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EPA Superfund Program – RPM Bulletin 2025-02 
Environmental Forensic Tools for Understanding PFAS Fate and Transport 

June 2025 

Purpose 
The purpose of this document is to provide an introductory explanation of tools and methods 
used in per- and poly-fluoroalkyl substances (PFAS) forensic analyses, to assist US EPA project 
teams with reviewing PFAS forensics analyses. The field of environmental forensics, which 
evaluates variability in chemical composition, to assess the source apportionment and fate and 
transport, is not new and has been used for many years to identify sources of PCBs, chlorinated 
solvents and petroleum mixtures (Erickson, 2020; Morrison, 2000; Wait 2000). Federal agencies 
are increasingly using forensic techniques for PFAS, in support of source apportionment and 
remedial decision making under the Comprehensive Environmental Response, Compensation, 
and Liability Act (CERCLA). Source apportionment is often done to allocate liability among 
potentially responsible parties but may also be done to inform the extent of contamination, 
refine the conceptual site model, or inform the selection of background sample locations.  

This Bulletin is designed to assist Remedial Project Managers (RPMs) and Site Assessors who are 
asked to review data to support forensic analyses. This Bulletin provides an overview of 
currently available technologies and methods used in forensics analyses and emphasizes the 
importance of using multiple lines of evidence with a weight-of-evidence approach. If forensic 
analysis will be used to support background assessments, the approach should be consistent 
with EPA guidance on background (EPA, 2002; 2018). 

Existing Guidance 

• Guidance for Comparing Background and Chemical Concentrations in Soil for CERCLA
Sites (pdf) EPA 540-R-01-003, OSWER 9285.7-41, September 2002

• Frequently Asked Questions About the Development and Use of Background (pdf) OLEM
Directive 9200.2-141 A, March 2018 

Background 
PFAS forensic analysis, sometimes called fingerprinting, can be used to evaluate multiple 
sources at an impacted site and improve understanding of PFAS fate and transport (Benotti et 
al. 2020; Charbonnet et al. 2021). The fingerprinting of targeted PFAS analytical data can 
support source apportionment by linking offsite detections to potential onsite sources, 
distinguishing PFAS origins, and identifying historical manufacturing processes that may have 
contributed to PFAS releases. Forensic methods are not definitive but can provide clues that 
need to be pieced together. There are many potential confounders, including precursor 
transformations, differential transport rates and the addition of other sources along the flow 
paths (Pickard et al., 2024).  

Because performing a PFAS forensic analysis is challenging (Benotti et al. 2020; Charbonnet et 
al. 2021), using multiple lines-of-evidence is favored. Lines of evidence may come from a variety 

https://www.epa.gov/sites/default/files/2015-11/documents/background.pdf
https://www.epa.gov/sites/default/files/2015-11/documents/background.pdf
https://semspub.epa.gov/work/HQ/100001657.pdf
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of analytical methods, include complex statistics and modeling, and incorporate site specific 
hydrogeologic condition and historical operations. The use of multiple lines of evidence is a 
common strategy to inform decision-making at complex Superfund sites. This bulletin 
summarizes common methods used to evaluate PFAS sources, fate and transport, and suggests 
how weight of evidence approaches can be assembled to support decision-making. In addition, 
the accompanying graphical fact sheet illustrates the concepts in this RPM Bulletin.  

Expectations and Considerations 
RPMs and project teams should familiarize themselves with the methods that are available and 
useful to evaluate the distribution of PFAS analytes in the environment to build a weight of 
evidence approach to forensic analysis using multiple lines of evidence.  

1. Sources and Uses
PFAS are a large group of multi-functional chemicals that have been and continue to be used in 
many industrial and commercial processes and products, and in consumer products. Identifying 
known and potential sources of PFAS releases to the environment is an important first step in 
any investigation. The distribution of specific PFAS can offer insights into source characteristics. 
For example, different methods of PFAS synthesis use different precursors and can result in 
different arrays of PFAS. Specifically, electrochemical fluorination (ECF) can include both 
branched and linear even and odd chain-length PFAS, whereas PFAAs produced by 
fluorotelomerization contain mostly even chain-length linear homologs (ITRC 2023). The type of 
fluorinated carbon chain length may help inform the age of the source. For example, longer-
chain PFSA (e.g., C8) were commonly used in older PFAS-containing aqueous film forming foams 
(AFFF). Newer formulations were made of shorter chain fluorotelomers (e.g., C6).  

The identity of PFAS sources and uses may be helpful to understanding the type of PFAS that 
may be present, as well as understanding fate and transport. For example, different 
combinations of PFAS may be associated with different uses, (e.g., legacy AFFF vs contemporary 
AFFF, photolithography, chromium plating, etc.) Refer to RPM Bulletin on PFAS Source Areas for 
suggestions on determining potential sources. Knowing what PFAS assemblages are likely to be 
present, based on known uses, is key to predicting fate, transport and transformation. Consider 
also potential non-site-related sources in the vicinity of your site. 

PFAS can be polymeric or non-polymeric; most of the concerns are focused on non-polymeric 
forms. Perfluoroalkyl acids (PFAAs) are generally derived from precursor chemicals, which are 
PFAS that can break down to form the more persistent PFAAs. Two common subgroups of 
PFAAs are perfluoroalkyl sulfonic acids (PFSAs) and perfluoroalkyl carboxylic acids (PFCAs), 
which differ in the type of acid in the head group and vary in the number of carbons in the 
backbone. There are, however, a very large number of PFAS that we currently know very little 
about, in terms of identification, fate and transport or toxicity and some that have been more 
widely studied and can be used in the forensic interpretations. As we learn more about PFAS 
complex mixtures it is likely that the number of contaminants of interest will continue to 
expand. 

https://www.epa.gov/system/files/documents/2024-10/rpm-bulletin-2023-02-pfas-source-areas.pdf
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As PFAS move through the environment, transformation into other PFAS compounds is 
possible, and highly dependent on the hydrogeology and physical, chemical and biological 
characteristics of the media.  As transformation takes place over time and space, this 
introduces a complexity that is particularly challenging because detected PFAS may differ from 
those that were part of an initial environmental release. This is further complicated by the 
current incomplete understanding of all the PFAS degradation products of all PFAS precursors. 
Using forensics to inform our understanding of what is happening requires that we piece 
together multiple lines of evidence to form a plausible history. 
 

2. Conceptual Site Model and Biogeochemistry 
A well-developed Conceptual Site Model (CSM) is essential for effective remedial investigations 
and decision-making (EPA 2011; 2018; 2020). Hydrogeologic CSMs are particularly important for 
characterizing PFAS fate, transport, and contamination extent in groundwater, serving as a 
critical foundation for forensic analysis. A robust CSM will include identification of the 
presumed historical activities, including timing of releases, which resulted in PFAS distribution 
in the environment, and a general understanding of subsurface conditions including 
groundwater flow and site hydrostratigraphy. There are many different site-specific 
geochemical conditions that can specifically influence fate and transport and PFAS 
transformation. Assessing site geochemical conditions such as redox potential (oxidation-
reduction potential and/or ORP) and pH can also be helpful when conducting PFAS forensic 
investigations. Biogeochemical conditions can also influence microbial transformation and thus 
play an important role in the fate and transport of PFAS. 

Measuring the ORP of a system is a quick and indirect way to assess the geochemical potential 
for precursor transformation. Sites may have complex oxidizing and reducing (redox) gradients 
or interfaces that lead to variable PFAS transformation. Under geochemically reducing and 
anaerobic conditions, aerobic (O2-dependent) biotransformation of common PFAS precursors 
would be inhibited. Under geochemically oxidizing and aerobic conditions precursors may be 
more likely to undergo transformation to PFAAs. Redox conditions can vary significantly 
between the source area and downgradient and are site specific resulting in differential 
amounts of terminal PFAAs. 

The pH of an aquifer provides insight into transport of PFAS and the kinetics of expected 
transformations. The pH affects the surrounding media and microbial community, affecting the 
abiotic and biotic transformation of PFAS (e.g., via hydrolysis). Understanding the pH of the 
hydrologic system can help elucidate what type of PFAS are expected to be present and what 
type of PFAS transformations may have occurred. 

PFAAs, including carboxylic acids and sulfonic acids, primarily have an anionic charge under 
environmentally relevant conditions (ITRC 2023). When the pH of an aquifer is acidic, the 
surface charges of the solid media become more positive. Therefore, under acidic conditions, 
PFAAs are more likely to sorb electrostatically to solid media. The same is true with cationic 
precursor compounds and more alkaline pH (i.e., negative surface charges and more 
electrostatic sorption). 



4 
 

Understanding what PFAS are present downgradient from the source areas and characterizing 
the biogeochemical conditions of the aquifer can be important lines of evidence in determining 
PFAS site-specific sources and fate and transport despite the current incomplete understanding 
of how PFAS transform in the environment.  

3. Targeted Analytical Evaluation 
Targeted PFAS analysis methods primarily focus on measuring a specific subset of PFAAs, with 
limited inclusion of precursors chemicals. Standard EPA methods, such as 537.1, 533, and 1633, 
provide critical data on PFAS transport and transformation.  

4. TOP Assay 
The Total Oxidizable Precursors (TOP) assay is a method used to detect unmeasured PFAS that 
are missed in targeted analysis by converting PFAS precursors via oxidation to readily measured 
PFAS. To analyze a sample for TOP, two duplicate samples are needed. The first sample is 
analyzed for a specified list of PFAS through targeted analysis techniques (such as EPA Method 
533) (EPA 2022). The second sample undergoes oxidation (Houtz and Sedlak 2012). Ideally, 
previously undetected PFAS precursors will convert to PFAS end products such as PFCAs or 
PFSAs through oxidation. The oxidized sample is then analyzed with targeted analysis and 
compared to the first sample (EPA 2022). The TOP assay is being used in combination with 
target analytical methods and statistical tools to successfully apportion local contamination 
(Antell et al. 2023; Balgooyan and Remucal, 2023). If RPMs are reviewing forensics approaches 
using TOP assay for their sites, they should contact their Superfund Technical Liaison (STLR) for 
assistance. 

5. Assessment of Linear Versus Branched Isomers 
One of the more accessible and affordable options that can be used to conduct PFAS forensics 
is to investigate the presence of linear and branched isomers. Different manufacturing 
processes can produce dominantly linear or linear and branched isomers in specific ratios. 
Current analytical methods are designed to sum the isomers together to report concentrations 
as one value. Requesting that data be presented to distinguish between linear and branched 
isomers as part of targeted analyses can help attribute PFAS impacts to specific manufacturing 
processes or manufacturers. Linear and branched isomers also have differential transport 
behaviors that should be considered (Charbonnet et al. 2021; Stults et al. 2022). Note that not 
all labs have the capacity to distinguish between branched and unbranched isomers. 

6. PFAS Ratio Calculations 
Considering the spatial and/or time-series relationship between target PFAS analytes and 
source area is one way to perform forensic PFAS analyses to support source contributions, 
precursor transformation evaluations, evaluating the age of the source, or identifying 
differential transport. In simple terms, considering the ratios of PFAS homologs, classes, and 
isomers at a contaminated site can provide a useful line of evidence. In general, these ratios 
should be considered site-specific and should be selected based on site-specific history and 
conditions (ITRC 2023). For example, certain sources may be enriched with a single or group of 
PFAS analytes (so-called sentinel PFAS); or exhibit a distinguishing ratio, such as 
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perfluorohexane sulfonate (PFHxS)/perfluorooctane sulfonic acid (PFOS) (Charbonnet et al. 
2021). 

Calculating the ratios of select PFAS analytes in the data set may help generate hypotheses 
regarding sources, transformation, migration and differential transport, or to describe the 
relationships between PFAS in soils, sediments, surface water, and groundwater. The analysis of 
PFAS ratios can be accomplished using statistical techniques, such as bootstrapping (Antell et 
al., 2023). 

7. Nontarget Analyses  
Although the list of target analytes covered by validated EPA methods has expanded over time, 
the vast majority of PFAS-containing commercial products include substances that are not 
detected by standard methods, such as EPA Method 1633. Nontarget analysis (NTA) methods 
based on high-resolution mass spectrometry (HRMS) can be used to identify PFAS that lack 
commercially available analytical standards, greatly expanding opportunities to identify source-
specific patterns, or sentinal PFAS that may be highly differentiating among sources 
(Charbonnet et al. 2021). patterns, or sentinal PFAS that may be highly differentiating among 
sources (Charbonnet et al. 2021). Note that a limitation of NTA is that it cannot provide rigorous 
quantification in the absence of analytical standards, but it can provide semi-quantitative 
results in some cases.   If RPMs are reviewing forensics approaches using NTA methods for their 
sites, they should contact their Superfund Technical Liaison (STLR) for assistance. 

8. Total Organic Fluorine Methods 
Some researchers have found that bulk organofluorine measurements can be used to inform 
the development of PFAS mass balance. Examples of bulk organofluorine methods include Total 
Organic Fluorine (TOF), Adsorbable Organic Fluorine (AOF) and Extractable Organic Fluorine 
(EOF). EPA provides a concise summary of bulk organofluorine methods 
(https://www.epa.gov/cwa-methods/frequent-questions-about-pfas-methods-npdes-permits). 
Because bulk organofluine methods capture a broader array of chemicals, including 
pharmaceuticals and pesticides, the information can provide important context for potential 
diverse sources.  

In general, TOF focuses on the difference between total fluorine and inorganic fluorine, and is 
therefore limited by the concentration of inorganic fluorine present in the sample. AOF and EOF 
use sorbents. EPA reports that sorbent selectivity may result in poor recoveries for some PFAS. 
AOF and EOF detection limits are lower than TOF, but detection limits for all organofluorine 
methods ae much higher than for individual PFAS compounds in tarteted analysis. In 2024, EPA 
finalzed EPA Method 1621 which measures AOF.  

9. Principal Component Analysis 
Principal component analysis (PCA) is a multivariate statistical procedure that can be used to 
identify patterns in PFAS data sets and graphically show the most important features of data 
that describe similarities and differences (ITRC 2023). PCA can be used to summarize 
information on individual PFAS concentrations and group them into principal components (PCs) 
and can be used as another line of evidence. 

https://www.epa.gov/cwa-methods/frequent-questions-about-pfas-methods-npdes-permits
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Changes in PFAS patterns may be associated with fate and transport due to site conditions or to 
the contribution of additional sources (ITRC 2023). While PCA can be highly useful, its 
interpretation can be subject to a high degree of variability in interpretation based on pre-
processing steps. Small changes in data pre-processing steps can produce major variability in 
the output results.  

Some factors that can create variability include the question to be answered by running PCA, 
how clean the data set is (e.g., correct qualifiers, consistent units), what normalization 
technique is used (e.g., a different normalization is needed for data with Gaussian distributions 
than with other distributions), how PFAS non-detections and qualified data are handled, and if 
the data are sufficiently non-sparse. These limitations make it imperative that when PCA is used 
as a line of evidence, all details are explicitly stated to allow an independent party to reproduce 
the interpretation. PCA is a challenging technique with the potential for misuse, so if it is 
employed, RPMs should seek technical assistance when reviewing the data and its 
interpretation. 

10. Trends in Targeted and Non-Targeted Analysis 
As additional groundwater analytical data are collected, trends in PFAS concentrations between 
targeted and non-targeted analysis are likely to yield valuable information on transformation 
and fate and transport and can be further utilized to enhance the forensic analysis.  

Actions and Options for EPA Federal Facility Reviews 
1. Seek Technical Assistance 

Engage your regional chemist, hydrogeologist statistician and/or risk assessor to assist with the 
review of documents (Quality Assurance Project Plans [QAPPs], sampling and analysis plans 
[SAPs], draft forensics analyses, etc.). If you cannot access regional technical experts, contact 
the Federal Facilities Restoration and Reuse Office (FFRRO) for assistance. Depending on your 
site type and conditions additional technical expertise may be helpful. Contact your regional 
Superfund technical support liaison to get access to Office of Research and Development (ORD) 
experts and Environmental Response Team (ERT) assistance. In addition, you can check with 
your Site-Assessment team to see if that are other potential sources of PFAS releases in the 
vicinity. Other cleanup programs (RCRA, Removals, Brownfields) may have equities in the area 
as well. 

2. Request Multiple Lines of Evidence Approach 
Differentiating PFAS sources calls for a multiple lines-of-evidence approach. It is important to 
evaluate the chemical analyses within the context of robust CSMs, site history, site 
geochemistry, groundwater and surface water dynamics, and past and ongoing remedial 
efforts. The resulting PFAS data acquired via targeted and NTA constitute multiple lines-of-
evidence for source allocation, with more confident source identification with more lines-of-
evidence.  

3. Pay Attention to Data Quality Objectives 
Defining investigative data quality objectives (DQOs) is a critical part of beginning a PFAS 
investigation. Establishing analytical DQOs is important to ensure that the selected analytical 
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tools, sampling rationale, and methods return a reliable level of performance and data of 
sufficient quality to support decision-making efforts. Investigative DQOs can influence the 
selection of the analytical tools and methods. The selected analytical tool or method are 
aligned with the DQOs prior to data being collected to avoid impractical expectations of what is 
possible with a data set or wasted time and effort on collecting insufficient or inadequate data.  

4. Considerations When Evaluating Data 
While this technical summary discusses powerful analytical tools and methods it also highlights 
the limitations associated with these components of a PFAS forensic analysis. Therefore, it 
stands to reason that too much emphasis on any one of these components may lead to 
unreliable hypotheses or conclusions. A balanced and pragmatic approach that relies on 
multiple lines of evidence is recommended because as multiple components resolve to a 
common observation/conclusion, the confidence in that observation/conclusion increase. The 
following offers suggestions for questions you may want to ask to substantiate a given 
hypothesis. 

• Were validated EPA methods used for the appropriate environmental matrix? 
• Were DQOs clearly defined and met? 
• Do the results differentiate between branched and linear PFAS isomers, and are isomer 

distributions consistent with known manufacturing processes? 
• Are multiple potential sources present that could confound source allocation? 
• Would NTA or additional forensic techniques strengthen source attribution? 
• Are PFAS concentration patterns consistent with the site's CSM and expected fate and 

transport behavior? 
 
Attachment - Factsheet for EPA PFASs Forensics Technical Summary, April 2025 
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Forensic Tools: Targeted and Non-Targeted Analysis

Forensic Tools: Data Visualization & Interpretation
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multiple analytical techniques to assess PFASs comprehensively, and selection 
of the most appropriate techniques is a balance of cost and project objectives. 

NON-
TARGETED

TARGETED
(EPA Method 537.1,  

533, 1633)

There are more PFASs than can be detected 
using targeted analysis. Source allocation 

can be supported using non-targeted 
analysis. Patterns within targeted analysis 

are limited and further non-targeted 
analysis is necessary  (i.e., TOP assay).

~130 PFASs detectable with standard Liquid Chromatography &  
Tandem Mass Spectroscopy (isotope dilution & solid phase 

extraction improve quality)

Side-by-side pre- and post-oxidation data from TOP assay is applicable to 
multiple observations

There are also 
multivariate statistical 

tools (PCA & linear 
regression) to identify 
relationships in data

Staged approach to forensics balancing cost and objectives that begins with 
targeted analysis and incrementally adds more analytical complexity is advisable.

© 2024 CDM Smith Inc.

© 2024 CDM Smith Inc.

© 2024 CDM Smith Inc.

Pre-Oxidation 
Analysis

TOP Assay 
(Oxidation)

Post-Oxidation
Analysis

Proprietary PFASs molecules 
specific to certain products

EOF/AOF combusts either samples, sorbents, or 
extract to measure F- via IC [EPA Method 1621 (AOF)]

HRMS determines 
highly precise mass, 
enabling structural 
formula & identification 
of suspect PFASs

19F NMR identifies 
molecular structures to 
quantify compounds in 
complex mixtures

TOP Assay oxidizes precursors (arrows–wooden 
shafts burn) to reveal PFAAs (arrow heads 
remain)

IN
TE

N
SI

TY

MASS/CHARGE

[C
x2

F y2
]

[C
x1

F y1
]

[C
x3

F y3
]

Precursors oxidize 
to PFAAs

F F

F F

Data provided 
by ALS

Data provided 
by Erika Houtz 
and Ian Ross 

Stults et al. 2023
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Forensic tools can differentiate PFASs background and assist 
with apportioning liabilities between responsible parties.

LC-MS/MS 
C4-C14

TOP Assay

LC-HRMS

EOF & AOF

19F NMR

PIGE

PFAS-Related Functional Group Identification

Total Fluorine (Inorganic + Organic)

Total Organic  Fluorine

“Extractable & Adsorbable” Organic Fluorine (including non-PFASs)

LC-Amenable PFASs

Precursors to Targeted PFASs

Targeted PFASs

LC-MS/MS
C1-C3 Targeted PFASs

Total PFAS-Related Organic F
Non-PFAS-Related 

Organic F
Inorganic F

High resolution Mass Spectrometry Data from WWTP Effluent to a Surface Water

Suspect PFAS precursors may 
potentially inform manufacturers 
or, as part of a multiple lines-of-

evidence approach, support 
source allocation. 

The targeted PFAS compounds 
are common terminal 

transformational products and 
are less informative for 

forensic purposes.

Targeted Compounds Common to Method 1633A Suspect PFAS Precursor Compounds
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TOP Assay Applied to Surface Water from Recent C6
Fluorotelomer Foam Loss

Data Courtesy of Nigel Holmes Queensland DEHP

Assay Applied

Property of CDM Smith, all rights reserved 12

Source SourceDowngradient Downgradient

Example: TOP AssayExample: High Resolution Mass Spectrometry (HRMS)

Non-targeted 
PFASs  screen-
ing vs. distance 
from a source 
can indicate 
considerable 
PFAA precursor 
source mass & 
support source 
allocation.

Source Downgradient

TOP Assay on surface 
water after an AFFF release 
(Holmes 2017)

Adapted from data provided by Thermo Fisher and ALS Pre-TOP assay Post-TOP assay

Identification Capabilities of Various 
PFASs-Related Analyses

 High abundance of  
specific PFAS

 Low abundance of  
specific PFAS
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