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A B S T R A C T   

Contamination through per-and poly-fluoroalkyl substances (PFAS) have occurred globally in soil and ground-
water systems at military, airport and industrial sites due to the often decades-long periodic application of 
firefighting foams. At PFAS contaminated sites, the unsaturated soil horizon often serves as a long-term source 
for sustained PFAS contamination for both groundwater and surface water runoff. An understanding of the 
processes controlling future mass loading rates to the saturated zone from these source zones is imperative to 
design efficient remediation measures. In the present study, hydrochemical data from a site where PFAS 
transport was observed as a result of the decades-long application of AFFF were used to develop and evaluate 
conceptual and numerical models that determine PFAS mobility across the vadose zone under realistic field-scale 
conditions. The simulation results demonstrate that the climate-driven physical flow processes within the vadose 
zone exert a dominating control on the retention of PFAS. Prolonged periods of evapotranspiration exceeding 
rainfall under the semi-arid conditions trigger periods of upward flux and evapoconcentration, leading to the 
observed persistence of PFAS compounds in the upper ca. 2 metres of the vadose zone, despite cessation of AFFF 
application to soils since more than a decade. Physico-chemical retention mechanisms, namely sorption to the 
air-water interface (AWI) and sediment surfaces, contribute further to PFAS retention. The simulations 
demonstrate how PFAS downward transport is effectively confined to short periods following discrete rain events 
when soils display a high degree of saturation. During these periods, AWI sorption is at a minimum. In addition, 
high PFAS concentrations measured and simulated below the source zone reduce the effect of the AWI further 
due to a decrease in surface tension associated with elevated PFAS concentrations. Consequently, time-integrated 
PFAS migration and retardation illuminates that the field-relevant PFAS transport rates are predominantly 
controlled by the physical flow processes with a lower relative importance of AWI and sediment sorption adding 
to PFAS retention.   

1. Introduction 

Per-and poly-fluoroalkyl substances (PFAS) are a group of manu-
factured chemicals that have been widely used in Australia and else-
where since the 1950s in a range of industrial applications such as in 
textiles and leather, in electronics, food packaging, and for fire fighting, 
where PFAS is used as an ingredient in aqueous film-forming foams 
(AFFF). Particularly over the past decade, large-scale soil and ground-
water contamination has been reported and PFAS have emerged as 
contaminants of critical concern. Significant impacts on soil and 
groundwater systems have occurred globally from civilian and military, 

airports and industrial sites due to the often decades-long periodic 
application of AFFF during training exercises. To date, remediation of 
affected sites, for example in Australia, has often focussed on discrete 
AFFF source zones, which serve as long term contaminant sources for 
vadose zones and groundwater (Brusseau, 2018; Lyu et al., 2018; 
Adamson et al., 2020). 

Recent studies into the behaviour of PFAS within source zones have 
highlighted the important role of the unsaturated zone as a long-term 
source for sustained PFAS contamination for both groundwater and 
surface water runoff. For instance, Høisæter et al. (2019) reported 96% 
of total PFOS to be retained within the upper 2 m of AFFF-impacted soils 

* Corresponding author. 
E-mail address: ilka.wallis@flinders.edu.au (I. Wallis).  

Contents lists available at ScienceDirect 

Water Research 

journal homepage: www.elsevier.com/locate/watres 

https://doi.org/10.1016/j.watres.2022.119096 
Received 19 May 2022; Received in revised form 7 September 2022; Accepted 8 September 2022   

mailto:ilka.wallis@flinders.edu.au
www.sciencedirect.com/science/journal/00431354
https://www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2022.119096
https://doi.org/10.1016/j.watres.2022.119096
https://doi.org/10.1016/j.watres.2022.119096
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2022.119096&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Water Research 225 (2022) 119096

2

at a firefighting training facility in Norway 15 years after PFOS use was 
terminated. At a former fire-training area on Cape Cod, Massachusetts, 
the unsaturated zone was also shown to act as a continuous source for 
PFAS mass transfer into the saturated zone more than 18 years after 
PFAS surface application had ceased (Weber et al. 2017). Field data from 
source zones affected by AFFF in Australia support this observation 
(Fig. 1). Given the low sorption affinity and therefore typically high 
mobility of PFAS compounds, the frequently documented persistence of 
PFAS compounds in the upper ca. 2 m of vadose zones, despite cessation 
of PFAS application to soils since many years (Davis et al., 2021) is 
surprising and puzzling. 

To better understand PFAS retention and transport in source zones 
and to support the planning of effective and economical remediation 
efforts, a range of potential physical and chemical retention mechanisms 
that act upon PFAS compounds in the vadose zone have been closely 
studied over the past decade. Many of these studies focused on deter-
mining the extent of sorption of PFAS onto common mineral surfaces, 
such as ferrihydrite (Campos-Pereira et al., 2020), goethite (Uwayezu 
et al., 2019) and aluminium oxides (Wang et al., 2011) as well as clay 
particles under controlled laboratory conditions (Zhao et al., 2014; Xiao 
et al., 2011). Based on the collected data, distribution coefficients (Kd) 
for the most common PFAS compounds were established. For example, 
Li et al. (2018) provided a comprehensive review, which concluded that 
laboratory derived median Kd values for PFOS, PFOA, PFHxS and 
PFHxA were 15.49, 1.48, 0.95, and 0.26 L/kg, respectively. 

More recently, several additional retention mechanisms have been 
uncovered, most importantly the partitioning of PFAS compounds to the 
air-water interface (AWI) within the vadose zone and also to 
nonaqueous-phase liquids (NAPLs) at sites where cross contamination 
exists. Several studies have attempted to quantify the impact of these 
retention mechanisms on PFAS mobility. For instance, Brusseau et al. 
(2019) found a doubling of PFOS retardation in water-unsaturated soils 
compared to saturated soils due to air-water interfacial adsorption. 
Guelfo and Higgins (2013) observed in batch sorption experiments that 
the presence of NAPLs decreased the sorption of PFOS at low PFOS 
concentrations (1 µg/L) but caused an increase in sorption at higher 
concentrations (500 ug/L). Chen et al. (2009) measured enhanced 
sorption of PFOS in the presence of crude oil in an air-dried soil. In batch 
experiments, the Freundlich sorption coefficient rose from log Kf = 1.3 

to log Kf = 2.24 when the amount of oil within the investigated soil was 
increased from 0 g kg− 1 to 8.7 g kg− 1. All the above sorption mecha-
nisms were also found to be influenced by the PFAS chain length (e.g., 
Campos-Pereira et al., 2018) and solution chemistry, especially the ionic 
strength, the valence of cations and the pH (Tang et al., 2010; Brusseau 
and Van Glubt, 2019; Cai et al., 2022; Lyu and Brusseau, 2020), while 
elevated PFAS concentration itself may reduce surface tension leading to 
enhanced surfactant induced flow (SIF) (e.g. Costanza-Robinson and 
Henry, 2017; Zeng and Guo, 2021). 

Understandably, most research addressing PFAS mobility to date has 
been performed at the laboratory scale through column or batch ex-
periments that provide homogeneous and/or well-mixed conditions. 
Many of these studies have benefited from additional quantification of 
observed processes through mathematical model frameworks (e.g. Silva 
et al., 2020; Guo et al., 2020; Zeng et al., 2021; Brusseau and Guo, 
2022), which have greatly advanced the ability to describe PFAS sorp-
tion behaviour mechanistically. 

However, comparatively little is still known about the field-scale 
reactive transport behaviour of PFAS compounds as they migrate 
across the vadose zone and how this affects the temporal evolution of the 
mass transfer into the saturated zone. Obviously, in natural and there-
fore more heterogeneous systems it is much more difficult to discern 
which of the lab-identified retention mechanisms are affecting PFAS 
transport behaviour and to disentangle which processes exert a major 
control on the fate of the various PFAS compounds. Clearly, beyond 
sorption processes, the fate of PFAS compounds is also strongly affected 
by the physical flow and transport processes that persist within the 
vadose zone. Highly dynamic rainwater infiltration, drainage, evapo-
transpiration and particularly subsurface heterogeneities lead to com-
plex transport behaviour. For instance, Zeng and Guo (2021) were able 
to demonstrate on the basis of synthetic soil profiles that in-
homogeneities significantly influenced the PFAS transport behaviour 
within the considered profiles. Preferential flow enhanced the saturation 
along pathways which consequently reduced the air water interfacial 
area and therefore PFAS sorption, leading to greatly enhance PFAS 
travel times. Silva et al. (2020) demonstrated on the basis of model 
simulations of synthetic 1D layered soil profiles, how temporal soil 
moisture changes driven by infiltrating rain events led to temporal 
change in the air-water interfacial area. The latter was amplified under 

Fig. 1. PFAS soil depth profiles at four studied source zones across the field site highlight that the bulk mass of PFOS and PFHxS is retained within the upper 2 m of 
the soil profile, approximately 15 years after cessation of the use of 3M Light WaterTM. (Defence ESdat database; accessed 13.03.2019). 
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soil texture inhomogeneities. We hypothesize that understanding hy-
draulic flow processes is crucial as they could, at the field-scale, be 
equally or more important for determining PFAS transport rates within 
and across the vadose zone than the physico-chemical retention mech-
anisms. Currently, however, the relative importance of physical trans-
port versus chemical retention processes on the overall PFAS fate and 
transport within the vadose zone is a critical knowledge gap for source 
zones where AFFF has been applied. 

Numerical modelling has been shown to provide a useful framework 
to integrate, quantify and, ultimately, better understand complex solute 
and reactive transport processes and their interactions across multiple 
scales (e.g., Siade et al., 2021). In the present study, hydrochemical data 
from an AFFF affected source zone, where PFAS transport was observed 
as a result of the application of AFFF over several decades, were used to 
develop and evaluate conceptual and numerical models quantifying 
PFAS mobility across the vadose zone under realistic field-scale condi-
tions. This will underpin a better understanding of the historic PFAS 
fate, predictions of future mass loading rates to the saturated zone and it 
will greatly aid the design of efficient remediation measures. We use 
laboratory-determined sorption parameters and measured PFAS con-
centration depth profiles as constraints to guide the development and 
calibration of a vadose zone numerical model that simulates the 
long-term evolution of PFAS transport across the vadose zone. The re-
sults are used to assess the relative importance of physical flow and 
transport processes on the overall PFAS mobility and mass loading rates. 

2. Material and methods 

2.1. Study site 

The selected study site is representative of many other, similarly 
PFAS-impacted sites. It is located on Australian Commonwealth land, 
where training with AFFF occurred over several decades. Usage of 3M 
Light WaterTM started in the 1970’s and continued until approximately 
2005 on the site, when Light WaterTM was phased out and replaced with 
Ansulite over several years. Although Ansulite also contains PFAS, the 
chemistry is based on fluorotelomers, rather than perfluoroalkyl sulfo-
nates, thus the signature of residual PFAS is distinctly different and 
concentrations of PFOS and PFHxS can be attributed confidently to the 
earlier use of Light WaterTM. Details of AFFF usage over this time were, 
however, not recorded and, similar to many other sites worldwide, no 
robust estimates for the rates of PFAS mass inputs into the vadose zone 
are therefore available. Sampling campaigns starting in 2008 and in 
subsequent years revealed that PFAS contaminated soils and ground-
water were widespread across the site. PFAS concentrations in soils 
ranged up to 164 mg/kg (PFOS + PFHxS) at different AFFF source zones, 
while groundwater concentrations of up to 11.6 mg/L (PFOS + PFHxS) 
were recorded on site (Defence ESdat database; accessed 13.03.2019). 

The unsaturated zone at the study site is composed of Quaternary 
aged sediments that comprise a sequence of fluvial and alluvial deposits. 
Clay and silt deposits predominate, however, interbedded are lenses and 
layers of sand, gravel, pebbles and up to boulder size sediments. 
Consequently, the hydraulic permeability of the subsurface is highly 
variable. A core drilled at the site documents a generally clay-rich soil 
(31 to 55% clay within the <2 mm fraction) with a low organic carbon 
content (average of 0.1%). The depth to groundwater is about 4 to 10 m 
across the site. Temporal groundwater table variations are generally 
low, with standard deviation of groundwater head data remaining below 
0.5 m in >85% of bores. The climate is Mediterranean with mild wet 
winters and hot dry summers. Long-term records of climate data are 
available through a weather station located at the field site, operated by 
the Bureau of Meteorology. The median yearly precipitation is 426.9 
mm/yr (1972-2021), while the mean potential (A-pan) yearly evapo-
ration is 2080 mm/yr (1972-1999). The average yearly minimum and 
maximum air temperature is 11.2 and 22.7 ◦C respectively (1972-2021). 

2.2. Hydrochemical data collection 

As part of a detailed site investigation (Defence, 2018), vertical PFAS 
concentration profiles were determined in soils below several source 
zones (Fig. 1). One of those source zones that exhibited a typical PFAS 
depth profile was selected for the present numerical modelling study. It 
is characterised by a maximum PFAS soil concentration of about 5,000 
μg/kg at a depth of about 0.5-1 m and a depth to the water table of 
approximately 7 m. The electrical conductivities of the porewaters in the 
vadose zone were measured in an uncontaminated core from the same 
field site and ranged between 230 and 1050 mS/cm. 

2.3. Numerical model simulator 

To elucidate and quantify the physical controls on the transport 
behaviour of PFAS within the vadose zone, we integrated and inter-
preted the detailed field observations that were collected at a selected 
source zone. These data guided the development of numerical unsatu-
rated zone models of PFAS mobilisation and transport. We apply the 
public-domain numerical model LEACHM (Leaching Estimation and 
Chemistry Model) (Hutson, 2003). LEACHM is a widely used unsatu-
rated zone simulator (e.g., Sogbedji et al., 2001a; Asada et al., 2013) that 
has been extensively benchmarked against similar codes such as HYD-
RUS (e.g., Nolan et al., 2005; Sarmah et al., 2006; Ogorzalek et al., 
2008). It is a process-based model that uses a finite difference approxi-
mation of the Richards’ equation to solve for water flow and the con-
vection–dispersion equation to simulate solute transport in variably 
water-saturated soils. Flow of water and solutes through the unsatu-
rated zone is simulated in response to time-varying precipitation, 
evaporation, transpiration, temperature, and runoff. Solutes are trans-
ported by advection, dispersion and diffusion and may be retarded by 
sorption onto soil particles and/or soil organic matter. 

For this work LEACHM was extended to include sorption of PFAS 
compounds to the air-water interface (AWI), following largely the 
approach of Guo et al. (2020). AWI adsorption coefficients are calcu-
lated on the basis of surface tension, which in turn is a function of soil 
temperature and solution composition. Equilibrium sorption was 
assumed for both solid phase and AWI sorption. The maximum air-water 
interfacial area is thereby assumed to be the surface area of dry soil 
particles calculated from a geometric mean particle diameter. Soil par-
ticle size and textural class classification is usually based on clay and silt 
contents determined by sedimentation; the Australian size classification 
defines the upper limits of the clay fraction as 0.002 mm and the silt 
fraction, 0.02 mm. However, laser diffraction analysis is more likely to 
reflect particle volume, and Fisher et al. (2017) found that laser 
diffraction thresholds corresponding to sedimentation analysis thresh-
olds of 0.002 mm and 0.2 mm were 0.009 mm and 0.026 mm. These 
values, along with an upper limit for sand of 2 mm, are used to estimate 
geometric mean particle diameter (dg, mm): 

dg =
∑

mi lndi (1)  

where mi is the mass fraction and di the arithmetic mean diameter of size 
class i. 

The surface area of the dry bulk soil (Amax, dm2/dm3) is estimated 
from geometric mean particle diameter (mm), soil bulk density (σb, kg/ 
dm3) and particle density (σs, kg/dm3) is 

Amax = 600 σb
/(

dgσs
)

(2) 

The AWI area per unit soil volume, Aaw, is assumed to vary linearly 
from zero at saturation (S = 1) to Amax when the soil approaches dryness 
(S = 0), following the approach by Kim et al. (1997): 

Aaw = Amax (1 − S) (3) 

The air-water interfacial adsorption coefficient, using a temperature 
and solute-dependent surface tension is calculated using the procedure 
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described by Guo et al. (2020). Surface tension (Γ, N/m) is a function of 
temperature T (̊C): 

Γ = 7.572e− 4 − 1.515e− 4 T (4) 

The linear AWI sorption coefficient (Kaw, m3/m2) (Guo et al., 2020) 
is 

Kaw =
1

RT
Γ

b
a + Conc

(5)  

where R is the universal gas constant (J K− 1 mol− 1), T is temperature (̊K) 
and Conc is solute concentration (mol m− 3 or mmol L− 1). a [µmol/cm3] 
and b [-] are constants determined by fitting to measured surface tension 
isotherms for the PFAS compound of interest (Zeng et al., 2021). The 
amount of chemical sorbed at the interface will depend on both Kaw and 
the current AWI area Aaw. 

The overall dimensionless retardation coefficient (R) will depend on 
both solid phase and AWI sorption 

R = 1 + (σbKd + KawAaw)/θ (6)  

where Kd is the solid phase sorption coefficient (L kg− 1). 
Thus, the effective Kd value (Kdeff) for solute transport, calculated for 

each segment i at the start of each time step, is 

Kdeffi = (Rθi − θi)
/

ρbi
(7) 

The AWI sorption capability of the extended LEACHM code has been 
successfully benchmarked against Guo et al. (2020) and Zeng et al. 
(2021) (Supporting Information A-C). 

It should be noted, however, that some of the model capabilities in 
Guo et al. (2020) are not replicated within the extended LEACHM code. 
The approach taken in LEACHM was driven by the need to numerically 
describe field scale vadose zone systems with their inherent variability 
in textures. Accordingly, a formulation that allows quantification of AWI 
PFAS sorption processes over a wide range of soil properties, based on 
readily available soil survey data, was chosen to ensure utility for actual 
site applications, where measured data is often scarce. This includes the 
quantification of the maximum air-water interfacial area based on 
modified geometric mean particle diameters, soil bulk and particle 
densities. This provided maximum surface areas which are in general 
agreement with those reported in the relevant literature (Fig. 6 and e.g. 
Silva et al. 2020; Zeng and Guo, 2021) and which compared well against 
two frequently used surface area quantification methods, i.e. the 
Ethylene-Glycol and BET isotherm method evaluated on the basis of 21 
different soils (Supporting Information A). However, direct measure-
ments of the soil surface area through e.g. aqueous-phase interfacial 
partitioning tracer tests or synchrotron X-ray microtomography may 
provide more accurate estimate of soil surface areas (Brusseau et al., 
2007), but this data would rarely be available for field scale settings. In 
addition, it also needs to be acknowledged that significant variability 
exists in the magnitude of soil surface areas depending on the mea-
surement method employed (Costanza-Robinson and Brusseau, 2002; 
Silva et al., 2020). This inadvertently will impact on model accuracy. In 
addition, the modified LEACHM code does not take surfactant-induced 
flow (SIF) into account. This simplification was based on results by 
Zeng and Guo (2021) who demonstrated that acceleration of vertical 
leaching and lateral spreading of PFAS resulting from SIF was minimal 
even under strongly elevated PFAS porewater concentrations of up to ~ 
10 mg/L. Silva et al. (2020) derived at similar findings, stating that PFAS 
solution concentrations in excess of 10 mg/L are needed before effects of 
surface tension on unsaturated flow would be noticeable. 

We acknowledge, that the approach taken is approximate, recog-
nising that the procedure and calculations can be refined for specific 
soils and chemicals. Evaluating simplifying numerical model approaches 
in the face of inherent field scale soil and porewater variability is 
considered an important area of future research. 

2.4. Model approach 

Decades-long reactive transport of PFAS compounds was studied for 
a one-dimensional vertical soil profile. Model simulations were under-
taken for a 50-year simulation period extending between the 1st January 
1970 and the 31st December 2019. The temporal discretisation was 
variable throughout the simulation period, decreasing with increasing 

Table 1 
Model parameter values.  

Input parameters Calibrated model Literature values 

Unsaturated flow and transport parameters 
Depth to water table [m] 7 NA 
Saturated conductivity 

Ks, [mm d− 1] 
0.1 – 3000 NA 

Bulk Density [kg/dm3] 1.6 NA 
Molecular weight of 

composite PFAS 
compound [g/mol] 

500 PFOS: 500 g/mol ( 
Interstate Technology 
and Regulatory Council 
(ITRC), 2020) 
PFHxS: 400 g/mol (ITRC 
2020) 
PFOA: 414 g/mol (ITRC 
2020) 

Water Retention Depth 
[mm] 

500 NA 

Slope of surface [%] 0.5 NA 
Chemical solubility of 

composite PFAS 
compound [mg/L] 

10000 PFOS: 910 mg/L @ 25 ◦C 
(Interstate Technology 
and Regulatory Council 
(ITRC), 2020) 
PFHxS: 2303 mg/L (ITRC 
2020) 
PFOA: 9524 mg/L @ 
25 ◦C (Interstate 
Technology and 
Regulatory Council 
(ITRC), 2020) 

Molecular diffusion 
coefficient in water 
[cm2/sec] 

5.2* 10-6 PFOS: 5.4* 10-6 Zeng et 
al (2021) 
PFOA: 4.9* 10-6 Zeng et 
al (2021) 
PFHxS: 4.5* 10-6 Zeng et 
al (2021) 

Sediment sorption parameters 
Koc; partitioning 

coefficient, [L kg− 1] 
90 Knight et al. (2019) 

Oliver et al. (2020) 
Li et al. (2018) 
Site data:  
PFOA Kd* = <0.30 L/kg 
PFOS Kd* = <0.30–3.17 
L/kg  
PFHxS Kd* = <0.2–0.3 
L/kg 
PFHxA Kd* = <0.2 L/kg 

Organic matter [%] 0.0 – 1% measured, see Fig. 3 
Air-water-interface sorption parameters 
Air-water interfacial 

adsorption coefficient 
(Kaw) [L/dm2] and 
surface tension [N/m]  

Varying based on 
constants a and b, solute 
concentration and soil 
temperature [◦C] (see 
methods) 
a = 0.059 [µmol/cm3]; 
b = 0.12 [-]; 

Zeng et al (2021): 
PFOS a: 0.0082 
[µmol/cm3]; b: 0.118 [-];  
PFOA a = 0.059 
[µmol/cm3]; b = 0.12 [-]; 
PFHxS a = 0.11 
[µmol/cm3]; b = 0.06 [-] 
Guo et al. (2020):  
PFOS a: 0.004 
[µmol/cm3]; b: 0.107 [-] 
Supporting Information B 
and C 

Maximum particle 
diameters [mm] for 
calculation of 
geometric mean air- 
water interfacial area 

Clay: 0.009  
Silt: 0.026 
Sand: 2.00 

Values correspond to 
laser volumes (Fisher 
et al., 2017) 
Supporting Information 
A  

* measured via liquid scintillation counting (LSC) using labelled 14C-PFOA on 
soil core material (Navarro et al., 2021). 
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flow rate, with the maximum time step length set to 0.1 days. The 
computed transient water fluxes served as the basis for the subsequent 
PFAS transport simulations. History matching for the PFAS flow and 
transport model was achieved by comparing the measured total PFAS 
concentration depth profiles with those simulated in 2020 as well as the 
groundwater recharge rates with previous recharge estimates that were 
based on a chloride mass balance. The history matching process relied 
on a trial- and error approach that involved the adjustment (i) of sedi-
ment sorption coefficients within the range of the laboratory measured 
Kd values and (ii) of the water retention depths within plausible ranges 
to successively reduce discrepancies between simulated and observed 
PFAS concentrations and groundwater recharge rates (Table 1). 

2.5. Source zone model 

The simulated soil profile spanned over a depth interval of 7 m, 
corresponding to the thickness of the unsaturated zone below the 
selected source zone. The upper profile boundary condition was defined 
on the basis of daily climate data (Fig. 2). SILO daily rainfall (mm), 
temperature and potential evapotranspiration (mm) were obtained from 
the weather station located on the field site (http://www.longpaddock. 
qld.gov.au/silo). The lower boundary condition of the simulated soil 
profile was defined as a unit gradient boundary (or free drainage). This 
allowed drainage water to exit at a rate equal to the current hydraulic 
conductivity at the base of the model. The fractions of clay, silt and sand 
within the studied soil profile were obtained by sedimentation and sieve 
analysis from a soil core that was collected at the site (Fig. 3). The 
measured organic matter content within that core was low throughout 
the entire profile, ranging between 0 and 1 % (Fig. 3). The crop cover at 
the site was simulated as a grass species with a maximum root depth of 
300 mm. Gras cover growth was set to start each year in April, reaching a 
maximum cover at the end of June and ceasing growth in October. 

Actual evapotranspiration was calculated based on daily plant growth, 
the soil moisture at the current rooting depth, and the crop specific 
potential evapotranspiration. Soil bulk density was set at 1.6 kg/dm3 

and a porosity of 0.4 was assumed. A slope of 0.5% was applied across 
the soil surface, representative of the low surface gradient at the study 
site. The profile was discretised into 100 mm thick model segments. 

2.6. PFAS distribution coefficients and PFAS application history 

To simulate PFAS movement through the unsaturated zone, linear 
equilibrium sorption was assumed. The employed distribution coeffi-
cient, Koc, was based on site specific data available through sorption 
experiments conducted on a soil core from the site (Table 1; Navarro 
et al., 2021). While individual depth profiles of PFHxS and PFOS are 
available for the site, which demonstrate a chromatographic effect due 
to compound-specific sorption affinities (Fig. 3), for the purposes of this 
study the PFAS transport model applied an average Koc representative of 
the cumulative movement of the total PFAS mass through the vadose 
zone. 

As for the vast majority of PFAS-affected sites, detailed records of the 
PFAS application history were not available. Instead, a continuous 
annual application of PFAS was assumed for the period between 1970 
and 1995. In the model simulations a diluted AFFF solution was applied 
once per month to represent the regularly recurring fire training events. 
During each event, 10 mm of water per m2 were applied to the surface, 
with the total PFAS at concentrations of 8 mg/L. The applied PFAS mass 
was based on the total PFAS mass observed in the soil profile. 

Fig. 2. Model inputs consist of daily recorded rainfall [mm/d], potential evaporation (not shown) and temperature [◦C] from the weather station located on the field 
site, providing daily actual evaporation, transpiration, runoff, groundwater recharge [all in mm/d] and matric potential [kPa] (shown here at a depth of 5 cm) as 
model outputs. The long-term average groundwater recharge amounts to 9.8 mm/a, based on the weather data, soil characteristics and plant cover. Recharge is 
fractionally higher from 1970 to 1995, where fire-fighting training provided additional infiltration to the soil profile. Transpiration [mm/d] is calculated based on 
daily plant growth, the soil moisture at the current rooting depth, and the crop specific potential evapotranspiration. 
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3. Results and discussion 

3.1. PFAS migration characteristics 

The history matching process resulted in model simulations that 
provide a process-based explanation of the field observations while 
employing highly plausible model parameter values. A comparison be-
tween simulated and observed PFAS concentration depth profiles, which 
served as main model calibration constraint, is shown in Fig. 3. The 
comparison illustrates a good agreement between the simulated and the 
observed PFAS depth profiles, with total PFAS concentrations of 5-10 
mg/kg dominating the top 1 m of the soil profile, before declining with 
depth. The simulations reveal an overall slow movement of PFAS 
through the unsaturated zone. Importantly, the simulations provide a 
first mechanistic explanation as to why the main mass of PFAS still re-
sides in the upper 2 m of the unsaturated zone profile in 2020, despite 
AFFF application having ceased for more than 10 years (Fig. 3). Under 
the simulated conditions, PFAS mass discharge from the vadose zone 

into groundwater remains negligible even at the end of the simulation 
period. At this time, the simulated total PFAS mass residing within the 
vadose zone profile has accumulated to 28.6 g/m2, which compares well 
with the corresponding mass that was observed at the field site (≈ 27 g/ 
m2). 

The history matching process for the flow and PFAS transport model 
determined an average groundwater recharge rate of 9.8 mm/yr. The 
simulated drainage rate from the vadose zone compares well to 
groundwater recharge rates that were estimates based on the chloride- 
mass-balance approach. The latter established a range between 1.1 
and 9.4 mm/yr for the regional Quaternary aquifer system, which en-
compasses the field site (Bresciani et al., 2015). It is noteworthy, that the 
average groundwater recharge rate during the simulation period (1970 – 
2020) accounts for only ~5% of the recorded rainfall. The majority of 
water loss from the vadose zone occurs through evaporation (51% of 
rainfall), while transpiration accounts for 36% of the computed water 
loss with the remainder accounting for surface runoff (Fig. 2). 

Secondly, the history matching determined that a composite Koc 

Fig. 3. (a) Model Set-up; (b) Lithological profile of soil column from 0 to 7 m and organic matter content at field site based on analysis of drilling core; (c) Measured 
(PFOS, PFHxS and total PFAS [mg/kg]) and simulated and calibrated total PFAS (blue bars) at 31/12/2019 [mg/kg]. For comparison the theoretical distribution of a 
simulated tracer is also shown (grey bars). Fig. 3a modified after Selker and Or (2019). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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value for the total PFAS mass of 90 L/kg was a reasonable approxima-
tion. This value aligns well with both, the experimentally determined Kd 
values on the soil core obtained from the field site and literature values 
for the prevailing types of Australian soils (see Table 1). 

3.2. Evapo-concentration: key process for retaining PFAS mass in shallow 
soil horizons 

The model simulation demonstrate that the slow downward migra-
tion is partly a consequence of the clay-heavy lithology of the soils at the 
study site. However, the model additionally reveals that the PFAS mass 
is retained within the shallow soil horizon due to upward migration of 
water and solutes during periods of low rainfall and high evapotrans-
piration. These periods are frequent under the local climatic conditions, 
illustrated in Fig. 4a for an example period of 2.5-years between April 
2003 and October 2005. The hydraulic regime induced by these climatic 
conditions leads to a persistently high PFAS mass within the soil as well 
as within the porewater in the first ca. 1 m of the soil profile. Compar-
ative model simulations with and without evaporation and vegetation 
cover reveal that the retention of PFAS within the shallow soil horizon is 

primarily related to the evapotranspiration process and the temporary 
upward water flux that is induced by it. In fact, the model simulations 
which omit the evapotranspiration process completely, but include AWI 
and sediment sorption, show that over 60% of the PFAS mass would 
have exited the vadose zone and entered groundwater by the year 2020, 
i.e., 50 years after cessation of AFFF application. This compares to no 
loss of PFAS to groundwater when evapotranspiration induced water 
fluxes are taken into account (Fig. 4b). 

The retention of PFAS mass through those temporary upward fluxes 
and the significant evapo-concentration that occurs under these cir-
cumstances allows the porewater to reach concentrations of several tens 
of mg/L total PFAS within the shallow soil horizons (Fig. 5). The model 
results illustrate how such high concentrations are maintained over 
prolonged periods and decline only gradually. It can be seen that PFAS 
porewaters within the shallow soil horizon underneath the simulated 
source zone are still at ~25% of their maximum concentration, even 75 
yrs after cessation of AFFF surface application (Fig. 5). In contrast, 
model simulations which omit evapotranspiration show an immediate 
reduction in PFAS concentrations after termination of the AFFF appli-
cation due the downward water flux and solute transport that is induced 

Fig. 4. Porewater concentrations [mg/L] and mass [mg/m2] from 0 to 100 mm depths for a tracer (Koc = 0; light grey) and total PFAS. The latter is simulated with 
sorption (black line) and without sorption (grey line) to the air-water-interface (AWI) to illustrate its effect. Periods of decreasing PFAS concentration and mass 
coincide with rain events and downward flux. Evapotranspiration allows for substantial periods of upward flow and retention of PFAS within the shallow soil 
horizons under the given climatic conditions of the field site. The effect of evapotranspiration and sorption processes on PFAS retention is also shown through a 
selected PFAS depth profile for April 2003 (start of shown simulation period) for the calibrated model (sediment and AWI sorption; black bars), for a model scenario 
with sediment sorption but without AWI retention (dark grey bars); for a tracer (light grey bars) and against a theoretical depth profile if evapotranspiration was not 
considered (sediment and AWI sorption; no ET; light blue bars). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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under those hypothetical conditions. The model results reflect closely 
the observed, consistently high PFAS porewater concentrations in the 
shallow sections of the vadose zone. These high concentrations can also 
explain the high PFAS concentrations in surface runoff following rain 
events, as regularly observed at a number of PFAS-affected Australian 
Commonwealth sites (Davis et al., 2021). 

3.3. The role of the air-water interface and sediment sorption on PFAS 
migration and retention 

While evapo-concentration and upward flux during periods of excess 
evapotranspiration contribute to the persistently high concentrations in 
shallow soil horizons, PFAS sorption to soil particles as well as the AWI 
were also expected to influence PFAS mobility. While the impact of 
sorption to the AWI is negligible under nearly saturated conditions, as a 
result of the reduced available AWI (Anwar et al., 2000); sorption to the 
AWI increasingly affect the partitioning between dissolved and sorbed 
phases as water saturation declines (Fig. 6a/b). In fully dried soils the air 
water interfacial area approaches the surface area of the porous media 
(Peng and Brusseau, 2005). Therefore, dry clay-heavy soils exhibit the 
highest AWI sorption potential, while, on the other hand, well-sorted 
sandy soils have a lower impact on PFAS partitioning for the same de-
gree of saturation. Under “dry” conditions, the increased AWI can 
theoretically cause retarded PFAS transport that is several hundreds of 
times slower than that of water (Fig. 6b). However, the AWI-induced 
retardation is also a function of PFAS concentrations. Under increasing 
PFAS concentrations, surface tension along the AWI decreases, which in 
turn decreases any retardation on the AWI (Anwar et al., 2000) 
(Fig. 6b-d). 

While the impact of dry, near-static hydraulic condition on PFAS 
mobility are significant, the model simulations reveal that the overall 
field-scale PFAS transport is much less affected by the AWI-induced 
retention. For our field site, the model simulation shows that PFAS 
downward transport occurs largely in periods of highly water saturated 
conditions, with the majority of the downward water flux occurring in 
direct conjunction with rain events. At other times flow conditions are 
either characterised by evapotranspiration-induced upward water fluxes 
and PFAS movement or stagnant conditions (Fig. 4 and 7). The figures 
illustrate that the periods of enhanced and relevant downward move-
ment strongly coincide with the periods at which the soils are close to or 
at saturation. Consequently, during those times, the AWI is at a mini-
mum and the impact of sorption to the AWI is greatly reduced. This is 

further illustrated in Fig. 7a, which shows the highly dynamic nature of 
the AWI-induced effective retardation. The constantly changing degree 
of water saturation that occurs in response to (i) periodic rainfall events 
and (ii) evapotranspiration leads to the “effective R” varying widely. 
Importantly, AWI-induced sorption approaches zero during times of 
maximum PFAS transport following rain events. 

3.4. Time-integrated field scale PFAS retardation 

Ultimately, the risks and rates of PFAS groundwater contamination 
under the type of investigated climatic and lithological conditions de-
pends on the time-averaged PFAS migration rates across the vadose 
zone. Therefore, we determine time-integrated retardation coefficients. 
We quantify these on the basis of the simulated temporally and spatially 
varying PFAS mass distribution relative to the corresponding mass dis-
tribution that occurs for a synthetic (conservative) tracer that is applied 
at the same rate and concentration as PFAS. The latter is, per definition, 
migrating at the rate of the infiltrating water (retardation = 1). In this 
case ~48% of the tracer mass would have moved beyond the shallow 
soil horizon (here defined as the zone between 0 and 2 m below the 
ground surface) by 1995, when the 3M Light WaterTM application was 
simulated to have ceased at the source zone (Fig. 8, light grey line). 
Furthermore, 50 years later (year 2045), ~95% of the total PFAS mass 
would have egressed the shallow soil horizon with the 50th percentile of 
PFAS mass located at a depth of 4.6 m. In contrast to the tracer results, 
the observed and simulated total PFAS mass distribution at the field site 
both demonstrate a much slower movement (Fig. 8, black line). In 1995, 
PFAS is simulated to still reside to >95% within the top 2 m of the profile 
due to the earlier discussed combined retention processes of evapo-
transpiration, AWI and sediment sorption. The 50th percentile of the 
PFAS mass is at a depth of 51 cm below surface. 50 years later, 28% of 
the PFAS mass is predicted to have leached into deeper soil horizons 
with the 50th percentile of PFAS mass now located at 1.58 m depth. This 
translates into a time-integrated retardation factor based on PFAS mass 
of R’ = 3.4. Without AWI-induced PFAS retention, over 60% of PFAS 
mass is simulated to pass the shallow soil horizon in the year 2045 with 
the 50th percentile of PFAS mass located at 2.6 m below the surface 
(Fig. 8, dark grey line). Based on the downward movement of the 50% 
percentile of PFAS mass, sediment sorption accounts for a reduction in 
transport velocity of ~ 40% at the field site to date, while sorption to the 
AWI is halving this velocity again to about one third of the velocity of 
water. However, the largest reduction in PFAS transport can be 

Fig. 5. Simulated dissolved porewater concentrations of PFAS within the upper 100 mm of the soil profile [mg/L]. Concentrations are shown for the calibrated model 
(Koc = 90; AWI) (black line) as well as theoretical PFAS concentrations if air-water interface (AWI) sorption was negligible (grey line). For comparison, theoretical 
PFAS concentrations are also shown if evapotranspiration was negligible (light blue line). Rapid changes in concentration are caused by evapo-concentration during 
periods of ET > rain (summer), while dilution occurs during periods of rain > ET (winter). In this simulation, the model run time was extended to 100 years by 
duplicating the climatic record and applying it from 01/01/2020 to 31/12/2069. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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attributed to the evapotranspiration-induced upward flux. Comparative 
model simulations, which omit evapotranspiration show that over 75% 
of PFAS mass would have migrated across the shallow soil horizon by the 
time the application of 3M Light WaterTM ceased. About 5 years there-
after, the total applied PFAS mass would have migrated beyond 2 m 
depth, while over 95% of PFAS mass would have migrated across the 
entire 7 m-thick unsaturated zone and entered groundwater by the year 
2020. 

The comparison between the time-integrated retardation coefficients 
and the coefficients computed from the static matric potentials (Fig. 6b) 
illustrates that the consideration of realistic physical flow and transport 
processes leads to substantially enhanced PFAS transport rates across 
the vadose zone. At our field site, the time-integrated retardation co-
efficients R’ do not exceed a factor of 4 where theoretically derived 

coefficients suggest that retardation may exceed 100 under low moisture 
and low PFAS concentrations (Figs. 6b and 8). 

4. Conclusions 

Our study provides a detailed model-based analysis of the physical 
flow and transport mechanisms controlling the spatio-temporal mass 
and concentration changes that occurred at a typical Defence site where 
decades-long AFFF application occurred. Importantly, our analysis 
provides a mechanistic and highly plausible explanation for the persis-
tence of PFAS compounds in the upper ca. 2 m of the vadose zone, a non- 
intuitive, but common occurrence reported across many AFFF affected 
sites, given that PFAS applications ceased many years ago. 

In explaining PFAS persistence, the simulation results demonstrate 

Fig. 6. The air water interface area is zero at saturation but increases with decreasing saturation (6a: matric potential − 1 kPa and 6b: matric potential − 1500 kPa). 
Accordingly, the AWI induced Kd and retardation R increases from 0 (Kd) and 1 (R) at saturation to high retention (R > 100) at wilting point (− 1500 kPa). Clay- 
heavy soils show thereby generally higher AWI-induced retardation, compared to sandy soils under the same saturation, due to their larger particle surface area. 
Under the same saturation, increasing PFAS concentrations (6b: 0.1 µg/L; 6c: 1000 µg/L; 6d: 10 000 µg/L), reduces the AWI-induced Kd and R, due to a reduction in 
surface tension. Data is based on PFOS using a reference surface tension at C = 0 of 71 dyn/cm, a = 4.00 × 10− 3 μmol/cm3 and b = 0.107 [-] and a constant 
temperature T = 293.15 K (6b to 6d and Supporting Information B and C). 
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that the climate-driven physical flow processes within the vadose zone 
exerted the greatest control on the retention of PFAS. At the study site, 
prolonged periods of evapotranspiration exceeding rainfall triggered 
periods of upward flux, thereby retaining PFAS within the upper soil 
horizons. The dramatically reduced PFAS mobility, in combination with 
evapo-concentration, explains why porewaters exhibit total PFAS con-
centrations in the mg/L range, and why these high concentrations are 

expected to persist over the next decades. These insights can now also 
explain the often-observed high concentrations in surface runoff 
following rain events, as documented for a number of PFAS-affected 
Australian Commonwealth sites. Physico-chemical retention mecha-
nisms, namely sorption to the AWI and sediment surfaces, contributed 
further to PFAS retention. Interestingly, however, our model results 
indicated that the impact of sorption to the AWI was significantly 

Fig. 7. (a) AWI-induced retardation within the soil profile is a transient property. During and following rainfall events, downward water flow [mm/d] occurs and at 
the same time the effective retardation due to the AWI decreases to close to zero due to the rising saturation within the soil. Shown here is a 9-day period within the 
upper 5 cm of the soil profile, which includes a rain event of 35 mm/d on day 4. (b) The lithology (here shown for first 1.25 m of soil profile) determines the 
maximum AWI area available for sorption (black line [dm2/dm3]), however, the portioning of PFAS onto the AWI is also a function of saturation, temperature as well 
as PFAS concentration and changes accordingly with time (c: 02/03/83, following a rain event; d: 06/03/83, under decreasing saturation). 
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reduced, compared to the predicted, theoretical AWI retention deter-
mined under static matric potentials, i.e., without considering the highly 
transient hydraulic regime that evolves within vadose zones. The sim-
ulations illustrate that PFAS downward transport is confined to short 
periods following discrete rain events when soils display a high degree of 
saturation. With AWI sorption being at a minimum under high matric 
potentials, the periods of enhanced physical PFAS downward movement 
coincide with a low retention by sorption to the AWI, which is an 
interesting and novel finding. In addition, the high PFAS concentrations 
measured and simulated below the source zone reduces the effect of the 
AWI further due to a decrease in surface tension under elevated PFAS 
concentrations. Consequently, time-integrated PFAS retardation quan-
tified on the basis of the simulated PFAS depth profiles, demonstrated 
that the field-relevant retention of PFAS was generally lower than sug-
gested based on AWI retention calculated under static matric potentials 
and low PFAS concentrations. Compared to the velocity of water, these 
time-integrated retardation coefficients attributed a 40% reduction in 
PFAS transport to PFAS sorption onto sediment surfaces at the field site. 
A further reduction to one third of the velocity of water was ascribed to 
PFAS retention on the AWI. 

The current analysis considered unsaturated physical flow and PFAS 
transport processes that were driven by a semi-arid climate. While these 
conditions are representative for many other AFFF affected sites in 
Australia and other arid to semi-arid regions worldwide, differences in 
climate, porewater solution composition (e.g. ionic strength and pH), 
lithology, including soil organic matter concentrations and potential co- 
contamination by NAPL compounds will determine the extent to which 
the model results are transferrable to other sites. The most pronounced 
differences would be expected for sites that are organic-rich and sites 
under more humid climates. With increasing organic carbon content, 
PFAS retention due to surface sorption onto the solid phase would gain 
in importance, while higher degrees of soil saturation under more humid 
conditions would further reduce the importance of AWI-induced reten-
tion and expand the control exerted by physical flow on the fate of PFAS 
compounds, including a reduction of evaporation-induced upward flux. 

It is worth highlighting that the current analysis is conceptually valid 
for PFAS vadose zone behaviour that is mostly unaffected by the 
occurrence of preferential flow and solute transport pathways. Where 
such preferential pathways exist, for example due to fractures or win-
dows in low-permeability strata, solute transport will be dominated 
along fingers of high or complete water saturation. Flow and transport 
along such pathways will occur at rates several orders of magnitudes 
faster than predicted under the assumption of uniform matrix flow. This 

may have severe implications on the overall mass transfer into 
groundwater. Also, very typical for PFAS-affected sites, the model sim-
ulations can effectively only be constrained by two soil profile concen-
tration snapshots in time, i.e., zero initial mass in the 1970’ and a 
‘recent’ PFAS mass distribution, in our case from 2020 due to the paucity 
of historic PFAS analysis. Therefore, the simulation model suffers from 
some practically unavoidable non-uniqueness. In addition, it should be 
noted that the current model was constrained on the basis of total PFAS 
concentration depth profiles. With the observed plume containing 
overwhelmingly PFOS, model simulations can be regarded largely 
reflective of PFOS fate. The same model framework can be applied to 
simulate the fate of other single compounds if compound specific AWI 
and sediment sorption parameters are employed. 

The above shortcomings do not distract from the value of the pre-
sented model analysis, which provides valuable insights into the coupled 
flow, solute transport and retention patterns that govern PFAS fate in the 
unsaturated zone below AFFF source zones under Mediterranean 
climate conditions. The developed model framework has proven capable 
of describing field scale vadose zone systems with their inherent vari-
ability of soil textures and their tightly coupled feedback mechanisms 
between highly dynamic physical flow processes and chemical PFAS 
retention. In future applications the developed model can aid with the 
evaluation and optimization of remediation options, such as soil 
removal or additional coverage, and their impact on PFAS leakage into 
the saturated groundwater zone. 
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