and sourced from groundwater (i.e. the surrogate for private wells). 

However, these small, groundwater PWSs were also characterized by higher total PFAS 

concentrations (median = 0.18 μg/L) relative to all other detections (median = 0.053 μg/L) 

(p=0.01). These results suggest per capita PFAS exposure risks are potentially greater at 

impacted small, groundwater PWSs and private wells as compared to other impacted 

systems. This may be attributable to less dilution at small-system wells with relatively 

modest pumping rates and capture zones, a trait that may be further exacerbated at private 

wells that serve household demand.

Low rates of detection in surface water PWSs may be related to PFAS dilution to 

concentrations below compound MRLs (Table 1). Additionally, transient detections of 

PFASs at concentrations near the MRL were observed in some PWSs (Supplementary data, 

Section S.2, Figure S.8), raising questions regarding the influence of compound MRLs on 

the representativeness of UCMR3 data. Combined, the MRLs for PFOA (0.02 μg/L) and 

PFOS (0.04 μg/L) are 0.06 μg/L, which is approximately 14% lower than the 0.07 μg/L 

LHA. A round robin study of PFAS analysis measured aqueous PFOA concentrations of 

0.021 – 0.083 μg/L in a sample with a known concentration of 0.025 μg/L, resulting in a 

relative standard deviation (RSD) of 32% (van Leeuwen et al. 2009). Similarly, aqueous 

PFOS measurements were 0.02-0.06 μg/L in sample with a known concentration 0.023 μg/L, 

resulting in a RSD of 29% (van Leeuwen et al. 2009). Considering an average RSD of 31% 

for PFOS and PFOA, these results suggest drinking water with a true concentration of 0.07 

μg/L for the sum of PFOA and PFOS may yield laboratory measured concentrations of 

0.049-0.091 μg/L. Based on these results, it is possible that some PWSs with exceedances of 

the LHA yielded non-detect results for one or both compounds, and some PWSs measured 
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as exceeding the LHA may have true concentrations that are lower. This raises questions 

regarding how well UCMR3 data capture LHA exceedances especially at levels approaching 

the advisory. Additionally, for those states (e.g. New Jersey, Vermont) adopting regulatory 

limits for PFASs at levels less than the LHA, UCMR3 data may not provide adequate 

information regarding the compliance of PWSs with local standards.

An increasing number of studies have identified a variety of precursors and replacement 

products for compounds such as PFOA in both groundwater and surface water (Backe et al. 

2013; Barzen-Hanson et al. 2017; Strynar et al. 2015; Sun et al. 2016). Additionally, 

precursor transformation is a potential explanation for relatively high rate of PFHpA 

occurrence and increasing trends in quarterly PFAS detection rates in UCMR3 data. The 

state of North Carolina recently adopted a drinking water health goal of 0.14 μg/L for the 

PFOA replacement product perfluoro-2-propoxypropanoic acid (PFPrOPrA, trade name 

GenX) (NCDHHS 2017), so it is evident that concerns regarding PFASs in the environment 

extend beyond the UCMR3 PFASs. Collectively this suggests that the UCMR3 dataset does 

not fully represent the composition of total PFASs present in U.S. drinking water, and that 

future monitoring of additional PFASs may be warranted.

UCMR3 data represent significant progress in understanding occurrence of PFASs in U.S. 

drinking water and provide insights that may be applied to informed design of future 

monitoring efforts. Specifically, results from small PWSs (low occurrence rate but higher 

concentrations) suggest a need for targeted evaluation of small PWSs and private wells. 

Risk-based geospatial approaches that consider factors such as PFAS sources, system 

location, and source water vulnerability can help in effective design of sampling programs 

(Guelfo, Jennifer et al. 2018). Results also suggest a need for improved understanding of the 

total PFAS composition in drinking water. A tiered scheme that analyzes UCMR3 PFASs as 

an initial screening, then revisits samples with detections for further analysis using methods 

to quantify total PFAS load (Barzen-Hanson et al. 2017; Houtz and Sedlak 2012) would help 

to understand relevant exposures and provide more information regarding sources. This 

approach would help identify priority compounds for efforts centered around development 

of treatment techniques or toxicological and epidemiological studies, leading to more 

efficient mitigation of risks associated with PFASs in drinking water.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Analysis of data from nearly 37,000 drinking water samples collected across 

the U.S. and analyzed for per- and polyfluoroalkyl substances (PFASs).

• Samples nationwide contain measureable levels of PFAS mixtures and other 

co-contaminants such as 1,4-Dioxane.

• Data highlight a need for additional, targeted evaluation of small public water 

systems, private wells, and occurrence of a broader suite PFASs.
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CAPSULE

PFASs occur in public water systems throughout the U.S.; concentrations and 

composition are dominated by mixtures of PFASs and other co-contaminants.
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Figure 1. 
Summary of total PFAS concentrations (log μg/L) in each sample (left y-axis) sorted by the 

number of PFASs detected in each sample and percentage of samples in each category 

exceeding the USEPA LHA (right y-axis). Note calculated averages and LHA exceedances 

consider only samples in which detections occurred.
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Figure 2. 
Logs of ratios of a) PFHxS:PFOS, b) PFHxS:PFOA, and c) PFBS:PFHpA compared to 

ratios in previous studies. Lines represent the range of ratio values (where available) and 

circles denote median values. Squares denote ratios of maximum groundwater 

concentrations for sites where ranges were not reported. Sources types are AFFF-impacted 

groundwater (AFFF (GW)) (Anderson et al. 2016; Houtz et al. 2013; Hull et al. 2017), 

wastewater treatment plant effluent (WWTP) (Ahrens et al. 2009), and fluoropolymer 

manufacturing (FP) (Bach et al. 2017; Dauchy et al. 2012; Oliaei et al. 2013).
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Figure 3. 
PFAS concentrations as function of system size and source water type in all samples with 

detections of one of more PFASs. The lower and upper ends of the whisker represent 

minimum and maximum detections, respectively. Grey squares represent the average value. 

Lower and upper ends of the box represent the 25th and 75th percentile, respectively, and the 

center line is the median value.
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Figure 4. 
PFAS Occurrence Trend Using Quarterly Results for All Samples. Data from all UCMR3 

samples with analysis of one or more PFAS were grouped by monitoring period (quarterly). 

The Mann-Kendall test was used to evaluate the trend in detection frequency for data from 

the first 12 quarters (2013–2015). Data from the last 4 quarters (2016) were not used due to 

the low number of samples per quarter (<2% of total). Circles are detection rates and 

correspond to the left y-axis; lines are the number of samples per quarter and correspond to 

the right y-axis.
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Table 1

UCMR3 PFASs, MRLs, and regulatory limits

Compound MRL (μg/L) Advisory or State Standard (ng/L)1 Source

Perfluoroheptanoate (PFHpA) 0.01 702 CTDPH

Perfluorooctanoate (PFOA) 0.02 702, 703, 202, 14 LHA, CTDPH, VTDOH, NJDWQI

Perfluorononanoate (PFNA) 0.02 702, 10 CTDPH, NJ

Perfluorobutane sulfonate (PFBS) 0.09 – –

Perfluorohexane sulfonate (PFHxS) 0.03 702 CTDPH

Perfluorooctane sulfonate (PFOS) 0.04 702, 202 LHA, VTDOH

Notes: CTDPH = Connecticut Department of Public Health, LHA = USEPA lifetime health advisory, VTDOH = Vermont Department of Health, 
NJDWQI = New Jersey Drinking Water Quality Institute. (1) Includes only regulatory limits used in this study to evaluate the UCMR3 data set and 
is not a comprehensive review of U.S. state-level PFAS regulatory limits. It should be noted that regulatory limits are subject to change. (2) 
Regulatory limit applies to the sum of PFHpA, PFOA, PFNA, PFHxS, and PFOS (3) Regulatory limit applies to the sum of PFOS and PFOA 
because their reference doses are numerically identical and based on similar developmental effects (USEPA 2016b, 2016a).
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