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Integrated Science for the Study of 
Perfluoroalkyl and Polyfluoroalkyl Substances 
(PFAS) in the Environment  
 A Strategic Science Vision for the U.S. Geological Survey

By Andrea K. Tokranov, Paul M. Bradley, Michael J. Focazio, Dougals B. Kent, Denis R. LeBlanc,  
Jeff W. McCoy, Kelly L. Smalling, Jeffery A. Steevens, and Patricia L. Toccalino

Executive Summary

Overview

Concerns related to perfluoroalkyl and polyfluoroalkyl 
substances (PFAS) in sources of drinking water and in natural 
and engineered environments have captured national atten-
tion over the last few decades. Recent legislation such as the 
National Defense Authorization Act for Fiscal Year 2020 
(NDAA; Public Law 116–92, 133 Stat. 1198), which directs 
the U.S. Geological Survey (USGS) to carry out several activi-
ties related to PFAS, indicates that the study of PFAS is of 
importance to the U.S. Congress. In addition, topics related to 
PFAS are of great interest to a variety of external stakeholders, 
as demonstrated by ongoing Federal and State actions related 
to standards or guidelines for PFAS in drinking water or other 
environmental media (Longsworth, 2020; Post, 2020).

This report provides an overview of the science gaps that 
exist in the fields of study related to PFAS that are relevant 
to the USGS mission and identifies opportunities where the 
USGS can help address these gaps on the basis of the agency’s 
capabilities and expertise. This document is intentionally 
composed to enable a flexible implementation of the sci-
ence, which ensures the scope of scientific studies is com-
mensurate with resources, stakeholder priorities, and other 
considerations. The integrated science activities envisioned 
in this document can be designed to address science needs at 
local, regional, and national scales and varying timeframes as 
stakeholders are engaged and their needs evolve. In this way, 
the vision has a broad scientific scope and is not intended to 
address the specific requirements of any current or pending 
legislation or regulatory action. Rather, this document is an 
information resource for USGS scientists who are prioritiz-
ing and planning research related to PFAS and may be useful 
for developing partnerships with other scientists, agencies, 
and stakeholders.

Vision for an Integrated Science Approach to the 
Study of PFAS in the Environment

An integrated science approach that encompasses both living 
and nonliving components of ecological systems will provide 
stakeholders with the understanding, tools, and data they 
need to study PFAS in the environment and support a range of 
decisions that identify, mitigate, or prevent hazards related to 
PFAS. The USGS can build on a broad range of interdisciplin-
ary, transdisciplinary, and external expertise and nationally 
consistent laboratory and field capabilities to support needed 
data collection and research. Studies focused on the life cycle of 
PFAS could provide a framework and actionable information for 
identifying and rectifying the most significant factors that may 
lead to hazards related to PFAS.

Photograph from www.pixabay.com
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Capabilities

The USGS has analytical capabilities, national groundwa-
ter-quality and surface-water-quality networks, and longstand-
ing partnerships with the following: (1) drinking-water and 
wastewater industries, (2) other Federal agencies (for example, 
U.S. Environmental Protection Agency, National Institutes 
of Health, Centers for Disease Control and Prevention, 
Department of Defense), and other Department of Interior 
bureaus, (3) State agencies, (4) Tribal Nations, (5) academic 
institutions, and (6) a range of local, regional, and national 
decision makers. The USGS workforce includes geologists, 
hydrologists, chemists, numerical modelers, programmers, 
statisticians, geographers, biologists, microbiologists, ecolo-
gists, wildlife toxicologists, pathologists, and epidemiologists, 
among others. Therefore, the execution of integrated science 
within a nationally consistent framework and oversight of 
field and laboratory protocols and approaches is a strength of 
the USGS.

The involvement of multiple Federal agencies, each with 
their own strengths, is necessary to tackle the multifaceted 
issues pertaining to PFAS. For example, the U.S. Environmen-
tal Protection Agency is engaged in monitoring the presence of 
PFAS in sources of drinking water, has provided non-enforce-
able health-based advisories for a limited number of PFAS, 
and has indicated its intent to initiate the process to evaluate 
the need for enforceable drinking-water-concentration limits 
for perfluorooctanoate (PFOA) and perfluorooctane sulfonate 
(PFOS) (U.S. Environmental Protection Agency, 2019a).

Because the USGS is a nonregulatory agency that 
provides scientific information to the public, the design and 
implementation of its research on PFAS can broaden and 
enhance national databases and the understanding of scientific 
processes. Therefore, USGS research opportunities to increase 
our understandings of PFAS and provide actionable informa-
tion for a range of decision makers and researchers include 
study of (1) a broader range of PFAS and their precursors 
beyond those currently under investigation by regulatory agen-
cies, (2) the fate and transport properties of PFAS in a range 
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of environmental settings, (3) the environmental pathways 
that expose humans and biota to PFAS, (4) the national-scale 
occurrence of PFAS in water resources and in the tissues of 
aquatic and terrestrial wildlife, (5) the bioaccumulation and 
trophic transfer of PFAS, and (6) the ecological hazards and 
toxicities resulting from exposures to PFAS.

The nationally consistent capabilities and field and 
laboratory protocols in USGS science centers across the 
United States create opportunities to integrate scientific and 
technical expertise from many natural-science disciplines such 
as geology, hydrology, chemistry, microbiology, ecology, and 
toxicology. These capabilities are highlighted in this document 
as the underpinnings of crosscutting science opportunities, 
identified through literature reviews and gap analyses, for the 
study of PFAS.

Fiscal Support

This vision document identifies short-term (1 to 2 years) 
science opportunities related to the study of PFAS that the 
USGS could address using existing resources as well as 

long-term (3 or more years) science opportunities. The science 
gaps and approaches presented here can be scoped up or down 
depending on priorities at the time of implementation.

Science Opportunities That the USGS Could 
Address

The science opportunities identified herein are integral 
to the strategic vision for the USGS’s study of PFAS and 
represent priorities for USGS scientists who are planning 
PFAS research. They are intentionally independent of scale 
and scope; thus, integrated science activities aligned with 
these priorities can be designed to address local, regional, and 
national scales and varying timeframes as stakeholder needs 
change. The major scientific opportunities for USGS identified 
through literature reviews and gap analyses are summarized 
below and are presented as short-term and long-term oppor-
tunities for each of seven key individual science topics that 
can incorporate the study of PFAS. The integration of these 
topics is summarized as well. These opportunities are listed in 
table ES.1 and described in individual sections.
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Table ES.1. Scalable science opportunities for studying PFAS determined through literature reviews and gap analyses.

[ng/L, nanogram per liter; PFAA, perfluoroalkyl acid; PFAS, perfluoroalkyl and polyfluoroalkyl substances; USGS; U.S. Geological Survey; <, less than]

Science opportunities that could be addressed by USGS capabilities, by chapter or section
Short term 
(1–2 years)

Long term 
(3+ years)

2.1. Sampling protocols and analytical methods

Aqueous analytical methods that are suitable for a variety of matrices (surface water, groundwater, and so on) Yes No
Standardized field sampling protocols for water and other matrices Yes No
Extraction and analytical method(s) for biological tissues No Yes
Extraction and analytical method(s) for sediment or soil Yes No
Low-detection-limit (<1–5 ng/L) aqueous analytical methods that are suitable for a variety of low-concentration 

samples (drinking water, and so on) Yes No

Analytical method(s) for nonhuman plasma No Yes
Sampling protocol and analysis method implementing the total oxidizable precursor assay to estimate PFAA 

precursor concentrations No Yes

Extractable organic fluorine sampling protocol and analysis method for water to screen large numbers of 
samples for PFAS and nontarget methods to identify unique structures of PFAS Yes Yes

Development of methods to facilitate onsite rapid detection of PFAS compounds, such as sensors for PFAS sur-
rogates or proxies reflecting strength of PFAS sources Yes Yes

Development of passive samplers for aqueous sampling of PFAS No Yes
2.2. Environmental sources and source apportionment

Develop models and identify data for quantifying or assessing source contributions of PFAS to watersheds and 
aquifers due to municipal and other wastewater effluents (source apportionment) No Yes

Develop models and identify data for quantifying or assessing source contributions of PFAS to watersheds and 
aquifers due to runoff and leaching from agricultural practices, including municipal biosolids applications 
(source apportionment)

No Yes

Quantification of the relative environmental contributions of the above and other sources such as atmospheric 
deposition (source apportionment) using data and models No Yes

2.3. Environmental occurrence
National evaluation of the occurrence of PFAS, co-contaminants, water-quality parameters, and explanatory 

factors in ambient water resources1 Yes Yes

National evaluation of the occurrence of PFAS, co-contaminants, water-quality parameters, and explanatory 
factors in water resources used for drinking water and (or) recreation No Yes

National targeted reconnaissance of PFAS in streams and aquifers where water resources are used to supply 
drinking water and sources of PFAS are known or suspected Yes Yes

Modeling to predict PFAS concentrations in unmonitored locations in the future and for evaluation of spatial 
and temporal trends in composition and concentrations of PFAS No Yes

National evaluation of PFAS and related co-contaminants in soils (including those in agricultural, forested, 
urban, and suburban settings) No Yes

National evaluation of PFAS and related co-contaminants in biota (including a range of tissue and plasma) No Yes
Comprehensive list detailing the most frequently detected PFAS in the environment Yes Yes
National maps showing occurrence of PFAS in water resources, soils, atmospheric deposition, and biota to 

inform management actions and decision making Yes Yes

2.4. Environmental fate and transport
A database of properties, reactions, and equations for quantitative prediction of transport using chemical reac-

tions (reactive transport) Yes Yes

Solid-to-water and air-to-water sorption of PFAS under a variety of hydrobiogeochemical conditions Yes Yes
Field studies of PFAS to validate laboratory experiments Yes Yes
Abiotic and biotic mechanisms, transformation rates, and transformation products of PFAS under a variety of 

hydrobiogeochemical conditions No Yes

Reactive transport models and other decision tools for estimating transport of PFAS plumes from sources to 
receptors in space and time No Yes

Enhanced understanding of ecological pathways that support movement of PFAS in and through biota, food 
webs, and so on No Yes
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Table ES.1. Scalable science opportunities for studying PFAS determined through literature reviews and gap analyses.—Continued

[ng/L, nanogram per liter; PFAA, perfluoroalkyl acid; PFAS, perfluoroalkyl and polyfluoroalkyl substances; USGS; U.S. Geological Survey; <, less than]

Science opportunities that could be addressed by USGS capabilities, by chapter or section
Short term 
(1–2 years)

Long term 
(3+ years)

2.5. Human and wildlife exposure routes
Systematic evaluation of human exposure to PFAS in water for human consumption or ingestion (publicly sup-

plied, privately supplied, bottled, and so on) Yes Yes

Assessment(s) of the relative importance of routes or mechanisms (inhalation, ingestion, sorption, and so on) 
and matrices or vectors (air, water, food, dust, soil, sediment, built environment, and so on) that expose 
humans to PFAS, performed in collaboration with public-health partners

No Yes

Field evaluation(s) of exposure to PFAS in targeted aquatic and terrestrial wildlife and important exposure 
routes across locations, life-cycle stages, populations, and food webs No Yes

2.6. Bioaccumulation and biomagnification
Quantification of bioaccumulation kinetics of PFAS in aquatic and terrestrial wildlife Yes Yes
Pharmacokinetic and pharmacodynamic studies to determine distribution of PFAS within aquatic and terrestrial 

wildlife No Yes

Determination of critical body residues (relation between uptake, bioaccumulation, and toxicity) within aquatic 
and terrestrial wildlife No Yes

Development and testing of models to predict bioaccumulation of PFAS in aquatic and terrestrial wildlife No Yes
Assessment of bioaccumulation, trophic transfer, and biomagnification across food webs No Yes

2.7. Ecotoxicology
Toxicology studies focusing on chronic exposures, sublethal endpoints, and sensitive species Yes Yes
Molecular and biochemical toxicology to determine mechanisms in aquatic and terrestrial wildlife No Yes
Toxicology studies examining PFAS that co-occur with other contaminants No Yes
Microcosm- or mesocosm-level studies that emulate field conditions No Yes

3. Vision for integrated science
Improved understanding of conceptual and other models and decision-support tools that provide actionable 

information for prediction, prevention, and mitigation of environmental hazards related to human exposure 
to PFAS through comprehensive evaluation and prioritization of sources, source apportionment, fate and 
transport, occurrence, and exposures

No Yes

Improved understanding of conceptual and other models and decision-support tools that provide action-
able information for prediction, prevention, and mitigation of environmental risk of exposure to PFAS in 
ecosystems through comprehensive evaluation and prioritization of sources, source apportionment, fate and 
transport, occurrence, exposures, and toxicity

No Yes

1As used here, “ambient water resources” are those resources necessary to maintain fish, wildlife, and other ecological needs. This term is distinct from the 
water resources used for public recreation or drinking water.
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Perfluoroalkyl and polyfluoroalkyl substances (PFAS) were first 
used around the 1940s and are a class of anthropogenic chemicals 
consisting of more than 4,000 unique compounds (Wang, DeWitt, and 
others, 2017; Organisation for Economic Cooperation and Development, 
2018). Definitions and abbreviations of PFAS used herein are provided in 
sidebar 1. The fluorinated chain portion of PFAS is resistant to chemical 
and thermal breakdown and imparts stain and water-resistance proper-
ties, making PFAS useful for a variety of commercial applications but 
also persistent in the environment. Many PFAS are surfactants and can be 
a constituent of aqueous film-forming foams used to fight hydrocarbon 
fires. PFAS have been used in nonstick coatings for consumer products 
(water-repellent fabrics, food packaging, nonstick cooking surfaces) 
and in industrial activities including metal plating and fluoropolymer 
and plastic production, among others (Interstate Technology Regulatory 
Council, 2017).

CHAPTER ONE
 Introduction

Sidebar 1—PFAS Terminology
PFAS This term is used to describe all perfluoroalkyl and polyfluoroalkyl substances and broadly encompasses the more 
than 4,000 compounds known to exist within the PFAS class.
PFAAs This term refers to perfluoroalkyl acids such as perfluorooctane sulfonate (PFOS) and perfluorooctanoate (PFOA), 
which are two of the most widely recognized PFAAs and the subject of current EPA drinking-water health advisories. 
PFAAs are fully fluorinated (that is, there is no hydrogen attached to carbon in the carbon chain). Although there are 
several PFAA structures, references to PFAAs in this document refer specifically to perfluoroalkyl carboxylates (such as 
PFOA) and (or) perfluoroalkyl sulfonates (such as PFOS), which have been the primary subject of research on PFAS and 
are measured in routine laboratory analysis. PFAAs are frequently referred to as “legacy” or “terminal” PFAAs because of 
their long history of use, their resistance to transformation into another compound, and their persistence in the environment. 
Specific PFAAs discussed within this document include the following: 

• perfluorobutane sulfonate (PFBS)

• perfluoroheptanoate (PFHpA)

• perfluorohexane sulfonate (PFHxS)

• perfluorononanoate (PFNA)

• perfluorooctane sulfonate (PFOS)

• perfluorooctanoate (PFOA)
Polyfluoroalkyl substances This term describes PFAS that are partially fluorinated. Some polyfluoroalkyl substances can 
break down in the environment to form terminal PFAAs and are referred to as PFAA precursors (see next definition).
PFAA precursors This term describes compounds that can transform into terminal PFAAs that are typically resistant to 
further transformation in the environment.
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Sources of PFAS to the external environment include 
(1) wastewater effluent, (2) landfill leachate, (3) biosolids (the 
solid materials remaining after treatment of sewage) that are 
applied onto the landscape, (4) aqueous film-forming foam 
(used to fight hydrocarbon-fueled fires) released to the envi-
ronment, (5) consumer products used outdoors (for example, 
ski waxes), and (6) PFAS released by production and manu-
facturing facilities (Interstate Technology Regulatory Council, 
2017). Because of the wide variety of uses, PFAS have been 
found in many environments and organisms globally, includ-
ing in atmospheric particulate matter (Lin and others, 2020) 
and in tissues and blood from polar bears in the Arctic (Smith-
wick and others, 2005; Spaan and others, 2020). Human expo-
sure to PFAS primarily occurs through ingestion of drinking 
water and food and through inhalation of air and atmospheric 
particulates (including both household and outdoor dusts; Sun-
derland and others, 2019; De Silva and others, 2021).

Most PFAS research to date has focused on perfluoroal-
kyl acids (PFAAs) such as PFOS and PFOA (sidebar 1). PFAA 
precursor compounds are PFAS that can transform to PFAAs 
under both abiotic and biotic conditions (Houtz and others, 
2013; Mejia-Avendaño and others, 2016). Exposures to PFAS 
are a concern because of their documented adverse effects on 
the immune system, lipid regulation, liver function, reproduc-
tive system, physical development, and thyroid function in 
wildlife and humans (Lau and others, 2004; Fuentes and oth-
ers, 2007; Abbott and others, 2009; Behr and others, 2020).

In 2016, the U.S. Environmental Protection Agency 
(EPA) introduced the current non-enforceable lifetime-human-
health advisory for drinking water (the level below which it 
is anticipated that all people will be protected from adverse 
health effects from a lifetime of exposure to these compounds 
though drinking water), which is set at 70 nanograms per liter 
(ng/L) for the combined concentrations of PFOS and PFOA, 
two legacy PFAAs of recognized human-health concern. The 
2019 EPA PFAS Action Plan indicated the agency’s intent to 
initiate steps to evaluate whether maximum contaminant levels 
(the highest level of a contaminant that is allowed in drinking 
water) for PFOA and PFOS are needed (EPA, 2019a). The 
Centers for Disease Control and Prevention (CDC) and the 
Agency for Toxic Substances and Disease Registry devel-
oped minimal risk levels (MRLs) for four PFAS compounds 
(Agency for Toxic Substances and Disease Registry, 2018). 
These MRLs were stated as dosages, which convert to con-
centrations in drinking water ranging from 52 to 517 ng/L for 
adults and 14 to 140 ng/L for children, assuming an average 
adult’s or child’s weight and water consumption (Agency for 
Toxic Substances and Disease Registry, 2018). Many States 
have enacted or proposed maximum contaminant levels or 
guidance values for select PFAS, some of which are lower 
than the concentrations in the EPA’s lifetime-human-health 
advisory for drinking water (Longsworth, 2020; Post, 2020).

The widespread occurrence of PFAS in the environment 
compounded with a multitude of sources in the built environ-
ment (consumer products, air, dust, food, food packaging, 
and so on) requires detailed knowledge of complex human 
exposure routes to effectively design management strategies to 
protect human health. Studies quantifying exposure from vari-
ous sources have identified food, drinking water, air, and dust 
as major contributors to the burden of PFAS in humans (Haug 
and others, 2011; Hu and others, 2019; De Silva and others, 
2021). Additional work on exposure routes considering life 
stage, lifestyle, regional location, and other factors is needed 
to fully understand the complexity of human exposure.

The ecological effects of PFAS on aquatic and terrestrial 
organisms are highly dependent on exposure routes, species 
sensitivity to PFAS, and bioaccumulation and trophic transfer 
of PFAS. Although numerous studies on the ecotoxicity of 
PFAS have been conducted for aquatic organisms, terrestrial 
invertebrates and plants, and mammals (Interstate Technology 
Regulatory Council, 2020), there are few ecological guideline 
values and currently no Federal ecological criteria or guideline 
values in the United States.

The increasing scientific and public awareness of the 
widespread distribution of PFAS in U.S. drinking-water sup-
plies and aquatic habitats has raised many public-health and 
resource-management issues that USGS science can help 
inform. There are a number of external drivers that support 
and inform the direction of USGS science related to PFAS. 
Such drivers include actions taken by Congress or the U.S. 
Department of the Interior and the needs of USGS stakehold-
ers and partners. For example, the National Defense Authori-
zation Act for Fiscal Year 2020 (NDAA; Public Law 116–92; 
133 Stat. 1198) highlights several activities related to PFAS 
that USGS could support, such as establishing a performance 
standard (laboratory analytical method) to detect PFAS com-
pounds and carrying out nationwide sampling for PFAS in a 
variety of water, soil, and other media such as fish tissue.

The focus of this document’s vision is to identify exist-
ing data and science gaps related to the study of PFAS and 
determine how USGS capabilities can help address those gaps. 
Although there are areas of overlap between the NDAA and 
the science gaps laid out in this USGS strategic science vision 
document, this document identifies additional data gaps that 
go well beyond those outlined in the NDAA. The contamina-
tion of and potential adverse ecological effects on the environ-
ment by PFAS are complex problems best addressed using an 
integrated science approach, which provides a hydrogeology-, 
geochemistry- and ecotoxicology-based context at the water-
shed, regional, and national scales. This document provides a 
strategic vision for an integrated science approach to the study 
of PFAS at the USGS.
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CHAPTER TWO
 Science Needs, Data Gaps,   
 and Opportunities for PFAS  
  Monitoring, Assessment,
     and Research Activities

2.1. Sampling Protocols and Analytical Methods

2.1.1. State of the Science
Standardized protocols for collecting environmental sam-

ples to analyze for PFAS are not yet available. Guidance docu-
ments are available, however, and they describe the materials 
and techniques considered to reflect current best practices. For 
example, the U.S. Department of Defense (DOD) published 
a document about selecting the proper sampling vessel and 
other considerations when sampling for PFAS (Department of 
Defense, 2017).

With the exception of selected laboratories, analytical 
methods to date have primarily concentrated on a limited num-
ber of PFAS (usually around 24–40 substances), and analyses 
are typically completed using liquid chromatography-tandem 
mass spectrometry (LC–MS/MS). As of August 2021, there 
were two published methods available from the EPA: Methods 
537.1 and 533, which focus on the quantification of a total 
of 29 PFAS in drinking water (Shoemaker and Tettenhorst, 
2018; Rosenblum and Wendelken, 2019). Alternatively, EPA 
Method 8327 quantifies PFAS in surface water, groundwater, 
and wastewater by external standard calibration (EPA, 2019b). 
However, the quantification of PFAS is more reliably achieved 
using isotope dilution or internal standard quantitation (EPA 
Methods 537.1 and 533) instead of quantification by external 
standard calibration (EPA Method 8327) because internal 
standards are better able to account for matrix interference 
and variability introduced during sample preparation and 
analysis (EPA, 2021a). The EPA, in collaboration with the 
DOD, recently (August 2021) released Draft Method 1633 for 
the analysis of PFAS in aqueous, solid, biosolid, and tissue 

samples using isotope dilution or extracted internal standard 
quantification (EPA, 2021a). Single-laboratory validation 
has not yet been completed for Draft Method 1633, and this 
method will not be finalized until multi-laboratory validation 
is complete. In a partial response to this gap in formalized 
methods, the USGS has completed the validation of and is in 
the documentation and method-approval stages for an aque-
ous direct-injection isotope-dilution method that is expected 
to measure concentrations of approximately 34 PFAS and 
could be suitable for analyzing wastewater, surface water, and 
groundwater. This type of analysis is currently being offered 
by USGS as a custom method (J. McCoy, U.S. Geological 
Survey, written commun., 2020). Contract and academic labo-
ratories have developed nonstandardized methods for mea-
suring PFAS in solid and biological matrices in the absence 
of a published EPA method (prior to the availability of Draft 
Method 1633).

Nontarget methods (methods that allow for identifica-
tion of both known and unknown compounds) using high-
resolution mass-spectrometry instrumentation (such as ion trap 
or quadrupole time-of-flight [QTOF] mass analyzers) have 
become popular because of their ability to identify and detect 
emerging compounds, such as those created as replacements 
for PFOS and PFOA (Barzen-Hanson and others, 2017b; 
McCord and Strynar, 2019). Nontarget methods do not quan-
tify compounds for which no available standards are available, 
although semiquantitative approaches for estimating concen-
trations of identified compounds have been proposed (Song 
and others, 2020).
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There are other techniques that differ from nontarget 
analysis; however, although they cannot distinguish indi-
vidual molecules, they can be used to estimate concentrations 
of unquantified PFAS. The total oxidizable precursor (TOP) 
assay oxidizes PFAA precursors into individual PFAAs that 
can be quantified by LC–MS/MS as described above; the TOP 
assay has been used increasingly in recent years (Houtz and 
Sedlak, 2012; Houtz and others, 2013). The TOP assay pro-
duces a total estimated molar precursor concentration and pro-
vides some insight into the molar mass of precursors that can 
be broken down to PFAAs naturally in the environment. The 
precursor concentrations from the TOP assay are an estimate 
because some precursors may not be transformed and stan-
dardized targeted methods may not capture all transformation 
products (Zhang, Hopkins, and others, 2019). More broadly, 
there are research methods that measure the total extractable 
organofluorine (EOF; Miyake and others, 2007; Yeung and 
others, 2008; Spaan and others, 2020) and total fluorine (Ritter 
and others, 2017; Schaider and others, 2017; Koch and others, 
2019; Tokranov and others, 2019) in samples. These methods 
can be used to estimate total concentrations of PFAS in solid 
and aqueous matrices.

New extraction techniques for sediment and soil have 
been developed. Sediment extraction protocols were primar-
ily developed for legacy PFAAs (anionic PFAS); therefore, 
they frequently employ an alkaline methanol extraction, 
which is inefficient at extracting all PFAS and may result in 
the transformation of PFAA precursors (McGuire and others, 
2014; Munoz and others, 2018). Newer methods have been 
developed that target a wider range of PFAS compounds. For 
example, methanol with ammonium acetate was found to 
optimize the extraction of 86 PFAS compounds from sediment 
(Munoz and others, 2018).

Additionally, more cost effective and potentially field 
deployable methods of screening for PFAS are under develop-
ment. For example, Australia’s Cooperative Research Centre 
for Contamination Assessment and Remediation of the Envi-
ronment has produced an anion surfactant test kit (astkCARE) 
that uses a colorimetric indicator to detect surfactants (Coop-
erative Research Centre for Contamination Assessment and 
Remediation of the Environment, 2020). This technology is 
applicable to PFAS because many of them are surfactants, but 
the detection limit is 10,000 ng/L (for total anion surfactants), 
and interference by other surfactants is problematic; however, 
this technology could be used as a screening tool for severe 
contamination. An electrochemical method utilizing bubble 
nucleation for detection of PFAS has been developed with 
a high specificity to PFOS and PFOA; the detection limits 
are 30,000 ng/L without preconcentration and 70 ng/L with 
preconcentration (Ranaweera and others, 2019). The recent 
development of an electrochemical method for quantifying 
PFOS at concentrations as low as 1 picomole per liter (0.5 
ng/L PFOS) in simple aqueous matrices (Cheng and others, 
2020) illustrates the potential for the future development of 
probes or sensors. Passive samplers (predeployed devices) 

have also been investigated for collecting time-integrated 
aqueous and atmospheric samples. For aqueous sampling, the 
polar organic chemical integrative sampler has been tested 
primarily with legacy PFAAs (anionic PFAS), whereas poly-
urethane foam and sorbent-impregnated polyurethane foams 
have been used for particle-phase atmospheric sampling (Lai 
and others, 2019).

2.1.2. Science Gaps

2.1.2.1. Sampling and Extraction Protocols
Protocols for environmental sampling are needed by 

researchers, Federal and State agencies, and others. The USGS 
is expected to develop nationally consistent field-sampling 
protocols for PFAS for inclusion in the USGS National Field 
Manual (U.S. Geological Survey, 2018). Nationally consistent 
sampling protocols are critical to allow for the meaningful 
comparison of data collected across the country by multiple 
personnel, but no standardized sampling protocol currently 
exists. Small differences, such as collecting variable sample 
volumes or using different types of containers, can have major 
ramifications for detection limits and sample recovery (for 
example, loss of PFAS to container walls).

Although there is some information on field and labo-
ratory materials (containers, aluminum foil, nitrile gloves, 
plastic bags, and so on) that have been tested and determined 
to be free of PFAS (Rodowa and others, 2020), no comprehen-
sive comparison of materials has been conducted to determine 
which specific items are optimal for reducing contamination 
and providing a representative sample (through spike recov-
ery tests). Beyond the legacy PFAA class, it is not generally 
known if or how extensively a sample’s integrity is affected 
by phenomena such as sorption of PFAS to the sampling 
equipment, volatilization losses, transformation of PFAS 
after collection, and subsampling biases caused by sorption 
of PFAS to both container-to-water and air-to-water inter-
faces. Extraction protocols for sediment and biological tissues 
require extensive research to ensure the best possible recovery 
of PFAS compounds.

Validations of passive samplers to estimate concentra-
tions of PFAS in the environment are currently needed, 
particularly for sampling the aqueous phase (Lai and others, 
2019). Kinetic studies assessing the uptake and loss of PFAS 
and studies designed to address issues of flow, temperature, 
fouling, and so on, are important in the development of effec-
tive passive samplers. Studies also are needed to assess the 
feasibility of sampling PFAS beyond the typical legacy PFAAs 
by using passive samplers (Lai and others, 2019).

2.1.2.2. Analytical Methods
Standardized, validated laboratory methods to measure 

the expansive class of PFAS in solids, biota, water, blood, 
aqueous film-forming foam, air, food, and other matrices are 
needed to create reproducible datasets with the same analytes 
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and detection limits for comparison across studies. New 
standards are needed to quantify the range of PFAS identi-
fied in the environment and allow targeted LC–MS/MS and 
gas chromatography-tandem mass spectrometry methods to 
be expanded. Both EOF and TOP methods need to be further 
developed and standardized for environmental and biological 
samples. Techniques to streamline nontarget analyses to iden-
tify new PFAS are needed. Finally, new cost-effective, field-
applicable screening methods are required to support broad 
surveys over space and time to identify areas contaminated 
by PFAS for subsequent targeted analyses using more costly 
methods, such as LC–MS/MS. Additionally, new technolo-
gies for quantitative detection and analysis in the laboratory 
are necessary. In particular, analytical methods capable of 
total organic fluorine analysis at environmental concentra-
tions without extraction or preconcentration steps would be a 
significant contribution to the field.

Although detection and reporting limits may vary accord-
ing to a study’s needs, developing the capability to quantify 
targeted PFAS at very low levels (less than or equal to 1 ng/L) 
in drinking water is a high priority and may be necessary for 
studies of other types of water. This capability is especially 
important given the low concentration limits that are increas-
ingly specified by States and are based on health-centric 
approaches (Post, 2020). It is vital that the reporting limits are 
substantially lower than health benchmarks; otherwise, the 
concentrations of PFAS may exceed the health benchmark(s) 
but may not be reported as being detected (EPA, 1989; Toc-
calino and others, 2010). Currently, the detection limits for 
drinking-water analytical methods from the EPA (537.1 and 
533) are typically in the range of 1 to 10 ng/L. However, 
detection and reporting limits of at least an order of magnitude 
lower are needed, particularly to detect the legacy class of 
PFAAs, because advisory levels are already less than 10 ng/L 
for some States (Longsworth, 2020; Post, 2020).

2.1.2.3. Quality Control
Although it is not necessary for every laboratory to 

follow the same protocol, it is important that the data pro-
duced by Federal agencies are compatible. Currently, direct 
comparisons of data from Federal PFAS laboratories using 
split samples and other laboratory validation techniques are 
limited. For laboratories that do not use published methods, 
the documentation of quality assurance and quality control is 
often limited.

2.1.3. USGS Capabilities and Expertise
The USGS has the capability to address many of the 

above gaps, particularly those related to sampling and analyz-
ing water, sediment, soil, and biota. The USGS has a long his-
tory of developing sampling protocols, which are documented 
in the “National Field Manual for the Collection of Water-
Quality Data” (U.S. Geological Survey, 2018), and producing 
quality-controlled data that document the concentrations of a 
large variety of constituents in water.

Research methods for sediment or biota extraction and 
analysis, TOP assay implementation, and other methods can 
be developed by or in collaboration with others (academic 
institutions, other Federal agencies, and so on), then validated 
and adopted by the USGS. To develop the needed analytical 
methods, the USGS can access the skills of research scientists 
at various laboratories located across the country. These labo-
ratories routinely determine water quality and perform organic 
chemistry, geochemistry analyses, isotope analyses and more. 
Many of these laboratories already have the appropriate instru-
mentation for quantitative PFAS analysis. PFAS water analysis 
is already available as an internal custom method at the 
National Water Quality Laboratory (NWQL) in Colorado (J. 
McCoy, U.S. Geological Survey, written commun., 2020). The 
new PFAS laboratory at the Eastern Ecological Science Center 
Leetown Research Laboratory is expected to develop methods 
for the analysis of nonhuman plasma and biological tissues (T. 
O’Connell, U.S. Geological Survey, oral commun., 2021).

Several USGS laboratories already possess QTOF or 
other high-resolution mass spectrometry capabilities for non-
target analysis that are currently used for research and explor-
atory work and may be available for studies on PFAS. The 
development and expansion of nontarget-data-postprocessing 
capabilities would allow for additional high-resolution mass 
spectrometry sample analyses at larger scales. The passive 
sampling of aqueous media is an area where the USGS could 
expand its work. Preliminary research on passive samplers 
includes (1) the development of sampling for and analysis 
of PFAS using polar organic chemical integrative sampler 
technology (U.S. Geological Survey, 2020) and (2) the use 
of regenerated cellulose dialysis membranes (Imbrigiotta and 
Fiore, 2021). The examination of next-generation water-qual-
ity sensors in selected basins as part of the Next Generation 
Water Observing Systems is expected to present an oppor-
tunity to examine potential proxies (surrogates) for inferring 
the presence of and estimating the concentrations of PFAS, 
especially concentrations above regulatory or health advisory 
limits. Finally, the USGS is expected to investigate instru-
mentation that allows for EOF analysis, which could provide 
a bulk concentration estimate of all extractable organic PFAS 
without the identification of individual compounds.

It is imperative that the USGS work with other Federal 
partners, such as the EPA and DOD, to ensure standardized 
sampling, measurement, and quality-control methods to maxi-
mize consistency and reproducibility across agencies, with the 
recognition that Federal agencies will need some flexibility to 
tailor methods to meet their needs. The USGS is currently par-
ticipating in the interagency PFAS Technical Working Group, 
which provides an avenue to exchange updated information 
on the development, progress, and advancement of PFAS 
research methods. Additional collaboration and interlaboratory 
method testing and development with academic institutions 
and the private sector are required to keep USGS research on 
PFAS relevant and responsive.
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2.1.4. USGS Science Opportunities

2.1.4.1. Short-Term Opportunities
The USGS is expected to develop a nationally consistent 

protocol for the collection of groundwater and surface-water 
samples for PFAS analysis and also is expected to publish this 
protocol in the USGS National Field Manual for the Collec-
tion of Water-Quality Data (U.S. Geological Survey, 2018). 
The sampling protocol is expected to be validated for a tar-
geted analyte list that aligns with the aqueous direct-injection 
isotope-dilution analytical method that is available as a custom 
method at the NWQL (J. McCoy, U.S. Geological Survey, 
written commun., 2020). The aqueous analytical method may 
be suitable for surface water, groundwater, and wastewater 
and currently contains 34 PFAS compounds. The new USGS 
sampling protocols and analytical methods for PFAS are 
also expected to meet the requirements of the NDAA, which 
requires the USGS, in consultation with the EPA, to establish 
a performance standard for detecting as many environmentally 
relevant, highly fluorinated compounds as possible using vali-
dated analytical methods. The act also authorizes the USGS 
to develop a training program that focuses on the appropriate 
method of collecting and analyzing samples for highly fluori-
nated compounds (Public Law 116–92, 133 Stat. 1198).

Following the completion of an approved and published 
aqueous direct-injection isotope dilution method, the NWQL 
is expected to develop a new method for analyzing aqueous 
samples to achieve lower detection limits and improve sample 
cleanup for complex matrices using an online solid-phase-
extraction system (table 1); the initial testing of this method is 
already underway. Standard operating procedures for labora-
tories are expected to be written for both fish plasma analysis 
and implementation of the TOP assay for aqueous samples; 
the initial testing of these methods has already begun at the 
NWQL. Laboratory standard operating procedures are also 
expected to be developed for the extraction and analysis of 
biological tissues and sediment or soil by adapting methods 
such as those published by the EPA (2021a). 

2.1.4.2. Long-Term Opportunities
The USGS could invest in the development of an 

EOF sampling protocol and analysis method to allow for 
an estimate of the total concentration of PFAS in environ-
mental samples. The USGS expects to use a combustion ion 
chromatograph for the purpose of organic fluorine analysis. 
Depending on how quickly a method is developed, EOF 
analysis could be available in the short term. The USGS could 
follow the development of novel methods for the rapid identi-
fication of PFAS in water so that they could be tested in field 
applications. These methods could include (1) the implementa-
tion of sensors for target PFAS and surrogates (such as anionic 
surfactants) or (2) the development of sets of measurements 
that could be used as proxies for identifying where PFAS are 
likely to be present at concentrations above health advisory 
guidelines. The USGS could also invest in the development of 
passive samplers for low-cost time-integrated sampling.
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Table 1. Scalable science opportunities, determined through literature reviews and gap analyses, that support the study of sampling 
protocols and analytical methods related to PFAS (section 2.1).

[ng/L, nanogram per liter; PFAA, perfluoroalkyl acid; PFAS, perfluoroalkyl and polyfluoroalkyl substances; USGS; U.S. Geological Survey; <, less than]

Science opportunities that could be addressed by USGS capabilities
Short term 
(1–2 years)

Long term 
(3+ years)

Aqueous analytical methods that are suitable for a variety of matrices (surface water, groundwater, and so on) Yes No
Standardized field sampling protocols for water and other matrices Yes No
Extraction and analytical method(s) for biological tissues No Yes
Extraction and analytical method(s) for sediment or soil Yes No
Low-detection-limit (<1–5 ng/L) aqueous analytical methods that are suitable for a variety of low-concentration 

samples (drinking water, and so on)
Yes No

Analytical method(s) for nonhuman plasma No Yes
Sampling protocol and analysis method implementing the total oxidizable precursor assay to estimate PFAA 

precursor concentrations
No Yes

Extractable organic fluorine sampling protocol and analysis method for water to screen large numbers of 
samples for PFAS and nontarget methods to identify unique structures of PFAS

Yes Yes

Development of methods to facilitate rapid onsite detection of PFAS compounds, such as sensors for PFAS sur-
rogates or proxies reflecting strength of PFAS sources

Yes Yes

Development of passive samplers for aqueous sampling of PFAS No Yes

2.2. Environmental Sources and Source 
Apportionment

2.2.1. State of the Science
The sources of PFAS to the environment include waste-

water effluent, stormwater runoff, biosolids application, 
landfill and septic system leachate, aqueous film-forming 
foam releases, industry releases, and releases from the use of 
consumer products (Venkatesan and Halden, 2013; Anderson 
and others, 2016; Houtz and others, 2016; Lang and others, 
2017; Weber and others, 2017; McCord and Strynar, 2019; 
Masoner and others, 2020). PFAS can be released into the 
atmosphere, the unsaturated zone, groundwater, surface water, 
or the oceans. There are several studies on global emission 
inventories for legacy PFAAs (Wang and others, 2014; Wang, 
Boucher, and others, 2017). Although the emissions of many 
PFAS remain unquantified, several studies have been con-
ducted on contamination by PFAS in the environment that 
provide information on the spatial distribution and concentra-
tions of PFAS. For example, a summary of contamination by 
PFAS resulting from releases of aqueous film-forming foam 
in areas on U.S. Air Force bases other than fire-training areas 
is provided by Anderson and others (2016). Additionally, an 
analysis of PFAS in biosolids sampled from 94 wastewater 
treatment facilities across 32 States and the District of Colum-
bia (Venkatesan and Halden, 2013) provides insight into the 
widespread nature of PFAS in biosolids. Additional informa-
tion on sources of PFAS is expected to become available in 
the future. The EPA’s PFAS action plan details a short-term 
goal of compiling information on the sources of PFAS using 

a mapping tool (EPA, 2019a). The NDAA directed that 172 
PFAS be added to the EPA toxics release inventory; adding 
the additional PFAS is expected to aid in providing data on the 
releases of those PFAS compounds. Such information on the 
sources of the release of PFAS into the environment is needed 
to inform future monitoring activities and to support environ-
mental modeling.

Given the many sources of PFAS in the environment, 
there is significant interest in source apportionment (quantify-
ing the contribution of various sources of PFAS to the environ-
ment). Source apportionment can be achieved using receptor 
models, which rely on measurements of the composition of 
PFAS in environmental samples. Receptors in these models 
can be environmental (such as a surface-water body or a wild-
life preserve) or ecological (such as fish, birds, or humans). 
Unique or characteristic compositions can help receptor 
models identify and differentiate complex sources of PFAS. 
These receptor models can therefore benefit from distinctive 
compositions of PFAS that arise from changes in the industrial 
use and production of PFAS over time, the introduction of new 
PFAS compounds to the market, and the presence of isomers 
(same chemical formula but different structures) in environ-
mental samples. The feasibility of determining source appor-
tionment using receptor models or other statistical methods 
has been demonstrated by several studies (Zhang, Lohmann, 
and others, 2016; Qi and others, 2017; Li and others, 2020). 
Zhang, Lohmann, and others (2016) used principal component 
analysis and hierarchical clustering coupled with geospa-
tial analysis to identify sources of PFAS in surface waters. 
Another approach to source apportionment is to develop 
mechanistic models or mass balance models. For example, 
global models for selected PFAS have been simulated using 
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the mass balance model, Global Distribution Model for Persis-
tent Organic Pollutants (GloboPOP), to incorporate emission 
estimates of direct sources of PFAS (Armitage and others, 
2006; Wania, 2007).

2.2.2. Science Gaps
Although global emission inventories already exist for 

selected PFAS (Wang and others, 2014; Organisation for Eco-
nomic Cooperation and Development, 2015; Wang, Boucher, 
and others, 2017), the locations, magnitudes (point versus non-
point sources), composition, and temporal trends of releases to 
the environment are largely unknown on a regional or national 
scale. There is no national inventory of PFAS discharged to 
the environment through wastewater effluent in the United 
States, and the loading of PFAS through biosolids has not been 
determined at a regional scale. There is also a lack of data on 
the spatial and temporal variability in the concentration and 
composition of PFAS associated with wastewater effluent and 
biosolids. Finally, the use and production of PFAS generated 
as replacements for PFOS and PFOA are not well quantified.

A continued analysis of compositions of major sources 
of PFAS to the environment is needed to support source 
apportionment techniques. Source apportionment recep-
tor models do not typically account for the aging process of 
PFAS in the environment (Qi and others, 2017). For example, 
the initial composition of aqueous film-forming foam may 
include a large fraction of PFAA precursors that can transform 
abiotically and biotically in the environment to intermediate 
precursors and (or) terminal PFAAs (Houtz and others, 2013; 
Harding-Marjanovic and others, 2015), resulting in a compo-
sitional profile that differs from that of the original aqueous 
film-forming foam. Similarly, compounds with shorter chain 
lengths (and branched isomers) experience less retention to 
solid surfaces than compounds with longer chain lengths and 
therefore are more mobile in the environment; PFAS with long 

chain lengths are not expected to migrate as quickly from their 
sources compared to those with short chain lengths.

In addition to receptor models, advances are needed in 
mechanistic models to determine source apportionment. The 
additional 172 compounds added to the EPA toxics release 
inventory as a result of the NDAA and the expected EPA map 
of PFAS sources (EPA, 2019a) may enable mechanistic mod-
els to predict environmental concentrations of PFAS and deter-
mine source apportionment before impacts to human health or 
ecosystems occur. Such models are needed to provide decision 
makers with scientifically defensible information to protect 
water resources (Focazio and others, 2002), but currently the 
models are limited.

2.2.3. USGS Capabilities and Expertise
The USGS has investigated wastewater treatment plants, 

fire training areas, and landfill leachate as sources of PFAS 
to the environment (Weber and others, 2017; Masoner and 
others, 2020). These types of assessments can provide the 
basis for developing source apportionment techniques. The 
USGS has experience in geospatial analysis and statistical and 
mechanistic modeling, which lend themselves to identifying 
potential sources of PFAS and the natural or anthropogenic 
factors driving the occurrence and distribution of PFAS in the 
environment. Using these tools, the USGS could quantify the 
source contributions of PFAS in industrial waste, wastewater 
effluents, runoff, leaching from biosolids, atmospheric deposi-
tion, and other sources of PFAS to watersheds and aquifers. 
For example, the USGS’s spatially referenced regression on 
watershed attributes (SPARROW) models can predict con-
taminant loading to water bodies by using occurrence data, 
knowledge of contaminant sources, and hydrogeological 
information (Saad and Preston, undated). SPARROW models 
are also capable of tracking contaminants downstream from 
a source and can keep track of sources such as septic systems 
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and wastewater treatment plants along downstream reaches. 
SPARROW models were used for a source apportionment 
study on nutrients in Tennessee streams (Hoos and others, 
2019) and to create a mapping tool to calculate the impact 
of multiple wastewater treatment plant discharges into the 
Shenandoah River watershed (Kandel and others, 2017). 
Bayesian mass-balance mixed models have also been devel-
oped to determine the fractional contribution of the dominant 
sources of nitrate to groundwater (Ransom and others, 2016). 
Models developed for nutrients, including the SPARROW and 
Bayesian mass-balance mixed models, have the potential to 
be used for modeling the source apportionment of PFAS on a 
regional scale if the source and occurrence data are sufficient.

2.2.4. USGS Science Opportunities

2.2.4.1. Short-Term Opportunities
In collaboration with States and other Federal agencies, 

including the EPA and DOD, the USGS is expected to iden-
tify and inventory known or potential sites where PFAS are 
released by using geospatial data on manufacturing, locations 
of wastewater treatment plants, landfills, biosolids application, 
and similar information.

2.2.4.2. Long-Term Opportunities
Using data obtained in the short-term activities, the 

USGS could quantify the source contributions of PFAS from 
industrial facilities, wastewater effluents, runoff, atmospheric 
deposition, and leaching from biosolids applied to the land 
surface within watersheds and above aquifers (table 2). The 
USGS could also pursue processed-based science pertaining to 
the sources of PFAS (biosolids, fire training areas, and so on) 
to understand the conditions that are conducive to leaching, 
the mobility of different PFAS compounds, and the composi-
tional effects of PFAS as they age in the environment (see also 
section 2.4). The information gained from such studies could 
be used for source apportionment research, which could be 
achieved through the development of receptor, mechanistic, 
and statistical models and the use of statistical techniques such 

Table 2. Scalable science opportunities, determined through literature reviews and gap analyses, that support the study of 
environmental sources and source apportionment of PFAS (section 2.2).

[PFAS, perfluoroalkyl and polyfluoroalkyl substances; USGS; U.S. Geological Survey]

Science opportunities that could be addressed by USGS capabilities
Short term 
(1–2 years)

Long term 
(3+ years)

Develop models and identify data for quantifying or assessing source contributions of PFAS to watersheds and No Yes
aquifers due to municipal and other wastewater effluents (source apportionment)

Develop models and identify data for quantifying or assessing source contributions of PFAS to watersheds and No Yes
aquifers due to runoff and leaching from agricultural practices including municipal biosolids applications 
(source apportionment)

Quantification of the relative environmental contributions of the above, and other sources such as atmospheric No Yes
deposition (source apportionment) using data and models
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as principal component analysis and hierarchical clustering. 
For source apportionment to be successful, extensive occur-
rence data across space and time are needed (as described in 
section 2.3). The data must be of sufficient quality, preferably 
generated using a single sampling and analysis protocol (as 
outlined in section 2.1). The development of these models and 
the subsequent quantification of source contributions (veri-
fied by sample collection and analyses) could then be used to 
evaluate mitigation scenarios and create decision-making tools 
for water resource managers.

2.3. Environmental Occurrence

2.3.1. State of the Science
Monitoring the occurrence of PFAS is vital because of 

its long history of use in the United States and the unknown 
distribution of environmental releases over space and time. 
Between 2013 and 2015, the EPA monitored six PFAS (per-
fluorobutane sulfonate [PFBS], perfluoroheptanoate [PFHpA], 
perfluorohexane sulfonate [PFHxS], perfluorononanoate 
[PFNA], PFOA, and PFOS) through the third unregulated 
contaminant monitoring rule, which required monitoring of the 
six compounds in all public water supplies serving more than 
10,000 people, and selected water supplies serving fewer than 
10,000 people (EPA, 2016a). These data generally had high 
reporting limits (up to 90 ng/L) and, therefore, the monitored 
water supplies may have contained PFAS below these report-
ing limits but at concentrations that are above some human 
health benchmarks (Post, 2020). Several statewide efforts to 
collect water samples are ongoing. For example, Michigan and 
Vermont, among others, recently began testing public water 

supplies using methods with lower reporting limits that are rel-
evant to human health (Michigan Department of Environment, 
2019; Vermont Agency of Natural Resources, 2019).

The USGS has sampled for more than 482 organic 
(including 10 PFAS) and more than 19 inorganic constitu-
ents in regulated publicly supplied and unregulated privately 
supplied drinking water at the point of use (tapwater) in 
selected regions of the United States (Bradley and others, 
2018, 2020a). The USGS sampled more than 500 domestic, 
monitoring, and public-supply wells in the National Ground-
water Quality Network (NGWQN; Lindsey and others, 2018) 
throughout the United States for 24 PFAS and is expected to 
continue this sampling at least into 2021. Millions of people 
rely on these sampled groundwater resources for drinking 
water (Maupin, 2018). However, more sampling is needed for 
national coverage. The data from sampled wells can provide 
an understanding of PFAS in groundwater used for private 
supply in important aquifers and a rigorous framework for 
evaluating PFAS in groundwater used for public supply.

In addition to water, PFAS have been detected in the air, 
soil or sediment, biosolids, and biota. PFAS have been found 
in air samples collected from various locations, including 
near manufacturing and waste management facilities (Ahrens 
and others, 2011b; Galloway and others, 2020), within indoor 
environments (Langer and others, 2010), and in remote 
regions (Ahrens and others, 2011a). PFAS also have been 
detected in extracts of soils and sediments from sites where 
aqueous film-forming foam was applied (McGuire and others, 
2014; Anderson and others, 2016; Weber and others, 2017), in 
other sites with direct sources of PFAS (Sepulvado and others, 
2011), and in remote areas (Rankin and others, 2016). Ver-
mont has completed a study of background soil concentrations 
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(Vermont Agency of Natural Resources, 2019), one of the 
few large-scale studies of PFAS in soils. The National Water 
Quality Monitoring Council’s Water Quality Portal provides 
public access to data about PFAS in water, biota (such as fish 
tissue), sediment, and soil samples by drawing from the USGS 
National Water Information System (NWIS), EPA Storage and 
Retrieval (STORET) Data Warehouse, and the U.S. Depart-
ment of Agriculture Sustaining the Earth’s Watersheds—Agri-
cultural Research Database System (STEWARDS; National 
Water Quality Monitoring Council, undated). There is also 
increasing concern over biosolids application as a source of 
PFAS to the environment (Sepulvado and others, 2011; Ven-
katesan and Halden, 2013; Navarro and others, 2017). Because 
there is such widespread distribution of PFAS in the environ-
ment, PFAS have been frequently found in plants (Blaine and 
others, 2014; Zhang and others, 2015), fish (Fair and others, 
2019), mammals (Dassuncao and others, 2019; Spaan and oth-
ers, 2020), and other biota (Kannan and others, 2005).

2.3.2. Science Gaps
A systematic evaluation of the occurrence of PFAS in 

the Nation’s water resources is needed to provide informa-
tion on the nature and distribution of the sources of PFAS 
(for example, source apportionment, section 2.2), to support 
assessments of resource vulnerability, and to guide research 
directions on the fate, transport, and reduction of exposures. 
Such an evaluation should be based on nationally consistent 
analytical methods and sample collection protocols coupled 
with a list of likely co-contaminants, a comprehensive set of 
inorganic solutes, and other water-quality parameters. The 
trends in concentrations of PFAS in groundwater and surface 
water over time (seasonal and decadal) are unknown. The EPA 
third unregulated contaminant monitoring rule program did 
not test private drinking water supplies and tested only a small 
fraction of public tapwater supplies serving populations under 
10,000 people. Approximately 30 percent of the U.S. popula-
tion relies on private drinking water and small public drinking-
water systems (serving less than 10,000 people; Hu and others, 
2016); therefore, these water resources need to be evaluated. 
Similarly, the quality of raw (untreated) and finished drinking 
water would need to be compared to evaluate drinking-water 
quality (Boone and others, 2019; Bradley and others, 2020a). 
Understanding the spatial distribution of PFAS in ground-
water is needed because of the decades-long transport times 
from source areas to drinking water supplies in many parts 
of the country. In addition to the spatial distribution of PFAS, 
knowledge of their distribution with depth in the subsurface 
is needed because the limited mixing and stratified hydrogeo-
logic and biogeochemical zonation in soils and groundwater 
are expected to result in more heterogeneous concentrations of 
PFAS than in surface water. Because it will not be feasible to 
sample all of the Nation’s water resources continuously, mod-
els are needed for predictive interpolation and extrapolation of 
PFAS occurrence.

National evaluations of PFAS in soils and biota are 
needed. To date, there have been no widescale, comprehensive 

efforts to understand soil concentrations of PFAS across a 
variety of soil types and land-use settings, making determina-
tions of ambient concentrations difficult. Although there have 
been many studies of biota (particularly fish, given human 
consumption), comparisons between studies are often difficult 
because of their different sampling and analysis methodolo-
gies, necessitating a coordinated national study with con-
sistent, validated sampling, storage, and analysis protocols. 
Additionally, monitoring air quality, quantifying wet and dry 
atmospheric deposition of PFAS, and collecting data on PFAS 
distribution between air, aerosols, and dust are necessary 
to determine expected ambient background concentrations. 
Finally, a compilation of existing data for all matrices and 
from all agencies investigating PFAS has not been undertaken 
and could provide information on where data gaps exist.

2.3.3. USGS Capabilities and Expertise
The USGS is able to address the need for a national,  

systematic evaluation of PFAS and co-occurring contami-
nants in water resources, solids (soil, sediment, dust, and so 
on), and biota. Addressing this need would also help to meet 
the requirements of the NDAA, which requires the USGS to 
carry out nationwide sampling to determine the concentration 
of highly fluorinated compounds in estuaries, lakes, streams, 
springs, wells, wetlands, rivers, aquifers, and soil using the 
validated sampling and analysis protocols (performance stan-
dard) being developed by USGS.

The USGS’s NGWQN targets groundwater, whereas the 
National Water Quality Network (U.S. Geological Survey, 
2021) targets surface water, including large coastal rivers, 
large inland rivers, and small streams indicative of urban and 
agricultural land uses, and reference sites across the United 
States. Pesticides, major ions, nutrients, and trace metals can 
be sampled by both networks. The NGWQN also samples for 
radionuclides and age-dating tracers. This full suite of water-
quality parameters can be paired with data on land use, soil 
type, geology, vegetation, geomorphology, and population to 
maximize information gained by data interpretation.

The USGS can develop sampling protocols and ana-
lytical methods (detection limits) that are standardized and 
whose quality is systematically controlled across all sites, thus 
allowing data to be compared across States and through time. 
The USGS can also work with EPA to prioritize existing sites 
and jointly cover all necessary monitoring. The NGWQN has 
already included PFAS in recent sample collection activities. 
Additionally, many USGS water science centers are already 
engaged in local monitoring of (1) PFAS in surface water and 
groundwater and (2) local sites known to have been affected 
by releases of PFAS. These monitoring and sampling activities 
can contribute data to national datasets, including available 
datasets maintained by other Federal agencies (for example, 
DOD) and statewide monitoring programs.

The USGS can make use of its expertise to create models 
for predicting concentrations of PFAS. Recently, machine-
learning methods were used by the USGS to predict the 
occurrence or concentration of select contaminants across 
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and throughout principal aquifers of the United States that are 
important sources of drinking water (Nolan and others, 2015; 
Ayotte and others, 2016; Ransom and others, 2017; Lombard 
and others, 2021). These machine-learning models can incor-
porate both existing datasets (from USGS and from partners 
such as DOD, EPA, and State agencies) and the output from 
previously existing, process-based models and geostatistical 
models developed from empirical observations. These models 
can be used to constrain predictions by point-source proxim-
ity and hydrogeologic conditions that control the behavior of 
contaminants in the subsurface (Fienen and others, 2018; Starn 
and Belitz, 2018).

The USGS can also conduct national-scale soil sampling 
and analysis as demonstrated by a survey of national-scale soil 
geochemistry and mineralogy (Gustavsson and others, 2001; 
Eberl and Smith, 2009; Caritat and others, 2017; Smith and oth-
ers, 2019; U.S. Geological Survey, 2019). This type of assess-
ment could be used to determine PFAS concentrations and 
co-contaminants in soil.

Various research facilities across the USGS spe-
cialize in the study of fish, avian species, mussels, 
plants, and mammals. Studies have focused on 
concentrations of PFAS found in the tissues 
of tree swallows (Custer and others, 
2017; Custer and others, 2019). 
Ongoing studies are focused on 
PFAS found in the tissues of 
fish in the Great Lakes, 
Chesapeake Bay, and 
other water bodies. 
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The USGS could incorporate PFAS and other contaminants 
of emerging concern into a reassessment of the national 
Biomonitoring of Environmental Status and Trends network 
(U.S. Geological Survey, undated), which monitored primarily 
legacy contaminants in the environment and their relation to 
effects in fish (Schmitt and Dethloff, 2000; Hinck and others, 
2004).

Finally, data on PFAS in the atmosphere could be pro-
vided by the USGS’s involvement in the multipartner National 
Atmospheric Deposition Program (U.S. Geological Survey, 
undated b), which monitors the atmospheric deposition of 
mercury and other constituents.

2.3.4. USGS Science Opportunities

2.3.4.1. Short-Term Opportunities
The USGS is expected to complete local studies for 

its cooperators that are already underway. The NGWQN is 
expected to evaluate data on PFAS in groundwater obtained 
from sampling efforts conducted during 2017–2021. The 
USGS is also expected to begin a national reconnaissance 
of PFAS in streams and aquifers that are sources of drink-
ing water in areas where the sources are known or suspected 
(table 3). Finally, the USGS is expected to start producing 
maps showing occurrences of PFAS in water resources and 
begin developing lists of the most frequently detected PFAS 
compounds.

2.3.4.2. Long-Term Opportunities
The USGS could implement a national evaluation of 

PFAS in the Nation’s water resources (including water used 
for raw and treated drinking water and recreation) to provide a 
thorough understanding of its occurrence (table 3). A national 
evaluation of occurrence would include a study of co-contam-
inants, water-quality parameters, and other parameters that 
can inform controls on distribution, such as isotopes for age 
dating. In addition to a broad, nontargeted effort to evaluate 
ambient concentrations of PFAS in water resources, the USGS 
could conduct a targeted effort to evaluate the concentrations 
of PFAS in streams and aquifers where its sources are known 
or suspected (table 3). The USGS could also evaluate trends in 
the Nation’s aquifers over time and conduct modeling studies 
to inform the source apportionment discussed in section 2.2 
and predict occurrences and concentrations of PFAS.

The USGS could also conduct a national evaluation of 
PFAS and co-contaminants in soils and biota (table 3), which 
would benefit from the recommended analytical methods 
developed in section 2.1. The coordination of water, soil, 
and biota sampling with consistent sampling and analytical 
methodology could result in a comprehensive national occur-
rence dataset. The occurrence data obtained for PFAS in water 
resources, soils, and biota could be mapped and continuously 
updated as additional information comes available.

Science opportunities that could be addressed by USGS capabilities
Short term
(1–2 years)

Long term
(3+ years)

National evaluation of the occurrence of PFAS, co-contaminants, water-quality parameters, and explanatory fac-
tors in ambient water resources1

Yes Yes

National evaluation of the occurrence of PFAS, co-contaminants, water-quality parameters, and explanatory fac-
tors in water resources used for drinking water and (or) recreation

No Yes

National targeted reconnaissance of PFAS in streams and aquifers where water resources are used to supply 
drinking water and sources of PFAS are known or suspected

Yes Yes

Modeling to predict PFAS concentrations in unmonitored locations in the future and for evaluation of trends in 
PFAS composition and concentrations over space and time

No Yes

National evaluation of PFAS and related co-contaminants in soils (including those in agricultural, forested, 
urban, and suburban settings)

No Yes

National evaluation of PFAS and related co-contaminants in biota (including a range of tissue and plasma) No Yes
Comprehensive list detailing the most frequently detected PFAS in the environment Yes Yes
National maps showing occurrences of PFAS in water resources, soils, atmospheric deposition, and biota to 

inform management actions and decision making
Yes Yes

1As used here, “ambient water resources” are those resources necessary to maintain fish, wildlife, and other ecological needs. This term is distinct from the 
water resources used for public recreation or drinking water.

Table 3. Scalable science opportunities, determined through literature reviews and gap analyses, that support studies about 
environmental occurrences of PFAS (section 2.3).

[PFAS, perfluoroalkyl and polyfluoroalkyl substances; USGS; U.S. Geological Survey]
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2.4. Environmental Fate and Transport

2.4.1. State of the Science

2.4.1.1. Introduction
To best understand the environmental fate and trans-

port of PFAS, a basic understanding of the terms is needed. 
The term “transport” refers to the movement of PFAS in the 
environment. PFAS are typically transported by water or air. 
The rate of transport of PFAS in water is affected by sorption, 
which involves the transfer of a compound from the mobile 
aqueous phase to an immobile solid phase or other interface, 
such as an immiscible liquid phase or the air-to-water inter-
face, if present. The more extensively a specific PFAS com-
pound sorbs, the lower its concentration in the mobile phase 
will be and, therefore, the lower its mobility will be in surface 
water and groundwater. Understanding sorption mechanisms 
related to PFAS is an area of active research. PFAS that have 
a larger number of perfluorinated carbons are typically less 
mobile than PFAS with a smaller number of perfluorinated 
carbons (Higgins and Luthy, 2006). Further, PFAS with nega-
tive charges (anionic) are thought to be more mobile than 
PFAS with positive, neutral, or both positive and negative 
charges (Place and Field, 2012). The extent of sorption—and 
therefore mobility—is influenced by the physical and chemical 
composition of the water and the soils or sediments.

The term “fate” refers to the ultimate destiny of PFAS 
molecules. Because the precursors to PFAA (such as N-methyl 
perfluorooctane sulfonamidoacetate) can transform, their fate 
is often linked to the transformation of one specific PFAS 
compound into another either in place or during transport 
through the atmosphere, surface water, unsaturated zone, or 
groundwater. For example, PFAS that are PFAA precursors 
may transform to PFAAs, which may have different sorption 
properties and different mobilities than those of the PFAA 
precursors. Transformations of precursors to PFAAs may 
increase the concentrations of regulated PFAAs at the expense 
of precursors, which are currently not regulated. Both sorption 
and transformation result in a decrease in the concentration of 
a targeted PFAS during transport, but sorption leaves the com-
pound intact so that it could remobilize in response to changes 
in conditions. Reactive transport models can synthesize com-
prehensive datasets into fate-and-transport models that can be 
used to test site-specific conceptual models of processes that 
affect PFAS during movement from source areas to receptors. 
This section will discuss both the sorption and transformation 
of PFAS.

2.4.1.2. Fate and Transport
Polyfluoroalkyl substances can be susceptible to degrada-

tion, particularly at positions in the molecules of PFAS where 
the carbon atoms are not fully fluorinated. The breakdown 
products of polyfluoroalkyl substances can be PFAAs, which 
are generally thought to be resistant to further transformation. 

Microbial activity can rapidly break down some PFAA precur-
sors, and some transformation products are more persistent 
PFAA precursors than their parent compound (Liu and Mejia 
Avendaño, 2013; Harding-Marjanovic and others, 2015; Mejia 
Avendaño and Liu, 2015; Mejia-Avendaño and others, 2016). 
PFAA precursors can experience microbial transformations 
under (1) aerobic conditions (oxygen is present; Harding-
Marjanovic and others, 2015; Mejia Avendaño and Liu, 2015; 
Mejia-Avendaño and others, 2016; Zhang, Lu, and others, 
2016), (2) anaerobic conditions (oxygen is effectively absent; 
Zhang and others, 2013; Zhang, Lu, and others, 2016), and (3) 
abiotic conditions (hydrolysis and indirect photolysis; Plum-
lee and others, 2009; Washington and Jenkins, 2015). Recent 
work indicates that the breakdown, including partial defluo-
rination, of terminal PFAAs such as PFOS can be mediated 
by the Acidimicrobium sp. strain A6 in iron-rich soils under 
anaerobic, iron-reducing conditions where the pH is less than 
7 (Huang and Jaffé, 2019). It is not clear if this process can 
be exploited for mitigation and remediation or if conditions 
in the environment are suitable or extensive enough to cause 
significant decreases in concentrations of PFAS.

As surfactants, PFAS have an affinity for accumulat-
ing at interfaces, including solid-to-water, air-to-water, and 
interfaces between water and immiscible, non-aqueous-phase 
liquids (NAPLs). Generally, the extent of sorption is greater 
for PFAAs with longer chain lengths than for those with 
shorter chain lengths (Wang, DeWitt, and others, 2017; Lyu 
and others, 2018), and sorption can be affected by the charge 
and structure of the PFAS compound. The organic carbon 
content, protein content, anion exchange capacity, and iron 
oxide content are among important properties of soils and 
sediments controlling sorption. The pH value of a solution 
and the concentrations of multivalent cations (Ca2+, Mg2+) can 
also influence the sorption of PFAS (Higgins and Luthy, 2006; 
Wang and others, 2015; Campos Pereira and others, 2018; Li 
and others, 2018; Li and others, 2019).

Studies conducted with selected PFAA precursor com-
pounds found sorption could not be predicted on the basis of 
soil properties (such as organic carbon) that can influence the 
sorption of PFAAs (Barzen-Hanson and others, 2017a; Xiao 
and others, 2019). Other processes including volatilization, 
sorption at the air-to-water interface, sorption at the water-to-
NAPL interface in source areas, and competitive or synergistic 
interactions between surfactants have all been found to influ-
ence the sorption of PFAS (Guelfo and Higgins, 2013; Brus-
seau, 2018; Lyu and others, 2018; Costanza and others, 2019). 
PFAS can also be emitted to the atmosphere and transported in 
the gaseous phase or with aerosols (Young and others, 2007). 
The transformation of precursors through atmospheric oxida-
tion is also likely to be a source of PFAAs to the environment 
(Young and others, 2007).

2.4.1.3. Modeling
Reactive-transport models predict how and where a 

compound will migrate over time and are based on knowledge 
about (1) water-flow directions and rates and (2) the chemical 
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reactions involving the compound of interest in the environ-
ment. Well-constrained reactive-transport models help identify 
the most critical information (such as source history, composi-
tion, and sorption parameters) required to predict the evolution 
of a compound’s plume (Ma and others, 2014). Information 
about the degradation of PFAS, such as the half-lives of their 
transformation reactions (Liu and Liu, 2016), can be incor-
porated into reactive-transport models (Prommer and others, 
2019). Similarly, the sorption 
parameters for PFAS obtained 
from laboratory and field 
experiments can be incorpo-
rated into models to help better 
predict future concentrations 
of PFAS.

Few studies exist that 
attempt to incorporate what 
is known about the sorption 
and transformation of PFAS 
to simulate fate and transport. 
A simulation of concentra-
tions of PFOA in the vicinity 
of an industrial facility on the 
Ohio River incorporated their 
transport through air (to their 
eventual deposition), river 
water, and groundwater and 
required adjusting the coef-
ficient describing sorption onto 
aquifer sediments to match that 
of the concentrations observed 
in drinking-water wells (Shin 
and others, 2011). There 
were several uncertainties in 
this study, including the lack 
of available information on 
historical water-pumping rates 
(Shin and others, 2011). A reactive-transport model incorporat-
ing multiple sorption processes (including sorption on sedi-
ment grains, sorption at the air-to-water interface, and sorption 
at the water-to-NAPL interface) was used to simulate the 
transport of PFOA or PFOS in laboratory column experiments 
(Brusseau, 2020). A PFOS-validated simplified-compartment 
model to predict the retention of PFAS in the environment has 
also been developed (Brusseau and others, 2019).

2.4.2. Science Gaps

2.4.2.1. Fate and Transport
Little is known about biotic and abiotic transformations 

of most of the more than 4,000 PFAS, including their trans-
formation rates and products under the full range of biogeo-
chemical conditions observed in field settings. The percentage 
of those transformations accounted for by biotic versus abiotic 
processes is not known. It is not clear if conditions in the 

environment are suitable or extensive enough for the defluori-
nation of terminal PFAAs in the environment.

The influences of soil or sediment composition (such as 
its organic carbon content and mineralogy) and aqueous-phase 
composition (such as its dissolved organic carbon composition 
and concentration, ionic composition, and pH) on the sorption 
of PFAS to solid interfaces needs further quantitative analy-
sis. The mechanisms of sorption are complex and appear to 

depend on the specific com-
pound and characteristics of 
the system (Zhang, Zhang, and 
others, 2019). Studies of sorp-
tion have thus far been primar-
ily under aerobic conditions. 
Under anaerobic conditions, 
reductive dissolution of man-
ganese and iron oxyhydroxides 
in sediments or the generation 
of sulfides possibly affect the 
sorption properties of sedi-
ments and thus possibly affect 
sorption mechanisms. The 
impact of co-contaminants, 
such as other hydrophobic 
organic compounds, on sorp-
tion is poorly understood. It 
is not clear whether sorption 
observed in controlled labora-
tory settings applies to sorption 
as it occurs in field settings. 
The role of biological activ-
ity on the sorption of PFAS 
(for example, the sorption of 
PFAS to sediment biofilms) 
has not been investigated in 
the context of the sediment-
to-water interface. The role 

of adsorption at the air-to-water interface on the transport of 
PFAS is not fully understood, although recent work suggests it 
is important (Brusseau, 2018; Lyu and others, 2018; Costanza 
and others, 2019; Li and others, 2019). In addition, air-to-
water and sediment-to-water partitioning for the large number 
of compounds outside of the typically studied legacy PFAAs 
must be understood for model parameterization and to assess 
whether sorption at these interfaces exerts an important control 
on their movement through soils and sediments. Finally, there 
is a fundamental need for comprehensive, integrated field 
studies on the fate and transport of PFAS from their real-
world source areas to receptors. Field studies are needed to 
evaluate the usefulness of laboratory-derived conceptual and 
quantitative models of sorption, transformations, and biologi-
cal activity at the solid-to-water and air-to-water interfaces for 
predicting the transport of PFAS and their exposures in real-
world settings. Field studies also are needed to help identify 
processes about which little or nothing is known but which 
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may affect the movement of PFAS through soils, sediments, 
and aquifers.

2.4.2.2. Modeling
Despite the widespread application of reactive-transport 

models to describe the fate and transport of many contami-
nants, there have been few instances of applying such models 
to PFAS. A database of sorption and transformation processes 
and parameters is needed for modeling, as described above. 
Field-scale observations are needed to identify the critical 
processes controlling the fate and transport of PFAS and to 
develop site-specific models describing the rate and extent of 
these processes over the relevant range of chemical conditions 
and sediment properties at the plume scale. Reactive-transport 
models developed from these types of studies are needed to 
help identify the critical pieces of information required to pre-
dict the movement of PFAS from sources to receptors and pro-
vide tools to estimate the extent of contamination from PFAS 
and their concentrations where exposures may occur. Where 
experimental data on the properties of PFAS are unavailable, 
simulated computations using quantitative structure-activity 
relationships and quantum chemical calculations, which have 
been used to estimate acidity constants and other chemical 
properties of PFAS (Goss, 2008; Steinle-Darling and Rein-
hard, 2008), could be used to predict transformation pathways 
and persistence under natural attenuation conditions (absence 
of human intervention; Blotevogel and others, 2011; Tratnyek 
and others, 2017).

2.4.3. USGS Capabilities and Expertise

2.4.3.1. Fate and Transport
The USGS already has the capabilities and expertise 

to perform a combination of field and laboratory studies to 
address the science gaps identified in the descriptions above 
about the fate, transport, and modeling of PFAS in the envi-
ronment. The processes controlling the fate and transport of 
PFAS have been studied since 2014 by a collaboration of mul-
tidisciplinary scientists from USGS and academic institutions 
(Weber and others, 2017). USGS personnel at other long-term 
research sites already have worked on PFAS and can make 
use of the knowledge gained from their years of prior hydro-
geochemical research (Cleary and others, 2021; Imbrigiotta 
and Fiore, 2021). These field studies can be supplemented by 
laboratory studies within the USGS that are already set up to 
analyze concentrations of PFAS. The USGS can evaluate of 
the fate and transport of PFAS at sites that span different geo-
chemical and hydrological environments across the Nation to 
improve the broad understanding of sorption and transforma-
tion processes. The existing specialized laboratories at USGS 
are already available to further the understanding of precursor 
and PFAA biotransformation rates, determined by studying 
microbial pathways. USGS laboratories that are already set 
up for partitioning experiments (including column experi-
ments) can determine sediment-water distribution coefficients. 

Partners could include academic researchers and other Federal 
researchers from agencies such as the DOD, the EPA, and the 
U.S. Department of Energy. For example, the EPA’s PFAS 
action plan includes research to better understand fate-and-
transport pathways of PFAS (EPA, 2019a).

2.4.3.2. Modeling
Groundwater and surface-water flow modeling has been 

an integral part of USGS activities for decades. Models that 
are relevant to the study of PFAS have mainly focused on (1) 
the flow within complex systems such as the unsaturated zone, 
fractured rock, karst, and (2) the exchange between ground-
water and surface water. The capability exists to incorporate 
reactive processes such as sorption to air-to-water and solid-
to-water interfaces, gas-phase partitioning, degradation rates 
of PFAA precursors, and the potential degradation of termi-
nal PFAAs into existing USGS models such as PHREEQC 
(originally, pH-redox-equilibrium; Parkhurst and Webb, 2020). 
The USGS employs many scientists with modeling experi-
ence who could incorporate the unique PFAS chemistry into 
existing models.

2.4.4. USGS Science Opportunities

2.4.4.1. Short-Term Opportunities
A database is expected to be prepared for the prioritized 

PFAS compounds (table 4). The database would be used for 
geochemical modeling and would include their physical and 
chemical properties, the equations for describing reactive 
processes (transformations and sorption), and the associated 
parameter values from literature studies. The database would 
be updated as further studies are conducted within and outside 
the USGS to advance an understanding of controls on reactive 
transport. A list of field sites could be developed for conduct-
ing integrated field studies of the fate and transport of PFAS; 
these studies could also investigate the potential impacts of the 
fate and transport of PFAS on humans, and (or) aquatic and 
terrestrial organisms.

2.4.4.2. Long-Term Opportunities
The USGS could conduct long-term, integrated field 

research at one or more sites with appropriate characteris-
tics so that the results could be extrapolated to regional and 
national scales. Field experiments and laboratory studies 
with site-specific materials over a range of aqueous chemical 
conditions relevant to the site could be undertaken to produce 
sorption and transformation parameters necessary for the 
development of reactive-transport models (table 4). Some key 
aspects of the fate and transport of PFAS that could be quan-
titatively investigated include (1) microbial-catalyzed trans-
formations (rates and transformation products), (2) the impact 
of PFAS on microbial communities, (3) sorption to different 
microbial communities and cotransport in the colloidal phase, 
(4) sorption to sediments, (5) sorption at the air-to-water 
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Science opportunities that could be addressed by USGS capabilities
Short term
(1–2 years)

Long term
(3+ years)

A database of properties, reactions, and equations for quantitative prediction of transport using chemical reac-
tions (reactive transport)

Yes Yes

Solid-to-water and air-to-water sorption of PFAS under a variety of hydrobiogeochemical conditions Yes Yes
Field studies of PFAS to validate laboratory experiments Yes Yes
Abiotic and biotic mechanisms, transformation rates and transformation products of PFAS under a variety of 

hydrobiogeochemical conditions
No Yes

Reactive transport models and other decision tools for estimating transport of PFAS plumes from sources to 
receptors in space and time

No Yes

Enhanced understanding of ecological pathways that support movement of PFAS in and through biota, food 
webs, and so on

No Yes

Comprehensive list detailing the most frequently detected PFAS in the environment Yes Yes
National maps showing occurrences of PFAS in water resources, soils, atmospheric deposition, and biota to 

inform management actions and decision making
Yes Yes

Table 4. Scalable science opportunities, determined through literature reviews and gap analyses, that support the study of the 
environmental fate and transport of PFAS (section 2.4).

[PFAS, perfluoroalkyl and polyfluoroalkyl substances; USGS; U.S. Geological Survey]

interface, (6) the influence of water and sediment chemistry 
on sorption of PFAS, and (7) the impact of co-contaminants 
on the fate and transport of PFAS (table 4). Equations and 
parameters from laboratory and field studies could then be 
used to parameterize reactive-transport models that may apply 
to a variety of sites. The modeling results could inform studies 
of potential impacts on human health, aquatic organisms, and 
terrestrial ecosystems by predicting spatial concentrations 
of PFAS.

2.5. Human and Wildlife Exposure Routes

2.5.1. State of the Science
There are many types of commercial sources, applica-

tions, and corresponding pathways of PFAS to the environ-
ment (see section 2.2.1). There are also many associated 
environmental exposure vectors or matrices, such as air, water, 
food, dust, soil, sediment, and the built environment (Johans-
son and others, 2014; Liu and others, 2014; Scheringer and 
others, 2014; Wang and others, 2014; Gebbink and others, 
2015; Sunderland and others, 2019). Similarly, there are many 
mechanisms that expose humans and wildlife to PFAS, such as 
(1) the prenatal transplacental transfer of PFAS from a mother 
to her fetus (Beesoon and others, 2011; Kim and others, 2011; 
Winkens and others, 2017) and (2) all primary postnatal 
life-stage contaminant exposure routes, including ingestion, 
inhalation, or dermal contact (Houde and others, 2006; Houde 
and others, 2011; Hu and others, 2018; Hu and others, 2019; 
Sunderland and others, 2019). The contamination of drinking 
water by PFAS has become an issue of national concern; how-
ever, a recent study indicates that tapwater may only contrib-
ute about 20 percent of all PFAS found in human plasma (Hu 

and others, 2019). Although concentrations of PFAS in human 
plasma may be higher in areas with contaminated tapwater, the 
inhalation of dust and air and ingestion of food contaminated 
with PFAS appear to be significant additional exposure routes 
to humans (Haug and others, 2011).

Biomonitoring studies of wildlife and humans have 
documented the presence of PFAS in a variety of species and 
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Science opportunities that could be addressed by USGS capabilities
Short term
(1–2 years)

Long term
(3+ years)

Systematic evaluation of human exposure to PFAS in water for human consumption or ingestion (publicly sup-
plied, privately supplied, bottled, and so on)

Yes Yes

Assessment(s) of the relative importance of routes or mechanisms (inhalation, ingestion, sorption, and so on) and 
matrices or vectors (air, water, food, dust, soil, sediment, built environment, and so on) that expose humans to 
PFAS, performed in collaboration with public-health partners

No Yes

Field evaluation(s) of exposure to PFAS in targeted aquatic and terrestrial wildlife and important exposure routes 
across locations, life-cycle stages, populations, and food webs

No Yes

Table 5. Scalable science opportunities, determined through literature reviews and gap analyses, that support the study of human and 
wildlife exposure routes of PFAS (section 2.5).

[PFAS, perfluoroalkyl and polyfluoroalkyl substances; USGS; U.S. Geological Survey]

tissue types (Houde and others, 2006; Houde and others, 2011; 
Kannan, 2011; Custer and others, 2013; Roos and others, 
2013; Gebbink and others, 2015; Dassuncao and others, 2017; 
Cui and others, 2018; Dassuncao and others, 2019; Lynch and 
others, 2019; Sunderland and others, 2019). Multiple stud-
ies have reported shifts in the presence of PFAS over time, 
including declines in the concentrations of individual legacy 
compounds such as PFOS and PFOA in human and wildlife 
tissues. However, persistent (and, in several cases, increasing) 
trends in total concentrations of PFAS in tissues indicate an 
extensive and continuously evolving exposure landscape, most 
notably related to replacement and emerging PFAS (Houde 
and others, 2006; Houde and others, 2011; Roos and others, 
2013; Dassuncao and others, 2017; Olsen and others, 2017; 
Lynch and others, 2019; Sunderland and others, 2019).

2.5.2. Science Gaps
Previous studies have documented the diversity of 

exposure routes of PFAS to humans (Gebbink and others, 
2015; Sunderland and others, 2019; De Silva and others, 
2021). The relative importance of each exposure route across 
different locations, life-cycle stages, populations, and 
food webs, however, is poorly understood (Hu and 
others, 2018). An analogous but less well studied 
range of exposure routes exists for wildlife and 
agricultural animals, with poorly understood 
toxicological implications for environmental 
(wild) populations and for humans through 
consumption of wild-caught and farmed 
fish and animals (Houde and others, 2006; 
Houde and others, 2011; Ghisi and oth-
ers, 2019; Sunderland and others, 2019). 
An improved understanding of (1) 
the exposure routes for the more than 
4,000 PFAS in commercial use (Wang, 
DeWitt, and others, 2017) and (2) their 
relative importance across human and 
wildlife populations is a fundamental 
science and risk-management data gap 
(Houde and others, 2006; Houde and 

others, 2011; Birnbaum and Grandjean, 2015; Grandjean and 
Clapp, 2015; Wang, DeWitt, and others, 2017; Grandjean, 
2018; Hu and others, 2018; Sunderland and others, 2019; De 
Silva and others, 2021). The continued characterization and 
profiling of PFAS and co-occurring contaminants associated 
with various exposure routes and quantitative comparisons of 
contaminant exposure rates and loads are needed. Chemical 
identification techniques (see section 2.2.1) also need to be 
developed to support the study of the source apportionment 
of PFAS detected in samples of human and wildlife tissue. 
Both coordination within the USGS and external collabora-
tion of the USGS with State and Federal public health and 
regulatory agencies, utility companies, and academic institu-
tions are required to assess human-health risks from ingestion 
of contaminated drinking water and food and to identify and 
implement mitigation strategies.
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2.5.3. USGS Capabilities and Expertise
Human exposures to PFAS and other contaminants 

through drinking water are particular concerns because of the 
greater susceptibility of sensitive subpopulations—includ-
ing formula-fed infants, children, older adults, and those with 
compromised immune systems and chronic health conditions 
(EPA, 2021b,c). The USGS is well positioned to continue 
supporting human-health risk-assessment activities of public 
health agencies (such as the EPA or the National Institute of 
Environmental Health Sciences [NIEHS], which is part of the 
National Institutes of Health, and others) by characterizing 
mixture profiles, which include PFAS, in ambient drinking-
water reservoirs and aquifers, at drinking-water treatment 
facilities, and at the point of use for tapwater (Bradley and 
others, 2018; Bradley and others, 2020a; Bradley and others, 
2021). The USGS is also poised to contribute to the quantita-
tive assessment of concentrations of PFAS associated with 
drinking-water consumption relative to other human exposure 
mechanisms, including through food and air. The USGS is also 
able to support the priorities of Federal and State environmen-
tal protection agencies (for example, the EPA, NIEHS, CDC, 
U.S. Fish and Wildlife Service, State agencies, and others) by 
characterizing the diverse exposure profiles of PFAS in surface 
water, groundwater, soil, sediment, wastewater effluent, bio-
solids, and air; and quantitatively assessing the relative con-
centrations of PFAS associated with different environmental 
settings and their ecological exposure mechanisms. The USGS 
can support Federal and State wildlife and natural-resource 
managers by assessing the relative importance of the exposure 
of wildlife to PFAS through water, food, air, dust, sediment, 
soils, biosolids, and so on, in collaboration with researchers 
who are assessing biomagnification and trophic transfer (see 
section 2.6). The USGS is also positioned to support research 
documenting trends in exposure over space and time in areas 
where data are lacking; however, this research would require 
the development of analytical methods for a variety of matri-
ces, including human and wildlife tissue (see discussion of 
analytical methods in section 2.1).

2.5.4. USGS Science Opportunities

2.5.4.1. Short-Term Opportunities
The USGS is expected to continue to work with public 

health agencies, regulatory agencies, utility companies, and 
academic institutions to expand its research on tapwater that 
contains contaminant mixtures including PFAS (Bradley 
and others, 2018; Bradley and others, 2020a). These studies 
would target various regions and hydrologic settings to assess 
exposures to PFAS in sensitive subpopulations and determine 
which infrastructure-linked drivers may account for the expo-
sure to PFAS by drinking tapwater (table 5).

2.5.4.2. Long-Term Opportunities
The USGS could contribute to and (as needed) initiate 

collaborative, multiagency or multi-institution research stud-
ies that would investigate the relative importance of human 
exposure to PFAS through (1) food and drinking water and (2) 
the built-environment including air, dust, soil, and sediment 
(table 5). For wildlife, USGS could initiate studies to inves-
tigate exposure routes and environmental controls of PFAS 
across locations, life-cycle stages, populations, and food webs.

2.6. Bioaccumulation and Biomagnification

2.6.1. State of the Science
The uptake of a chemical from the environment or 

through the diet and into the tissues of an organism is known 
as bioaccumulation. The bioaccumulation of PFAS in organ-
isms has been studied using aquatic invertebrate, fish, avian, 
and mammalian models (Kudo and others, 2001; Gannon and 
others, 2011; Custer and others, 2017; Dassuncao and others, 
2019; Langberg and others, 2019; Song and others, 2020). 
Bioconcentration is the partitioning of PFAS from exposure 
media such as water, sediment, or soil into organism tissue, 
whereas biomagnification of PFAS refers to the increase in 
accumulation that occurs as the chemical moves through a 
food chain. A recent review summarized the bioconcentration 
or biomagnification factors for 17 different PFAS in aquatic 
and terrestrial organisms (Conder and others, 2020); this study 
noted that data for compounds other than PFOA and PFOS 
were often limited. Traditional partitioning approaches, such 
as the use of a lipid-based partition models, for predicting 
tissue concentrations from environmental media are not sup-
ported by the properties and behavior of PFAS (for example, 
solubility and lack of consistent partitioning relations) and are 
therefore unreliable. For example, in fish there is significant 
variability in reported bioaccumulation factors and biota-sed-
iment accumulation factors (Houde and others, 2006; Giesy 
and others, 2010). Laboratory and field bioaccumulation rela-
tions are often inconsistent, and laboratory-derived relations 
may underestimate bioaccumulation (Burkhard and others, 
2012). Bioaccumulation models based on protein binding or 
phospholipid partitioning have been developed (Armitage and 
others, 2013; Ng and Hungerbühler, 2014) but will require 
additional development when the factors that control exposure, 
uptake, and elimination are better understood.

2.6.2. Science Gaps
The ability to accurately assess ecological risk from 

PFAS is limited by an incomplete understanding of exposure 
concentrations within an ecosystem and through food webs 
(Ankley and others, 2020). An understanding of why bioac-
cumulation and biota-sediment accumulation factors vary 
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across different studies is needed. Bioaccumulation informa-
tion for less studied compounds that are frequently detected 
in the environment is also needed for fish, birds, and other 
aquatic biota consumed by fish, birds, and mammals. Con-
trolled bioconcentration and bioaccumulation laboratory 
studies designed to determine the adsorption, distribution, 
metabolism, and elimination kinetic parameters for PFAS with 
different physicochemical properties are needed. These studies 
could cover a range of aquatic and terrestrial species with dif-
ferent life-history strategies (such as feeding mechanisms and 
lifespan) and probabilities of exposure to PFAS. Bioconcentra-
tion studies are needed that focus on aquatic species, such as 
fish, for which water is the primary initial route of exposure to 
PFAS; fish have great variability in bioconcentration rates and 
data are currently limited for many PFAS. In addition, studies 
of the bioaccumulation of PFAS from other media such as 
sediment or aquatic invertebrate food sources are needed for 
those PFAS that are relatively insoluble in water.

Bioconcentration and bioaccumulation models are 
needed because there are more than 4,000 PFAS, and there 
are significant challenges to assessing and predicting their 
bioaccumulation in aquatic and terrestrial organisms (Conder 
and others, 2008). The bioaccumulation of PFAS is not similar 
to that of nonpolar contaminants such as polycyclic aro-
matic hydrocarbons and polychlorinated biphenyls and thus 
requires different modeling variables and kinetic information 
to accurately model bioaccumulation in ecosystems (Bertin 
and others, 2016; Prosser and others, 2016). The lipid-based 
partition models typically used to predict the bioaccumulation 
of organic compounds do not accurately predict the bioaccu-
mulation of PFAS. Those models are based on contaminants 
partitioning into neutral lipids, which are not the drivers for 
the bioaccumulation of PFAAs (Ng and Hungerbühler, 2014). 
Several studies have demonstrated that bioaccumulation in 
aquatic organisms should not be normalized to neutral lipid 
content because PFAS bind to amino acids, proteins, and lipo-
proteins (Higgins and others, 2007; Prosser and others, 2016). 
Therefore, bioconcentration and bioaccumulation models 
specific to PFAS are needed.

Pharmacokinetic and pharmacodynamic models are used 
to predict the distribution of chemicals within an organism and 
the organs in which PFAS are most likely to be found. The 
pharmacokinetic properties of PFOS and PFOA have been 
studied in mammalian models (Lau and others, 2007; Kim and 
others, 2016) and have shown that they are absorbed orally 
with limited elimination and they are distributed mainly to the 
serum, kidneys, and liver. These data are currently not avail-
able for most aquatic organisms and wildlife. Therefore, there 
is a need to conduct in vitro and in vivo studies to support 
the development of physiologically based pharmacokinetic 
(PBPK) models in these taxa.

The PBPK models can also be used to identify organs 
where toxicity may occur and help guide studies to determine 
the biochemical-level mechanisms of toxicity. Rate constants, 
used for PBPK models to determine the partitioning of PFAS 

compounds from blood to organs, are dependent on diffusion 
across membranes, binding to membrane components, and 
binding to fatty acids in cytosol (Armitage and others, 2013; 
Ng and Hungerbühler, 2014). A more thorough understand-
ing about the binding properties of PFAS, which may be 
accomplished through in vitro studies, is needed to param-
eterize and further develop PBPK models for fish, birds, and 
other wildlife.

2.6.3. USGS Capabilities and Expertise
The USGS is capable of conducting studies focusing on 

the bioaccumulation and biomagnification of PFAS in aquatic 
and terrestrial ecosystems. This research will require collabo-
ration between biologists and analytical chemists to provide 
chemical analyses of PFAS in blood, serum, other biological 
fluids, and tissues (see section 2.1). The USGS maintains a 
variety of aquatic (fish, invertebrates) and terrestrial (avian) 
colonies at several locations that are available for in vivo stud-
ies that would support bioaccumulation and biomagnification 
research and PBPK model development. USGS scientists have 
experience conducting bioaccumulation and PBPK research, 
as exemplified by published studies on the bioaccumulation 
and biomagnification of PFAS in tree swallows and bioac-
cumulation of PFAS in great blue herons (Custer and others, 
2013; Custer and others, 2019). USGS possesses a mobile 
laboratory that can be used to perform experiments on fish 
exposed to water contaminated by PFAS to better understand 
bioaccumulation and exposure effects. Finally, USGS scien-
tists have the expertise to conduct field studies to examine the 
uptake of PFAS and its potential effects on birds.

2.6.4. USGS Science Opportunities

2.6.4.1. Short-Term Opportunities
The USGS could develop chemical-specific biocon-

centration and bioaccumulation rate constants and pharma-
cokinetic parameters for use in predictive bioaccumulation 
models (table 6). Pharmacokinetic parameters, such as protein 
binding, can be determined using in vitro approaches. These 
parameters would inform the development of bioaccumula-
tion, toxicokinetic, and PBPK models that would be used 
to predict the uptake and internal distribution of PFAS in 
organisms.

2.6.4.2. Long-Term Opportunities
The USGS could develop (1) laboratory-based parame-

ters describing the uptake and trophic transfer of PFAS within 
food webs and critical body residues and (2) models that are 
used to predict the bioaccumulation and PBPK of less studied 
PFAS or mixtures of PFAS (table 6). The USGS could partner 
with other agencies such as EPA and DOD to support the 
development of new models to predict the bioaccumulation 
of PFAS.
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Science opportunities that could be addressed by USGS capabilities
Short term
(1–2 years)

Long term
(3+ years)

Quantification of bioaccumulation kinetics of PFAS in aquatic and terrestrial wildlife Yes Yes
Pharmacokinetic and pharmacodynamic studies to determine distribution of PFAS within aquatic and terrestrial 

wildlife
No Yes

Determination of critical body residues (relation between uptake, bioaccumulation, and toxicity) within aquatic 
and terrestrial wildlife

No Yes

Development and testing of models to predict bioaccumulation of PFAS in aquatic and terrestrial wildlife No Yes
Assessment of bioaccumulation, trophic transfer, and biomagnification across food webs No Yes

Table 6. Scalable PFAS science opportunities, determined through literature reviews and gap analyses, that support studies about the 
bioaccumulation and biomagnification of PFAS (section 2.6).

[PFAA, perfluoroalkyl acid; PFAS, perfluoroalkyl and polyfluoroalkyl substances; USGS; U.S. Geological Survey]

2.7. Ecotoxicology

2.7.1. State of the Science
Ecotoxicology data are limited or do not exist for many 

PFAS, mixtures of PFAS, and mixtures of PFAS with co-
occurring chemicals (Giesy and Kannan, 2002; Giesy and oth-
ers, 2010; Naile and others, 2013). Some ecotoxicology data 
related to fish, birds, and mammals exist for a small number 
of PFAS, such as PFOS and PFOA (Beach and others, 2006). 
Toxicology studies on PFOS and PFOA have reported effects 
on survival and growth for aquatic invertebrates and fish; as 
a result, there are adequate data for the development of initial 
toxicity reference values (Conder and others, 2020). Data 
for other species such as amphibians, reptiles, mammalian 
wildlife, and birds are currently inadequate to derive toxicity 
reference values, although preliminary screening values have 
been proposed (Dykema, 2015). Adverse health outcomes 
linked to exposure to PFAS are limited and have been reported 
only for common laboratory species, including some fish, 
mice, and rats. Recent research indicated that exposures to 
PFBS at environmentally relevant concentrations adversely 
impacted fish reproduction and skewed the sex ratio (Chen and 
others, 2019).

2.7.2. Science Gaps
To date, ecotoxicological data have been reported for a 

limited number of PFAS (primarily PFOS and PFOA) using 
a small number of aquatic laboratory species (Conder and 
others, 2020). For most PFAS, a significant data gap exists 
where there are little to no ecotoxicity data and for less studied 
species that may be highly sensitive to PFAS (Ankley and 
others, 2020). Animals that have a potential susceptibility or 
sensitivity to PFAS and that are relevant to the management 
and protection activities of the Departments of the Interior 
and Defense (Conder and others, 2020) remain to be stud-
ied. Toxicity data are currently limited for many managed 
and protected amphibians, reptiles, mammalian wildlife, and 

birds; these data are essential to predict potential effects on 
and support conservation management goals for those spe-
cies (Ankley and others, 2020). In addition, data on sensitive 
species are needed to derive protective toxicity reference 
values. For example, the midge Chironomus tentans is more 
sensitive to PFOS than other taxa such as crustaceans and fish 
(MacDonald and others, 2004). Additional studies of sentinel 
invertebrates and insects, such as the mayfly, could be con-
ducted to determine vulnerability and inform species sensitiv-
ity distributions. Ecotoxicity studies could also address data 
gaps regarding the roles of exposure routes (ingestion, contact, 
or inhalation), the duration of exposure (acute versus chronic; 
see section 2.5), and the links between adverse biological 
effects and levels of PFAS accumulated in tissues (critical 
body residues).

Understanding the physiological basis of PFAS toxicity is 
necessary to extrapolate across species and to PFAS that have 
not yet been tested. PFAS have been shown to affect thyroid 
function, fertility, development, metabolism, inflammation, 
immune function, and cognitive function in mammalian ani-
mal models used for human-health toxicity assessments (for 
an overview, see Sunderland and others, 2019). Molecular, 
biochemical, and cell-based tools and techniques are needed to 
(1) understand the mechanisms of chemicals (such as endo-
crine active substances) and (2) identify molecular endpoints 
that are linked through understood pathways to known adverse 
outcomes of PFAS at higher levels of biological organization, 
such as adverse effects of PFAS on the behavior, development, 
and immune system in fish and wildlife.

Toxicity studies to characterize the ecotoxicological prop-
erties of each individual PFAS compound are cost prohibitive. 
Thus, methods and models to predict the toxicity of a broader 
range of PFAS are needed. Currently there are several model-
ing approaches that have the potential to predict the toxicity 
of classes of PFAS and PFAS mixtures. The expansion or 
development of PFAS-specific models for ecotoxicological 
purposes could include (1) the EPA’s Sequence Alignment 
To Predict Across Species Susceptibility (SeqAPass) model 



30  Integrated Science for PFAS in the Environment: USGS Strategic Science Vision

(EPA, 2021d), which relies on the sequence and molecular 
structure of target proteins to predict the transferability or 
relevance across species; (2) the EPA’s Web-Based Interspe-
cies Correlation Estimation (WebICE) model (EPA, 2016b), 
which extrapolates mechanisms across different chemicals; 
and (3) data about adverse outcome pathways, which inform 
the cascade of adverse effects from the molecular level up to 
organism, population, and community levels.

2.7.3. USGS Capabilities and Expertise
USGS scientists have the laboratory and field experience 

necessary to conduct ecotoxicological studies of PFAS in a 
wide range of aquatic and terrestrial species (including inver-
tebrate, fish, and avian species). Methods and approaches from 
previous and ongoing studies about other chemical compounds 
such as metals, pesticides, and industrial chemicals can be 
adapted to assess PFAS ecotoxicity. These capabilities exist 
at USGS facilities that already perform research on wildlife 
and the environment. Some facilities already maintain a wide 
range of invertebrate and fish species for aquatic toxicology 
studies and house avian species such as American kestrels 
that may be available for toxicity testing. The USGS also 
has expertise to conduct field studies to investigate exposure 
to PFAS. USGS researchers have studied the reproductive 

success of ospreys in the Chesapeake Bay region in relation 
to multiple contaminant exposures, including PFAS (Rattner 
and others, 2004). More recently, USGS scientists investi-
gated the exposure to and effects of PFAS in tree swallows 
at a contaminated site (Custer and others, 2019). The mobile 
toxicology laboratory is currently deployed and is performing 
experiments on fish exposed to water contaminated by PFAS. 
Ongoing field studies and physiological assessments are being 
conducted at contaminated sites, and laboratory studies are 
being conducted on the adverse biological effects resulting 
from exposure to PFAS in fish and wildlife species that can be 
translated to field populations.

2.7.4. USGS Science Opportunities

2.7.4.1. Short-Term Opportunities
The USGS could identify toxicity data for relevant sensi-

tive species over a broad range of PFAS (table 7). Research 
focused on acute and chronic toxicity as well as sublethal end-
points (such as growth and reproduction) could provide data 
for population models. These data can be used by resource-
management agencies to support risk-based decisions on the 
potential effects of PFAS on fish and wildlife.
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Science opportunities that could be addressed by USGS capabilities
Short term
(1–2 years)

Long term
(3+ years)

Toxicology studies focusing on chronic exposures, sublethal endpoints, and sensitive species Yes Yes
Molecular and biochemical toxicology to determine mechanisms in aquatic and terrestrial wildlife No Yes
Toxicology studies examining PFAS that co-occur with other contaminants No Yes
Microcosm- or mesocosm-level studies that emulate field conditions No Yes

Table 7. Scalable science opportunities, determined through literature reviews and gap analyses, that support studies about PFAS and 
ecotoxicology (section 2.7)

[PFAS, perfluoroalkyl and polyfluoroalkyl substances; USGS; U.S. Geological Survey].

2.7.4.2. Long-Term Opportunities
The best approach to predict the effects from the diverse 

subclasses of PFAS needs to be identified. Data on the mecha-
nisms of PFAS ecotoxicity could be generated to support 
extrapolations of toxicity across species. Where it is available, 
human toxicity data generated by others (outside of USGS) 
can be used to inform potential mechanisms and ecotoxicolog-
ical effects. Conversely, there are opportunities where ecotoxi-
cology studies can inform potential adverse effects in humans 
(Ankley and others, 2020). Laboratory toxicity data describing 

the effects of (1) mixtures of different PFAS compounds or 
(2) mixtures of PFAS with non-PFAS compounds could be 
generated to support models used to predict toxicity for a wide 
range of PFAS across different species (table 7). Additional 
data from (1) microcosm- or mesocosm-level studies and 
(2) field studies would describe the relation between effects 
observed in the laboratory and those observed in the field; 
data at these various scales would be used to support resource-
management decisions on the ecological risk of exposure and 
contamination by PFAS.
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3.1. Integrated Science at the USGS To Support 
Studies of PFAS

Scientists in the USGS have been engaged in integrated 
scientific studies on a variety of topics for several decades. 
These activities have largely been conducted collaboratively 
between a few colleagues across discipline boundaries and 
have resulted in many contributions to the scientific literature 
and body of knowledge (Kolpin and others, 2002; Bradley 
and others, 2020a; Bradley and others, 2020b). However, 
these grassroots approaches are not capable of taking advan-
tage of the potential full range of expertise that could be 
realized if integrated science was more formally supported 
at the Bureau level and institutionalized as an ongoing sci-
ence enterprise. Although a fully developed implementation 
plan and associated workflow for integrated scientific stud-
ies of PFAS is beyond the scope of this strategic science 
vision document, this vision can guide the next steps toward 
full implementation.

The conceptual approach to workflow and scientific 
studies related to PFAS in this document could be relevant for 
integrating other crosscutting science topics in USGS because 
it (1) builds on existing resources, expertise, and capabilities; 
(2) provides a framework for leveraged and shared resources 
across existing mission areas and programs; (3) highlights 
the science gaps that individually and together speak to the 
strengths of the USGS, such as the transfer of process-based 
understandings to various spatial and temporal scales, regional 
and national assessments, statistical and deterministic models, 
and research-method development; and (4) takes advantage of 
increased efficiencies and available expertise made possible 
with transdisciplinary collaboration.

CHAPTER THREE
 Vision for Integrated Science

The USGS workforce includes geologists, hydrolo-
gists, chemists, statisticians, modelers, geographers, biolo-
gists, ecologists, and toxicologists, among others. Therefore, 
conducting integrated science within a nationally consistent 
framework of field and laboratory protocols and approaches 
is a strength of the USGS. In this chapter, we build on the 
topical scope of the preceding individual chapters to provide 
a vision that strategically integrates those topics into a larger 
enterprise within the USGS. Accordingly, integrated science in 
this chapter strictly refers to the collaborative efforts of expert 
scientists and laboratory personnel across the USGS, drawing 
on their collective capabilities to answer science questions or 
test hypotheses related to PFAS in the environment and associ-
ated hazards (table 8).

Stakeholders who prevent, mitigate, remediate, or oth-
erwise manage the hazards brought by exposures to environ-
mental contaminants in either ecosystems or humans require 
comprehensive integrated science to understand key processes 
and data, including the source of the contaminant, its behav-
ior in the environment, exposure pathways, and ecotoxicity 
(fig. 1). Although much knowledge is gained through scien-
tific explorations of individual processes (as described in the 
preceding chapters), the full breadth of these understandings 
as an integrated science topic can often be overlooked in favor 
of more narrowly focused studies. Although this approach is 
common, it may sometimes fall short of providing the infor-
mation needed to envision the entire scope of a scientific 
question and could misidentify opportunities to mitigate or 
remediate the most significant hazard, if one exists.

By contrast, the ability to envision the entire scope of a 
scientific question through the lens of integrated science could 
focus attention on areas where the most potential for health 
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Science opportunities that could be addressed by USGS capabilities
Short term
(1–2 years)

Long term
(3+ years)

Improved understanding of conceptual and other models and decision-support tools that provide actionable in-
formation for prediction, prevention, and mitigation of environmental PFAS human-exposure hazard through 
comprehensive evaluation and prioritization of sources, source apportionment, fate and transport, occurrence, 
and exposures

No Yes

Improved understanding of conceptual and other models and decision-support tools that provide actionable 
information for prediction, prevention, and mitigation of environmental PFAS risk to ecosystems through 
comprehensive evaluation and prioritization of sources, source apportionment, fate and transport, occurrence, 
exposures, and toxicity

No Yes

Table 8. Scalable science opportunities, determined through literature reviews and gap analyses, that support an integrated science 
approach to the study of perfluoroalkyl and polyfluoroalkyl substances (chapter 3).

[PFAS, perfluoroalkyl and polyfluoroalkyl substances; USGS, U.S. Geological Survey]

and economic benefit coexists. For example, stakeholders 
have an incentive to invest resources to mitigate or remedi-
ate hazards when the toxicity of a contaminant is high and the 
contaminant is frequently present in the environment. Con-
versely, this incentive is minimized when (1) the toxicity of a 
contaminant is low, the contaminant is infrequently detected, 
or the contaminant is likely to be transformed or degraded in 
the environment to a harmless substance; or (2) people and 
aquatic or terrestrial organisms are unlikely to be exposed to 
harmful concentrations. In some cases, a contaminant may be 

completely transformed through microbial or other degrada-
tion processes once it enters the environment and is rendered 
harmless before people and aquatic or terrestrial organisms 
are exposed; however, in other cases, a contaminant could be 
transformed by those same processes into something more 
harmful. Other factors such as the spatial (local, regional, 
national) and temporal (short or long term) aspects often drive 
the significance, if any, of hazards associated with an environ-
mental contaminant.

Figure 1. Conceptual diagram showing the major mechanisms of the fate, transport, and exposure pathways of 
perfluoroalkyl and polyfluoroalkyl substances (PFAS) in the environment. Artwork courtesy of Jacqueline Olsen, U.S. 
Geological Survey.
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3.2. Source-to-Receptor Integrated Science 
Paradigm

A source-to-receptor paradigm for integrated science 
can be conceptualized as a continuum of processes that begin 
at the source of an environmental contaminant and end at a 
receptor (fig. 2A). In this model, a receptor can be a cell, an 
organism, or a community. The intervening processes can 
include transport, transformation, exposure, and uptake of a 
contaminant. The source-to-receptor paradigm is an example 
of an integrated science process that leads to actionable 
information for stakeholder decisions at key points in the 
continuum determined to be the most important drivers of a 
contaminant hazard, if one exists.

When considering how the continuum may lead to 
actionable information, it may be instructive to view source-
to-receptor continuums as analogous to the hazard analysis 
and critical control point (HACCP) model developed by the 
U.S. Food and Drug Administration (2018; see sidebar 2). A 
control point in a source-to-receptor continuum can be defined 
as an integrated scientific process(es) within the continuum. 
For example, the transformation of a contaminant in the envi-
ronment can lead to exposure; however, the exposure itself 
may not be of consequence if microbial degradation leads to 
a nontoxic product. Thus, the scientific understanding of the 
transformation process would represent a critical control point 
in understanding how, or if, stakeholders choose to mitigate 
the source of the original contaminant (parent product). In this 
case, an understanding of the transformation process would 
provide actionable information for mitigation. Similarly, if 
exposure to a contaminant leads to bioaccumulation and (or) 
biomagnification with a serious toxic effect, a critical control 
point could be identified in the specific exposure pathway 
before biouptake of the contaminant can occur. Critical control 
points defined in this manner help decision makers (1) identify 
and prioritize actionable information, (2) prioritize further 
integrated scientific research, and (3) focus attention on the 
balance between economic and health effects.

With this conceptual model in mind (fig. 2), there are 
numerous possibilities to link individual or groups of pro-
cesses together that would otherwise not be possible with-
out integrated science (fig. 2B; table 8). Significantly, when 
providing actionable information and general understandings 
about the potential hazards of PFAS in the environment, there 
are likely to be different control points at different spatial 
or time scales across the Nation that will come into play. 
The variability in the source type and strength of the PFAS 
compound, the hydrogeologic settings of the affected water-
sheds and aquifers, the use of water or other natural resources 
that may be contaminated, the sensitivity and composition of 
affected species, and other factors may contribute to the com-
plexity of each individual scientific process (control point). 
This approach can support planning and design considerations 
for research; such decisions include choosing whether a 
targeted monitoring or a random monitoring design is opti-
mal, choosing whether laboratory research is more optimal 

than field- or mesocosm-level research, and choosing how 
to tell the complete story of the life cycle of a contaminant, 
as exemplified by the USGS’s existing approach to the study 
of several inorganic elements and compounds (Papp, 1994; 
Goonan, 2014).

Figure 2 illustrates how integrated science is based on 
many processes; therefore, it can provide flexibility to transfer 
a study’s results, provide information at the spatial and tem-
poral scales of the science question that is being asked or the 
hypothesis that needs to be tested, and be a road map in all 
phases of study planning, design, and execution. The strategic 
science vision described here can provide a useful starting 
point to guide USGS science managers in designing their own 
integrated science programs that address PFAS in the environ-
ment and thus serve the needs of their stakeholders at local, 
regional, or national levels. These unifying concepts can also 
be useful for building coalitions of research partners by pro-
viding clarity on roles and needed expertise.

3.3. Conceptual Workflow for an Integrated 
Science Approach to Studying PFAS at the 
USGS

As noted above, the collaborative and integrated science 
efforts in USGS are often conducted at grassroots levels by 
individuals or small groups of scientists. Beyond the technical 
and scientific limitations inherent in these efforts, institutional 
impediments can limit the sharing of resources. Consequently, 
under current practices, it is more straightforward to parti-
tion and implement the science, rather than share resources, 
provide common review and oversight, and manage science 
between mission areas. These preferences can be rectified 

Sidebar 2—Hazard Analysis and Critical Control 
Point (HACCP): An Example

The HACCP system provides actionable information by identify-
ing where the most significant control point(s) exist along a 
continuum of processes that could lead to a hazard. HACCP is 
most commonly used by the food industry to provide effective 
hazard mitigation as resources move from farms to the con-
sumer. As a simple example, if an HACCP analysis determines 
that harmful microbes are introduced in the grocery store but 
not at the other locations (the farm, the processing plant, or the 
distribution center) in the farm-to-consumer continuum, then it 
would follow that the grocery store is the critical control point 
where appropriate countermeasures can be focused to protect 
consumer health while simultaneously avoiding costly supply-
chain disruptions. This simple example illustrates how decisions 
leading to the most effective and least impactful countermea-
sure could be missed without the full knowledge about and 
accounting for the continuum of processes leading to the hazard 
and critical control point.
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Figure 2. A, A source-to-receptor model for the study of the transport, exposure, and effects of perfluoroalkyl and polyfluoroalkyl 
substances (PFAS) in the environment is shown as a continuum of integrated science processes representing potentially critical control 
points where actionable information can be developed; the sections of chapter 2 are mapped on this continuum. B, The connections and 
interdependencies between the continuum of integrated science processes, described in the seven sections of chapter 2, are shown by 
the arrows.
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through the implementation of a workflow model that has 
Bureau-level oversight and the support of shared and lever-
aged resources.

To help ensure the success of integrated science activi-
ties at USGS to study PFAS, a collaborative workflow across 
mission areas could be identified, developed, and instituted. 
Although the specifics of governing this workflow are 
beyond the scope of this document, the critical elements of 
the workflow for integrated science activities (such as those 
envisioned here) would best include agreed-upon mechanisms 
for (1) developing shared technical requirements; (2) effec-
tive leveraging of program resources; (3) collaborative design 
and implementation of reimbursable work across individual 
science centers, where appropriate and possible; and (4) 
Bureau-level work plans, project reviews, and accountability. 
A communication and outreach plan to coordinate existing and 
new internal networks of web pages, social media, and other 
outlets is also important.

3.4. Conclusion

The work documented here and in related discussions by 
the writing team and other colleagues in the USGS has been 
instrumental in forming a concise strategic vision for conduct-
ing PFAS-related studies using an integrated science approach 
(see sidebar 3). The vision is focused on how USGS scientific 
expertise and capabilities can be used to address the key iden-
tified science gaps.

This strategic vision can guide the implementation of 
integrated science that provides actionable information to 
managers at the spatially and temporally appropriate scale of 
specific decisions, helps build coalitions of research partners, 
and is an information resource for others engaged in studies 
of PFAS in the environment. The integrated science activi-
ties guided by this vision can therefore be designed to address 
issues at local, regional, and national scales and at varying 
timeframes as stakeholder needs evolve. A source-to-receptor 
paradigm is presented as a guiding principle of science inte-
gration for monitoring, modeling, and forecasting processes 
that drive environmental hazards related to PFAS to ecosys-
tems and the public. A conceptual workflow is provided as an 
example to support, review, and manage integrated science at 
the USGS.

Sidebar 3—Vision for an Integrated 
Science Approach to the Study of PFAS in 
the Environment

An integrated science approach that 
encompasses both living and nonliving com-
ponents of ecological systems will provide 
stakeholders with the understanding, tools, and 
data they need to study PFAS in the environ-
ment and support a range of decisions that 
identify, mitigate, or prevent hazards related to 
PFAS. The USGS can build on a broad range of 
interdisciplinary, transdisciplinary, and external 
expertise and nationally consistent laboratory 
and field capabilities to support needed data col-
lection and research. Studies related to PFAS are 
envisioned as occurring along a source-to-recep-
tor integrated-science continuum that provides 
a framework and actionable information for 
identifying and rectifying the most significant 
factors that may lead to hazards related to PFAS.
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