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Introduction

In our first undergraduate hydrogeology course, we
learned that, according to the inviolable Darcy’s Law,
groundwater flow is driven by potential energy, expressed
as the hydraulic gradient. However, viewed another (and we
propose possibly a more useful) way, the hydraulic gradient
observed/measured at sites is instead a response to the resis-
tance to flow through aquifers that have finite permeability.
For systems that exhibit “homeostasis” (i.e., dynamic equi-
librium), recharge—the rate of water entering the system, or
the “mass flow rate in”—is therefore a fundamental input to
groundwater flow, as shown in the conceptual mass balance
in Figure 1. In this article, we consider recharge not as the
formal potential-energy driver of groundwater flow, but as a
boundary-condition input that strongly influences the mag-
nitude, timing, and spatial distribution of groundwater flux.

While hydraulic gradients are straightforward to mea-
sure, viewing recharge as a fundamental control on ground-
water flow helps explain why groundwater velocities in
many porous-media water-table aquifers span a much nar-
rower range than geologic permeability alone would suggest.
Hydraulic conductivity can vary by eight or nine orders of
magnitude across unconsolidated deposits, but groundwa-
ter seepage velocities at contaminated sites commonly fall
within a much smaller practical range; in our experience, fre-
quently between about 50 and 1000ft/year. Consistent with
this, the Hydrogeologic Database (HGDB), developed from
a nationwide survey of groundwater professionals conducted
through the National Water Well Association, includes esti-
mated groundwater seepage velocities from 290 remediation
sites across the United States. Approximately 70% of those
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velocities ranged from about 6 to 15,000ft/year (Newell
et al. 1990). This range broadly tracks regional differences
in precipitation and recharge across the continental United
States, reinforcing the point that recharge, rather than per-
meability alone, is often the controlling system input for
groundwater flux in water-table aquifers. Figure 2 shows a
conceptual water mass balance for several aquifers with vary-
ing permeability and recharge characteristics, further high-
lighting the relationship between recharge, groundwater flux,
and observed hydraulic gradient.

Over the past couple of decades, substantial investment
in high-resolution site characterization technologies has
improved our ability to define local subsurface heterogene-
ity, which appropriately serves as the roadmap for site-scale
contaminant hydrogeology. However, that same level of
attention has not been given to better defining the spatial and
temporal variability associated with groundwater recharge.
Consider too that the subsurface structure and properties are
generally only spatially variable, whereas recharge varies
over space and time.

The key point we are making here is this: understanding the
spatial and temporal variability of recharge (natural or anthro-
pogenic) is fundamental to our aquifers of interest because
recharge is a principal water-budget input that sustains ground-
water flow and, consequently, strongly influences contaminant
transport. This is intuitive and has been long understood—
Darcy (1856), Slichter (1899), Theis (1940), Téth (1962), and
many other early hydrogeologists all clearly recognized and
discussed the central role of recharge in groundwater-flow
dynamics. Yet how often do we measure, quantify, explicitly
acknowledge, or even attempt to characterize recharge in our
conceptual site models (CSMs)?

Many classical approaches to recharge characterization,
like hydrogeology more broadly, were initially motivated by
groundwater-resource questions at larger spatial and temporal
scales: How much water enters an aquifer in a year or decade?
How much groundwater can be sustainably produced? How
rapidly are groundwater resources replenished? While these
questions remain important for water-resource management,
contaminant hydrogeology requires a finer-scale understand-
ing of where recharge occurs, when it occurs, and what con-
taminant mass recharge water encounters along its path to the
water table. Persistent contaminant sources in the unsaturated
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Figure 1. Conceptual mass balance in a recharge-dominated system in equilibrium. In this figure the left boundary represents the
groundwater divide (i.e., no groundwater flow is entering from the left). Using continuity (Equation 1), and dimensional analysis
(Equations 2 and 3), groundwater flux (also referred to as “Darcy velocity’’) can be expressed as a function of recharge (Equation 4),
independent of the hydraulic gradient. In unconfined systems, aquifer thickness will vary according to the rate of recharge (i.e., flow
in) and soil hydraulic conductivity (i.e., resistance to flow). (Q =flow out of system or groundwater flow [length cubed per time];
Q. =flow into system due to recharge [length cubed per time]; R =average recharge [length per time]; A ,=catchment area [length
squared]; W=catchment width [length]; L =catchment length [length]; A =aquifer cross-sectional area [length squared]; b =aquifer
thickness [length]; g =groundwater flux [length per time]).
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Figure 2. Conceptual mass balance on four aquifers with varying permeability and recharge characteristics. Temporal variation in
aquifer thickness is assumed to be small relative to variation in recharge, and hydraulic gradients are exaggerated for visual clarity.
With recharge fixed, hydraulic gradient increases by a factor of 20 relative to panel (a) in response to a 20-fold decrease in hydraulic
conductivity in panel (b), while groundwater flux remains unchanged. Panels (c) and (d) illustrate variation in recharge for arid and
humid climates, respectively, with a 10-fold increase in recharge producing a corresponding 10-fold increase in hydraulic gradient
and groundwater flux. Input parameters and calculations are presented in Table S1.

zone can be episodically mobilized by recharge over both
time and space. As a result, recharge should be considered not
merely as a regional water-budget term but as a dynamic con-
trol on contaminant loading, mass flux, and mass discharge.
Mass flux and mass discharge concepts have been
applied to conventional groundwater contaminants for two
decades, but they take on heightened importance for PFAS.

2 C Divineetal] Groundwater Monitoring & Remediation

Unlike petroleum hydrocarbons and chlorinated solvents,
many PFAS—especially the perfluoroalkyl acids (PFAAs)
of regulatory concern—do not naturally break down in the
environment to any significant degree. At AFFF release
sites, this persistence makes recharge a critical data gap for
quantifying PFAS mass flux and mass discharge through
the vadose zone to groundwater (e.g., Newell et al. 2023).
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Recharge must also be considered at finer spatial and tem-
poral scales because PFAS retention and mobilization in
the vadose zone are strongly influenced by transient soil-
moisture conditions and multi-phase processes, including
solid-phase sorption and air-water interfacial (AWI) adsorp-
tion/desorption (Costanza et al. 2019; Schaefer et al. 2019;
Sharifan et al. 2021; Brusseau and Guo 2023; Divine et al.
2024; Russell et al. 2025; Kolade et al. 2026). Note that in
this article, the terms unsaturated zone and vadose zone are
generally used interchangeably; however, the unsaturated
zone is defined strictly as the zone where water saturation
is less than 100%, whereas the vadose zone describes the
region above the water table where water pressure is less
than atmospheric pressure, including portions of the capil-
lary fringe where water saturation may be 100%.

As depicted in the two left conceptual images in
Figure 3, the collapse of the AWI area during infiltration
events can mobilize sequestered PFAS. As shown in the far-
right panel in Figure 3, this phenomenon produces dynamic,
time-variable changes in porewater concentrations rather
than representing a steady-state condition (Guo et al. 2020;
Newell et al. 2023; Stults et al. 2024). Recent field monitor-
ing reported by Kolade et al. (2026) provides direct support
for this recharge-controlled conceptual model. At an AFFF-
impacted firefighting training site, two years of continu-
ous vadose-zone monitoring showed that PFAS porewater
concentrations increased during wet periods with elevated
infiltration and unsaturated-zone water content, whereas
long-chain PFAS, particularly PFOA and PFOS, decreased
markedly during drier periods, consistent with stronger
retention under lower-moisture conditions.

These processes reinforce the importance of understand-
ing not only where but when recharge occurs within the
vadose zone and how the effects vary with depth. Above the
zero-flux plane (ZFP), the elevation plane where the vertical

Residual Soil Moisture
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hydraulic gradient is zero, infiltration and evapotranspira-
tion produce pronounced fluctuations in soil moisture, with
periods of rainfall promoting downward transport and dilu-
tion and periods of evapotranspiration promoting upward
water flux and evapoconcentration (Healy 2010). As a result,
porewater concentrations can be highly dynamic or “flashy”
(Guo et al. 2020; Wallis et al. 2022; Newell et al. 2023).
Below the ZFP, soil moisture is generally less affected by
vegetative uptake and surface evaporation, resulting in com-
paratively stable downward drainage and recharge condi-
tions (Allison et al. 1994; Shah et al. 2007; Healy 2010;
Newell et al. 2023).

There is also evidence suggesting that soil-moisture
fluctuations in arid, semi-arid, and some temperate climates
may govern PFAS mobility more strongly than static soil
properties alone (Schaefer et al. 2021, 2022a; Zeng and
Guo 2021; Vahedian et al. 2024). The timing, magnitude,
rate, and spatial distribution of recharge (e.g., focused vs.
diffuse recharge) provide the context for improved under-
standing of PFAS mobilization, how partitioning to porewa-
ter responds, and ultimately how contaminant mass migrates
to groundwater. Conceptually, PFAS behavior in the vadose
zone has the potential to be highly dynamic, and field obser-
vations at some sites support this view. However, the data
needed to characterize these dynamics remain limited and
are not routinely collected. We suggest that recharge may
need to be characterized and monitored at much finer tem-
poral and spatial resolution than is typical under current
standard practices, rather than treated as an averaged hydro-
logic parameter.

With thousands of AFFF release sites, persistent PFAS
constituents, and remediation technologies that remain
costly and immature, practitioners need a defensible,
flux-based framework to prioritize which sources warrant
remediation priority and to evaluate the actual risks that
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Figure 3. Soil moisture fluctuations are a dominant control on the mobility of many PFAS compounds. As shown in the left panel,
between recharge events, some PFAS accumulate at the air-water interface because of their hydrophilic head and hydrophobic tail
structures. During strong recharge events, the air-water interfacial area can collapse, mobilizing PFAS compounds into porewater,
as shown in the center panel. These “recharge waves” can therefore produce significant pulses of mass loading to groundwater
compared with intervening periods, when the air-water interface effectively sequesters PFAS in the unsaturated zone. Over time,
repeated recharge events drive the PFAS center of mass downward toward the water table while reducing overall porewater concen-
trations in the unsaturated zone. PFAS flushing will be slowed as it encounters residual trapped air. This progression is illustrated
in the right panel, where the lines show porewater PFAS concentration profiles over time, represented by different colors. The
circles indicate the average PFAS concentration and the location of the center of mass at each time, with circle colors matching the

corresponding concentration profiles.
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individual sources pose to downgradient receptors. We
believe that recharge—specifically, its spatial and temporal
distribution—is not only undervalued in the world of con-
taminant hydrogeology, but it is the critical input that allows
a mass flux-based framework to be more quantifiable, pre-
cise, and effective for CSM development and refinement
and, ultimately, site management.

In this column, we are calling for a “recharge redux”—
a renewed and modern focus on recharge—to remind the
remediation community that recharge is a primary input
and organizing control in contaminant hydrogeology. To
complement the written text, we have recorded an audio
summary that is included as downloadable Supplemental
Information where we summarize the main features of this
article and discuss what we consider key takeaways and
implications (Audio S1).

What Is Recharge and Why Does It Matter
at Contaminated Sites?

Recharge is simply the water that infiltrates into the soil
and percolates below the zone of evapotranspiration, reach-
ing the underlying aquifer system or returning to the surface
as base flow or discharge in streams and springs. Few avail-
able methods provide direct measurements of recharge; most
recharge estimates are developed from indirect approaches
such as water budgets, inverse modeling, surface-water
methods, lysimetry, in situ soil-moisture and matric-
potential sensors, environmental tracers, water table fluc-
tuations, and geophysics (e.g., Brutsaert 1982; Alley 1984,
Lerner et al. 1990; Ronan et al. 1998; Sanford et al. 2002;
Healy and Cook 2002; Delin and Herkelrath 2007; Goebel
and Knight 2021).

Because of the uncertainties associated with each of
these approaches, the range and reliability of recharge esti-
mates can vary widely, reflecting the complexity of this
vital hydrologic component and its impacts on contaminant
hydrogeology (Scanlon et al. 2002). Recharge magnitude
varies in space and time, leading to variable distributions of
contaminant concentrations in the subsurface. It is, as John
Bredehoeft has pointedly indicated, the most difficult com-
ponent of the groundwater system to quantify (e.g., Brede-
hoeft et al. 1982; Bredehoeft 1997, 2007). Because many
contaminated sites are physically small relative to typical
catchment scales, and because contaminant sources and
plumes often have localized characteristics, environmental
remediation practitioners have historically characterized
recharge and vadose-zone contaminant mobilization using
broad, simplified assumptions.

Challenge of Temporal Variation in Recharge

Consider three hypothetical sites—A, B, and C—that
have similar total annual recharge but differ in how and when
recharge occurs. Site A might be in the eastern United States,
where recharge occurs through precipitation events distributed
throughout the year; vadose-zone sources may be mobilized
relatively continuously. Site B, located in the Midwest, may
have a seasonal pattern characterized by frozen ground during
winter, spring snowmelt, and summer storms; contaminant
mobilization in the vadose zone would likely be episodic. Site
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C, in the Intermountain West, may experience long periods
with little direct precipitation recharge, with most recharge
derived from spring snowmelt and mountain-front recharge.
Even where annual recharge totals are similar, spatial and
temporal variability can produce very different groundwater
responses and contaminant transport behavior. These differ-
ences directly affect how hydrogeologists and remediation
practitioners develop CSMs, design sampling programs, and
evaluate remedial approaches.

While annual averages may be sufficient for groundwater-
resource studies, they can conceal important processes affect-
ing contaminant migration through the subsurface, particularly
through the vadose zone. Where the air-water interface con-
trols PFAS sorption and mobility (Costanza et al. 2019;
Schaefer et al. 2019, 2021, 2022a; Guo et al. 2020; Sharifan
et al. 2021; Zeng and Guo 2021; Wallis et al. 2022; Brus-
seau and Guo 2023; Vahedian et al. 2024; Russell et al. 2025;
Kolade et al. 2026), event-scale recharge may be especially
important. For example, some PFAS vadose-zone sources
exhibit a “first flush” response, with elevated porewater con-
centrations during recharge events.

Annual or longer timescales (e.g., inches per year) are
generally adequate for water-supply and resource manage-
ment; drought planning, for example, often relies on multi-
year or decadal analyses. Short-term variability in recharge,
which may matter little for these water-resource assessments,
is critical for contaminant transport. Figure 4 illustrates this
concept with soil-moisture data collected over time at a site
in North Dakota. The precipitation-driven recharge response
is most pronounced at the shallowest sensor, becomes atten-
uated with depth, and shows that not every precipitation
event produces recharge. Interestingly, as shown in Figure 5,
soil moisture was also measured at this site using downhole
nuclear magnetic resonance at a single location during four
monitoring events over a 1-year period. Those results indi-
cate that, during monitoring events not associated with pre-
cipitation, moisture conditions remained relatively steady
through time. This behavior has led some researchers work-
ing in arid environments to propose a threshold precipita-
tion amount below which recharge does not occur. Even that
threshold is partly controlled by antecedent soil-moisture
conditions, which is why soil matric-potential sensors are
often more informative than soil-moisture sensors alone in
drier settings.

At many sites, dynamic recharge produces short-term
changes in groundwater levels, hydraulic gradients, and ground-
water velocity. This response can be nearly instantaneous in
permeable settings with shallow water tables and in many frac-
tured rock and karst systems (e.g., Worthington 2026). At other
sites, recharge-driven water-level changes are more muted and
expressed primarily as seasonal trends. Figure 6, for example,
shows water-level and calculated hydraulic-gradient data from
a northern Michigan site where spring snowmelt dominates
recharge, producing a seasonal trend in hydraulic gradient and
inferred groundwater velocity.

These temporal changes have important contaminant-
transport implications. For chemicals with non-equilibrium
sorption—desorption behavior or other kinetic controls, includ-
ing PFAS (e.g., Schaefer et al. 2022a, 2023), the rate and tim-
ing of recharge fronts can affect how much contaminant mass
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Figure 4. Soil moisture responses from probes installed at three depth intervals: 23.6 inch below ground surface within the treated
soil (black line), 70.9 inch below ground surface below the treated soil (red line), and 118.1 inch below ground surface below
the treated soil (blue line). Spikes indicate increased soil moisture associated with discrete precipitation events. For some events,
responses are detected at all three depths at approximately the same time, indicating rapid infiltration.
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Figure 5. NMR imaging data from the same site as Figure 4 at
a single location during four monitoring events over a 1-year
period. Results indicate that during monitoring events not
associated with precipitation, moisture conditions remained
relatively steady through time.
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is mobilized through the vadose zone and into groundwater.
Rapid vadose-zone flow may limit PFAS desorption into
recharging porewater, producing lower groundwater concen-
trations than slower, more persistent recharge for the same
total recharge volume. Direct groundwater-velocity measure-
ments from point velocity probes further show that ground-
water velocity can be both spatially and temporally variable
at many sites (e.g., Labaky et al. 2009; Kempf et al. 2013;
Osorno et al. 2018, 2022; Heyer et al. 2021, 2022).

For sites where contaminant mass flux is an important
component of the CSM, as it is at most PFAS sites, recharge
should be evaluated on two timescales: (1) the event scale,
spanning several days, which is the preferred window for col-
lecting porewater samples; and (2) the annual scale, which
supports annual mass discharge calculations. To identify
when a recharge event large enough to warrant sampling is
underway, a recent study recommended that precipitation
records alone will likely suffice at humid sites, whereas soil
matric-potential sensors proved useful at arid sites for timing
porewater sampling (Walker et al. 2026). Once representa-
tive porewater concentrations are available, they can be mul-
tiplied by recharge values to determine mass discharge from
the vadose zone to groundwater. Relying on precipitation data
alone, at least in arid environments that exhibit more flashy
behavior, may not be sufficient to capture the recharge front
or identify optimal porewater sampling windows.

Challenge of Area-Averaged Recharge Estimates

Because tools for reliably estimating and characterizing
the spatial distribution of recharge remain limited, practitio-
ners have historically assumed simplified distributions using

C. Divine etal/ Groundwater Monitoring & Remediation 5
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and horizontal hydraulic gradient magnitude (light green series) at a site in northern Michigan. The hydrographs (blue series) indi-
cate a pronounced spring snowmelt-dominated recharge response that, after the hydrograph peak, results in a seasonal decrease in
hydraulic gradient and therefore a corresponding decrease in inferred groundwater velocity over the year. Groundwater velocity is

not constant. Figure created by Trey Fortner.

area-averaged recharge rates, often at the regional scale.
Recharge rates are spatially heterogeneous, and although
this variability may be less critical for water-resource assess-
ments, it is an important consideration for contaminant hydro-
geology. Areas of focused recharge and preferential flow can
drive rapid contaminant migration through the vadose zone
to underlying aquifers. This is especially true in natural envi-
ronments with karst geology, caliche layers, or arid climates
where high-precipitation seasonal monsoon events produce
surface-water runoff to infiltration basins. Focused recharge
has also been identified in urban settings where land cover
is often assumed to be relatively impervious, as illustrated
by the water-leak example shown in Figure 7. Runoff from
large paved areas may be directed to centralized infiltration
areas; aging concrete and asphalt can create discrete zones of
enhanced recharge, and leaking water, sanitary, or stormwater
infrastructure can be a significant source of recharge in highly
developed or industrialized areas. Recharge studies for con-
taminant transport should therefore evaluate whether recharge
is primarily diffuse, allowing use of conventional estimation
methods, or dominated by focused recharge processes that
require different methods.

To protect groundwater resources, remedial efforts should
be guided by contaminant mass flux and mass discharge, not
solely by the distribution of contaminants in soil. Applying a
flux-based framework to design and operate an effective reme-
dial system therefore requires a local-scale understanding of
recharge distribution. At some sites, it may be more effec-
tive to leave higher-concentration soil in place while focusing
excavation or surface capping on lower-concentration areas
that receive greater recharge, because those areas may con-
tribute more strongly to groundwater contaminant loading. To
improve CSMs and optimize remedies, future research should

6  C Divineetal/ Groundwater Monitoring & Remediation

apply readily available tools to better characterize local-scale
spatial variability in recharge.

Established Recharge Measurement
and Estimation Techniques

A simple Google Scholar search shows that since Meinzer
and Stearns (1929) first attempted to estimate monthly
recharge rates, numerous and diverse methods have been
developed and applied to quantify recharge at various tem-
poral and spatial scales, ranging from hourly to decadal and
millennium-scale estimates, and from less than a square
meter to catchment-scale estimates. One of the oldest and
simplest techniques is the water table fluctuation (WTF)
method (Meinzer and Stearns 1929), which is based on the
premise that water-level increases in unconfined aquifers are
due to recharge arriving at the water table. This method is
described in detail in Healy and Cook (2002), and an exam-
ple application is presented in Figure 8. As with all currently
available techniques, however, the WTF method has impor-
tant limitations. First, it provides only a spatially averaged
recharge estimate. Second, as conceptualized, the method
is best applied in regions with shallow water tables that are
responsive to precipitation events, and it assumes that water-
level fluctuations are caused by recharge rather than nearby
pumping, atmospheric-pressure changes, entrapped air, or
other phenomena. When applied under appropriate condi-
tions and with consideration of these limitations, the WTF
method can provide valuable insight and guidance for further
investigations.

Scanlon et al. (2002) and Healy (2010) provide excellent
summaries of the commonly applied methods, their imple-
mentation, the pros and cons of each method, and guidance
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Figure 7. Top: Groundwater hydrograph data from monitoring wells upgradient (MW-A), 50 feet downgradient (MW-B), and 400
feet downgradient (MW-C) from a chlorinated volatile organic compound (CVOC) source area at a completely paved urban site.
Groundwater mounding of up to 3 feet was observed during a persistent water leak, shown by the gray rectangle. Bottom: CYOC
concentrations increased by factors of 3 and 20 at downgradient monitoring wells MW-B and MW-C (both screened from 25 to 35
feet below ground surface), respectively, following the leak and returned to baseline conditions over a period of 2 years.

Water Table Fluctuation Method Example
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Figure 8. Example water level data (solid blue line) demonstrating use of the WTF method. The blue dashed line represents the
trend of water table decline. In this example, the change in water table height from the extrapolated trend line to the top of the
water level rise (Ah) is approximately 6.3 mm over approximately 75 min (A#). When multiplied by the estimated specific yield (Sy)
of the clay medium (0.02), this translates to 0.13 mm of total recharge over the 75-min recharge event.

for selecting the appropriate method(s) for a given set of site appropriate) because of the inherent uncertainties in each
conditions. Most importantly, though, these researchers stress method (i.e., multiple lines of evidence).

that (1) recharge estimation should be an iterative process More recently, Newell et al. (2023) summarized these
with continual refinement as additional information becomes methods and identified a subset most applicable for estimat-
available and (2) multiple techniques should be applied (as ing mass flux and mass discharge at a typical AFFF release
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site. They grouped the methods into Tier 1, Tier 2, and Tier
3 categories based on site complexity and method cost and
complexity. Newell et al. (2023) provide additional details
on these methods and how to implement them.

As part of a recently completed Environmental Security
Technology Certification Program (ESTCP) project (ER22-
7381), several of these methods were reviewed in the context
of estimating mass flux and mass discharge at two demon-
stration sites impacted by historical AFFF releases: one semi-
arid site in Wyoming and one humid site in Tennessee (Walker
et al. 2026). The results of 11 recharge estimation techniques
tested at the two demonstration sites are presented in Table 1.
At an annual scale, the Tier 1 methods produced internally
consistent results at both sites, whereas several Tier 2 and
Tier 3 methods yielded unreliable or unrealistic estimates that
were excluded from further analyses. Tier 1 recharge esti-

mates alone yielded the same estimated mass discharge as
the average of the reliable Tier 1, 2, and 3 estimates at both
sites. A key finding from this study was that simple, inexpen-
sive empirical recharge methods may be sufficient for PFAS
mass discharge estimation at many PFAS vadose-zone sites,
including AFFF-impacted areas.

As described above, remote monitoring of recharge events
with telemetered tensiometers, soil moisture probes, and soil
matric-potential sensors can also provide key insights into the
timing of recharge, especially in dry, arid to semi-arid soils.
In these drier environments, not all precipitation events lead to
recharge events, especially during hot summer months when
evapotranspiration rates are highest, and these data can be
utilized to understand the timing and depth of the recharge
front. Matric potential measurements provide an indication of
vadose zone moisture conditions and water mobility. Moni-

Table 1

Comparison of Recharge Estimates Derived from Empirical Methods, a Water-Mass-Balance Method, Drain-Gauge
Lysimetry, Water-Table Fluctuations, and Tracer-Based Methods at Two AFFF-Impacted Demonstration Sites

(Walker et al. 2026)
Semi-Arid Site Humid Site

Method No. in/Year in/Year Interpretation/Comments
1-A Empirical regression: 0.9 14 Reliable at both sites

precipitation vs. recharge,

based on data from Stephens

et al. (1985)
1-B Nationwide high-resolution 0.7 11 Reliable at both sites

recharge map based on
baseflow (Reitz et al. 2017)

1-C DRASTIC (Aller et al. 1985) 0-2 (avg. 1.0) 7-10 (avg. 8.5) Reliable at both sites

2-B Water-table fluctuation (WTF; 5.1 11 Humid sites only

see Figure 8 for example)

2-C Temperature tracer -8,600 -130 Considered unreliable at either site; unable
to isolate a temperature signal related to
water transport from other processes, such as
evaporation in the shallow subsurface

2-D Unsaturated Darcy’s Law with 2,500 1 Considered unreliable at either site; no

unit gradient evidence of unit-gradient conditions at either
site

2-E Unsaturated-zone meteoric 0.08 >1.3 Considered unreliable at either site; multiple

chloride tracer factors limited method applicability

2-F Saturated-zone meteoric 0.02 1 Considered unreliable at either site; multiple

chloride tracer factors limited method applicability

3-A Unsaturated-zone water 0.7 — Recommended at semi-arid and arid sites

balance

3-B Drain gauge lysimeter (DGL) 3.0 1,700 Installation artifacts

3-E Groundwater tracer age-dating 1.1 Undetermined ~ Strong match at the semi-arid site

Semi-Arid Site in/Year Humid Site in/Year

Tier 1 recharge estimate average 0.9 11

Average of Reliable Tier 1, 2, 3 Estimates 0.9 11.2

Range 0.7-1.1 8.5-14

Coefficient of variation 0.2 0.21

Precipitation (inches per year) 15 57

Recharge/precipitation (%) 6% 19-20%

Note: Recharge estimates shaded in red represent values that were not deemed realistic and were excluded from further recharge calculations. Method numbers (e.g., 3-A)

correspond to the methods specified in Table 3 of Newell et al. (2023).
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toring temporal changes in matric potential can help identify
periods immediately following infiltration or recharge when
porewater is most accessible for sampling and when contami-
nant transport is likely to be most active (and PFAS concentra-
tions are likely to be highest), thereby improving the timing
and interpretability of porewater sampling events. In addition,
when collecting porewater samples from suction lysimeters,
soil matric-potential data can provide vital information on the
optimal timing for porewater sampling events—whether suf-
ficient porewater is present to pull into the lysimeters under
vacuum and whether adequate sample volumes can be recov-
ered for laboratory analysis.

Developing Techniques and Needs

The heightened focus on recharge at PFAS/AFFF sites
has revealed several areas where improved methods for
quantifying recharge at the local scale are needed. These
include techniques for estimating recharge through engi-
neered surfaces such as concrete and asphalt, and approaches
for identifying sites where focused recharge, rather than dif-
fuse recharge, is a significant component of the PFAS con-
ceptual site model (CSM). Each of these topics is discussed
in more detail below.

Recharge through Concrete and Asphalt: A Dual-Porosity
Problem

Recharge through concrete and asphalt is now recognized
as an important pathway at PFAS sites, yet little research
has been published regarding how these engineered surfaces
influence the distribution and magnitude of recharge. Prac-
titioners routinely treat concrete and asphalt as a no-flow
(impervious) upper boundary, on the assumption that pave-
ment eliminates infiltration and, therefore, vertical mass dis-
charge does not occur under these impervious surfaces. The
available evidence, though, does not support that assump-
tion at all sites, in part because concrete is not one porous
medium but two.

Like fractured bedrock, concrete is properly conceptu-
alized as a dual-porosity material (Douglas et al. 2023).
Macroporosity comprises cracks, construction and expan-
sion joints, and material interfaces, which occupy a small
fraction of the surface area but can dominate infiltration
much like fractures dominate flow in competent rock (Wiles
and Sharp 2008; Salt and Kjeldsen 2019). Microporosity is
the capillary pore network within the cement paste, which
governs moisture retention and slows contaminant release
across most of the slab volume (Neville 2011). Macropo-
rosity allows water and dissolved mass to rapidly infiltrate
during storm events, whereas microporosity stores mass
and releases it over years to centuries. The rate and overall
volume of recharge moving through the macroporosity of
concrete and asphalt surfaces can potentially be significant.
For example, Wiles and Sharp (2008) estimated that approxi-
mately 21% of mean annual rainfall in Austin, Texas, was
potentially available for recharge to the subsurface through
ostensibly impervious cover material.

Evaluation of cores collected under Strategic Environ-
mental Research and Development Program (SERDP) proj-
ect ER23-3713 suggests that flow through the macroporosity

NGWA.org

of AFFF-impacted pads may be more important than com-
monly assumed. At three facilities with strongly contrasting
climates and source strengths, elevated PFAS concentrations
were measured in the deepest interval sampled (typically 4
to 8inch below the concrete surface) in five of six cores. One
plausible explanation is that PFAS-impacted runoff, gener-
ated during fire training or subsequent storm events, moved
rapidly toward and downward through joints and cracks to
the base of the slab and then spread laterally along the slab-
soil interface, a process referred to here as “underflow.” In
this scenario, underflow would deliver PFAS mass to the
underside of the pad and the underlying soil across an area
well beyond the individual joints and cracks through which
it entered, effectively converting the bottom of the slab into
a distributed source. Concentrations were also elevated adja-
cent to vertical joints and fractures, suggesting that these fea-
tures may act both as preferential pathways and as vertical
plane sources. While this dataset is limited, these observa-
tions suggest that, without site-specific data indicating oth-
erwise, an underflow component should be considered at
PFAS-impacted pads as part of CSM development.
Estimating vertical mass discharge at PFAS-impacted
sites with concrete or asphalt pavement may therefore
require resolving at least three fluxes: macropore infiltration
through joints and cracks; lateral underflow along the bot-
tom of the slab; and shedding to perimeter soils, where local
recharge can substantially exceed the regional value. These
critical vertical flux components cannot be captured by sim-
ply applying a regional recharge rate to the pad footprint.
A more nuanced approach is needed, and several promising
technologies are discussed in the following sections.

Identifying Focused Recharge with LiDAR and Drone
Survey

Newell et al. (2023) proposed that recharge from PFAS
source areas is generally diffuse, reasoning that these facili-
ties were not constructed in dry streambeds or depressions,
which are often cited as examples of focused recharge. Given
the preceding discussion, that conclusion warrants a second
look at some sites. Fire training areas are often engineered
drainage structures, incorporating graded and crowned pads,
berms, curbs, collection sumps, oil-water separators, drain-
age swales, and containment aprons. Accordingly, at these
sites, the potential for focused recharge is more likely driven
by small-scale features (i.e., cracks, joints, and interfaces)
within engineered structures than by regional topography.

Technological advances over the last decade have made
focused-recharge assessment more accessible. One-meter
light detection and ranging (LiDAR) is publicly available
across much of the United States through the US Geo-
logical Survey (USGS) 3D Elevation Program, and drone
photogrammetry of a single fire training area can often be
completed in a day, yielding centimeter-scale topography.
These elevation data can be analyzed with standard flow-
routing tools to identify crowned pads, drainage swales,
low spots, microcatchments, run-on areas, and other points
where runoff may concentrate. The resulting maps provide
a practical, physically intuitive basis for identifying candi-
date focused-recharge zones that warrant field verification or
more detailed recharge evaluation (Wilson et al. 2012).
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For a more quantitative estimate of potential focused
recharge, a simple water balance can be applied to each
delineated infiltrating area: precipitation plus runoff from
the contributing paved area, minus evapotranspiration,
approximates the water available for recharge. As with
high-resolution topography, local-scale climate data are
increasingly accessible. The publicly available OpenET
platform (https://etdata.org/) provides satellite-derived esti-
mates of actual evapotranspiration at 30-m resolution from
an ensemble of six remote sensing models served through
Google Earth Engine (Melton et al. 2022). Local-scale
precipitation can also be obtained from publicly available
sources, including:

* NASA (https://gpm.nasa.gov/data)

* NOAA (https://www.ncei.noaa.gov/cdo-web/ and https://
psl.noaa.gov/data/gridded/tables/precipitation.html)

e USGS (https://www.usgs.gov/data/precipitation-data)

* Local gauges, gridded climate datasets, and CHIRPS
(https://www.chc.ucsb.edu/data/chirps).

Geophysical Methods for Characterizing Subsurface
Recharge Pathways

High-resolution topographic data can identify surface
features that concentrate runoff and indicate where focused
recharge may begin, but these data do not resolve subsurface
pathways. Conversely, direct measurements such as borings,
lysimeters, and soil-moisture probes provide valuable infor-
mation at discrete points but are often too costly to deploy at
the density needed for local-scale recharge characterization.
This leaves important uncertainty in how recharge is distrib-
uted below the surface, particularly where preferential path-
ways or heterogeneous vadose-zone materials control water
movement.

Geophysical methods can help fill this scale gap by cost-
effectively mapping spatially variable subsurface conditions
between direct-measurement locations. Several methods have
demonstrated usefulness for identifying potential recharge
pathways at refined spatial resolution (Cook et al. 1992; Law-
rie et al. 2012; Mawer et al. 2013, 2016; Sendros et al. 2013;
Parsekian et al. 2014; Walsh et al. 2014; Maliva et al. 2015;
Gottschalk et al. 2017). Resistivity-based methods are espe-
cially useful because contrasts in electrical resistivity com-
monly correspond to differences in sediment texture, moisture
content, or pore-fluid composition. In general, coarse-grained
sands and gravels exhibit higher resistivity than clay-rich sed-
iments, although site-specific calibration is needed to support
reliable interpretation.

Two promising resistivity-based approaches are tow-
behind transient electromagnetic imaging (tTEM) and
temporal electrical resistivity imaging (TERI). The tTEM
system can be towed behind an all-terrain vehicle to rapidly
collect site-scale data and generate three-dimensional mod-
els of subsurface electrical resistivity to depths of approxi-
mately 60m (Auken et al. 2019; Behroozmand et al. 2019;
Goebel and Knight 2021). This makes tTEM useful for
identifying laterally extensive stratigraphic features, coarse-
grained intervals, or other potential preferential pathways,
including at sites with relatively deep vadose zones.
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TERI provides a complementary temporal perspective by
collecting repeated apparent-resistivity measurements along
fixed electrode arrays. Inversion of these time-lapse datasets
can delineate subsurface wetting patterns, macropore struc-
ture, and preferential flow behavior (Halihan et al. 2021,
2023; Fields et al. 2022). This temporal component is par-
ticularly valuable for recharge characterization because it can
help identify not only where recharge occurs but also when
recharge fronts move through the vadose zone.

Because resistivity can be influenced by soil moisture,
fluid composition, temperature, and particle-size distribu-
tion, geophysical results should not be interpreted in isola-
tion. Their value is greatest when calibrated with site-specific
information, such as borings, HRSC data, soil samples,
lysimeters, or collocated moisture and matric-potential sen-
sors. Used in combination with high-resolution topography
and direct measurements, geophysical methods can reduce
uncertainty in recharge CSMs by improving characterization
of subsurface water movement, preferential pathways, and
the spatial and temporal distribution of recharge.

Lysimeters

Specialized hydrologic lysimeters, including pan lysim-
eters and drain-gauge lysimeters, can provide direct mea-
surements of recharge rates under suitable site conditions.
Both designs place a collection device beneath relatively
undisturbed soil. Pan lysimeters are installed in an alcove
excavated from the face of a vertical trench, whereas drain-
gauge lysimeters enclose an intact soil column within a
divergence-control tube installed in a borehole. Although
these devices have proven useful in some recharge studies,
Walker et al. (2026) had limited success using drain-gauge
lysimeters to measure recharge directly at two AFFF-
impacted sites, largely because of installation artifacts and
related problems.

Another type of lysimeter, a zero-tension or grav-
ity lysimeter, can directly estimate recharge by collecting
and measuring water infiltrating through a large, relatively
undisturbed section of the unsaturated zone at a depth below
most root systems. Water that percolates below the root zone
is assumed to continue to the water table, providing a direct
estimate of recharge volume. However, this method does
not address the timing of when this water reaches the water
table. Key limitations of this methodology include expense,
installation difficulty, point-scale estimates only, and soil
disturbance during installation that may affect percolate col-
lection for several years afterward.

Porewater Sampling

Having considered the flow component of the mass
flux/mass discharge framework, it is equally important
to consider the contaminant concentration component.
How can we reliably and cost-effectively characterize the
local-scale spatial and temporal variability of contaminant
mass in the vadose zone? Suction cup lysimeters, initially
developed for measurement of soil moisture content in
agricultural settings, have been utilized in several field
studies to evaluate PFAS concentrations in porewater
and vadose-zone source strength at AFFF-impacted sites
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(e.g., Quinnan et al. 2021; Anderson et al. 2022; Schaefer
et al. 2022b, 2023). Lysimeter porewater samples can
reliably characterize PFAS concentrations across a wide
range of soil moisture contents when a minimum sample
volume of 10mL is obtained (Carey et al. 2026). Porewater
concentration data can be combined with soil moisture and
matric-potential data collected from collocated probes to
support high-resolution characterization of vadose-zone
PFAS flux to groundwater.

Shallow lysimeters installed at sites where groundwater
occurs at less than 3 feet below ground surface increases the
risk of mixing with groundwater impacted with PFAS due to
the presence of the capillary fringe. For sites located in arid
or semi-arid climates (cold or hot) or high-altitude regions,
where the depth to groundwater can exceed 100 feet below
ground surface, the pathway for PFAS migration from the
unsaturated zone to groundwater may be highly complex
with a lower probability of leaching PFAS concentrations
that reach deep groundwater and a higher probably of sur-
face flow processes (e.g., overland transport and snow/ice)
that accumulate water in low areas of ponding, discharge
areas, or diversion of stormflow to retention areas distal
to the source area (e.g., playa lakes or retention basins) as
the primary transport mechanism in these environments
(McMillan et al. 2025). In addition, the maximum installa-
tion depth for suction lysimeters should generally be limited
to less than 25 feet below ground surface due to increasing
challenges with proper installation and the risk of reducing
porewater sample integrity due to the elevated suction levels
(vacuum) required to lift porewater to the ground surface
during sampling.

Conventional suction-cup lysimeters for porewater
sample collection have been installed in individual vertical

H-Lysimeters

or angled borings (e.g., 30° to 45° from vertical); however,
these lysimeters can also be installed horizontally (Gross-
man and Udluft 1991; Lajtha et al. 1999). The “H-Lysimeter”
has been proposed by Dr. Chadi Al Motar of the University
of Texas at Austin (Figure 9). This concept uses a modified
porous-cup suction lysimeter installed within a horizontal
boring, such as the VWS, allowing placement of multiple
lysimeters within a single horizontal well. The system could
be installed beneath pavement, buildings, and other surface
infrastructure. It could collect porewater samples from dis-
crete intervals along laterally continuous stratigraphic zones
while minimizing disturbance to site conditions and surface
infrastructure. This approach would provide much greater
spatial coverage than conventional lysimeter installations,
which require a separate boring for each sampling point.
H-lysimeters and collocated soil-moisture probes could be
used at suspected recharge zones (e.g., fractures or joints)
beneath concrete slabs where AFFF was historically used
to generate high-spatial-resolution PFAS flux data cost-
effectively.

Closing Thoughts

To be clear, while we believe that a more focused con-
sideration of site-specific recharge characteristics is needed
in general, we are not suggesting that every site requires a
comprehensive recharge study. Instead, just as every CSM
should, to the extent practicable and consistent with remedial
objectives, characterize local-scale geologic heterogeneities
(depositional environment, sequence stratigraphy, preferential
pathways, etc.), every CSM should explicitly consider how
local-scale recharge drives contaminant fate and transport fol-
lowing that same concept. In other words, if the underlying

— Sample retrieval tube

~ — Vacuum/pressure Tubes from other H-Lysimeters

S |
| |
Silica Sand

Sample
Extraction
station

Figure 9. Conceptual schematic of nested H-lysimeters installed within a horizontal well, such as the Vertebrae well system (VWS;
Koenigsberg et al. 2018). This proposed system could be installed in the vadose zone, within the capillary fringe, or beneath the
water table, including beneath pavement, buildings, and other surface infrastructure where conventional vertical lysimeter borings
may be impractical or disruptive. Image courtesy of Chadi Al Motar.

NGWA.org

C. Divine et al/ Groundwater Monitoring & Remediation 1



geologic framework serves as the roadmap, then the spatial and
temporal distribution of recharge (yes...and discharge [Brede-
hoeft 2007; Stephens 2009]) provides a kind of “traffic report.”
And, if our objective is to find and address the mass that is
moving, we need to understand this traffic report—where it is
backed up, heavy, moving, or free and clear. Putting recharge
in this perspective can test assumptions that often go unex-
amined: whether a source area is truly isolated by “imperme-
able” surfaces, whether groundwater velocities inferred from
hydraulic gradients are temporally stable, whether concentra-
tion trends reflect contaminant depletion or recharge-driven
dilution and flushing, and whether mass loading is controlled
by the highest concentrations or by lower-concentration areas
that receive more infiltration.

The data and tools needed for recharge estimation are
increasingly available and becoming more inexpensive. High-
frequency water levels from pressure transducers, precipitation
records, soil moisture or matric-potential sensors, drone- or
LiDAR-derived topography, and routine concentration data
can provide a low-cost foundation for estimating recharge
timing, magnitude, and spatial variability. In many settings,
simple methods are entirely appropriate. Empirical recharge
estimates, baseflow approaches, or the water-table fluctuation
method may be sufficient where the site is relatively homoge-
neous, recharge is diffuse, the remedial question is not highly
sensitive to small differences in flux, and multiple simple
approaches converge on a reasonable range.

A closer look at recharge is warranted when recharge
uncertainty materially affects decisions about risk, remedy
selection, source prioritization, or long-term stewardship.
Such scenarios are not exclusive to sites contaminated with
PFAS; this approach also applies to sites with other per-
sistent vadose-zone source mass, sites with engineered or
paved surface cover and aging underground water infra-
structure near release areas, arid and semi-arid sites where
recharge is episodic, and sites where plume behavior cannot
be reconciled with a steady annual recharge assumption.
Finally, like the development of any useful and robust CSM,
this process should be iterative, with continual refinement as
additional information becomes available, and a multiple-
lines-of-evidence approach will increase confidence and
reduce uncertainty (e.g., high-resolution hydrographs, sen-
sor networks, porewater sampling, tracer methods, geo-
spatial analysis, numerical modeling, etc.). In this manner,
we gain a more refined understanding of recharge and its
impact on risk and remedial action.

Recharge is a critical but often under-characterized
stimulus of groundwater flow and contaminant mass
flux, particularly for per- and polyfluoroalkyl substances
(PFAS) and other constituents retained in the vadose
zone. Because it controls when, where, and how contami-
nant mass is mobilized to groundwater, recharge should
be evaluated at spatial and temporal scales relevant to
contaminated-site decision-making. Improved character-
ization of recharge can strengthen conceptual site models,
support more defensible mass flux and mass discharge
estimates, and improve the design and prioritization of
remedial strategies. Key practical takeaways from this
column are as follows:
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e Recharge should be thought of as a dynamic site process,
not merely as a static input parameter.

e The most important recharge question is often not “What
is the annual recharge rate?” but rather “Where and when
does recharge mobilize contaminant mass?”

e PFAS source-zone CSMs should explicitly consider
event-scale recharge, focused recharge, and recharge
through or around engineered surfaces.

e Cost-effective tools already exist to improve recharge
interpretation, including precipitation records, water-
level transducers, soil moisture and matric-potential
sensors, LiDAR or drone-derived topography, porewater
sampling, and simple water-balance methods.

e Recharge characterization should be scaled to the
remedial decision: simple approaches are often sufficient,
but more detailed evaluation is warranted where recharge
uncertainty affects risk, source prioritization, remedy
selection, or long-term site management decisions.

e Recharge redux simply means intentionally bringing
recharge back into appropriate focus and recognizing its
fundamental role in contaminant hydrogeology.
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