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PHT3D: A Reactive Multicomponent Transport
Model for Saturated Porous Media
reviewed by C.A.J. Appelo1 and Massimo Rolle2

This column reviews the general features of PHT3D
Version 2, a reactive multicomponent transport model that
couples the geochemical modeling software PHREEQC-2
(Parkhurst and Appelo 1999) with three-dimensional
groundwater flow and transport simulators MODFLOW-
2000 and MT3DMS (Zheng and Wang 1999). The
original version of PHT3D was developed by Henning
Prommer and Version 2 by Henning Prommer and
Vincent Post (Prommer and Post 2010). More detailed
information about PHT3D is available at the website
http://www.pht3d.org.

The review was conducted separately by two review-
ers. This column is presented in two parts.

PART I by C.A.J. Appelo

Introduction
PHT3D is a computer code for general reactive trans-

port calculations, coupling MODFLOW/MT3DMS for
transport and PHREEQC for chemical reactions. It was
developed by Henning Prommer in the 1990s and has
been applied by him and his coworkers to various ground-
water problems of practical interest. The resulting pub-
lications (http://www.pht3d.org/pht3d public.html) show
an impressive applicability of the code and illustrate the
underlying understanding of quite complicated interac-
tions (e.g., Prommer and Stuyfzand 2005; Prommer et al.
2008, 2009). In the original version, transport is calculated
during a time step, an input file is written for PHREEQC
for calculating reactions such as ion exchange and pre-
cipitation or dissolution of minerals, and these steps are
repeated for subsequent time steps until finished. This
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loose coupling has the advantage that updates of the
master programs can be installed without much effort.
A disadvantage is that the calculation of the chemical
reactions needs to be initialized time and again for each
cell in the model, which adds another time-consuming
step to calculations that are already computer-intensive.
Another disadvantage is that surface complexation reac-
tions need to be calculated first using the water compo-
sition from the previous time step and then reacted with
the changed water concentrations. This procedure was not
implemented in the original version of PHT3D, and sur-
face complexation reactions could not be calculated.

Prommer and Post recently released the second
version of PHT3D that resolves the shortcomings and
works very well. The improvement is owing firstly to
the implementation of total-variation-diminishing (TVD)
scheme that MT3DMS uses for calculating advective and
dispersive transport (Zheng and Wang 1999). Secondly,
it is because PHREEQC is now being used for storing
the chemical data of the model, including the chemical
activities and the composition of surface complexes from
the previous time step. In addition, the procedure to
transport total oxygen and hydrogen has been adapted
from PHAST (PHAST is the 3D reactive transport model
developed by Parkhurst et al. 2004, based on HST3D
and PHREEQC). This enables the user to obtain the
redox state of the solution without having to transport
individual redox concentrations of the elements (e.g., C
being distributed over carbon-dioxide, C(4), and methane,
C(–4)). The tighter coupling quickens the calculations
twofold at least, but probably by an order of magnitude for
the more interesting cases. In this review, the background
of the new implementation is presented and illustrated
with examples and compared with results from PHREEQC
and PHAST.

How Are pe and pH Calculated in the New
Version

The calculation of pe and pH from total hydrogen and
oxygen, and charge balance has been implemented in the
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Monitored Natural Attenuation to Manage PFAS 
Impacts to Groundwater: Scientific Basis

by Charles J. Newell , David T. Adamson, Poonam R. Kulkarni, Blossom N. Nzeribe, John A. Connor, 
Jovan Popovic and Hans F. Stroo

Abstract
Sites impacted by per- and polyfluoroalkyl substances (PFAS) pose significant challenges to investigation and remediation, including very 

low cleanup objectives, limited information on natural PFAS degradation processes in the subsurface, and the apparent mobility and persistence 
of PFAS. Consequently, monitored natural attenuation (MNA) may be considered less applicable to PFAS compared to biodegradable classes 
of chemicals such as petroleum hydrocarbons and chlorinated solvents that can completely biodegrade to innocuous end products. However, 
MNA has proven effective for certain non-degrading metals, metalloids, and radionuclides (e.g., chromium, arsenic, and uranium). To assess 
the applicability of MNA to PFAS, this paper reviews the fate and transport properties of PFAS in conjunction with the various physiochemical 
factors that control the subsurface movement of chemicals. This analysis demonstrates that two important retention processes: (1) chemical 
retention in the form of PFAS precursors, and (2) geochemical retention in the form of sorption and matrix diffusion to mitigate the movement 
and potential impacts of PFAS in groundwater that may form the scientific basis for applying MNA to PFAS contamination. This paper describes 
the scientific and regulatory basis for using MNA to manage PFAS-impacted groundwater.

Article impact statement: Chemical and geochemical retention can form the basis for 
applying Monitored Natural Attenuation to manage PFAS impacts in groundwater.

Introduction
Sites impacted with per- and polyfluoroalkyl substances 

(PFAS) may prove difficult and costly to remediate in some 
cases, due to a combination of several challenges, including:

1.  part-per-trillion (ppt) cleanup objectives;
2.  the lack of proven destructive in-situ remediation tech-

nologies;
3.  the number of PFAS in source zones and the limited abil-

ity to comprehensively evaluate the PFAS composition;
4.  limited information on natural PFAS degradation pro-

cesses in the subsurface;
5.  the mobility and persistence of PFAS in the subsurface;
6.  the large size of some PFAS plumes (Simon et al. 2019); and
7.  the potentially large number of PFAS sites requiring re-

mediation (see three estimates in Newell et al. 2020).

Monitored natural attenuation (MNA) represents one 
opportunity to manage such sites more efficiently while still 
protecting potential receptors. MNA refers to “the reliance 
on natural attenuation processes (within the context of a 
carefully controlled and monitored site cleanup approach) 
to achieve site-specific remediation objectives within a time 
frame that is reasonable compared to that offered by other 
more active methods” (USEPA 1999). Despite past skepti-
cism of its effectiveness, MNA is now considered one of 
several remedial technologies that can be employed at con-
taminated sites, as long as the science behind natural attenu-
ation (NA) processes is well understood and MNA helps 
manage the chemicals of concern (COCs) in groundwater 
(Adamson and Newell  2014). There is an extensive col-
lection of MNA protocols and guidance for implementing 
MNA for a wide variety of COCs in groundwater (Wiede-
meier et al.  1995; National Research Council  2000; Pope 
et al. 2004; Ford et al. 2007a; ITRC 2010). Depending on 
site conditions, MNA can be applied in several different 
ways: (1) to manage an entire plume with or without source 
remediation; (2) to manage a portion of the plume, based on 
horizontal/vertical location and contaminant type; (3) as a 
polishing step after plume remediation. MNA is generally 
utilized where NA processes manage a groundwater plume, 
whereas a related technology, Natural Source Zone Deple-
tion (NSZD), is utilized where NA processes manage source 
zones (typically LNAPL source zones) (Garg et al. 2017).

While the authors are not aware of any PFAS sites 
where MNA has been applied to date, MNA likely will be 
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Figure 1. Development of MNA (updated from ITRC 2008). The authors will be working on an upcoming ESTCP PFAS MNA 
project in 2021 (USEPA 2015).

an important component of PFAS site management strate-
gies in the future. Therefore, this evaluation aims to fos-
ter efficient and effective MNA assessments at PFAS sites 
and to promote an effective response to PFAS impacts on 
groundwater resources. The authors summarize the ratio-
nale for using MNA at appropriate PFAS sites and the key 
processes responsible for NA. A companion paper (Newell 
et al. 2021) describes the lines of evidence used for MNA 
determinations and the methods available to screen sites 
for MNA potential, including quantifying NA rates and 
capacities.

History of MNA as a Groundwater Remediation Tool
Development of MNA as a groundwater remediation 

tool began during the 1990s. MNA was used for two of the 
most common groundwater contaminant classes (petroleum 
hydrocarbons and chloroethene solvents) (Figure 1) histori-
cally. Developing the necessary scientific knowledge about 
MNA processes and then establishing the technologies 
and strategies to assess MNA required several years. More 
recently, MNA has been applied to other groundwater COCs 
as the understanding of attenuation processes expanded. 
Published MNA guidance documents and technical papers 
have been prepared for 9 metals/metalloids and other inor-
ganics (e.g., chromium [Ford et al. 2007b]), 10 radionuclides 
(e.g., uranium [Ford et al.  2008]), methyl tert-butyl ether 
(MTBE) (Wilson et al.  2005), and 1,4-dioxane (Adamson 
et  al.  2015). Overall, MNA has been applied to a broad 
assortment of COCs in groundwater with widely different 

fate and transport processes, including some COCs that do 
not completely degrade in-situ (see Table 1).

Applicability of MNA as a Remediation Tool for PFAS  
in Groundwater

PFAS comprise a large group of man-made fluorinated 
compounds that have recently emerged as significant COCs 
for groundwater (Hu et al. 2016). PFAS pose several chal-
lenges regarding remediation, notably their wide range of 
chemical properties, their high mobility, and recalcitrance 
of some PFAS, which can cause regulatory concern (Simon 
et al. 2019). While these properties may make MNA more 
challenging, some physio-chemical properties of PFAS can 
result in significant retention of PFAS in both the vadose 
and saturated zones of the subsurface. Thus, these retention 
processes can provide a credible scientific basis for MNA at 
many PFAS sites.

Thousands of individual PFAS exist, with a wide range 
of properties affecting their fate and transport in the sub-
surface. However, the PFAS of greatest regulatory concern 
are the long-chain perfluoroalkyl acids (PFAAs) such as 
perfluorooctanoic acid (PFOA) and perfluorooctane sulfo-
nate (PFOS). PFAAs, and many other PFAS, are surfactant 
molecules, with hydrophobic alkyl tails and anionic acidic, 
hydrophilic head groups (e.g., anionic [or deprotonated] 
acidic, hydrophilic head groups). Under common environ-
mental conditions, PFAAs exist in the dissociated anionic 
form and are relatively water-soluble with low vapor pres-
sures (Prevedouros et al.  2006; Rayne and Forest  2009; 
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Rahman et al. 2014). PFAAs are also resistant to chemical 
or biological degradation because of their strong C─F bonds 
(Nzeribe et al. 2019; ITRC 2020) and can be generated by 
the biological transformation of PFAA precursors.

In groundwater, the major PFAS transport processes are 
advection, dispersion, diffusion, and sorption (ITRC 2020). 
Sorption can be very important for PFAAs and many other 
PFAS in the vadose and saturated zones. Sorption in the 
saturated zone occurs via two significant mechanisms: (1) 
electrostatic interaction of the charged functional group 
heads (such as the anionic heads’ interaction with positively 
charged surfaces of a porous media), and (2) hydrophobic 
interaction of their perfluoroalkyl tail with non-polar sites 
of the porous media (Higgins and Luthy 2006; Guelfo and 
Higgins 2013; Du et al. 2014) or hydrophobic sorption of 
non-fluorinated hydrocarbon alkyl structures and associ-
ated functional groups. In unsaturated systems, such as 
soils, many PFAS partition strongly to the air-water inter-
faces (Lyu et al. 2018; Brusseau et al. 2019). For example, 
air-water partitioning was shown to comprise up to 50 to 
78% of the total PFOS retention in laboratory experiments 
(Brusseau  2018; Costanza et al.  2019). Using empirically 
derived values for adsorption coefficients, Brusseau (2018) 
estimated that PFOS would exhibit a retardation factor 
of 140 based on air-water interfacial adsorption, which is 
seven times higher than the estimated retardation factor of 
20 for solid-phase adsorption alone for a soil with a fraction 
organic carbon content (f

oc
) of 0.002 and 0.4 water saturation 

(pore space 40% filled with water). By comparison, retar-
dation factors in groundwater, where completely saturated 
aquifer soils rule out contributions from air-water interfacial 
adsorption, are expected to be lower. For example, Newell 

et al.  (2020) estimated PFOS would have a hydrophobic-
only retardation factor of 6.0, vs. 2.0 for TCE and 1.3 for 
benzene (for soils with f

oc
 of 0.01), and the REMChlor-MD 

model user’s manual states that typical retardation factors in 
groundwater range from 1 to 3 for BTEX compounds (ben-
zene, toluene, ethylbenzene, xylenes) and 2 to 5 for many 
chlorinated solvents (Farhat et al. 2018).

Polyfluorinated compounds, including those that have 
been identified as PFAA precursors, can be cationic and 
zwitterionic. In vadose and saturated zones, these polyfluo-
rinated compounds can be retained as a result of additional 
electrostatic interactions with soils which typically are 
negatively charged. Overall these precursor properties can 
result in long-term retention of some PFAS in vadose zones, 
which is a promising process for MNA even where residual 
sources are present (Shin et al. 2011; Xiao et al. 2015; Brus-
seau et al. 2020). As such, PFAA precursors can be consid-
ered chemically retained PFAAs as long as the precursors 
do not transform to PFAAs. This concept is described in 
more detail in a later section of this paper.

On initial review, PFAS would be considered an unlikely 
class of chemicals for MNA in groundwater. The U.S. 
Environmental Protection Agency’s 1999 MNA Directive 
(USEPA 1999) states that “when relying on natural attenu-
ation processes for site remediation, EPA prefers those pro-
cesses that degrade or destroy contaminants.” However, as 
shown in Figure 1, the USEPA developed an extensive three-
volume set of MNA guidance documents explaining how 
to implement MNA for metals, metalloids, radionuclides, 
and groundwater contaminants that do not degrade in-situ 
(Ford et al.  2007a, 2007b, 2008; Truex et al.  2011). MNA 
projects for non-degrading groundwater contaminants have 

Table 1
Comparisons of PFAS to Conventional COCs in Groundwater Plumes

Property or Process
Organics (e.g., chlorinated 

solvents, hydrocarbons)
Inorganics (e.g., metals, radio-

nuclides) PFAS

Chemical bond C─Cl, C─H (high 
electronegativity)

Varies (low electronegativity) C─F (most electronegative)

Physical structure Generally hydrophobic Generally hydrophilic Hydrophobic tail and hydrophilic head

Degradability in 
groundwater

Many are completely 
biodegradable to innocuous 
end products. Rates vary 
considerably between COCs

Generally non-degradable 
though radionuclides undergo 
natural radioactive decay

PFAS are not thought to degrade to 
innocuous products but may transform 
from parent to intermediate PFAS and 
finally to perfluoroalkyl acids (PFAAs) 
as terminal end products

Partitioning Primarily partitioning to organic 
matter

Variety of partitioning and 
precipitation processes 
controlled by groundwater/ soil 
geochemistry

Partitioning onto organic matter and to 
a lesser degree for some PFAS classes, 
charged minerals

Ionic state Generally non-polar Generally anions Anions, cations, zwitterions, and 
neutrally charged species

Volatility High volatility Non-volatile Most extremely low volatility

Solubility Variable Variable Variable (increases as chain length 
decreases)

MNA used as 
remediation tool?

Extensively used based on 
USEPA and other guidance 
documents

Extensively used based on 
USEPA guidance documents

Focus of this paper

Key MNA processes Biodegradation Retention Retention
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been evaluated at several field sites (e.g., arsenic by Reisinger 
et al. 2005; heavy metals by Krishna et al. 2010; chromium 
by Rouse et  al. 2006 and Truex et al. 2017). Thus, there is 
precedent and a scientific basis for not immediately ruling out 
MNA as a potential groundwater management tool at PFAS 
sites.

PFAS characteristics and processes that support the case 
for MNA as a remediation alternative for PFAS include:

•	 MNA via retention is a recognized remediation alterna-
tive for some groundwater COCs, as described in Table 1 
(Ford et al. 2007a; Truex et al. 2011).

•	 PFAAs and precursors are subject to several processes 
that can retain mass and limit mobility, leading to sig-
nificant attenuation with distance.

•	 PFAS retention can significantly reduce transport in both 
vadose zones (Anderson et al.  2019) and groundwater 
plumes (Adamson et al. 2020).

•	 PFAS plumes are subject to matrix diffusion effects 
(Adamson et al. 2020).

•	 Compared to other COCs, the ratio of typical source con-
centrations to regulatory criteria may actually be lower for 
PFAS plumes compared to COCs that have conventionally 
impacted groundwater (Newell et al. 2020).

Finally, there is a growing recognition that at some sites, 
matrix diffusion and other long-term retention processes 
occur, indicating that active remediation will have a limited 
impact on reducing the remediation timeframe (e.g., Sale et al.  
2008; Hadley and Newell 2014; Sale et al. 2013).

Potential Benefits of MNA for PFAS Management
Currently, remediation strategies for PFAS-impacted 

groundwater are limited to pump and treat technologies, as 
there are no available, reliable, cost-effective, in-situ treat-
ment options that destroy or remove PFAS (Simon et al. 
2019). Ex-situ treatment of extracted groundwater relies on 
sorption using granular activated carbon, although novel, 
destructive treatment technologies such as sonolysis, elec-
trochemical oxidation, and enhanced contact plasma are 
now being actively studied (Leeson et al. 2021). Groundwa-
ter pump and treat (P&T) systems can be effective for con-
trolling the migration of conventional COCs. However, such 
systems commonly cannot restore aquifers to their original 
conditions and are often operated indefinitely (National 
Research Council  1994). For P&T systems in the United 
States, 2003 surveys indicate an average capital cost of $2.4 
million per site and an average annual cost of $424,000 for 
operation and monitoring(NAVFAC 2003).

Many PFAS groundwater plumes may eventually require 
some type of environmental management (Newell et al.  
2020). Remediation costs for COCs with properties simi-
lar to that of PFAS have proven very significant. Existing 
ex-situ (and in-situ) groundwater treatment technologies for 
PFAS plumes could be more costly than conventional COCs 
because of the C─F bond and associated energy require-
ments to break that bond (Coyle et al. 2021). Clearly, there 
are significant practical and economic incentives to use 
MNA as a remediation tool, where appropriate.

The PFAS Experts Symposium (Simon et al. 2019) pro-
posed a triage approach to PFAS site management:

•	 Minor PFAS sites may be addressed by source removal 
(if the sources are very small) combined with MNA or, if 
needed, pump and treat.

•	 Intermediate PFAS sites may be addressed by partial 
source remediation or complete removal or source con-
trol such as capping, together with MNA at sites where 
there are long-term risks that need to be controlled.

•	 Major PFAS sites (e.g., semi-regional sites) may be 
addressed by “partial removal or control of some of the 
known sources., but because of the large extent of the 
PFAS plume, alternative water supply or point-of-use 
treatment is employed for both domestic and municipal 
users of PFAS-impacted groundwater.”

Simon et al.  (2019) noted that NA for PFAS “will not 
likely involve destructive reactions, but be driven by pro-
cesses such as matrix diffusion, sorption, dispersion, and 
dilution.” MNA for PFAS plumes will be different than MNA 
for other COCs. MNA for PFAS will require understanding 
the processes responsible for attenuation and transformation 
of a wide variety of PFAS, as well as the methods avail-
able to evaluate NA rates and the site-specific capacity for 
in-situ retention that relies on physicochemical processes. 
While MNA is not likely to be applicable to all PFAS sites, 
we believe it is likely that some fraction of PFAS sites are 
amenable to management with MNA.

PFAS Attenuation Processes
The key processes affecting PFAS attenuation in vadose 

and saturated zones include partitioning/adsorption, matrix 
diffusion, biodegradation of PFAA precursors, and disper-
sion. An additional process known as “salting out” can be 
important where PFAS in fresh groundwaters mix with 
saline groundwater.

Partitioning/Retention
Several naturally occurring partitioning/sorption pro-

cesses can influence PFAS transport in the subsurface 
(Naidu et al. 2020; Anderson et al. 2021). Here, partitioning 
is defined as any process that leads to the distribution of 
a compound between two phases (e.g., aqueous phase and 
NAPL phase) and is an equilibrium condition. Adsorption 
refers to the accumulation of a constituent at the solid:water, 
air:water, or NAPL:water interface. Sorption is a more gen-
eral term for processes that can include both adsorption and 
absorption.

Figure  2 summarizes the potential interfacial interac-
tions and the relevant physical and chemical properties that 
affect PFAS retention.

The current knowledge of PFAS partitioning processes 
differs among various environmental media (Brusseau 2018; 
Sima and Jaffé  2021). Adsorption by the solid phase has 
been the topic of several investigations, which have suc-
cessfully demonstrated the multiple mechanisms that influ-
ence this partitioning phenomenon. These mechanisms 
include hydrophobic and electrostatic interactions, which 
are a function of pH, ionic strength, organic carbon content, 
the charge of soil particles, chain lengths, and charge of the 
functional group of the PFAS (Nguyen et al.  2020). The 
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relative importance of these processes has been documented 
at PFAS field sites (Weber et al. 2017; Adamson et al. 2020; 
Nickerson et al. 2021). For example, a field-scale evaluation 
of a former fire training area where aqueous film-forming 
foam (AFFF) had been released showed that zwitterionic 
and cationic precursors were strongly retained within the 
source area relative to PFAAs due to preferential sorption 
characteristics (Adamson et al. 2020; Nickerson et al. 2021). 
Differences in PFAS distribution among solid and liquid 
phases as a function of carbon chain length were also noted. 
These findings are consistent with several studies showing 
that, among PFAAs, the shorter-chain compounds are gen-
erally more mobile and less strongly retained, and that, for 
PFAS of equal chain length, perfluorinated sulfonates sorb 
more strongly than perfluorinated carboxylates because of 
their sulfonic headgroup (Guelfo and Higgins 2013; Nguyen 
et al. 2020).

The influence of processes, other than solid-phase 
adsorption, on PFAS fate and transport has been identified in 
other PFAS characterization studies (Xiao et al. 2015; Weber 
et  al.  2017; Brusseau et al.  2020). In unsaturated systems, 
many PFAS will strongly adsorb to the air-water interfaces 
in vadose zone soils (Brusseau 2018; Lyu et al. 2018; Silva 
et al. 2019) and to NAPL-water interfaces for conventional 
NAPLs in the vadose and saturated zones (Nelson and Brus-
seau 1996; Saripalli et al. 1998; Cain et al. 2000; Brusseau 
et al. 2003; Silva et al. 2019). Accumulation at air-water inter-
faces can be particularly important for PFAS MNA as it can 
result in long-term retention of a large fraction of the PFAS 
mass, especially in fine-grained soils (Brusseau et al. 2019; 
Costanza et al. 2019). This adsorption of PFAS in the vadose 
zone can be nonlinear and subject to hysteresis, therefore 
increasing the retention of PFAS compared to systems with 
linear sorption/desorption (Costanza et al.  2019; Sima and 
Jaffé  2021). Retention by NAPLs can also be significant 
(McKenzie et al.  2016; ITRC  2020; Van Glubt and Brus-
seau 2021) at sites where PFAS was entrained in LNAPL or 

DNAPL released from fire-fighting activities. The degree of 
retention by these mechanisms is a function of the partition 
coefficient of a particular PFAS compound and the interfa-
cial area between the two phases of interest. Reasonable esti-
mates of air: water and NAPL:water partitioning can be made 
for many PFAS (Brusseau 2018; Schaefer et al. 2019; Silva 
et al. 2019) and the NAPL literature provides several meth-
ods to measure and predict air:water as well as NAPL:water 
interfacial areas in the subsurface (Karkare and Fort  1996; 
Saripalli et al. 1998; Cho and Annable 2005; Brusseau et al. 
2006; Chen and Kibbey 2006; Dobson et al. 2006).

With respect to PFAS volatilization, several studies have 
reported the measured Henry’s constants of one or more 
PFAS. These results indicate that the partitioning of PFOA 
and PFOS to air would be insignificant under static condi-
tions (no advection-driven transport). However, volatiliza-
tion of other PFAS (such as fluorotelomer alcohols [FTOH]) 
can be significant and may contribute to their wider dis-
tribution in the environment (Ellis et al. 2003; Goss 2008; 
Ahrens 2011; Ding and Peijnenburg 2013). Nonetheless, a 
modeling study performed by Brusseau  (2018) found the 
degree of partitioning of PFOA, PFOS, and FTOH to the 
soil atmosphere was relatively insignificant compared to 
other transport processes.

The sum of these processes impacts the fate and trans-
port of PFAS in the subsurface. For locations where PFAS 
are associated with AFFF released from a fire-fighting area, 
several general observations have emerged from lab-based 
studies and site characterization projects:

•	 A considerable mass of PFAS can be retained in the 
vadose zone due to partitioning on the air-water inter-
faces in soils.

•	 Cationic/zwitterionic PFAS are typically less mobile 
than anionic compounds and may be retained in soil in 
the source zones to a greater extent than PFAAs (Adam-
son et al. 2020).

•	 PFAS precursors in aerobic subsurface environments can 
be transformed in-situ to PFAAs (see Biodegradation 
discussion below).

•	 PFAAs will not further break down and will migrate 
farther than most other non-PFAAs.

•	 Shorter-chain PFAAs in the plume generally migrate 
longer distances than their longer-chain counterparts 
(ITRC 2020).

Matrix Diffusion
Groundwater plumes can persist for long periods because 

of the chemical mass that slowly diffuses into, and then 
back out of, lower-permeability geologic media (National 
Research Council 2003; Chapman and Parker 2005; Payne 
et al. 2008; Hadley and Newell 2014). This process, called 
matrix diffusion, can make the sequestered mass challeng-
ing to treat because liquid or solid remediation amendments 
cannot be delivered easily into lower-permeability soils. In 
general, plumes subjected to significant matrix diffusion 
effects are generally better candidates for less-intensive 
management strategies that focus on reducing mass dis-
charge rates, stabilizing the plume, and protecting potential 
downgradient receptors (Sale et al. 2013).

Figure 2. Potential interactions of PFAS compounds among the 
phases in the subsurface. Some of the physical and chemical 
properties of PFAS that will affect the interfacial interactions 
are listed. R, retardation Factor; Tm, melting point; Tb, boil-
ing point; pKa, acid dissociation constant; Kd, adsorption coef-
ficient at a certain interface; and Ai, specific surface area of 
the interface; θw, volumetric water content, n, porosity; NAPL, 
non-aqueous phase liquids (from ITRC 2020).



6    C.J. Newell et al./  Groundwater Monitoring & Remediation	 NGWA.org

Figure 3. Key PFAS retention processes by subsurface zone. Note that not all retention processes are shown.

A recent research study determined that matrix diffusion 
contributed significantly to PFAS retention within source 
areas at an AFFF site and in the overall attenuation of the 
plume (Adamson et al.  2020). The results “highlight the 
importance of retention processes on the potential migration 
of PFAS, with the benefits of low mass discharge rates, limited 
plume expansion, and the subsequent reductions in the poten-
tial risk to downgradient receptors.” Approximately 82% of 
the total PFAS mass was associated with soils classified as 
lower-permeability material compared to the clean sands that 
had the highest transmissivity for groundwater flow.

Biodegradation
At this time, most PFAS are generally considered non-

biodegradable under natural conditions; however, PFAAs 
precursors can biodegrade (often through other polyfluori-
nated intermediates) to produce the more mobile PFAAs as 
terminal products (Dinglasan et al.  2004; Harding-Marja-
novic et al. 2015). These precursor transformations typically 
occur via aerobic biodegradation (Liu and Avendaño  2013; 
O’Carroll et al. 2020) and can be stimulated by aeration such 
as biosparging used to treat commingled hydrocarbon plumes 
(McGuire et al. 2014) or by chemical oxidation (Houtz and 
Sedlak  2012). Because precursor mass can equal or exceed 
the mass of PFAAs (Adamson et al. 2020), it is important to 
include their transformations in modeling and MNA assess-
ments. More importantly, because PFAAs are often the key 
PFAS of concern in groundwater, PFAA precursors can be 
considered “chemically retained” PFAS mass. This unique 
feature of PFAS results in biodegradation processes having 
an opposite effect at chlorinated solvent/hydrocarbon sites 
compared to PFAS sites: biodegradation is a sink for solvents/
hydrocarbons, but a source of PFAAs at PFAS sites.

Dispersion
Mechanical dispersion refers to the spread of a ground-

water plume as solutes move through porous media, a pro-
cess that has long been recognized as a component of MNA 
for groundwater plumes (USEPA  1999; Wiedemeier et al. 
1999). In groundwater systems, two different processes are 
associated with dispersion: (1) molecular diffusion, and (2) 
mechanical dispersion. Traditionally, mechanical disper-
sion has been explained as the result of pore-scale bifur-
cation of groundwater streamlines that result in mixing 

of impacted groundwater and clean groundwater (Payne 
et al. 2008). Dispersion occurs in the direction of ground-
water flow (longitudinal dispersion in the X-direction) and 
transverse to groundwater flow in two directions (transverse 
in the Y-direction and vertical in the Z-direction) (Payne 
et al. 2008). However, there has been a slow change in think-
ing about dispersion when modeling groundwater plumes 
(Payne et al. 2008; Zech et al. 2015). Overall, while disper-
sion is still an important fate and transport process, its per-
ceived importance as an attenuation process has diminished 
over time (Hadley and Newell 2014).

PFAS Salting Out
The aqueous solubility of some organic compounds 

displays an inverse dependency on the ionic strength of the 
groundwater, a phenomenon known as “salting out” (Xie 
et al.  1997; Turner and Carl Rawling  2001; Turner  2003). 
That is, increased salinity enhances the retention of cer-
tain organic compounds on the solid matrix. Similarly, the 
ionic strength of groundwater has been observed to impact 
PFAS sorption (Brusseau et al.  2019; Silva et al.  2019; Li 
et al.  2020; Lyu and Brusseau  2020). Several researchers 
have reported the salting out of PFAS in estuarine systems 
as freshwater PFAS plumes mix with salt water, resulting in 
increased plume salinity and increased sorption of PFAS to 
solids, with a commensurate decrease in the aqueous phase 
concentrations. However, the authors are not aware of any 
studies of PFAS salting out in groundwater systems to date.

You et al. (2010) evaluated PFAS sorption/desorption at 
the sediment–water interface and concluded that “…PFOS 
can be largely removed from the water with increasing salin-
ity, and get trapped onto sediments irreversibly. These phe-
nomena could be explained by salting-out…” In the You et al.  
(2010) study, the amount of PFOS sorbed to suspended sedi-
ment was up to six times greater in seawater systems than in 
freshwater. More research is underway; however, PFAS salt-
ing out may be an important attenuation process for PFAS 
where freshwater plumes mix with more saline groundwater, 
a common occurrence in marine environments.

Conceptual PFAS MNA Model
The conceptual model of PFAS attenuation (Figure 3) is 

based on the following key PFAS retention processes:
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1.  	 Partitioning of PFAS at air-water interfaces in the va-
dose zone and capillary fringe, which reduces the mass 
discharge of PFAS to the saturated zone that occurs via 
leaching relative to the discharge rates of conservative 
solutes,

2.  	 Sorption of PFAS to soils in the vadose and saturated 
zones via hydrophobic and electrostatic processes, 
and

3.  Matrix diffusion of PFAS in low-permeability zones 
within the vadose zone and groundwater-bearing 
unit.

Another retention process, accumulation at NAPL:water 
interfaces, can be significant in some cases where signifi-
cant NAPL is present but overall may be a second-order 
process compared to the three processes described above.

Figure 3 references “chemical retention,” where PFAS 
in the form of precursors have greater retention and less 
mobility than their more mobile degradation products 
(e.g., PFAAs). This concept is discussed in more detail 
below.

Quantitative Comparison of PFAS Retention
To illustrate the relative impact of different retention 

processes, the authors developed a simplified, hypotheti-
cal PFAS source and plume to compare different retention 
processes (Table 2). This hypothetical site is not represen-
tative of all sites, having an assumed distribution where 
75% of the PFAS mass is in the form of precursors and 
an assumed hydrogeologic setting with a large fraction 
of fine-grained soils. The source was assumed to reside 
in an unsaturated sandy soil 30 m wide, 30 m long, and 
5 m thick with an aqueous phase PFOS concentration of 
10,000 ng/L (e.g., this is the PFOS concentration of the 
water held within the unsaturated soils assuming 0.78 
water saturation). This source was assumed to have cre-
ated a uniform concentration of PFOS groundwater plume 
in the saturated zone of 10,000 ng/L that was 200 m long, 
100 m wide, and 10  m thick. Using (1) retention factors 
from Brusseau (2018), (2) a simple assumption that elec-
trostatic sorption was about 10% of conventional hydro-
phobic sorption (Brusseau et al.  2019), and (3) matrix 

Table 2
PFOS Mass Distribution in Hypothetical Sandy Vadose Zone Source and Groundwater Plume in Heterogeneous 

Geology Assuming Constant Aqueous Phase Concentration of 10 μg/L
Basis

Mass comparison starting assumptions

Source zone dimensions 30 m × 30 m × 5 m Generally based on source in Adamson et al. (2020)

Plume dimensions 200 m × 100 m × 10 m Generally based on source in Adamson et al. (2020)

Assumed uniform PFOS concentration in plume 10 μg/L Low end evaluated by Brusseau (2018)

Assumed soil type in source Sandy Evaluated by Brusseau et al. (2019)

Mass in hypothetical PFOS source zone and plume, PFOS mass (kg)

Unsaturated zone source

Aqueous phase 0.015 Assumed aqueous phase concentration 10 μg/L

Air/water interface 3.5 Retard. Factor from Brusseau (2018; table 4)

Hydrophobic sorption 0.2 Brusseau (2018; table 4) for f
oc

 = 0.002

Electrostatic sorption 0.011 Brusseau et al. (2019) 10% estimate

Total 3.8

Saturated zone

Transmissive geologic media 0.6 28% Distribution based on Adamson et al. (2020)

Low permeability geologic media 2.3 82% Distribution based on Adamson et al. (2020)

Total 2.9

Grand total 6.7

Mass distribution of precursor vs. PFAAS in this hypothetical source/plume system

Unsaturated + saturated zone (%)

Precursors 75 Assumed for this hypothetical source/plume system

PFAAs (primarily PFOS/PFOA) 25 Assumed for this hypothetical source/plume system

Mass distribution by percent in this hypothetical source/plume system

Compartment (rounded %)

% mass in unsaturated zone 57 Calculated from mass distribution above

% mass in saturated transmissive media 9 Calculated from mass distribution above

% mass in saturated low permeability media 35 Calculated from mass distribution above

Total 100

Note: Different PFAS and different site conditions can result in very different distribution characteristics.
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diffusion retention values from the site characterized by 
Adamson et al. (2020), the PFOS mass and mass distribu-
tion were calculated (Table 2) (see spreadsheet in Support-
ing Information). Although specific conditions can vary 
significantly by site and by different PFAS, these calcula-
tions illustrate two important points: (1) retention in the 
vadose zone can be significant at PFAS sites for certain 
PFAS, and (2) matrix diffusion can be important once the 
PFAS enter the saturated zone.

Favorable and Unfavorable Site Characteristics for PFAS 
MNA

Not all sites will be amenable for managing PFAS 
plumes using MNA. As with other contaminants, the MNA 
calculus for a PFAS plume is based on a wide variety of fac-
tors, including:

•	 The chemical composition of the PFAS source and the 
relative risk (ratio of current concentration to key environ-
mental criteria) associated with a particular mix of PFAS;

•	 PFAS source concentrations (see ITRC 2020 for informa-
tion on PFAS concentrations for different types of sites, 
such as fire-fighting sites vs. landfill; see Newell et al.  
2020 for median PFOS source zone concentrations two 
PFAS databases);

•	 Relative contribution from vadose zone vs. saturated 
zone source materials;

•	 The rate of PFAS release from different source compart-
ments, such as dissolved phase PFAS vs. sorbed phase 
vs. PFAS held in the matrix diffusion compartment vs. 
PFAS in the air/water partitioning compartment (see Guo 
et al.  (2020) for research on the contributions from 
unsaturated PFAS source zones);

•	 The configuration of the PFAS plume, such as a nar-
rower, longer plume vs. a wider, shorter plume;

•	 Hydrogeologic factors, such as the groundwater seepage 
velocity;

•	 The location of the plume relative to potential receptors 
and, in some cases, relative to property boundaries;

•	 The distribution of between precursors which are retained 
more in the subsurface compared to more mobile PFAAs 
(“Chemical Retention”). While one interpretation is that 
having considerable precursors is a negative condition at a 
particular site, this can be considered a type of retention 
where mobile mass is retained with a time delayed release;

•	 The amount of “Geologic Retention” via sorption to aqui-
fer solids and matrix diffusion removing mass from the 
plume (based on prevalence of low-permeability layers).

In general, characteristics that will be more favorable 
for PFAS MNA will be smaller, lower concentration sources 
that slowly release PFAS to low velocity groundwater with 
long travel time to key receptors, and significant chemi-
cal and geologic retention of the PFAS mass. Note that 
though the PFAS regulatory criteria for PFAS plumes are 
more stringent than conventional contaminants, the median 
source concentrations are lower. Overall PFAS sites may 
require less concentration reduction compared to chlori-
nated solvent sites (Newell et al. 2020).

On the other hand, characteristics that will be less favor-
able for PFAS MNA will be larger, higher concentrations 
sources that rapidly release PFAS to groundwater, fast-moving 
groundwater and nearby key receptors, and low chemical and 
geologic retention.

Why Chemical and Geologic Retention Are Important  
for PFAS MNA

Applying MNA for plumes comprised of familiar 
groundwater contaminants like chlorinated solvents and 
petroleum hydrocarbons often focuses on demonstrating 
ongoing degradation processes. Because PFAS do not com-
pletely degrade to innocuous end products, PFAS MNA will 
likely rely on retention processes, in particular chemical 
retention and geologic retention. This retention dichotomy 
is used as the basis for a PFAS MNA classification system 
described below.

Researchers have developed classification systems to bet-
ter understand the potential of MNA for several groundwater 
COCs. For example, Wiedemeier et al. (1995) developed a 
three-class system for chlorinated solvent sites comprised of 
Type 1 sites (biodegradation driven by anthropogenic elec-
tron donors), Type 2 sites (biodegradation driven by natural 
electron donors), and Type 3 sites (relatively little electron 
donors). In addition, Truex et al.  (2006, 2011) developed 
a scenario system for estimating the potential for MNA at 
chlorinated solvent sites and inorganic/radionuclide sites.

For PFAS sites, the authors propose the following clas-
sification system to explain the relative degree and type 
of retention of PFAS within the subsurface and therefore 
indicate the general likelihood that MNA could be applied 
(Table 3). The columns categorize the compartments where 
the PFAS mass is principally concentrated (as Types A, B, 
C), while the rows pertain to the chemical composition of 
the PFAS mass (Types 1, 2, 3). In this proposed system, sites 
are classified as Type A if the majority of PFAS mass is in 
the vadose zone. Type B sites are those where most of the 
mass is in the lower-permeability regions of the saturated 

Table 3
Compartmental Retention Framework for Nine Types of PFAS Sites

Note: PFAS MNA is more likely for sites to the left and top of the table (green shading) and less likely for sites classified to the bottom right of the table (red shading).
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zone, while most of the PFAS mass is present in the trans-
missive regions at Type C sites. Similarly, knowing the mass 
of PFAS in precursor form vs. PFAAs form (e.g., using 
Total Oxidizable Precursor [TOP] assay data) could be used 
to distinguish between Type 1, Type 2, and Type 3 sites.

Generally, the highest degree of retention is observed 
at sites where the bulk of the mass is located in the vadose 
zone, and the PFAS consist of longer-chain precursors. A 
Type 1A site has a much higher potential for PFAS MNA 
because both geologic and chemical retention processes are 
active compared to a Type 3C site where most of the PFAS 
are in the form of mobile PFAAs that are in highly trans-
missive geologic media. This is a very general framework 
because other factors besides mass distribution can control 
the applicability of PFAS MNA. For example, a receptor 
that is located near a Type 1A site might still need some 
type of active remediation to stop further plume migration. 
On the other hand, if receptors are distant from the leading 
edge of a Type 3C site, and if some limited plume migration 
is allowable, then MNA could still be a reliable approach 
to manage this plume. The classification system provides a 
general framework, but when site-specific factors are con-
sidered (source strength, plume size, hydrogeologic condi-
tions, distance to potential receptors), there may be some 
Type 1A sites that are not amenable to MNA and some Type 
3C sites that can be managed by MNA.

For example, the hypothetical source/plume system 
described in Table  2 would be classified as a PFAS MNA 
Site Type 1A “More Spatially and Chemically Retained,” as 
most of the PFOS mass is in the vadose zone, and most of 
the total mass is in the form of precursors. The classification 
system is intended to be flexible and accommodate avail-
able data. Table  2 used PFOS data to determine the mass 
distribution between different geologic compartments (the 
three columns), and a more general estimate of precursors/
PFAAs was used to determine the rows. This type of site 
could be a good candidate for PFAS MNA.

A second example is the PFAS site delineated by Adamson 
et al. (2020) and Nickerson et al., (2021). At this site, PFAS 
concentrations in surface soils were measured, and the mass 
in the vadose zone was included in the total PFAS mass esti-
mate for the site. However, the mass in the vadose zone was 
not calculated separately because the water table was close 
to the surface, and previous source excavation/remediation 
activities had likely redistributed the unsaturated source zone 
mass. Using three key site characteristics where: (1) most of 
the PFAS mass at this site was in the saturated zone; (2) about 
half of the total mass in the saturated zone was precursors and 
half PFAAs; and (3) PFAS concentrations decreasing away 
from the source (Figure 4), this site would be classified as a 
PFAS MNA Site Type 2B “Geologically Retained.” This type 
of site has a moderate potential for PFAS MNA.

The reliance on retention for PFAS plumes for MNA 
does have implications for potential plume expansion. Even 
though sorption retains PFAS mass at the air:water inter-
face, sorption to aquifer materials, and matrix diffusion 
serve as sinks for groundwater solutes. These effects are not 
permanent, and PFAS can eventually come out of retention 
and potentially migrate in flowing groundwater. However, 
even in this case, sequestration by strong retention can pro-

vide significant protection to receptors by “peak-shaving,” 
that is, reducing the peak mass discharge of PFAS toward 
receptors to a lower, albeit longer-lasting discharge (Newell 
et al. 2020). Given sufficient natural sorption capacity, this 
strategy is similar to accepted enhanced attenuation tech-
nologies (e.g., injecting activated carbon).

There is precedent for relying on retention to protect 
groundwater receptors, both with MNA and engineered 
remedies. As noted earlier, other non-degrading inorganic 
COCs have been managed using MNA under appropri-
ate geochemical conditions. In addition, retention capac-
ity can be enhanced by injecting particulate sorbents 
(e.g., McGregor 2018), a technology that has been widely 
accepted for treating hydrocarbons, chlorinated solvents, 
and more recently, PFAS in groundwater. Remediation by 
natural retention operates on the same principles, but no 
added retention capacity is needed if adequate NA capacity 
can be demonstrated (Adamson and Newell 2014).

Plume Expansion
For many groundwater COCs, MNA is generally 

applied to demonstrate that attenuation processes have sta-
bilized the rate of plume migration or have reversed plume 
growth to create a shrinking plume. Whereas for chemical 
classes such as hydrocarbons that are readily biodegradable, 
most plumes end up being relatively short and shrinking 
(Newell and Connor 1998; Wiedemeier et al. 1999; Connor 
et al. 2014).

However, even non-degrading plumes will eventually 
stabilize due to the effects of dispersion. Looney et al. 
(2006) observed that “transverse dispersion can result in 
plume stability for a given C/C

0
 even if there are no degra-

dation mechanisms operating for a site” (C/C
0
 is the ratio of 

the concentration in a plume to the maximum concentration 
in the source). Plume stabilization occurs as a result of the 
mixing of impacted groundwater and freshwater along the 
edges of the plume, thereby reducing plume concentrations. 
Therefore, dispersion will eventually stabilize groundwater 
plumes, although long distances may be required.

Figure 4. Median Concentrations of PFAAs and Precursors in 
the Saturated Zone with Distance from Source. Note each data 
point represents the median concentration of 4 to 12 depth-
discrete samples.
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Similarly, matrix diffusion can also contribute to plume 
stability. Lipson et al. (2005) described how matrix diffusion 
at a fractured rock aquifer “…acted as a solute sink, continu-
ously removing solute from the groundwater flowing through 
fractures as the plume advances.” Modeling work based on 
the work of Sudicky and Frind (1982) determined the degree 
of plume attenuation attributable to matrix diffusion as a func-
tion of time and distance. Lipson et al. (2005) concluded that 
matrix diffusion manifests itself as increased apparent disper-
sion, increasing with travel distance so that a non-degrading 
plume will eventually stabilize and reach an asymptotic length.

Even with the combined effects of dispersion and matrix 
diffusion, some PFAS plumes may still expand for a num-
ber of years before reaching stability. Therefore, a different 
strategic approach for PFAS MNA may be needed, relying 
on groundwater use restrictions as an institutional control 
and some degree of limited, temporary PFAS plume expan-
sion. There are regulatory precedents for acceptable plume 
expansion, such as the “Plume Management Zone” remedial 
response objective under the Texas Risk Reduction Program 
(TRRP) rule (TCEQ 2019), which allows for plume growth 
within a prescribed area. Similarly, under certain conditions, 
Illinois EPA guidelines allow excluding the groundwater 
ingestion exposure pathway for managing groundwater at 
a site if an ordinance adopted by a local government unit 
prohibits the installation of potable water supply wells.

Therefore, in theory, the applicability of PFAS MNA 
could be expanded by establishing a Plume Assimilative 
Capacity Zone, which defines longitudinal and transverse 
dimensions wherein retention factors will eventually cause 
the plume to stabilize. Overall, the degree and rate of plume 
expansion, the proximity of groundwater users, and the 
relevant regulatory criteria will influence the feasibility of 
PFAS MNA at a particular site.

Barriers to Implementing PFAS MNA
While there is a strong technical basis for using PFAS at 

MNA at suitable sites, there are several data gaps and other 
barriers to widespread adoption of the technology. Impor-
tantly, there are currently no generally accepted technical 
protocols for PFAS MNA, although the Environmental 
Security and Technology Demonstration Program (ESTCP) 
is currently funding a PFAS MNA project (ESTCP 2021a). 
Also, some allowance for minor plume expansion may be 
required at MNA PFAS sites, something that is not typically 
permitted under certain regulatory programs. Finally, there 
is not a rich body of fate and transport knowledge derived 
from multiple site databases like that of petroleum hydro-
carbon, chlorinated solvent, 1,4-dioxane, and MTBE sites. 
Another barrier is the number and complexity of the PFAS 
mixtures present at many sites, which greatly complicate the 
implementation of any remediation technology, including 
MNA. Key data gaps include the limited longer-term data on 
PFAS source and plume behavior, the lack of robust predic-
tive models of PFAS fate and transport, limited information 
on the properties of many PFASs, the impacts of common 
co-contaminants on attenuation, and the limited data on pre-
cursor transformation rates.

MNA for conventional contaminants faced similar chal-
lenges during the early years of its development. However, 

progress was relatively rapid once the underlying scientific 
basis was understood, and monitoring protocols were devel-
oped. Similar rapid progress is expected for PFAS MNA. 
For example, ESTCP is also funding research on relevant 
PFAS models (ESTCP  2021b) and precursor transforma-
tions in-situ (ESTCP  2021c). Further, work on a PFAS 
MNA protocol has already begun with the companion paper 
“Monitored Natural Attenuation to Manage PFAS Impacts 
to Groundwater: Potential Guidelines” (Newell et al. 2021).

Conclusions
Available information indicates that PFAS are resistant to 

complete degradation under natural conditions. Nevertheless, 
MNA can prove effective for managing PFAS at some sites due 
to natural processes that retain PFAS mass in the soil matrix, 
thereby limiting mass discharge to groundwater and conse-
quent groundwater plume migration. As for other non-degrad-
ing COCs (e.g., metals, radionuclides), retention of PFAS can 
provide a reasonable scientific basis for PFAS MNA. Given 
the high cost and complexity of actively treating PFAS plumes, 
MNA has the potential to improve the effectiveness and sustain-
ability of PFAS remediation at sites with appropriate conditions.

The scientific basis for MNA is primarily built around three 
main retention processes: (1) chemical retention where more 
mobile PFAAs are retained in less mobile precursor form, (2) 
retention via sorption, including hydrophobic, electrostatic, 
and two-phase partitioning such as air-water partitioning, and 
(3) retention via matrix diffusion. In general, sites with more 
retention will likely be more amenable to using MNA to man-
age PFAS in the subsurface. Two examples of this general 
PFAS MNA retention framework are presented herein; first, 
a hypothetical PFAS site with a PFAS mass distribution based 
in part on partitioning data from Brusseau (2018), and sec-
ond, an actual site described by Adamson et al.  (2020) and 
Nickerson et al. (2021). The scientific basis for PFAS MNA 
detailed in this paper was used to develop potential guidelines 
for implementing PFAS MNA, which are presented in a com-
panion paper (Newell et al.  2021). In addition, the follow-
ing key areas for future research for MNA implementation at 
PFAS-impacted sites were identified:

•	 Developing appropriate lines of evidence for PFAS 
MNA.

•	 Understanding how site conditions contribute to attenua-
tion, including chemical retention of PFAS.

•	 Developing multiple site studies where information such 
as the PFAS plume length, source/plume concentrations, 
and plume mass discharge, matrix diffusion effects, 
plume attenuation characteristics, and the relative distri-
bution precursor to PFAA concentrations.

•	 Evaluating if current methods for assessing plume stabil-
ity are applicable to PFAS plumes.

•	 Identifying possible ways that existing or potentially new 
environmental regulations can be used to allow minor 
plume expansion for PFAS plumes.

•	 Developing and testing vadose zone PFAS transport 
models;

•	 Determining if existing matrix diffusion models such as 
REMChlor-MD can represent the general natural of 
PFAS transport in the saturated zone.
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•	 Developing and testing methods to enhance PFAS MNA 
(Newell et al. 2021).

Acknowledgments
The authors would like to thank two unidentified 

reviewers and Dr. Grant Carey for the excellent peer review 
comments that significantly improved the paper. In addi-
tion, the authors would like to acknowledge the contribu-
tions of Roger Pokluda and Kristina Cibor of GSI for the 
detailed editing of the manuscript and the Environmental 
Security Technology Certification Program (ESTCP) for 
their upcoming funding for the “Developing a Framework 
for PFAS MNA” project (ER21-5198). Finally, the authors 
would like to thank their respective organizations (GSI 
Environmental and NAVFAC EXWC) for supporting the 
authors as they developed this paper. The authors do not 
have any conflict of interest to declare.

References
Adamson, D.T., A. Nickerson, P.R. Kulkarni, C.P. Higgins, J. Popo-

vic, J. Field, A. Rodowa, C. Newell, P. DeBlanc, and J.J. Kornuc. 
2020. Mass-based, field-scale demonstration of PFAS retention 
within AFFF-associated source areas. Environmental Science 
& Technology 54: 15768–15777. https://doi.org/10.1021/acs.
est.0c04472. Accessed March 2021.

Adamson, D.T., R.H. Anderson, S. Mahendra, and C.J. Newell. 
2015. Evidence of 1,4-dioxane attenuation at groundwater sites 
contaminated with chlorinated solvents and 1,4-dioxane. Envi-
ronmental Science & Technology 49, no. 11: 6510–6518. https://
doi.org/10.1021/acs.est.5b00964

Adamson, D.A., and C.J. Newell, 2014. Frequently Asked Questions 
about Monitored Natural Attenuation in Groundwater. Envi-
ronmental Security Technology Certification Program. https://
www.serdp-estcp.org/Program-Areas/Environmental-Resto-
ration/Contaminated-Groundwater/Persistent-Contamination/
ER-201211.

Ahrens, L. 2011. Polyfluoroalkyl compounds in the aquatic envi-
ronment: A review of their occurrence and fate. Journal of Envi-
ronmental Monitoring 13, no. 1: 20–31. https://doi.org/10.1039/
c0em00373e

Anderson, R.H., T. Thompson, H.F. Stroo, and A. Leeson. 2021. 
US Department of Defense–funded fate and transport research 
on per- and polyfluoroalkyl substances at aqueous film–forming 
foam–impacted sites. Environmental Toxicology and Chemistry 
40, no. 1: 37–43. https://doi.org/10.1002/etc.4694

Anderson, H.R., D.T. Adamson, and H.F. Stroo. 2019. Partitioning 
of poly- and perfluoroalkyl substances from soil to groundwa-
ter within aqueous film-forming foam source zones. Journal of 
Contaminant Hydrology 220: 59–65. https://doi.org/10.1016/J.
JCONHYD.2018.11.011

Brusseau, M.L., R.H. Anderson, and B. Guo. 2020. PFAS concen-
trations in soils: Background levels versus contaminated sites. 
The Science of the Total Environment 740: 140017. https://doi.
org/10.1016/j.scitotenv.2020.140017

Brusseau, M.L., N. Yan, S. Van Glubt, Y. Wang, W. Chen, Y. Lyu, 
B. Dungan, K.C. Carroll, and F.O. Holguin. 2019. Nonideal 
transport and extended elution tailing of PFOS in soil. Environ-
mental Science & Technology 53, no. 18: 10654–10664. https://
doi.org/10.1021/acs.est.9b02343

Brusseau, M.L. 2018. Assessing the potential contributions of addi-
tional retention processes to PFAS retardation in the subsurface. 
Science of the Total Environment 613–614: 176–185. https://doi.
org/10.1016/j.scitotenv.2017.09.065

Brusseau, M.L., S. Peng, G. Schnaar, and M.S. Costanza-Robinson. 
2006. Relationships among air-water interfacial area, capillary 
pressure, and water saturation for a sandy porous medium. Water 
Resources Research 42, no. 3. W03501. https://doi.org/10.1029/ 
2005WR004058

Brusseau, M.L., N.T. Nelson, and M.S. Costanza-Robinson. 2003. 
Partitioning tracer tests for characterizing immiscible-fluid sat-
urations and interfacial areas in the vadose zone. Vadose Zone 
Journal 2, no. 2: 138–147. https://doi.org/10.2113/2.2.138

Cain, R.B., G.R. Johnson, J.E. McCray, W.J. Blanford, and M.L. 
Brusseau. 2000. Partitioning tracer tests for evaluating remedia-
tion performance. Groundwater 38, no. 5: 752–761. https://doi.
org/10.1111/j.1745-6584.2000.tb02711.x

Chapman, S.W., and B.L. Parker. 2005. Plume persistence due to aqui-
tard back diffusion following dense nonaqueous phase liquid source 
removal or isolation. Water Resources Research 41: W12411.

Chen, L., and T.C.G. Kibbey. 2006. Measurement of air−water inter-
facial area for multiple hysteretic drainage curves in an unsatu-
rated fine sand. Langmuir 22, no. 16: 6874–6880. https://doi.
org/10.1021/la053521e

Cho, J., and M.D. Annable. 2005. Characterization of pore scale 
NAPL morphology in homogeneous sands as a function of grain 
size and NAPL dissolution. Chemosphere 61, no. 7: 899–908. 
https://doi.org/10.1016/j.chemosphere.2005.04.042

Connor, J.A., R. Kamath, K.L. Walker, and T.E. McHugh. 2014. 
Review of quantitative surveys of the length and stability of MTBE, 
TBA, and benzene plumes in groundwater at UST sites. Ground-
water 53, no. 2: 195–206. https://doi.org/10.1111/gwat.12233

Costanza, J., M. Arshadi, L.M. Abriola, and K.D. Pennell. 2019. 
Accumulation of PFOA and PFOS at the air-water interface. 
Environmental Science & Technology Letters 6, no. 8: 487–491. 
https://doi.org/10.1021/acs.estlett.9b00355

Coyle, C., R. Ghosh, A. Leeson, and T. Thompson. 2021. US 
Department of Defense–funded research on treatment of per- 
and polyfluoroalkyl substance–laden materials. Environmental 
Toxicology and Chemistry 40, no. 1: 44–56. https://doi.org/ 
10.1002/etc.4836

Ding, G., and W.J.G.M. Peijnenburg. 2013. Physicochemical proper-
ties and aquatic toxicity of poly- and perfluorinated compounds. 
Critical Reviews in Environmental Science and Technology 43, 
no. 6: 598–678. https://doi.org/10.1080/10643389.2011.627016

Dinglasan, M.J.A., Y. Ye, E.A. Edwards, and S.A. Mabury. 2004. Fluo-
rotelomer alcohol biodegradation yields poly- and perfluorinated 
acids. Environmental Science & Technology 38, no. 10: 2857–2864. 
https://doi.org/10.1021/es0350177

Dobson, R., M.H. Schroth, M. Oostrom, and J. Zeyer. 2006. Deter-
mination of NAPL−water interfacial areas in well-characterized 
porous media. Environmental Science & Technology 40, no. 3: 
815–822. https://doi.org/10.1021/es050037p

Du, Z., S. Deng, Y. Bei, Q. Huang, B. Wang, J. Huang, and G. 
Yu. 2014. Adsorption behavior and mechanism of perfluori-
nated compounds on various adsorbents – A review. Journal of 
Hazardous Materials 274: 443–454. https://doi.org/10.1016/j.
jhazmat.2014.04.038

Ellis, D.A., J.W. Martin, S.A. Mabury, M.D. Hurley, M.P. Sulbaek 
Andersen, and T.J. Wallington. 2003. Atmospheric lifetime of 

Supporting Information
Additional Supporting Information may be found in the 

online version of this article. Supporting Information is gen-
erally not peer reviewed.

Appendix S1. PFOS retention comparison for general-
ized, hypothetical site.



12    C.J. Newell et al./  Groundwater Monitoring & Remediation	 NGWA.org

fluorotelomer alcohols. Environmental Science & Technology 37, 
no. 17: 3816–3820. https://doi.org/10.1021/es034136j

ESTCP. 2021a. Developing a framework for monitored natural atten-
uation at PFAS sites. ESTCP Project ER21-5198. https://www.
serdp-estcp.org/Program-Areas/Environmental-Restoration/
ER21-5198/ER21-5198. Accessed March 2021.

ESTCP. 2021b. Development and Demonstration of PFAS-LEACH—
A Comprehensive Decision Support Platform for Predicting PFAS 
Leaching in Source Zones. https://serdp-estcp.org/Program-Areas/
Environmental-Restoration/ER21-5041. Accessed March 2021.

ESTCP. 2021c. Evaluating the Importance of Precursor Transport and 
Transformation for Groundwater Contamination with Per- and 
Polyfluoroalkyl Substances. https://serdp-estcp.org/Program-Areas/
Environmental-Restoration/ER18-1280. Accessed March 2021.

Farhat, S.K., C.J. Newell, R.W. Falta, and K. Lynch. 2018. REM-
Chlor-MD Users Manual. Environmental Security Technology 
Certification Program (ESTCP) Project ER-201426.

Ford, R.G., R.T. Wilken, and S. Acree. 2008. Site Characterization to 
Support Use of Monitored Natural Attenuation for Remediation 
of Inorganic Contaminants in Ground Water. Cincinnati, Ohio: 
National Risk Management Laboratory, Office of Research and 
Development, U.S. Environmental Protection Agency.

Ford, R.G., R.T. Wilken, and R.W. Puls. 2007a. Monitored Natural 
Attenuation of Inorganic Contaminants in Ground Water, Volume 
1 - Technical Basis for Assessment. Cincinnati, Ohio: National 
Risk Management Laboratory, Office of Research and Develop-
ment, U.S. Environmental Protection Agency.

Ford, R.G., R.T. Wilken, and R.W. Puls. 2007b. Monitored Natural 
Attenuation of Inorganic Contaminants in Ground Water, Volume 2 
- Assessment for Non-Radionuclides Including Arsenic, Cadmium, 
Chromium, Copper, Lead, Nickel, Nitrate, Perchlorate, and Selenium. 
Cincinnati, OH: National Risk Management Laboratory, Office of 
Research and Development, U.S. Environmental Protection Agency.

Garg, S., C.J. Newell, P.R. Kulkarni, D.C. King, D.T. Adamson, M.I. 
Renno, and T. Sale. 2017. Overview of natural source zone deple-
tion: Processes, controlling factors, and composition change. 
Groundwater Monitoring and Remediation 37, no. 3: 62–81. 
https://doi.org/10.1111/gwmr.12219

Goss, K.-U. 2008. The PKa values of PFOA and other highly fluori-
nated carboxylic acids. Environmental Science & Technology 42, 
no. 2: 456–458. https://doi.org/10.1021/es702192c

Guelfo, J.L., and C.P. Higgins. 2013. Subsurface transport potential 
of perfluoroalkyl acids at aqueous film-forming foam (AFFF)-
impacted sites. Environmental Science & Technology 47, no. 9: 
4164–4171. https://doi.org/10.1021/es3048043

Guo, B., J. Zeng, and M.L. Brusseau. 2020. A mathematical 
model for the release, transport, and retention of per- and 
polyfluoroalkyl substances (PFAS) in the vadose zone. Water 
Resources Research 56, no. 2: e2019WR026667. https://doi.
org/10.1029/2019WR026667

Hadley, P.W., and C. Newell. 2014. The new potential for under-
standing groundwater contaminant transport. Groundwater 52, 
no. 2: 174–186. https://doi.org/10.1111/gwat.12135

Harding-Marjanovic, K.C., E.F. Houtz, S. Yi, J.A. Field, D.L. Sed-
lak, and L. Alvarez-Cohen. 2015. Aerobic biotransformation 
of fluorotelomer thioether amido sulfonate (Lodyne) in AFFF-
amended microcosms. Environmental Science & Technology 49, 
no. 13: 7666–7674. https://doi.org/10.1021/acs.est.5b01219

Hering, J.G., P.A. O’Day, R.G. Ford, Y.T. He, A. Bilgin, H.J. Reis-
inger, and D.R. Burris. 2009. MNA as a remedy for arsenic mobi-
lized by anthropogenic inputs of organic carbon. Groundwater 
Monitoring and Remediation 29, no. 3: 84–92.

Higgins, C.P., and R.G. Luthy. 2006. Sorption of perfluorinated sur-
factants on sediment. Environmental Science & Technology 40: 
7251–7256. https://doi.org/10.1021/es061000n

Houtz, E.F., and D.L. Sedlak. 2012. Oxidative conversion as a means 
of detecting precursors to perfluoroalkyl acids in urban runoff. 
Environmental Science & Technology 46, no. 17: 9342–9349. 
https://doi.org/10.1021/es302274g

Hu, X.C., D.Q. Andrews, A.B. Lindstrom, T.A. Bruton, L.A. 
Schaider, P. Grandjean, R. Lohmann, C.C. Carignan, A. Blum, 
S.A. Balan, C.P. Higgins, and E.M. Sunderland. 2016. Detection 
of poly- and perfluoroalkyl substances (PFASs) in U.S. drink-
ing water linked to industrial sites, military fire training areas, 
and wastewater treatment plants. Environmental Science & Tech-
nology Letters 3, no. 10: 344–350. https://doi.org/10.1021/acs.
estlett.6b00260

ITRC. 2020. Per- and Polyfluoroalkyl Substances (PFAS). Interstate 
Technology & Regulatory Council (ITRC) Per- and Polyfluoro-
alkyl Substances (PFAS) Team. https://pfas-1.itrcweb.org/refer-
ences/. Accessed March 2021.

ITRC. 2010. A Decision Framework for Applying Monitored Natural 
Attenuation Processes to Metals and Radionuclides in Ground-
water. Washington, DC: Interstate Technology and Regulatory 
Council.

ITRC. 2008. Enhanced Attenuation: Chlorinated Organics. Wash-
ington, DC: The Interstate Technology & Regulatory Council.

Karkare, M.V., and T. Fort. 1996. Determination of the air−water 
interfacial area in wet ‘unsaturated’ porous media. Langmuir 12, 
no. 8: 2041–2044. https://doi.org/10.1021/la950821v

Krishna, A.K., K.R. Mohan, and N.N. Murthy. 2010. Monitored nat-
ural attenuation as a remediation tool for heavy metal contamina-
tion in soils in an abandoned gold mine area. Current Science: 
99, no. 5: 628–635.

Leeson, A., T. Thompson, H.F. Stroo, R.H. Anderson, J. Speicher, 
M.A. Mills, J. Willey, C. Coyle, R. Ghosh, C. Lebrón, and C. 
Patton. 2021. Identifying and managing aqueous film-forming 
foam-derived per- and polyfluoroalkyl substances in the environ-
ment. Environmental Toxicology and Chemistry 40, no. 1: 24–36. 
https://doi.org/10.1002/etc.4894

Li, F., J. Duan, S. Tian, H. Ji, Y. Zhu, Z. Wei, and D. Zhao. 2020. 
Short-chain per- and polyfluoroalkyl substances in aquatic sys-
tems: Occurrence, impacts and treatment. Chemical Engineering 
Journal 380: 122506.

Lipson, D.S., B.H. Kueper, and M.J. Gefell. 2005. Matrix diffusion-
derived plume attenuation in fractured bedrock. Ground Water 
43: 30–39. https://doi.org/10.1111/j.1745-6584.2005.tb02283.x

Liu, J., and S.M. Avendaño. 2013. Microbial degradation of poly-
fluoroalkyl chemicals in the environment: A review. Envi-
ronment International 61: 98–114. https://doi.org/10.1016/j.
envint.2013.08.022

Looney, B., T. Early, T. Gilmore, F.H. Chappelle, N.H. Cutshall, J. Ross, 
M. Ankeny, M. Heitkamp, D. Major, C.J. Newell, W.J. Waugh, G. 
Wein, K. Vangelas, K.-M. Adams, and C.H. Sink. 2006. Advancing 
the Science of Natural and Enhanced Attenuation for Chlorinated 
Solvents – Final Technical Document for the Monitored Natural 
Attenuation and Enhanced Attenuation for Chlorinated Solvent 
Project. Washington Savannah River Company Savannah River 
National Laboratory United States Department of Energy.

Lyu, Y., and M.L. Brusseau. 2020. The influence of solution chem-
istry on air-water interfacial adsorption and transport of PFOA in 
unsaturated porous media. Science of the Total Environment 713: 
136744. https://doi.org/10.1016/j.scitotenv.2020.136744

Lyu, Y., M.L. Brusseau, W. Chen, N. Yan, X. Fu, and X. Lin. 2018. 
Adsorption of PFOA at the air-water Interface during transport in 
unsaturated porous media. Environmental Science & Technology 
52, no. 14: 7745–7753. https://doi.org/10.1021/acs.est.8b02348

McGregor, R. 2018. In situ treatment of PFAS-impacted groundwa-
ter using colloidal activated carbon. Remediation Journal 28, no. 
3: 33–41. https://doi.org/10.1002/rem.21558



NGWA.org	 C.J. Newell et al./  Groundwater Monitoring & Remediation    13

McGuire, M.E., C. Schaefer, T. Richards, W.J. Backe, J.A. Field, E. 
Houtz, D.L. Sedlak, J.L. Guelfo, A. Wunsch, and C.P. Higgins. 
2014. Evidence of remediation-induced alteration of subsur-
face poly- and perfluoroalkyl substance distribution at a former 
firefighter training area. Environmental Science & Technology 
48, no. 12: 6644–6652. https://doi.org/10.1021/es5006187

McKenzie, E.R., R.L. Siegrist, J.E. McCray, and C.P. Higgins. 2016. 
The influence of a non-aqueous phase liquid (NAPL) and chemi-
cal oxidant application on perfluoroalkyl acid (PFAA) fate and 
transport. Water Research 92: 199–207. https://doi.org/10.1016/j.
watres.2016.01.025

Naidu, R., P. Nadebaum, C. Fang, I. Cousins, K. Pennell, J. Conder, 
C.J. Newell, D. Longpré, S. Warner, N.D. Crosbie, A. Surapa-
neni, D. Bekele, R. Spiese, T. Bradshaw, D. Slee, Y. Liu, F. Qi, 
M. Mallavarapu, L. Duan, L. McLeod, M. Bowman, B. Rich-
mond, P. Srivastava, S. Chadalavada, A. Umeh, B. Biswas, A. 
Barclay, J. Simon, and P. Nathanail. 2020. Per- and poly-fluo-
roalkyl substances (PFAS): Current status and research needs. 
Environmental Technology & Innovation 19: 100915. https://doi.
org/10.1016/j.eti.2020.100915

National Research Council. 2003. Environmental Cleanup at Navy 
Facilities: Adaptive Site Management. Washington, DC: National 
Research Council.

National Research Council. 2000. Natural Attenuation for Ground-
water Remediation. National Research Council (NRC), ed. 
Washington, DC: National Academy Press.

National Research Council. 1994. Alternatives for Ground Water 
Cleanup. Washington, DC: National Research Council.

NAVFAC. 2003. Groundwater Pump and Treat Systems. NFESC 
Special Publication SP-2429-ENV, Feb. 2003.

Nelson, N.T., and M.L. Brusseau. 1996. Field study of the partitioning 
tracer method for detection of dense nonaqueous phase liquid in a tri-
chloroethene-contaminated aquifer. Environmental Science & Tech-
nology 30, no. 9: 2859–2863. https://doi.org/10.1021/es960148b

Newell, C.J., D.T. Adamson, P.R. Kulkarni, B.N. Nzeribe, J.A. 
Connor, J. Popovic, and H.F. Stroo. 2021. Monitored natural 
attenuation to manage PFAS impacts to groundwater: Poten-
tial guidelines. Remediation Journal 17: 2021. https://doi.
org/10.1002/rem.21697

Newell, C.J., D.T. Adamson, P.R. Kulkarni, B.N. Nzeribe, and H. 
Stroo. 2020. Comparing PFAS to other groundwater contaminants: 
Implications for remediation. Remediation Journal 30: 7–26.

Newell, C.J., and J.A. Connor. 1998. Characteristics of Dissolved 
Petroleum Hydrocarbon Plumes, Results from Four Studies. 
https://gsi-net.com/en/publications/gsi-papers/papers.html; Amer-
ican Petroleum Institute. Washington, D.C. https://gsi-net.com/en/
publications/gsi-papers/papers.html. Accessed March 2021.

Nguyen, H.T., S.L. Kaserzon, P.K. Thai, S. Vijayasarathy, J. Bräunig, 
N.D. Crosbie, N. Bignert, T.M. Hong, J. Bräunig, K. Thomp-
son, J. Thompson, S. Kabiri, D.A. Navarro, R.S. Kookana, et 
al. 2020. Influences of chemical properties, soil properties, and 
solution PH on soil–water partitioning coefficients of per- and 
polyfluoroalkyl substances (PFASs). Environmental Science & 
Technology 54, no. 24: 15883–15892. https://doi.org/10.1021/
acs.est.0c05705

Nickerson, A., A.E. Rodowa, D.T. Adamson, J.A. Field, P.R. 
Kulkarni, J.J. Kornuc, and C.P. Higgins. 2021. Spatial trends of 
anionic, zwitterionic, and cationic PFASs at an AFFF-impacted 
site. Environmental Science and Technology 55: 313–323. https://
doi.org/10.1021/acs.est.0c04473

Nzeribe, B.N., M. Crimi, S.M. Thagard, and T.M. Holsen. 2019. 
Physico-chemical processes for the treatment of per- and poly-
fluoroalkyl substances (PFAS): A review. Critical Reviews in 
Environmental Science and Technology 49, no. 10: 866–915. 
https://doi.org/10.1080/10643389.2018.1542916

O’Carroll, D.M., T.C. Jeffries, M.J. Lee, S.T. Le, A. Yeung, S. Wallace, 
N. Battye, D.J. Patch, M.J. Manefield, and K.P. Weber. 2020. Devel-
oping a roadmap to determine per- and polyfluoroalkyl substances-
microbial population interactions. Science of the Total Environment 
712: 135994. https://doi.org/10.1016/j.scitotenv.2019.135994

Payne, F.C., J.A. Quinnan, and S.T. Potter. 2008. Remediation 
Hydraulics. Boca Raton, Florida: CRC Press.

Pope, D.F., S. Acree, H. Levine, S. Mangion, J. van Ee, K. Hurt, and B. 
Wilson. 2004. Performance Monitoring of MNA Remedies for VOCs 
in Ground Water. National Risk Management Research Laboratory. 
EPA/600/R-04/027 Available at: https://www.epa.gov/nscep.

Prevedouros, K., I.T. Cousins, R.C. Buck, and S.H. Korzeniowski. 
2006. Sources, fate and transport of perfluorocarboxylates. Envi-
ronmental Science & Technology 40, no. 1: 32–44. https://doi.
org/10.1021/es0512475

Rahman, M.F., S. Peldszus, and W.B. Anderson. 2014. Behav-
iour and fate of perfluoroalkyl and polyfluoroalkyl substances 
(PFASs) in drinking water treatment: A review. Water Research 
50: 318–340. https://doi.org/10.1016/J.WATRES.2013.10.045

Rayne, S., and K. Forest. 2009. Perfluoroalkyl sulfonic and carbox-
ylic acids: A critical review of physicochemical properties, levels 
and patterns in waters and wastewaters, and treatment methods. 
Journal of Environmental Science and Health. Part A, Toxic/
Hazardous Substances & Environmental Engineering 44, no. 12: 
1145–1199. https://doi.org/10.1080/10934520903139811

Reisinger, H.J., D. Burris, and J. Hering. 2005. Remediating subsur-
face arsenic contamination with monitored natural attenuation. 
Environmental Science & Technology 39, no. 22: 458A–464A. 
https://doi.org/10.1021/es053388c

Rouse, J. V., R. M. Thomasser, C. A. Terentieff, and L. A. Hall. 
2006. “Hexavalent Chromium Remediation by Bore-Hole Placed 
Reduction Barriers and Monitored Natural Attenuation.” Journal 
of Advanced Oxidation Technologies 9(1): 110–16. https://doi.
org/10.1515/jaots-2006-0115.

Sale, T., B. Parker, C.J. Newell, J.F. Devlin, D.T. Adamson, S. Chap-
man, K. Saller, and SERDP. 2013. Management of Contami-
nants Stored in Low Permeability Zones, A State-of-the-Science 
Review. Vol. ER-1740. https://www.serdp-estcp.org/Program-
Areas/Environmental-Restoration/Contaminated-Groundwater/
Persistent-Contamination/ER-1740. Accessed March 2021.

Sale, T., C. Newell, H. Stroo, R. Hinchee, and P. Johnson. 2008. Fre-
quently asked questions regarding management of chlorinated 
solvents in soils and groundwater. Environmental Security Tech-
nology Certification Program (ESTCP).

Saripalli, K.P., P.S.C. Rao, and M.D. Annable. 1998. Determi-
nation of specific NAPL–water interfacial areas of residual 
NAPLs in porous media using the interfacial tracers technique. 
Journal of Contaminant Hydrology 30, no. 3: 375–391. https://
doi.org/10.1016/S0169-7722(97)00052-1

Schaefer, C.E., V. Culina, D. Nguyen, and J. Field. 2019. Uptake 
of poly- and perfluoroalkyl substances at the air-water interface. 
Environmental Science and Technology 53, no. 21: 12442–12448. 
https://doi.org/10.1021/acs.est.9b04008

Shin, H.-M., V.M. Vieira, P.B. Ryan, R. Detwiler, B. Sanders, K. Steen-
land, and S.M. Bartell. 2011. Environmental fate and transport 
modeling for perfluorooctanoic acid emitted from the Washington 
works facility in West Virginia. Environmental Science & Technol-
ogy 45, no. 4: 1435–1442. https://doi.org/10.1021/es102769t

Silva, J.A.K., W.A. Martin, J.L. Johnson, and J.E. McCray. 2019. 
Evaluating air-water and NAPL-water interfacial adsorption and 
retention of perfluorocarboxylic acids within the vadose zone. 
Journal of Contaminant Hydrology 223: 103472. https://doi.
org/10.1016/j.jconhyd.2019.03.004

Sima, M.W., and P.R. Jaffé. 2021. A critical review of modeling 
poly- and perfluoroalkyl substances (PFAS) in the soil-water 



14    C.J. Newell et al./  Groundwater Monitoring & Remediation	 NGWA.org

environment. Science of the Total Environment 757: 143793. 
https://doi.org/10.1016/j.scitotenv.2020.143793

Simon, J.A., S. Abrams, T. Bradburne, D. Bryant, M. Burns, D. 
Cassidy, J. Cherry, S.-Y.(.D.). Chiang, D. Cox, M. Crimi, E. 
Denly, B. DiGuiseppi, J. Fenstermacher, S. Fiorenza, J. Guar-
naccia, N. Hagelin, L. Hall, J. Hesemann, E. Houtz, S.S. Koe-
nigsberg, F. Lauzon, J. Longsworth, T. Maher, A. McGrath, R. 
Naidu, C.J. Newell, B.L. Parker, T. Singh, P. Tomiczek, and R. 
Wice. 2019. PFAS experts symposium: Statements on regula-
tory policy, chemistry and analytics, toxicology, transport/
fate, and remediation for per- and polyfluoroalkyl substances 
(PFAS) contamination issues. Remediation Journal 29, no. 4: 
31–48. https://doi.org/10.1002/rem.21624

Stroo, H., C. Cosentini, T. Ronning, and M. Larsen. 1997. Natural 
biodegradation of wood preservatives. Remediation Journal 7, 
no. 4: 77–93.

Sudicky, E.A., and E.O. Frind. 1982. Contaminant transport in frac-
tured porous media: Analytical solutions for a system of paral-
lel fractures. Water Resources Research 18, no. 6: 1634–1642. 
https://doi.org/10.1029/WR018i006p01634

TCEQ. 2019. Texas Risk Reduction Program. Texas Commission on 
Environmental Quality. https://www.tceq.texas.gov/remediation/
trrp. Accessed March 2021.

Truex, M., P. Brady, C.J. Newell, M. Rysz, M. Denham, and K. 
Vangelas. 2011. The Scenarios Approach to Attenuation-Based 
Remedies for Inorganic and Radionuclide Contaminants SRNL-
STI-2011-00459. Savannah River National Laboratory, U.S. 
Department of Energy. https://gsi-net.com/en/publications/gsi-
papers/papers.html. Accessed March 2021.

Truex, M., C.J. Newell, B.B. Looney, and K. Vangelas. 2006. Scenar-
ios Evaluation Tool for Chlorinated Solvent MNA. Washington 
Savannah River Company, Savannah River National Laboratory, 
United States Department of Energy.

Truex, MJ, JE Szecsody, N. Qafoku, CE Strickland, JJ Moran, BD, 
Lee, MMV Snyder, AR, Lawter, CT, Resch, BN Gartman, L 
Zhong, MK Nims, DL Saunders, BD Williams, JA Horner, II 
Leavy, SR Baum, BB Christiansen, RE Clayton, EM McElroy, 
D Appriou, KJ Tyrrell, ML Striluk. 2017. Contaminant attenu-
ation and transport characterization of 200-DV-1 Operable Unit 
Sediments. PNNL-26208, Pacific Northwest National Labora-
tory, Richland, Washington. https://www.pnnl.gov/main/publi-
cations/external/technical_reports/PNNL-26208.pdf.

Turner, A. 2003. Salting out of chemicals in estuaries: Implications 
for contaminant partitioning and modelling. The Science of the 
Total Environment 314–316: 599–612. https://doi.org/10.1016/
S0048-9697(03)00076-7

Turner, A., and M. Carl Rawling. 2001. The influence of salting out 
on the sorption of neutral organic compounds in estuaries. Water 
Research 35, no. 18: 4379–4389. https://doi.org/10.1016/S0043-
1354(01)00163-4

USEPA. 2015. Use of Monitored Natural Attenuation for Inorganic 
Contaminants in Groundwater at Superfund Sites. Directive 
9283.1-36.

USEPA. 1999. Final OSWER Directive: Use of Monitored Natu-
ral Attenuation at Superfund, RCRA Corrective Action, and 
Underground Storage Tank Sites. National Risk Management 
Research Laboratory Office of Solid Waste and Emergency 
Response (OSWER) United States Environmental Protection 
Agency (USEPA)

Van Glubt, S., and M.L. Brusseau. 2021. Contribution of nonaque-
ous-phase liquids to the retention and transport of per and poly-

fluoroalkyl substances (PFAS) in porous media. Environmental 
Science & Technology 55, no. 6: 3706–3715.

Weber, A.K., L.B. Barber, D.R. LeBlanc, E.M. Sunderland, and 
C.D. Vecitis. 2017. Geochemical and hydrologic factors control-
ling subsurface transport of poly- and perfluoroalkyl substances, 
Cape Cod, Massachusetts. Environmental Science & Technology 
51, no. 8: 4269–4279. https://doi.org/10.1021/acs.est.6b05573

Wiedemeier, T.H., H.S. Rifai, C.J. Newell, and J.W. Wilson. 1999. 
Natural Attenuation of Fuels and Chlorinated Solvents. New 
York, New York: John Wiley & Sons.

Wiedemeier, J.T., D.H. Kampbell, R.N. Miller, J.E. Hansen, and 
T.H. Wilson. 1995. Technical Protocol for Implementing Intrin-
sic Remediation with Long-Term Monitoring for Natural Attenu-
ation of Fuel Contamination Dissolved in Groundwater. Air 
Force Center for Environmental Excellence (AFCEE).

Wilson, J.T., P.M. Kaiser, C. Adair, and National Risk Management 
Research Laboratory (U.S.) Office of Research and Development. 
2005. Monitored Natural Attenuation of MTBE as a Risk Manage-
ment Option at Leaking Underground Storage Tank Sites. Cincin-
nati, OH: National Risk Management Research Laboratory, Office of 
Research and Development, U.S. Environmental Protection Agency. 
http://purl.access.gpo.gov/GPO/LPS109953. Accessed March 2021.

Wilson, J.T., 2010. Monitored Natural Attenuation of Chlorinated 
Solvent Plumes. In: Stroo H., Ward C. (eds) In Situ Remediation 
of Chlorinated Solvent Plumes,  SERDP/ESTCP Environmental 
Remediation Technology. Springer, New York, NY. https://doi.
org/10.1007/978-1-4419-1401-9_11

Xiao, F., M.F. Simcik, T.R. Halbach, and J.S. Gulliver. 2015. Per-
fluorooctane sulfonate (PFOS) and perfluorooctanoate (PFOA) 
in soils and groundwater of a U.S. metropolitan area: Migration 
and implications for human exposure. Water Research 72: 64–74. 
https://doi.org/10.1016/j.watres.2014.09.052

Xie, W.-H., W.-Y. Shiu, and D. Mackay. 1997. A review of the effect 
of salts on the solubility of organic compounds in seawater. 
Marine Environmental Research 44, no. 4: 429–444. https://doi.
org/10.1016/S0141-1136(97)00017-2

You, C., C. Jia, and G. Pan. 2010. Effect of salinity and sediment char-
acteristics on the sorption and desorption of perfluorooctane sul-
fonate at sediment-water interface. Environmental Pollution 158, 
no. 5: 1343–1347. https://doi.org/10.1016/j.envpol.2010.01.009

Zech, A., S. Attinger, V. Cvetkovic, G. Dagan, P. Dietrich, A. Fiori, Y. 
Rubin, and G. Teutsch. 2015. Is unique scaling of aquifer macro-
dispersivity supported by field data? Water Resources Research 
51, no. 9: 7662–7679. https://doi.org/10.1002/2015wr017220

Biographical Sketches
Charles J. Newell, corresponding author, GSI Environmental Inc., 

2211 Norfolk, Suite 1000, Houston, TX 77098; cjnewell@gsi-net.com
David T. Adamson, GSI Environmental Inc., 2211 Norfolk, 

Suite 1000, Houston, TX 77098.
Poonam R. Kulkarni, GSI Environmental Inc., 2211 Norfolk, 

Suite 1000, Houston, TX 77098.
Blossom N. Nzeribe, GSI Environmental Inc., 2211 Norfolk, 

Suite 1000, Houston, TX 77098.
John A. Connor, GSI Environmental Inc., 2211 Norfolk, Suite 

1000, Houston, TX 77098.
Jovan Popovic, Naval Facilities Engineering Systems Command -  

Engineering and Expeditionary Warfare Center, 1000 23rd Ave, Port 
Hueneme, CA, USA.

Hans F. Stroo, Stroo Consulting, LLC, Ashland, OR


