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Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are persistent organic contaminants of concern to human and environmental health. Several literature reviews and laboratory column experiments have been conducted to determine the transport parameters and to describe the fate of PFAS as they migrate in subsurface environments. However, there are very few case studies focusing on contaminated sites with high-resolution field data. Such studies are crucial for the validation of transport simulation models that have been developed from experimental studies, prior to their broader applications. The key purpose of this research was to evaluate lithological separations of PFAS fractions as they are transported in the vadose zone of a historically (1979) contaminated site where Aqueous Film Forming Foam (AFFF) formulations (3M Lightwater™ and Ansulite™) have been used for fire training exercises. Surface and subsurface soils, and groundwater samples were collected across the site and a total of 29 PFAS compounds were selected as target analytes. The results indicated a distinct profile of PFAS concentration with depth at most of the test bores, exhibiting separation of PFAS as transported in vadose zone soils. Perfluorooctanoic acid (PFOA), Perfluorooctane sulfonic acid (PFOS), and Perfluorohexane sulfonic acid (PFHxS) were the predominant compounds detected in the site samples and they have been found in near-surface soils (<3 m) with concentrations declining with depth. The concentration of the 6:2 fluorotelomer sulfonate showed little change with depth in most of the test bore wells. The percentage concentration of each compound relative to the sum of PFAS, and the ratio of PFHxS/PFOS with depth, suggested transformation processes. Despite the relatively high solubility of PFAS, and that the application of AFFF has been ceased for some years at the site, there were still significant concentrations of PFAS adsorbed to the vadose zone soils that acted as ongoing sources of contamination to groundwater.
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HIGHLIGHTS

Advances in the fate and transport of perfluoroalkyl and polyfluoroalkyl substances (PFAS) in the vadose zone soil:

- The detection of a suite of PFAS as they migrated from surface soil to the groundwater.

- Determination of separation of PFAS precursors in the vadose zone which are statistically distinguishable among environmental media.

- Critical evaluation of vadose zone precursor transport and transformation is key for remediation and management strategies.

- Evaluation of soil geochemistry as it related to PFAS in environmental media.



INTRODUCTION

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are persistent organic contaminants that have been increasingly reported for their adverse effects on ecological systems and human health. They are listed in the Stockholm Convention on Persistent Organic Pollutants as chemicals of concern to human health (McCarthy et al., 2017; Naidu et al., 2020). PFAS are a class of synthetic fluorinated hydrocarbons that have been used in many industrial and consumer products since the 1950s. PFAS-based aqueous film-forming foam (AFFF) has been widely used without emission control by municipalities, the oil and gas industry, airport facilities, and defense in extinguishing hydrocarbon-based fires due to its efficiency from the early 1970s (Moody and Field, 2000). The repeated use of AFFF, particularly at military sites during fire training and emergency response, has led to AFFF-contaminated groundwater and soil, which is a significant source of environmental PFAS. A broad range of these substances has been detected in the environment, wildlife, and humans worldwide (Buck et al., 2011; Das et al., 2015).

The vadose zone contamination could be a potential source of long-term PFAS influx to the groundwater. It is critical to attain improved insight into the fundamental processes that control the fate and transport of PFAS as it migrates from surface soil to groundwater (Weber et al., 2017). This problem is exacerbated when sites are contaminated with complex mixtures such as the fluorinated-organic compounds present in AFFF. The failure to fully understand the fate and transport mechanism in the subsurface has implications on the development of remedial solutions to address all forms of contamination present and on the accurate evaluation of risk.

Typically, AFFF is used in either a 3 or 6% aqueous solution by volume and is potentially released to the environment during training, emergency response, or maintenance and testing at those concentrations (Anderson et al., 2016; Weber et al., 2017). Polyfluoroalkyl substances, often a major constituent of AFFFs and other products, can transform into perfluoroalkyl acids (PFAAs), which are extremely recalcitrant to further transformation (Weber et al., 2017). PFAAs include both perfluorinated sulfonates and carboxylates which are relatively mobile in groundwater but tend to associate with the organic carbon fraction of soil and sediment (Zareitalabad et al., 2013; Xiao et al., 2017). The exact composition of each AFFF formulation is proprietary and is retained as confidential information by the various companies that manufactured and supplied AFFF. AFFF originally sold by 3M contained PFAS synthesized by electrochemical fluorination (manufactured by 3M) and synthesized via telomerisation (all other manufacturers). The 3M products contained fully fluorinated perfluoroalkyl sulfonic acids (PFSAs), and for all other manufacturers the carbon chains are not fully fluorinated (Anderson et al., 2016). The fluorotelomers have been shown to exclusively degrade to perfluorooctanoic acid (PFOA) and other perfluoroalkyl carboxylic acids (PFCAs) in microcosm and computational studies (Ellis et al., 2004). Perfluoroalkyl sulfonamides and their derivatives can degrade to PFOS and other PFSAs (Avendaño and Liu, 2015). The unknown chemical composition in AFFF and their potential degradation pathways makes it challenging to predict the fate and transport of PFAS based on laboratory investigations (Anderson et al., 2020).

PFAS have one of the strongest chemical bonds (C–F) known, which makes them resistant to degradation in the environment (Miralles-Marco and Harrad, 2015; Mahinroosta and Senevirathna, 2020). The C-F chain and head groups in the molecules of PFAS could induce binding of PFAS to soils which makes them difficult to eliminate from soil environments. Traditional methods of soil remediation have not been successful in their reduction or removal from the environment (Das et al., 2013; Mahinroosta and Senevirathna, 2020). Given the unique surfactant properties of PFAS, and heterogeneous subsurface environments, multiple partitioning mechanisms should be considered when characterizing the fate and transport of PFAS. The partitioning mechanisms which affect PFAS include hydrophobic and lipophobic effects, electrostatic interactions, and interfacial behaviors. PFSAs are more strongly sorbed than their PFCA homologs and longer chain PFAAs are more strongly sorbed than shorter chain PFAAs (ITRC Environmental Fate and Transport for Per- and Polyfluoroalkyl Substances, 2020). These compounds are persistent in the environment, transfer easily through water flow (water-soluble), can travel long distances in both saturated and unsaturated soil environments, and contaminate both groundwater and soil (Miralles-Marco and Harrad, 2015; Mahinroosta and Senevirathna, 2020).

In addition to the above mentioned uncertainties in understanding the fate and transport of PFAS, studies reporting the occurrence and distribution of PFAS in environmental samples from AFFF impacted sites are still somewhat scarce. There is a lack of case studies with high resolution data, which is crucial for validation of laboratory investigations. Therefore, the purpose of this investigation was to evaluate PFAS separation in the vadose zone as it leached to the groundwater via rainfall recharge.

The study investigated the depth-wise distribution of PFAS in one particular site and provided insights on their fate and transport. Specific objectives addressed in this study are to: (1) report the detection frequency and environmentally-relevant concentrations for a suite of PFAS; (2) determine whether or not the various PFAS fractions, expressed as a percentage of the sum of PFAS, provides a way of investigating in situ transformation; and (3) critically evaluate the percentage reduction of PFAS compounds as they migrated from the surface soil zone as empirical evidence of separations of PFAS and precursor transformation. The research findings describe the fate and transport of PFAS in the vadose zone and inform future studies related to PFAS separations in unsaturated subsurface.



MATERIALS AND METHODS


Site Description and Hydrogeologic Setting

The site is located in New South Wales (NSW), Australia and is an established air force base with known historic AFFF release for fire training and emergency response (Figure 1). The 3M AFFF was used at the site from ~1976 to 2003/2004, which has been identified as the source of soil and groundwater contamination at the site. The site is located within the Cumberland Basin situated at the western margin of the Sydney basin and lies on an elevated terrace defined by the Clarendon formation (Clark and Jones, 1991). The main water-bearing lithology shows silty sand, coarse sand, and coarse gravels at a depth of ~12.5 m below ground surface (bgs). The regional formations of natural soil encountered within the investigation area were generally dominated by brown/light orange sands, and clayey sands with an average standing water table (SWT) of 12.5 m bgs. The general flow direction of the aquifer is northeast and has a horizontal hydraulic conductivity of 0.02–2.4 m/day and a high yield (Figure 1). The aquifer system can be considered as a continuous layer which has a base of dense thick clayey deposits. Recharge is due in part to subsurface contributions from the surrounding catchment and in part to direct local infiltration of precipitation from the surface. Based on the results of the site investigations, two hydrogeological units were identified in the study area. A shallow drainage channel “perched aquifer' was encountered at ~1.5 m bgs with a limited lateral extent within the investigation area (Figure 1). This variability is consistent with a flood plain depositional environment where channel and overbank deposits interacted over time. The perched aquifer refers to unconfined groundwater within the Holocene and Pleistocene to mid-Holocene formation. The 15 test bores were used to define the lateral extent of the perched aquifer, four of which were completed as groundwater monitoring bores to a bore depth of 7 m bgs within the perched aquifer where stiff dense clay was observed.


[image: Figure 1]
FIGURE 1. Aerial schematic of the former fire training area (FTA) at the site (near MW05), illustrating the location of soil test bores and groundwater wells. The extent of the shallow drainage channel (perched aquifer) is also delineated.


The subsurface lithological formations observed during the installations of groundwater monitoring wells and soil bores exhibited distinctive layer formations (Table 1). Detailed lithological/soil bore log data and cross-sectional profiles are presented in the Supplementary Figures 1–3.


Table 1. General subsurface geology of the site.
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The land use at the site is currently covered with grass paddocks, a large asphalt aircraft taxiway, and adjacent off-site residential blocks and on-site facility buildings (Figure 1). The climate, soil properties, land use and groundwater depth has a significant influence on the hydraulic conditions and the dispersal of contaminants to the groundwater and the perched aquifer (Renger et al., 1986). Consequently, the water table in the perched aquifer has significant seasonal variability, low in yield, flat hydraulic gradient, and a limited quantity of water in the formation due to its limited lateral extent. The climate at the site is slightly arid as the mean rainfall from records of ~24 years at the site is 741.2 mm per annum (Bureau of Meteorology, 2020). The groundwater recharge for the shallow drainage is directly from rainfall. The meteorological station at the site reported mean yearly average evapotranspiration of 600–700 mm and mean rainfall 719.1 mm (Bureau of Meteorology, 2020). The groundwater recharge for the shallow drainage is directly from rainfall.



Site Characterization of PFAS Contamination

The site investigation targeted evaluations of the spatial and vertical distribution of PFAS compounds in vadose zone soils, supplemented with samples of groundwater and aquifer solids. The vadose zone soil core samples were collected using the Comacchio GEO 405 drilling rig equipped with direct push technology (DPT). Groundwater samples were collected from an existing and newly installed network of monitoring-well clusters. Soil test bore locations and groundwater monitoring wells across the site are shown in Figure 1. A total of 14 groundwater samples were collected during 2018–20 from existing and newly installed wells. The 50 soil samples were collected at the discrete interval of 1 m and/or where a change in soil lithology was observed from surface soil to aquifer solids at the bottom of the monitoring well depth from DPT spilt core sampler. Each soil/aquifer solids sample consisted of a minimum of 100 g and the samples were collected into a 250 mL high-density polyethylene (HDPE) container. The soil properties were determined following standard methods documented in Rayment (1992). Briefly, for the determination of pH and EC, soil was equilibrated with deionized water at a 1: 5 (soil: water; w/v) ratio. Soil slurry was mechanically shaken for 60 min, and the pH and EC were measured in the suspension (The LAQUA benchtop data log meter, Australia). The total organic carbon (TOC) was measured by combustion method using the LECO CNS elemental analyser (Australia). Dissolved organic matter in soil was determined using the TOC analyser (Shimadzu, Japan). Cation exchange capacity of the soil was determined at the natural pH of the soil according to (Gillman and Sumpter, 1986).

Groundwater samples were analyzed for field water quality parameters using YSI® tools (dissolved oxygen, oxidation-reduction potential, temperature, pH, and specific conductance). The geochemical parameters (cations and anions) were measured by Inductively coupled plasma mass spectrometry (ICP-MS) and Ion Chromatography (IC), and total organic carbon (TOC) was analyzed using TOC analyser (TOC-LCSH Shimadzu). The groundwater samples were centrifuged at 5,000 rpm for 30 min and filtered using polypropylene syringes and filters prior to being diluted using Methanol before PFAS analysis. Duplicate measurements of ~30% of the groundwater samples produced good sample reproducibility (<20% relative standard deviation on average) for PFOS, PFHxS, PFOA, and PFHxA fractions. One field blank and one equipment blank were collected per sampling event, which exhibited near method detection limits. All known or suspected PFAS-containing materials were avoided during sample collection, handling, and transport. Supplementary Tables 4–7 summarizes groundwater analysis.

All analytical standards, such as perfluorinated carboxylates, perfluorinated sulfonates, perfluorooctane sulfonamide (FOSA), 6:2 fluorotelomer sulfonate (6:2 FTS), and 8:2 fluorotelomer sulfonate (8:2 FTS) were purchased from Wellington Laboratories (full list in Supplementary Table 1). All other solvents and chemicals were purchased from Sigma Aldrich or Fisher Scientific at the highest purity available.

Soil samples were extracted using a method similar to (Schröder, 2003; Higgins et al., 2005). In brief, 100 g soil samples in HDPE containers were homogenized manually before subsampling 15 g (n = 3) into a 50 mL centrifuge tube. A PFAS surrogate (13C-PFOS, 13C-PFOA) was added to the soil, and 2.5 mL 0.1% ammonium hydroxide in methanol was added to the tube, followed by vortexing and then sonication at 35°C for 30 min. The mixtures were further shaken at 200 rpm prior to centrifugation to obtain the extract. The procedure was repeated another two times and the extracts were combined. The volumes of extracts were below 1 mL after evaporation in a N2 drier after being neutralized using an excess amount of acetic acid. The extracts were made into 1 mL after drying. The concentrated extracts were transferred to 2 mL microcentrifuge tubes containing 0.25 mg Envirocarb. The mixtures were mixed by vortexing, and shaken at 150 rpm for 20 min and then centrifugation at 12,000 rpm. The extracts were filtered using polypropylene syringes and filters. After extraction, the samples were analyzed using high-performance liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS, Agilent 1260 infinity, Agilent Triple Quad 6470) for PFAS. Groundwater samples were also analyed by LC-MS/MS. The limit of reporting (LOR) for each PFAS in each environmental matrix are presented in Supplementary Table 1. Of the 29 target PFAS, only those that exceeded the LOR are presented and discussed in detail (Supplementary Table 2). A simple linear regression was conducted to evaluate the depthwise relationships between soil properties and the concentrations of PFAS fractions for each monitoring well.




RESULTS AND DISCUSSION


Vadose Zone Soil Chemistry and Aquifer Geochemistry

The soil lithology is described in Table 1. Typically, low pH values were observed with near surface soil samples (<3 m bgs) spatially representative of the site with pH ranging from 5.7 to 7.6, with an average pH of 6.5 ± 0.57. The soils from most test bores with depth >3 m bgs had neutral to slightly alkaline pH of 7.52 ± 0.32. The average cation exchange capacity (CEC) for the surface soils (up to 3 m bgs) was 3.08 ± 1.97 cmol/kg, and 5.75 ± 2.68 cmol/kg for the subsurface soils (>3 m). The lithology is generally classified as silty loam with organics and roots at the surface soil <30 cm. The vadose zone soil is characterized as sandy silt with low TOC content (0.29% ± 0.12%). The unconfined aquifer soil chemistry is characterized as neutral to slightly alkaline (average pH 8.12 ± 0.64) and the perched aquifer has a pH of 7.68 ± 0.17, and as low plasticity silty sand with TOC <1% and CEC of 4.78 ± 0.07 cmol(-)/kg.

The groundwater chemistry data (Supplementary Tables 4–7) for the perched aquifer and regional unconfined aquifer system indicates relatively equivalent calcium and sodium concentrations, as well as chloride concentrations, indicating that the aquifers are likely connected. The Na/Cl ratio in groundwater at the MW1, 4, and 6, compared with the unconfined aquifer, provides evidence of surface water infiltration to groundwater from surface recharge. The major ion composition (calcium, magnesium, sodium, potassium, sulfate, carbonate/bicarbonate, and chloride), with cations being dominated by sodium, indicated that more saline water is interacting with fresh water (Supplementary Tables 4, 6). Monitoring wells where PFAS concentrations were reported as less than the LOR were generally lower in sodium than at the wells at or near the inferred plume.

The groundwater field parameters indicated that the groundwater is lower in pH for both the perched aquifer (5.76 ± 0.60) and the unconfined aquifer (6.51 ± 0.46). The groundwater has fresh to brackish groundwater conditions with values ranging from 366 to 3,318 μS/cm for the unconfined aquifer (mean of 1,959 ± 1,218 μS/cm), and the shallow perched aquifer exhibiting freshwater conditions (mean of 546 ± 307 μS/cm). The unconfined aquifer is characterized as aerobic with high dissolved oxygen (DO) concentrations (i.e., 0.3 ± 0.21 mg/L), and variable oxidation-reduction potential (ORP) values (ranging from −108.3 to 218 mV with a mean value of −8.98 ± 153.5). The groundwater chemistry also revealed high sulfate concentrations for the unconfined aquifer (2.82 ± 1.79 mg/L) but lower values for the perched aquifer system (1.03 ± 0.44 mg/L).



PFAS Distribution in the Vadose Zone and Separation of PFAS Mixture

Supplementary Table 2 lists the concentrations of only the PFAS, particularly major fractions including but not limited to PFHxS, PFHxA, PFOS, PFOA, and 6:2 FTS, whose concentrations were greater than LOR. The sum of individual PFAS that were measured at each test bore is also shown and is also referred to as total PFAS (Supplementary Table 2). Soil samples that were analyzed for non-volatile petroleum hydrocarbons were below the LOR. The source area for PFAS was identified by the groundwater data near the fire training area FTA-1 to the eastern side of the site close to MW05 and MW02 and FTA-2 around MW03, that is, an historical source zone. Elevated concentrations of most PFAAs were apparent across study sites. The spatially variable percentages of individual PFAS relative to total PFAS in the vadose zone soil suggest the possible use of 2 types of AFFF at the site (Figures 2, 5). For example, the maximum ratios of each of 6:2 FTS and PFHxS to total PFAS a near the source location FTA-1 (MW05) were 5.5 and 35%, respectively, whereas the respective ratios were 99 and 6.5% near FTA-2 (MW03). This result is in agreement with the historical report that two types of AFFF were used at the site. Similarly, the overall spatial and vertical distribution of PFAS at the investigation area demonstrated distinctive source zone characteristics (Figure 2).


[image: Figure 2]
FIGURE 2. Sum of PFAS spatial distribution at the site.


Aquifer solids for the unconfined system were also collected at the water table during the installation of the monitoring wells, that is sample depth ~18.0 m bgs as shown in Figures 2, 3. The areal extent of contamination of the vadose zone and aquifer solids (Figure 2) was similar to the areal extent of contamination in the groundwater (Figure 3). The Sum of PFAS along the soil profile to the bottom groundwater bore depth is indicated in Figure 2.


[image: Figure 3]
FIGURE 3. Unconfined aquifer sum of PFAS plume (μg/L).


The maximum sum of PFAS in subsurface soils reached 1593.24 μg/kg around the source zone (MW05). The highest values of total PFAS concentrations were observed near-surface soils (<3 m), particularly near the ground surface zones, with concentrations generally declining with depth (Figures 2, 4). Total PFAS at MW05 exhibited elevated concentrations near 12 m bgs, which may be attributed to air-water interfacial effects and likely from the groundwater table fluctuations (Lyu et al., 2018).


[image: Figure 4]
FIGURE 4. Sum of PFAS along soil profile to bottom groundwater bore depth. Standing water table in the formation is indicated.


In general, there was a significant reduction in the concentration of individual PFAS with depth (for example, PFOS reduced by 97% within the top 4 m layers at MW02), except 6:2 FTS which showed an increase within 4 m from the ground surface (Figure 5). This could be attributed to the different mobilities of PFAS compounds. For instance, PFHxS was heavily concentrated in the top profile of most test bores (e.g., MW06 and bores outside the confined aquifer regions) and then showed a sharp decline of 95% within the top 3 m bgs before remaining reasonably constant beyond 3 m bgs. Except for PFOS, the other PFAS in MW06 showed similar trends, although the decrease in concentrations from the ground surface to the subsurface was less marked. However, PFOS increased to 10.3 μg/kg at 3 m bgs in MW06, below which it showed a significant decline in its concentration. In contrast, the concentration of fluorotelomers, such as the 6:2 FTS, showed little change with depth in most of the test bore wells (Figure 5). The surface of metal oxides in soils would be expected to be positively charged at acidic pH ranges; hence, appreciable anion exchange capacity may result in soils with significant amounts of metal oxides, thereby favoring the sorption of anionic PFAS (Naidu et al., 1990; Oliver et al., 2020). The mass of each of the constituents of PFAS sum to a higher value in the upper zones of the vadose zone, with up to a 10-fold difference even after 16 years since the application of AFFF and with the FTA not in use at the site.


[image: Figure 5]
FIGURE 5. Distribution of PFAS along the depth of groundwater wells.


Furthermore, the depth-wise correlations between the concentration of individual PFAS and the geochemical properties of the vadose zone soil were examined for each of the seven test bores up to 17 m bgs. Only the results for MW02 and MW04 are shown in the Supplementary Table 3. At MW02, for example, there was generally a positive depth-wise correlation (r) between pH and the concentration of each PFAS, except for 6:2 FTS that showed exhibited a negative correlation. Overall, the relationships between soil properties and depth-wise PFAS distribution did not follow a consistent trend for all monitoring wells. Previous studies have reported that soil organic carbon (Higgins and Luthy, 2006; Li et al., 2019), pH and cation exchange capacity (CEC) (Campos Pereira et al., 2018), and some minerals (Johnson et al., 2007; Hellsing et al., 2016), have significant effects on the PFAS adsorption.

The different concentration of each PFAS along the vadose zone soil profile may also suggest competitive sorption effects as governed by soil properties, as shown in Figure 3. The higher residual concentration in the unsaturated zone near the source area demonstrated that PFAS is present and bound to the soil and could be a potential source of long-term PFAS influx to the groundwater even after 16 years of inactivity. Similarly, elevated concentrations were detected in the perched aquifer, which subsequently acted as ongoing contributions as sources at the site. Despite the limited lateral extent of the shallower standing water table depth, it is anticipated that the presence of PFAS in the perched groundwater (see section 4.4) is likely to contribute significantly to the overall groundwater impact and surface water drainage off-site as a major migration pathway. This finding determined the remediation strategy that was adopted for the site, where removing the top impacted soil will reduce the remediation cost of the groundwater plume. A full understanding of the fate and transport mechanisms in the subsurface has implications on the development of remedial solutions to address all forms of contamination present (Houtz et al., 2013).

The detection of 6:2 FTS and 8:2 FTS in the unsaturated subsurface soil and groundwater (Supplementary Table 2) indicated that the fluorotelomer-based AFFF Ansulite™ was also used at the site, which is supported by the historical evidence that showed the use of two different AFFF products at the site (Prevedouros et al., 2006). The signature of PFAS composition varied between test bores; however, there was a similarity between nearby bores such as MW02 and MW05 (Figure 5). The higher proportions of PFOS (61%), PFHxS (21%), PFOA (1%) and PFHxA (4%) relative to total PFAS concentrations were observed in aquifer solids near the burn pit (MW05). However, upgradient test bores comprised of 6:2 FTS constituting up to 88% with only 8.9% PFOS, 0.34% PFHxS, and 0.7% PFHxA. The perched aquifer solids had higher PFAS concentrations than the overlying unsaturated soil, caused by significant fluctuations of water tables and the relatively shallow standing water depth of 1.5 m bgs. In general, the compositions of PFAS in the perched and unconfined aquifer solids were similar, with PFOS, PFHxS, and PFHxA being the dominant fractions. It should be cautioned that the total PFAS reservoir may vary and there could be more PFAS on the site which are yet to be determined by TOP or total organic fluorine assays in this study.



Separation of PFAS Mixture in Vadose Zone and Transport to Groundwater

While the observed spatial distributions of PFAS were likely due to a combination of factors, including differential transport and precursor transformation, the differences between the percentages of PFOS and PFPeA, PFHxA, PFHpA, and PFHxS suggested that differential transport was a primary factor determining vertical distributions. Each PFAS behaved slightly differently in the environment depending on the length of the fluorinated carbon chain and the alkyl group (Higgins and Luthy, 2006; McGuire et al., 2014). For example, longer chain PFAS are less soluble and can sorb to soil particles more readily than short chain PFAS. This means that the less soluble and longer chain PFAS may remain in the soil near a source area for longer periods than the more soluble and mobile fluorotelomer fractions of PFAS. This explains the higher composition of the longer chain PFAS, as a percentage of total PFAS near the ground surface zone (Figure 6), except for the relative concentration of 6:2 FTS which remained consistent with depth.


[image: Figure 6]
FIGURE 6. Subsurface soil and aquifer solid PFAS compositions along vertical profile.


The composition of PFAS fractions in the soil varied with the spatial location, with similar values for neighboring bores, such as MW03 and MW07 which had 6:2 FTS as a major constituent, compared to MW05 and MW02 where PFOS and PFHxS were dominant (Figure 6). Compared to the other complex mixtures, such as the fluorinated-organic compounds present in AFFF, the results showing a significant separation of fractions indicated that fluorotelomers were more vertically mobile than PFOS, PFHxA, and PFHxS. The separations of these compounds as they migrate along the vadose zone exhibited significant correlations with the soil pH, with increased PFAS retention expected in the zones with lower pH. Also, being a sandy silt, the vadose zone soil with low TOC (0.29 ± 0.12%) can be expected to play a minor role in sorption of dissolved PFAS. Similarly, despite the average soil CEC (5.75 ± 2.68 cmol/kg) reported for >3 m in the lithology, the pH in these zones was alkaline; hence, most soil oxides would be negatively charged which does not favor anion exchange capacity (Naidu et al., 1990).

The alteration in PFAS analyte concentrations could be from potentially natural in situ transformation. The PFHxS:PFOS ratio can be related to the degree of precursor transformation (Houtz et al., 2013; McGuire et al., 2014) electrochemical fluorination based AFFF formulations from 1988 to 2001 were shown to have ratios between 0.08 and 0.14. In situ generation of PFHxS could lead to an increase in the PFHxS:PFOS ratio (McGuire et al., 2014). The PFHxS:PFOS ratios observed in the vadose zone near the ground surface at the FTA was 0.25 (MW05, 2 m bgs), 0.52 (MW02, 2 m bgs), and increased to 0.72 (MW05, 6 m bgs), as well as decreased to 0.49 (MW02, 4 m bgs) for the wells 960 m apart, with no consistent trends to all bores and depths. There were minimal percentages of fluorotelomer precursors and elevated PFHxS:PFOS ratios in some locations (MW03 and MW07) vs. (MW02 and MW05), suggesting different sources or that precursor transformation contributed to the PFHxS concentrations. In addition, test bore MW07 had PFHxS:PFOS ratios up to 12.4 at 9 m bgs (Figure 4), suggesting preferential transport of PFHxS relative to PFOS, and mobile precursors (perhaps intermediates). Precursors retained in the unsaturated zone could also indicate transformation into more mobile PFAAs, which then migrate to the saturated zone. Similar processes of sorption and desorption, as well as precursor transformation, in the unsaturated and shallow saturated zones are likely occurring at the FTA/source area.



PFAS Concentration in the Aquifer System

The PFAS concentration in the groundwater plume is briefly described to substantiate the contribution of the vadose zone as the source to groundwater contamination. Similar to the spatial distribution of PFAS in the vadose soil and aquifer solids, most of the contamination of PFAS in the groundwater was located within the historical source zone FTA (Figure 3). In both perched and unconfined aquifers, PFOS and PFHxS were present at high concentrations. In particular, the highest PFOS concentrations in the unconfined aquifer system was found to the east of the site (Figure 3). Monitoring well MW40 was exiting well prior to this research work. Consequently, vadose zone soil concentration at this location was not obtained. The groundwater concentration data at this location of the unconfined aquifer was the highest at the site and represented the hotspot for the groundwater plume which could be represented within soil source concentration area of FTA-1. Additional plumes are presented in the Supplementary Figure 1. In addition, based on the relative extent of the groundwater plumes alone, there was no strong evidence for differential transport of different chain length perfluorocarboxylates or perfluorinated sulfonates, given that the limited extent of delineation of the plume covered only 10,000 m2 with 300 m plume length.




CONCLUSIONS

In this study, the relationships between PFAS and the geochemical properties of soil in a real field contaminated site were investigated and insights were provided on the fate and transport of PFAS. The site investigated in this study was contaminated by PFAS, especially PFOS, PFOA, PFHxS, PFHxA, and 6:2 FTS. The separation of these compounds as they migrated along the vadose zone exhibited significant correlations with the soil properties, such as pH. The site is typically low in total organic carbon and dissolved organic carbon; hence, the associated relationships between these soil properties and PFAS sorption were not significant. The PFAS distribution along the soil profile could be influenced by both geochemical and hydrogeological parameters of the site. The higher proportion of PFAS in the vadose zone remained in near ground surface soil (<3 m bgs). The perched aquifer system defined with limited lateral extent and with an average standing water table of 1.5 m bgs exhibited higher groundwater PFAS concentration than the deeper regional unconfined aquifer system even after 16 years of not using the fire training area. There is a lack of case studies with high resolution data, which is crucial for validation of laboratory investigations. Therefore, the raw data from this research findings are presented in supporting informations to inform future studies related to PFAS separations in unsaturated subsurface. These findings will improve the strategies for the management of PFAS in soils and groundwater by: (i) improving the understanding of the fundamental fate and transport properties that impact the mobility of PFAS in the vadose zone; and (ii) allowing more accurate environmental and human health risk assessments.
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