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ABSTRACT: Drinking water contaminated by per- and poly- Community Water System (CWS) Watersheds in 18 states
fluoroalkyl substances (PFAS) is a widespread public health Each 1% higher proportion of residents who are:

concern, and exposure—response relationships are known to vary Change in odds
across sociodemographic groups. However, research on disparities Black of PFAS sources:
in drinking water PFAS exposures and the siting of PFAS sources 'HO%
in marginalized communities is limited. Here, we use monitoring
data from 7873 U.S. community water systems (CWS) in 18 states Hispanic + h
to show that PFAS detection is positively associated with the 0%
number of PFAS sources and proportions of people of color who
are served by these water systems. Each additional industrial Poor*
e s c . . . *9% of population
facility, military fire training area, and airport in a CWS watershed below federal I_1 0%
was associated with a 10—108% increase in perfluorooctanoic acid povertyline - Ajrport Industry Military

and a 20—34% increase in perfluorooctane sulfonic acid in drinking

water. Waste sector sources were also significantly associated with drinking water PFAS concentrations. CWS watersheds with PFAS
sources served higher proportions of Hispanic/Latino and non-Hispanic Black residents compared to those without PFAS sources.
CWS serving higher proportions of Hispanic/Latino and non-Hispanic Black residents had significantly increased odds of detecting
several PFAS. This likely reflects disparities in the siting of PFAS contamination sources. Results of this work suggest that addressing
environmental justice concerns should be a component of risk mitigation planning for areas affected by drinking water PFAS
contamination.

KEYWORDS: water quality, environmental justice, drinking water, disparities, pollution

1. INTRODUCTION communities of color.'® Between 2013 and 2015, nationwide
monitoring data for PFAS in drinking water were collected as
part of the Unregulated Contaminant Monitoring Rule
(UCMR 3) program.'® PFAS detection in public drinking
water systems was positively associated with the number of
civilian airports, military fire training areas (MFTA), industrial
sites, and wastewater treatment plants (WWTP) within a
watershed.”” Limitations of this analysis included the relatively
high minimum reporting limits for PFAS (10—90 ng/L) and
sampling data that were primarily restricted to large public
water systems (PWS) serving >10,000 individuals.”’ No
industrial processes.8’9 PEAS exposures have been associated additional nationwide monitoring data were collected between
. . . . 2015 and 2023 due the lack of a federal maximum contaminant
with numerous adverse health outcomes, including altered liver T . o
| 10-15 limit (MCL) for PFAS in drinking water. Instead, many states

function, immunotoxicity, and increased cholesterol. . ; > .
s . -y have intensively sampled community water systems (CWS, i.c.,

Hundreds of millions of U.S. residents are exposed to drinking PWS that I ter to th lati d)

water with perfluorooctanoic acid (PFOA) and perfluoroocta- at supply water to the same popuiation yearround),

nesulfonic acid (PFOS) concentrations above 1 ng/L, a
benchmark based on immunotoxicity.'”'” However, empirical Received: October 3, 2022
evidence of disparities in PFAS contamination and drinking Revised:  April 19, 2023
water exposures across different populations is limited. Accepted:  April 20, 2023
Preliminary work on environmental disparities and PFAS Published: May 15, 2023

Impoverished communities and communities of color are often
disproportionately exposed to environmental pollution and
more vulnerable to adverse health outcomes compared to
other populations.' ™ These disparities reflect discrimination
and segregation, which have shaped the spatial patterning of
industrial sources of pollution around the U.S., as well as the
technical, financial, and managerial capacity of communities to
alleviate pollution.”®” Per- and polyfluoroalkyl substances
(PFAS) are a diverse class of highly fluorinated anthropogenic
chemicals that are widely used in consumer products and

exposures suggests that PFAS point sources may be
disproportionately sited next to low-income communities and
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and data on PFAS sources have been updated.”’ Findings
based on the 2013—2015 UCMR 3 data have not yet been
confirmed with newer, higher resolution state-level data sets,
and the relationships among PFAS sources, detections in PWS,
and sociodemographic factors have not been explored.

The main objective of this study was to evaluate potential
sociodemographic disparities in exposures to PFAS from
drinking water and the locations of PFAS sources. To do this,
we integrated a data set of >40,000 PFAS measurements
compiled from 18 statewide CWS monitoring programs. Our
analysis consisted of three main components. First, we
examined the associations between PFAS sources and drinking
water PFAS concentrations. We compared results from this
study (which included many small CWS serving <10,000
people) to associations observed at the national level from the
earlier UCMR 3 analysis of mainly larger PWS serving >10,000
individuals.”® Second, we examined associations between PFAS
sources and county-level sociodemographic factors related to
socioeconomic status and racial/ethnic composition. Finally,
we examined associations between sociodemographic factors
and PFAS detections in drinking water, as well as
concentrations above the lowest state-level MCL for individual
PFAS. Our analysis provides insights into potential disparities
in siting of PFAS sources and drinking water exposures of low-
income individuals and communities of color.

2. METHODS

2.1. PFAS Drinking Water Data. As part of this study, we
developed an interactive map of sociodemographic factors,
PFAS source locations, and PFAS concentrations that is
available at: https://sunderlandlab.github.io/pfas_interactive
maps/PFAS EJ interactive map.html.

To develop this map and answer our research questions, we
synthesized U.S. data on PFAS concentrations reported by
PWS in samples collected between January 2016 and August
2022 from publicly available sources or provided by state
agencies upon request. Because our research questions
examined the link between local communities and drinking
water PFAS concentrations, only data from CWS were retained
for our analysis. The final synthesized data set included 44,111
samples from 7873 CWS in 18 states that conducted either
statewide monitoring campaigns (Colorado: CO, Illinois: IL,
Indiana: IN, Kentucky: KY, Massachusetts: MA, Maine: ME,
Michigan: MI, New Hampshire: NH, New Jersey: NJ, Ohio:
OH, Vermont: VT, and Wisconsin: WI) or targeted
monitoring next to contamination sources (California: CA,
Maryland: MD, New York: NY, Pennsylvania: PA, South
Carolina: SC, and Utah: UT).*” Additional details on data
sources, synthesis, and processing are provided in the
Supporting Information (Table S1 and Figures S1 and S2).

Concentrations of 6—40 targeted PFAS were analyzed by
multiple laboratories contracted by the states using comparable
methods (United States Environmental Protection Agency:
U.S. EPA Method 537, 537.1, or 533). This study focuses on
five PFAS that were quantified in all 18 states: PFOA, PFOS,
perfluorononanoic acid (PFNA), perfluorohexanesulfonic acid
(PFHxS), and perfluorobutanesulfonic acid (PFBS). Variable
detection limits across analytes and laboratories pose a
challenge for merging data from multiple sources. For all
statistical analyses, we assigned a conservative uniform
detection limit at the 98th percentile of all reported detection
limits (5 ng/L, Table S2), following prior work. Samples with
reported detection limits greater than five times the median
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detection limit (n = 179, 0.4% of samples) were omitted from
subsequent statistical analyses.”

2.2. CWS Characteristics and Sociodemographic
Data. Data on precise CWS locations are often restricted.
We used zip codes from the U.S. EPA’s Safe Drinking Water
Information System (SDWIS)** to geocode CWS within 8-
digit hydrologic unit codes (hereon referred to as watersheds)
when exact coordinates of water source regions were not
available in the state databases.”” We used these 8-digit
watershed boundaries because they were the smallest spatial
units that matched the PFAS source data, which are described
in further detail below. Zip codes for some CWS were
inaccurate, so we cross-checked geocoded locations by
searching reported addresses and system names with the
Google Maps Geocoding application program interface. For
each watershed, we calculated the maximum concentration of
each individual PFAS among all raw and finished water
samples from all CWS located within a watershed. For each
CWS, we obtained data on treatment technologies (ca. 2017)
known to reduce PFAS concentrations.””> These treatment
technologies included granular or powder activated carbon,
membrane separation (nanofiltration or reverse osmosis), and
ion exchange processes.”® For facilities with these treatment
technologies, we used PFAS concentrations in finished water
samples in our statistical models to represent drinking water
exposures.

We included SDWIS data on water source type, county
served, and total population served for each CWS.** We
excluded data from water sources that were inactive or on
standby, as indicated in the state databases. We incorporated
county-level measures of racial/ethnic composition and
socioeconomic status, including the proportions of Hispanic
or Latino residents (hereafter referred to as Hispanic/Latino),
non-Hispanic/Latino Black, or African-American residents
(hereafter referred to as non-Hispanic Black), and residents
under the federal poverty line, from the S year (2014—2018)
American Community Survey (ACS).””*® We assigned these
sociodemographic factors to each CWS using their county-
served information.”* For systems serving multiple counties,
we assigned population-weighted averages of each proportion
to the system.

2.3. Sources of PFAS Contamination within CWS
Watersheds. We obtained the geographic locations of PFAS
sources from multiple databases. Within the 18 states included
in our analysis, PFAS sources included (a) 193 airports
certified for use of aqueous film forming foams (AFFF) that
contain PFAS available from the U.S. Federal Aviation
Administration;>” (b) 152 MFTA known or suspected to be
sources of PFAS contamination available from the U.S.
Department of Defense;’® (c) seven industrial facilities
operated by companies that participated in U.S. EPA’s 2010/
2015 PFOA Stewardship Program (“major industrial facili-
ties”);*' (d) 5640 WWTP from the U.S. EPA’s Clean
Watersheds Needs Survey;’” and (e) 939 municipal solid
waste landfills (active and inactive) from the U.S. EPA’s
Landfill Methane Outreach Program.” Prior work has shown
that the magnitude of PFAS releases from WWTP is
proportional to the population within watershed basins but
variable across years depending on shifts in PFAS produc-
tion.”* To better represent magnitudes of potential PFAS
releases from different WWTP, we used the total effluent
discharged by each plant®” as a proxy for PFAS releases. This
type of proxy variable for releases (number of PFAS sources in
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Table 1. Three Primary Components, Units of Analyses, and Modeling Approaches in This Study

analysis unit of analysis

watershed of
CWS included

(1) association between PFAS sources (number or
total existing effluent from wastewater treatment

plants) and PFAS concentrations in 8-digit in recent
hydrologic unit codes (watersheds) statewide sam-
pling

CWS included in
recent state-
wide sampling

CWS included in
recent state-
wide sampling

(2) association between sociodemographic factors
and the presence of PFAS sources in watersheds of
CWS

(3) association between sociodemographic factors
and PFAS detections (>S ng/L) or concentrations
above lowest state-level MCL in CWS

outcome variables

PFAS concentrations (natu-
ral log transformed)

PFAS contamination sources
(binary indicators)

PFAS concentrations above a
threshold (>5 ng/L or the
lowest state-level MCL;
binary indicators)

primary independent sample
variables primary modeling approach size
PFAS sources log-linear spatial error regression 476
models
county-level socio- logistic regression models with 7873
demographic fac- clustered standard errors (clus-
tors tered at the county level)
county-level socio- partially and fully adjusted logis- 7873

demographic fac-
tors

tic regression models with
clustered standard errors (clus-
tered at the county level)

a watershed or volume of wastewater effluent released) is
necessary because data on magnitudes of PFAS releases from
different source types are not yet widely available.”>*° All data
sources are summarized in Table S3.

2.4. Statistical Analysis. Our statistical analysis included
three main components (Tables 1 and S4). The first analyzed
the relationships between PFAS concentrations in drinking
water and the number of PFAS sources/volumes of effluent
discharged by WWTP in CWS watersheds. We chose a
multivariable log-linear spatial error regression approach to
enable direct comparison to past (2013—2015) analyses using
the UCMR 3 data.”” The second component of our analysis
examined associations between PFAS sources in CWS
watersheds and sociodemographic characteristics of commun-
ities served, which are resolved at the county level based on
data provided in SDWIS. For this analysis, we used
multivariable logistic regression models that are described in
further detail below. For the third component, we analyzed
relationships between PFAS detection or detection above the
lowest state-level MCL and sociodemographic factors at the
county level, also using multivariable logistic regression
models. We did not use a spatial modeling approach for the
second and third components of our analysis because more
specific service area boundaries for CWS in all 18 states needed
to analyze sociodemographic factors are presently unavailable.

The CWS watershed was the spatial unit of analysis for the
first part of our analysis that examined relationships between
PFAS sources and detections or concentrations of each PFAS.
Multivariable log-linear spatial error regression models were
used to adjust for spatial autocorrelation in the residuals.”” A
natural log transformation was used to normalize the
distributions of PFAS concentrations. PENA was excluded
from the spatial regressions due a low detection frequency (38
out of 464 watersheds). For the four other PFAS, watersheds
where all CWS had concentrations below detection were set to
the uniform detection limit divided by /2. Four watersheds
did not have neighbors based on queen contiguity.”® These
were assigned spatial weights of zero in the main model
because excluding them did not impact the coefficient
estimates.

For the second and third components of our analysis, we
developed logistic regression models using CWS as the unit of
analysis. For these analyses, we assigned watershed-level PFAS
source information and sociodemographic attributes at the
county level to each CWS. We analyzed associations with
PFAS detection and detection above the lowest state-level
MCL. The lowest state-level MCL were based on regulatory
values published as of August 2022 and were as follows for the
five PFAS included in our analysis: PFOS (established by NY:
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10 ng/L), PFOA (MI: 8 ng/L), PENA (MI: 6 ng/L), PFHxS
(NH: 18 ng/L), and PFBS (MI: 420 ng/L).””~*' For the
logistic regression, it was necessary to develop a binary value
(1/0) for several variables. These included (a) the detection/
non-detection of PFAS (using a uniform detection limit of §
ng/L for each PFAS and >1 PFAS of five total); (b)
concentrations of PFAS above or below the lowest state-level
MCL (for the PFOA MCL, PFOS MCL, or >1 MCL of five
total); (c) presence or absence of major sources (manufactur-
ing locations, MFTA, and airports certified for AFFF use) in
each CWS watershed; (d) above or below the median number
of landfills in each CWS watershed; and (e) above or below
the median quantity of the total wastewater effluent in each
CWS watershed.

We examined statistical differences in the sociodemographic
characteristics of CWS that did and did not contain watersheds
with several PFAS sources. We used multivariable logistic
regression with mutual adjustment for all sociodemographic
factors. We adjusted for state-level differences in PFAS sources
and sociodemographics by including state-level fixed effects.*”
In all logistic regressions, we accounted for correlations
between CWS within the same county (which would impact
standard errors) by clustering standard errors at the county
level.

For the third component of our analysis, we examined
statistical differences in the sociodemographic characteristics of
CWS with and without concentrations above S ng/L (for each
PFAS and >1 PFAS of 5 total) and above and below the lowest
state-level MCL (for each PFAS MCL or >1 MCL).
Multivariable logistic regressions were adjusted for state-level
fixed effects and were mutually adjusted for all sociodemo-
graphic factors. Standard errors were clustered at the county-
served level. These regression models included several
compositional sociodemographic factors, where the sum of
all the proportions is 100%. Therefore, associations related to
greater proportions of one of these factors, holding all else
constant, would imply lower proportions of the compositional
factors excluded from the models.

We compared results from the initial models to alternate
models that additionally adjusted for PFAS sources (airports,
MFTA, major industrial facilities, WWTP eftluent, and landfill
counts) and other CWS characteristics that may affect drinking
water quality.””*™* These CWS characteristics included
water source type (surface or groundwater), water system
size (based on the EPA definitions for population served: small
or very small: <3300; medium: 3301—10,000; and large or
very large: >10,000) % and a binary indicator for treatment for
PEAS.

https://doi.org/10.1021/acs.est.2c07255
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Table 2. Spatial Regression Models for Drinking Water PFAS Concentrations and Point Sources

AFFF-certified MSW ) sample
outcome variable MFTA“ airports” major industries® WWTP? landfills® ¥ R? size
PFOA 10.4¢ [—1.0, 21.0 [7.1, 36.7] 108.4 [30.2,233.5] 7.4 [2.8,122] 03[-29,3.7] 652 [50.38, 0.38 476
23.1] 80.9]
p-value 0.074 0.002 0.002 0.001 0.849 <0.001
PFOA (Hu et al, 2016) 10 -6 81 2 3] 0.38 128
p-value 0.111 0.353 <0.001 0.006 <0.001
PFOS 339 [17.6,52.3] 323 [14.3,532] 205 [—31.4, 63[12,11.6] 3.8[-02,7.8] 36.0 [219, 0.31 476
111.8] 51.7]
p-value <0.001 <0.001 0.516 0.014 0.061 <0.001
PFOS (Hu et al,, 2016) 35 -6 46 2 79 0.46 114
p-value <0.001 0.512 0.124 0.007 <0.001
PFBS? 49 [-3.6, 14.2] 10.3 [0.1, 21.4] 2.5 [-29.1, 484] 7.4 [4.0,109] 48 [22,7.5] 345 []20.5, 029 473
50.2
p-value 0.290 0.047 0.894 <0.001 <0.001 <0.001
PFHxS 224 [9.2, 37.1] 26.7 [11.2, 44.5] —0.7 [-39.7,63.5] 7.0[2.7,11.5] 3.8 [04,7.3] 155[2.5,303] 024 474
p-value 0.001 <0.001 0.977 0.001 0.029 0.019
PFHxS (Hu et al, 20 -13 24 1 94 0.62 94
2016)
p-value 0.002 0.073 0.249 0.045 <0.001

“MFTA: military fire training area. b AFFF: aqueous film-forming foam. “Major industries refer to facilities of companies that participated in the US
EPA’s 2010/2015 PFOA Stewardship Program. YWWTP: wastewater treatment plants. For this study, this variable refers to a one log unit increase
(equivalent to a doubling) in the total existing effluent from WWTP within the 8-digit hydrologic unit code (watershed). In Hu et al. 2016, this
refers to an additional WWTP within the watershed. “MSW: municipal solid waste. /Denotes the spatial autoregression coefficient. *Coefficients
(with 95% confidence intervals) represent the percent change in PFAS concentrations for one-unit increases in each independent variable (either
number of sources or doubling of the total existing effluent from wastewater treatment plants in the 8-digit hydrologic unit code) from the log-
linear spatial error regressions. Results presented here substitute samples below the uniform detection limits with the uniform detection limit (5 ng/

L) divided by /2.

Pollution sources and financial capacity often differ between
urban and rural communities and may affect drinking water
quality.”*”*® We therefore examined whether statistical
associations varied between urban wversus rural place of
residence by stratifying logistic regressions (>50% residents
living in urban areas) based on the US 2010—2020 decennial
census.”” All statistical analyses were conducted using R
version 4.2.2.>°

3. RESULTS AND DISCUSSION

3.1. PFAS Detection in CWS. CWS included in this study
(n = 7873) provide drinking water to an estimated 70.0 million
U.S. residents, representing approximately 21% of the U.S.
population (Table SS). Large and very large CWS were
oversampled relative to their proportions across the 18 states
and nationally, but this study includes greater proportions of
small and very small systems compared to the 2013—2015
UCMR 3 data (Table $6)."” Among the five PFAS considered,
PFOA was most frequently reported above the uniform
detection limit derived for the 18 states in this work of S
ng/L (10.9% of CWS), and PFNA was detected least
frequently (1.0% of CWS). An estimated 26% of individuals
(18.0 million) received drinking water with PFOS or PFOA
concentrations above the 5 ng/L detection level in this work,
which is closest to the proposed federal standards of 4 ng/L for
PFOA and PFOS proposed in 2023 (Table $7).°"

Approximately one in four people across the 18 states were
served by CWS that detected at least one of the five PFAS
(PFOS, PFOA, PFBS, PFHxS, and PFNA) above S ng/L. It is
notable that the uniform detection limit in this work that
reflects the detection limits across analytical laboratories
contracted by the states is 250—1250 times greater than the
2022 interim lifetime health advisories (LHA) for PFOS (0.02
ng/L) and PFOA (0.004 ng/L) that were issued by the U.S.
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EPA in 2022 (Table S2).>* Furthermore, the uniform
detection limit across laboratories for PFOA and PFOS in
our synthesized state database exceeds the federal MCL for
PFOS and PFOS of 4 ng/L proposed by the U.S. EPA in
2023.>" This discrepancy highlights the analytical challenges
associated with consistent low-level PFAS detection in
environmental samples and the present disconnect between
public health advisories and environmental measurements.

3.2. Diverse PFAS Sources Are Statistically Significant
Predictors of Detection in CWS. Watersheds containing a
CWS with detectable PFAS concentrations had significantly
greater numbers of PFAS sources (industrial sites, MFTA,
AFFF-certified airports, above the median landfill count, and
above the median WWTP effluent volume) compared to
watersheds with concentrations below detection (Table S8).
Similarly, results from spatial regression models generally
showed positive and significant associations between the
presence of PFAS sources within watersheds and CWS PFAS
concentrations (Table 2).

The increase in PFOA concentrations (108%, p = 0.002)
associated with each additional major industrial facility within a
watershed was the largest estimated effect across source
categories considered (Table 2). Major industrial facilities were
not significantly associated with drinking water concentrations
of other PFAS (Table 2). All facilities were operated by
companies that participated in the 2010/2015 PFOA Steward-
ship Program, indicating that they were major PFOA sources.
Using the UCMR 3 data for large PWS, Hu et al*® noted an
81% increase in PFOA concentrations for each major industrial
site and similarly did not find significant associations for other
PFAS. Both results are consistent with elevated concentrations
of PFOA reported near fluoropolymer facilities.>”

Two of the source categories investigated in this work
(MFTA and airports certified for AFFF use) reflect PFAS

https://doi.org/10.1021/acs.est.2c07255
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Odds ratios [95% CI] corresponding to one-percentage-point higher proportions of

each sociodemographic factor

0.84 [0.80, 0.90]
———
0.92[0.87, 0.97]
Residents under the | 0.93 [0.81, 1.06]
federal poverty line
0.92[0.88, 0.97]
————
0.93[0.89, 0.97]
——
1.13[1.09, 1.16]
——
1.06 [1.02, 1.09] PFAS source
y = Airports (= 1)
Non-Hispanic Black | 1.09[1.02, 1.16] -~ Landfills (> median count)
residents 1.06 [1.03, 1.09] Major industrial facilities (= 1)
_ - MFTA(z=1)
1.07 [1.04, 1.10] - WWTP effluent (> median)
——
1.07 [1.03, 1.11]
——
1.04[1.01,1.07)
Hispanic/Latino | 0.95[0.91, 1.07]
residents
1.04 [1.01, 1.06]
1.00 [0.97, 1.02]
——
08 09 1.0 1.1
Odds ratio

Figure 1. Association between sociodemographic factors and PFAS sources within watersheds of CWS from 18 states. Coefficients (with 95%
confidence intervals) are percent changes in the odds of having PFAS sources within 8-digit hydrologic unit codes (watersheds) of CWS associated
with one percentage-point higher proportions of each sociodemographic factor. Sources indicate a CWS sharing a watershed with >1 AFFF-
certified airport, >1 major industrial facility, >1 MFTA, greater than median count of landfills, and greater than median WWTP effluent. Models
are additionally adjusted for state-level fixed effects, and standard errors are clustered at the county level.

contamination from firefighting and fire-training activities.>*

Spatial regression modeling for the 18 states showed that each
additional MFTA (total n = 152) within a CWS watershed was
significantly associated with increases in the maximum
concentrations of PFOS (34%), PFHxS (22%), and PFOA
(10%). The coefficients observed in this study for PFOS and
PFHxS for MFTA are remarkably similar in magnitude to the
national scale results for large U.S. PWS.*° In both studies, the
largest and most significant associations (p < 0.01) are
observed for PFOS and PFHxS, which are widely understood
to be the main PFAS in legacy AFFF manufactured by 3M
using electrochemical fluorination.” >’

Each additional airport certified for AFFF use (total n =
193) within a CWS watershed was associated with increases in
PFOS (32%), PFHxS (27%), PFOA (21%), and PFBS (10%).
Results for AFFF-certified airports in this study contrast the
spatial regression results for primarily large U.S. PWS sampled
between 2013 and 2015.”° Positive and significant associations
between the presence of AFFF-certified airports and four PFAS
considered in this study, including PFBS, may reflect greater
contamination of smaller CWS that rely on groundwater by
AFFF-certified airports compared to the primarily large PWS
included in the UCMR 3 data.*® PFBS is a minor impurity in
legacy 3M AFFF, but large quantities of precursors with four
and six perfluorinated carbons that can degrade in the
environment into PFBS and PFHxS have been reported in
3M AFFF and in impacted watersheds.”>” These results
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reinforce the problem of drinking water PFAS contamination
from historic use of AFFF across the U.S.

Spatial regression models for the 18 states revealed novel
signiﬁcant associations between waste sector sources within a
watershed and CWS PFAS concentrations. Each additional
landfill (n = 939 total locations) within a watershed was
associated with increases in PFBS (4.8%), PFHxS (3.8%), and
PFOS (3.8%) concentrations. A doubling of the WWTP
effluent (n = 5640 plants considered) released within a
watershed was associated with significant increases in PFBS
(7.4%), PFOA (7.4%), PFHxS (7.0%), and PFOS (6.3%)
concentrations. Landfills and WWTP are well-known sources
of PFAS in watersheds.””" Results from this study highlight
the smaller but significant contributions of waste sector sources
to PFAS contamination in drinking water systems across the 18
states.

We found similar coefficient estimates and 95% confidence
intervals using the standard models that included watersheds
with PFAS concentrations below detection with simple
imputation and those that omitted values below detection as
a sensitivity analysis (Table S9, Figure S3). These results
suggest that results were robust to our treatment of values
below detection. Coeflicient estimates for landfills decreased
when excluding watersheds with non-detectable concentra-
tions, which may imply that these sources are contributors to
concentrations near the 5 ng/L threshold. Future analyses
using detection limits below S ng/L may thus need to consider
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Table 3. Associations between Sociodemographic Factors and Detection of PFAS in Community Water Systems™"

PFOAS PFOA? PFOS® PFOS? >1 PFAS (of S total)® >1 PFAS (of § total)®*
(1) () (3) (4) (%) (6)
All Systems

% Hispanic/Latino 6. 14 4.478% 3.8k 2.3%% 2.7%% 1.7%

(3.2, 9.0) (2.1, 6.8) (13, 6.4) (03, 4.4) (0.6, 4.8) (0.1, 3.5)
% non-Hispanic Black 3.9% 1.6 S5.8%H* 3.7 3.4 1.0

(0.0, 8.0) (=2.0,52) (2.5,9.2) (0.7, 6.8) (0.5, 6.3) (-1.7,3.7)
% under federal poverty line ~ —17.6%** —13.1%%* —15.9%** —11.5%%* —9.4H%% —§. 7%

(218, -132)  (-174,-85) (-19.7, -11.8)  (—15.9, =7.0) (=132, =5.5) (-9.8, —1.4)
N 7873 7873 7873 7873 6199 6199

Stratification by Urban Versus Rural Status
Urban Systems (>50% Residents in Urban Areas)

% Hispanic/Latino S5.2%*% 3.6%%* 2.7% 1.4 1.7 0.8

(2.1, 83) (1.1, 6.1) (=01, 5.5) (0.7, 3.7) (0.6, 42) (~1.1,29)
% non-Hispanic Black 2.8 0.6 4.6%* 2.5 2.4 0.0

(-1.8,7.6) (-3.3,4.7) (0.9, 8.4) (—0.6, 5.8) (-1.1, 6.0) (-3.1,32)
% under federal poverty line —16.8%** —12.7%%% —14.5%%% —10.8%** —10.6%** —7.2%H%

(=215, -12) (=175, =7.7) (-18.6, —10.2) (-15.0, —6.3) (—14.8, —6.2) (=116, —2.5)
N 4735 4735 4735 4735 3933 3933

Rural Systems (<50% Residents in Urban Areas)

% Hispanic/Latino 2.0 1.1 5.3% 3.9 0.6 0.3

(-5.8, 10.4) (=64, 92) (-0.1, 10.9) (~14,9.5) (-38, 5.1) (4.1, 4.8)
% non-Hispanic Black 4.3% 4.9%% 2.5 2.3 2.6 3.1

(-0.4, 9.3) (0.5, 9.5) (-1.8, 7.0) (-2.0, 67) (~16, 69) (~1.0,7.3)
% under federal poverty line ~ 9.9%* 11.2%54% 0.0 4.3 10.37%%% 10.6%%%

(2.2, 18.3) (3.5, 19.4) (9.2, 10.1) (—4.8, 14.2) (4.0, 17.1) (4.5, 17.1)
N 3138 3138 3138 3138 2266 2266

dependent variable

“Results are from logistic regressions that are adjusted for state fixed effects and include clustered standard errors at the county level. Coefficients
(with 95% confidence intervals) refer to percent changes in the odds of detecting PFAS (>S5 ng/L) associated with one percentage-point higher
proportions of each sociodemographic factor. bCWS are the unit of analysis. These CWS were included in statewide sampling from 18 states. *p <
0.1; **p < 0.05; and ***p < 0.01. “No additional adjustment for CWS characteristics and PFAS sources. “Includes adjustment for CWS
characteristics (water source type, water system size, and a binary indicator for treatment for PFAS) and PFAS sources within the 8-digit hydrologic
unit code of the CWS (airports, MFTA, major industrial facilities, WWTP total existing effluent, and landfills). “This outcome refers to detection of
at least one of the five total PFAS (PFOA, PFOS, PFNA, PFHxS, and/or PFBS) over S ng/L. Systems that did not report measurements of all the
five PFAS during their sampling periods are excluded from this model but are further analyzed in Figure S4 and Table S18.

not only likely sources (such as landfills) but also the large
number of potential PFAS sources identified in recent work.”!
In summary, associations between PFAS sources at the
watershed scale and detection in drinking water across the 18
states were similar in directionality to prior work that included
primarily large U.S. PWS.”® Model coefficients in this work
were generally larger and more consistently positive. In
addition, new and more consistent associations were identified
for landfills and AFFF-certified airports. These differences
likely reflect the lower uniform detection limit for PFAS in this
work (5 ng/L for CWS in 18 states compared to 10—90 ng/L
for U.S. PWS in the UCMR 3 data) and inclusion of a greater
proportion of small, groundwater-sourced systems. Smaller
water systems and groundwater systems are thought to be
particularly susceptible to localized contamination.®>®*
Spatial models for PFAS concentrations based on watershed
PFAS sources explained a higher proportion of the variance
(higher R? values) in the national scale UCMR 3 analysis™
compared to the present study (Table 2). This likely reflects
the predominance of a few large point sources contributing to
the relatively high PFAS concentrations above the reporting
limits for that study (10—90 ng/L). By contrast, this study
showed significant associations with a broader array of smaller
sources at a lower detection level. These results indicate that
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improved models of drinking water PFAS contamination will
require data on potential PFAS sources that have not yet been
confirmed on a national scale.”"”** PFAS release data are now
being collected by the U.S. EPA’s Toxics Release Inventory
(TRI),* and additional reporting and recordkeeping require-
ments are proposed under the Toxics Substances Control Act
(TSCA).*® These data are urgently needed to improved
understanding of the drivers of drinking water PFAS
contamination and guide remediation efforts.

3.3. CWS Watersheds with PFAS Sources Serve
Greater Proportions of People of Color. CWS watersheds
serving higher proportions of Hispanic/Latino and non-
Hispanic Black populations had significantly greater odds of
containing PFAS sources (Figure 1). Each one percentage-
point greater proportion of non-Hispanic Black residents was
associated with a 6—9% increase in the odds of sharing a
watershed with an industrial facility, MFTA, and civilian
airport. The relationship was even more pronounced for waste
sector sources. Each percentage-point greater proportion of
non-Hispanic Black residents served by a CWS was associated
with 7—13% higher odds of having greater than the median
WWTP effluent discharge and greater than the median number
of landfills across the 18 states.
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Explanations of these observed siting-related disparities
include selective migration of people of color into urban and
industrial regions with more potential PFAS sources and
demographic changes that preferentially increase the propor-
tion of people of color after a source is developed in a
community. Past studies have reported that environmental
hazards are disproportionately sited near marginalized
communities.”*® These communities may represent the
“path of least resistance” due to limited political power,
reduced access to information and resources, and restricted
engagement in decision-making regarding siting.*>®" "
Historical segregation has also shaped the spatial patterning
of pollution sources around the U.S.,”°””* and many areas
remain highly segregated. Our analysis is consistent with
preliminary reports suggesting that higher proportions of
people of color live in proximity to sites potentially
contaminated with PFAS."®

3.4. CWS with Detectable PFAS Serve Greater
Proportions of People of Color. CWS with PFAS
concentrations above 5 ng/L or above the lowest state-level
MCL served communities with significantly greater propor-
tions of Hispanic/Latino and non-Hispanic Black populations
compared to CWS that did not have concentrations above
these limits (Table S11). Proportions of Hispanic/Latino
residents were 1.5—2 times greater among CWS with
detectable PFAS (>5 ng/L) and detections above the lowest
state-level MCL compared to those without detections above
these thresholds. County-level proportions of non-Hispanic
Black residents were significantly greater among systems with
detectable levels of any PFAS and detections above the lowest
state-level MCL (Table S11).

Logistic regression models showed 3—6% higher odds of
detecting PFOA, PFOS, PFBS, and any of the five PFAS for
each percentage-point greater proportion of Hispanic/Latino
residents served by a CWS (Tables 3 and S12). Similar positive
changes (4—6%) in the odds of a detection above the lowest
state-level MCL were associated with each percentage greater
proportion of Hispanic/Latino residents (Table S13). A one
percentage-point greater proportion of non-Hispanic Black
residents was associated with 3—6% greater odds of detecting
PFOA, PFOS, and any of the five PFAS, and 4—6% greater
odds of concentrations above the state-level MCL (Tables 2
and S13). After adjusting for PFAS sources and CWS
characteristics (source water type, water system size, and
treatment technologies relevant for PFAS), associations
between the proportion of Hispanic/Latino residents and
PFAS detections remained significant (Table 3).

Results of this study are consistent with prior findings that
communities with greater proportions of Hispanic/Latino*”"*
and non-Hispanic Black residents have elevated concentrations
of other drinking water contaminants (arsenic;*™7>7¢ ni-
trate;*>”” and uranium, chromium, barium, and selenium78)
and more frequent violations of the National Primary Drinking
Water Regulations.”*”” Similar results were reported in
analyses of arsenic MCL exceedances in Arizona (1—2%
higher odds for each percentasge—point greater proportion in
Hispanic/Latino residents),”” health-based violations in
Virginia (3% higher odds for each percentage-point greater
proportion in Black residents),”” and an analysis of nitrate
levels above S mg/L (2% higher odds for each one percentage-
point greater proportion in Hispanic/Latino residents)."
However, no environmental justice studies on PFAS in
drinking water are available for a more direct comparison.
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The National Health and Nutritional Examination Survey
(NHANES) is a probabilistic, nationally representative survey
of U.S. individuals that routinely measures serum concen-
trations of several PFAS. Past work™ showed significantly
elevated serum PFOS concentrations among certain racial/
ethnic groups, including non-Hispanic Black and Asian
individuals. However, these data reflect exposures from all
PFAS sources rather than just drinking water. For example, fish
consumption frequency has been identified as an important
predictor of serum PFOS concentrations in NHANES,* and
freshwater fish contamination by PFAS may also be an
environmental justice concern.*"*

3.5. Relationships with Proportion of Residents
under the Federal Poverty Line. Significantly lower
proportions of residents under the federal poverty line were
served by CWS that shared watersheds with PFAS
contamination sources (Table S10). Significantly lower
proportions of residents under the poverty line were also
served by CWS with PFAS levels >5 ng/L or above the lowest
state-level MCL (Table S11). Model results indicated that a
6—18% decrease in the odds of detecting PFOS, PFOA, and at
least one PFAS above S5 ng/L was observed for each
percentage-point higher proportion of residents under the
federal poverty line served by a CWS (Tables 3 and S12). Each
percentage-point higher proportion of residents under the
federal poverty line was associated with 13—18% lower odds of
detection above the lowest state-level PEAS MCL (Table S13).
Results with similar conclusions were observed when
substituting the proportion of residents under the federal
poverty line with median household income, the proportion of
residents without a high school diploma, and other co-varying
county-level variables (Tables S14—S16). Inverse associations
with the proportion of residents under the federal poverty line
may reflect the urban signature of PFAS since urban areas
typically have lower average poverty rates at the county scale®’
and may have more abundant pollution sources.

The directionality of the relationship between county-level
residents under the federal poverty line and PFAS detection
changed when stratified by areas with more or less than 50% of
the population living in urban areas. Among rural water
systems, each percentage-point greater proportion of residents
under the federal poverty line was associated with 10% greater
odds of detecting PFOA and any of the five PFAS (Table 2).
However, in urban areas (and the overall data set) consistently
negative associations were observed for PFAS detections above
S ng/L and detections above the lowest state-level MCL
(Table 3). These results suggest that the relationship between
county-level residents under the federal poverty line and
drinking water PFAS contamination is complex and varies
across urban and rural areas.

Differences between urban and rural areas are consistent
with the mixed (and sometimes inverse) relationships between
socioeconomic status and drinking water quality that have
been reported in prior studies.””’****> They may highlight a
combination of factors that are not normally considered when
evaluating drinking water quality such as economic isolation®®
and poverty in rural areas. Results of this study indicate that
PFAS sources may disproportionately impact CWS serving
greater proportions of residents under the federal poverty line
in rural areas but not urban areas. Among rural areas,
associations between the proportion of residents under the
federal poverty line after adjustment for PFAS sources and
CWS characteristics were also significant (Table 3).
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Inverse associations between county-level residents under
the federal poverty line and PFAS sources may reflect the siting
of PFAS sources within counties with high economic activity,
where overall poverty levels are generally lower.**®” However,
each CWS may serve individuals with a wide range of incomes,
and findings from this study reflect the county scale. At the
sub-county level, prior work indicates that highly localized
environmental conditions affect residential choices across
income groups®® and that the presence of industrial facilities
may decrease housing values.”” A negative association between
income and Superfund sites was reported at the sub-county
geographic scale, whereas results for race/ethnicity in the same
study were more consistent across geographic scales.*”
Different results across varying spatial units of analysis may
reflect the modifiable areal unit problem.”® Results at the
county level in this study therefore do not necessarily
contradict preliminary analyses, suggesting that greater
proportions of low-income individuals live within close
proximity to PFAS sources.'” Future work should consider
the relationships between PFAS sources and individuals under
the federal poverty line at a higher spatial resolution. Such an
analysis across the 18 states considered in this work is
presently limited by the spatial resolution of available data.

3.6. Study Limitations. Our analyses of associations
between PFAS sources, drinking water PFAS detections,
detections above the lowest state-level MCL, and sociodemo-
graphic factors were limited by the spatial resolution of
available data at the county level. CWS often serve
communities at smaller geographic scales than the county,
but presently nationwide data are only available at the county
resolution. When geocoding each CWS into a watershed, we
used administrative zip code information and cross-checked
these locations using system names and addresses. However, in
certain cases, this may have resulted in error if the geocoded
location differed greatly from the location of the source water.
The spatial coverage of PFAS concentrations in drinking water
in this study was limited to 18 states, which restricts the
nationwide generalizability of this study if unsampled regions
differ greatly in terms of key characteristics. We observed
suggestive evidence of disparities in PFAS drinking water
contamination for additional racial/ethnic groups (Table S17).
However, these analyses were limited by low variation in these
sociodemographic factors among the counties included in this
study, which did not include certain regions with large
proportions of these groups. Future analyses with an expanded
geographic scope should further consider these sociodemo-
graphic groups.

3.7. Study Implications. Results of this study highlight the
current analytical challenge associated with detecting low-level
concentrations of PFAS in drinking water that have been
identified by the U.S. EPA in 2022 as a health concern (interim
LHA for PFOS: 0.02 ng/L, PFOA: 0.004 ng/L).32 The
proposed federal MCL for PFOS and PFOA of 4 ng/L is lower
than the uniform detection limit for state data in this work of §
ng/L.>" Our spatial analysis of PFAS sources showed that
drinking water concentrations were most strongly associated
with major industrial facilities and that a diverse group of
additional sources were associated with smaller increases in
PFAS concentrations. Strong and significant associations with
MFTA and civilian airports certified for AFFF use highlight the
broad scope of PFAS contamination from historic use of AFFF
across the U.S. Waste sector sources (WWTP, landfills) were
associated with smaller but significant contributions to PFAS
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contamination. Further improving large-scale models of
drinking water PFAS contamination at lower detection levels
will require additional spatial data on potential PFAS sources
that have not yet been confirmed on a national scale. Updates
to the U.S. EPA’s TRI® and additional reporting and
recordkeeping requirements under TSCA*® offer a solution
to the urgent need to fill this data gap and should be
prioritized.

Data considered in this study include a large proportion of
small CWS that rely on groundwater. This contrasts prior
national-scale analysis of UCMR 3 data that included primarily
large PWS and a relative greater proportion of systems
supplied by surface water. Significant associations between
waste sector sources and civilian airports in CWS watersheds
and PFAS detection were noted in this study for the first time,
likely indicating the potential for groundwater contamination
by a diverse array of PFAS pollution sources.

Both the locations of PFAS sources and PFAS concen-
trations in drinking water were positively and significantly
associated with the proportion of non-Hispanic Black and
Hispanic/Latino residents served. Although there are many
additional PFAS exposure routes, disproportionate exposures
may occur for these populations and should be considered
when developing risk mitigation strategies for drinking water
contamination. PFAS sources and detection were inversely
related to the proportion of residents under the federal poverty
line in urban areas but positively associated with the
proportion of residents under the federal poverty line in
rural areas. The relationship between drinking water quality
and socioeconomic status appears to be complex, and the
structural factors linking drinking water quality and area-level
poverty in urban and rural areas warrant further consideration.
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