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ABSTRACT 

 

Aqueous film-forming foams historically were used during fire-training activities on Joint 

Base Cape Cod, Massachusetts, and created an extensive per- and polyfluoroalkyl substances 

(PFAS) groundwater contamination plume. Potential for PFAS bioconcentration from exposure 

to the contaminated groundwater, which discharges to surface-water bodies, was assessed with 

mobile laboratory experiments using groundwater from the contamination plume and a nearby 

reference location. The on-site continuous flow 21-day exposures used male and female fathead 

minnows, freshwater mussels, polar organic chemical integrative samplers (POCIS), and 

polyethylene tube samplers (PETS) to evaluate biotic and abiotic uptake. Composition of the 

PFAS-contaminated groundwater was complex and 9 PFAS were detected in the reference 

groundwater and 17 PFAS were detected in the contaminated groundwater. The summed PFAS 

concentrations ranged from 115 to 137 ng L-1 in reference groundwater and 6100 to 14,600 ng L-

1 in contaminated groundwater. Biotic concentration factors (CFb) for individual PFAS were 

species, sex, source, and compound specific, and ranged from 2.9 to 1000 L kg-1 in whole body 

male fish exposed to contaminated groundwater for 21 days. The fish and mussel CFb generally 

increased with increasing fluorocarbon chain length and were greater for sulfonates than for 

carboxylates. The exception was perfluorohexane sulfonate, which deviated from the linear trend 

and had a 10-fold difference in CFb between sites, possibly because of biotransformation of 

precursors such as perfluorohexane sulfonamide. Uptake for most PFAS in male fish was linear 

over time whereas female fish had bilinear uptake indicated by an initial increase in tissue 

concentrations followed by a decrease. Uptake of PFAS was less for mussels (maximum CFb = 

200) than for fish, and mussel uptake of most PFAS also was bilinear. Although abiotic 



 

concentration factors were greater than CFb, and values for POCIS were greater than for PETS, 

passive samplers were useful for assessing PFAS that potentially bioconcentrate in fish but are 

present at concentrations below minimum quantitation limits in water. Passive samplers also 

accumulate short-chain PFAS that are not bioconcentrated. 

 

Key words: PFAS, groundwater, surface water, bioconcentration, fathead minnow, freshwater 

mussel, polar organic chemical integrative sampler, polyethylene tube sampler, aqueous film-

forming foams, mobile laboratory 

 

Synopsis: Mobile laboratory experiments were used to assess uptake of per- and polyfluoroalkyl 

substances (PFAS) by biotic and abiotic media from reference and fire-training area 

contaminated groundwater. 

 

 

  



 

INTRODUCTION 

 

Per- and polyfluoroalkyl substances (PFAS) consist of thousands of individual 

compounds with diverse chemical structures, uses, environmental fates, and biological effects.1-3 

Because of their multiple sources, high mobility, and persistence, PFAS have contaminated 

aquatic environments and biota on a global scale.4-7 Widespread occurrence of PFAS has been 

reported in groundwater, surface water, drinking water, and wastewater, and of the thousands of 

compounds in use, relatively few have been studied in detail.8-15 Although not currently 

regulated at the federal level in the U.S., perfluorooctanoate (PFOA) and perfluorooctane 

sulfonate (PFOS) have national drinking water health advisories that were recently decreased 

from 70 ng L-1 (individually or combined) to <0.1 ng L-1.16-18 At the state level, additional PFAS 

have been targeted for drinking-water regulations.19 For example, Massachusetts regulates six 

PFAS (perfluoroheptanoate, PFHpA; PFOA; perfluorononanoate, PFNA; perfluorodecanoate, 

PFDA; perfluorohexane sulfonate, PFHxS; and PFOS) with a combined limit of 20 ng L-1.20 

While considerable effort has focused on developing human health guidelines for drinking water, 

there has been less effort on developing benchmarks for effects on aquatic organisms.21,22 

Although there are no established ecotoxicological regulations, draft aquatic life ambient water 

quality criteria have been recommended for PFOA and PFOS, with acute criterion maximum 

concentrations in water of 49 and 3.0 mg L-1, respectively, and chronic criterion continuous 

concentrations of 0.094 and 0.0084 mg L-1, respectively.23 

Typically, PFAS occur as complex mixtures that vary widely in composition depending 

on manufacturing processes, uses, and formulations.24,25 For example, aqueous film-forming 

foams (AFFF) used to fight aviation fuel fires contain many classes of PFAS with differing 



 

chemical structures that have been shown to contaminate groundwater.26 The specific 

composition of PFAS mixtures in AFFF has changed over time and reflects historical usage of 

specific formulations.13,27 Likewise, PFAS composition can evolve along a flow path as the 

result of geochemical fractionation due to sorption, biotransformation of precursor compounds, 

treatment processes, and contributions from additional sources.14,28 

Assessing the occurrence and concentration of PFAS in aquatic environments using 

biotic and abiotic sampling is complicated by the many processes influencing their fate and 

transport, including sorption at physical interfaces and biodegradation.29-33 Of particular 

importance for assessing environmental exposure and potential biological effects on aquatic 

organisms is the partitioning of PFAS between water and tissue.34-36 Although studies of 

bioconcentration and bioaccumulation of PFAS in fish typically focus on kinetics and 

partitioning into internal organ tissue, whole-body and muscle tissue are preferred for assessing 

human consumption exposure and ecosystem risk.35,37 Despite the extensive and rapidly growing 

literature on PFAS occurrence, fate, and effects, there are relatively few controlled studies 

(laboratory or field) reporting on bioconcentration factors (BCFs) for PFAS in freshwater fish 

and mussels. 

Studies on aquatic organisms indicate that complex biological processes such as 

bioconcentration and toxicity are mediated by the physicochemical properties of the individual 

PFAS. One of the earliest reports on PFAS bioconcentration by freshwater fish38 assessed the 

uptake of perfluoroalkyl carboxylates (PFCA) and perfluoroalkyl sulfonates (PFSA) from water 

by rainbow trout (Oncorhynchus mykiss) and partitioning into various tissue compartments 

(plasma and liver had the highest uptake and muscle had the lowest). The PFCA and PFSA with 

less than 7 and 6 fluorocarbons, respectively, were not detected in fish tissue. Bioconcentration 



 

factors for carcass tissue (whole organism minus blood and internal organs) increased with 

increasing fluorocarbon chain length and ranged from 4 L kg-1 for PFOA to 23,000 L kg-1 for 

perfluorotetradecanoic acid (PFTeDA). For an equivalent fluorocarbon chain length, BCFs were 

greater for PFSA than PFCA. Bioconcentration of PFAS in common carp (Cyprinus carpio L.)39 

also increased with increasing fluorocarbon chain length and BCFs were greater for PFSA than 

PFCA (PFOS = 720 to 1300 L kg-1; PFOA = 5.1 to 9.4 L kg-1). Similarly, bioconcentration of 

PFAS in zebrafish (Danio rerio)40 showed a strong relation between uptake and fluorocarbon 

chain length for various tissue compartments: BCFs ranged from 0.12 L kg-1 for 

perfluorobutanoic acid (PFBA) to 19,000 L kg-1 for perfluorododecanoic acid (PFDoA). 

Although there are limited studies of PFAS uptake by mussels, as with fish, uptake 

increases with increasing fluorocarbon chain length.41,42 In addition, PFAS uptake in mussels 

appears to be concentration dependent with lower BCFs at higher water concentrations. The 

biological mechanisms underlying this effect are ambiguous but may involve concentration-

dependent efflux or site-specific adsorption. 

In addition to the hydrophobicity-based fluorocarbon chain-length effect,39,40,43,44 another 

important physicochemical factor controlling aqueous behavior of PFAS is the acid dissociation 

constant (log pKa), which is <4 for PFCA and PFSA, resulting in the ionic species being 

predominant at environmental pHs.45,46 In contrast to neutral hydrophobic organic contaminants, 

which predominantly partition into lipid tissue (and also show a carbon chain length effect),47 

bioconcentration of ionic PFAS is predominantly associated with binding to proteins and 

phospholipids.38,48,49 

Passive water samplers are widely used to assess organic contaminant occurrence and 

have been proposed to mimic uptake in biota.50 However, few studies have evaluated concurrent 



 

uptake of PFAS in passive samplers and biota.51 As with biotic media, abiotic partitioning of 

PFAS between water and passive samplers increases with increasing perfluorocarbon chain 

length and also depends upon the physicochemical characteristics of the individual compound, 

attributes of the materials used to construct the passive sampler, background water chemistry, 

and environmental conditions.50,52 

The limited literature on experimental determination of PFAS bioconcentration typically 

focuses on a single aquatic species and a limited number of compounds at relatively high 

concentrations. Although controlled laboratory studies can be effective at determining steady 

state BCFs for individual PFAS, they do not accurately reflect exposure to complex 

environmental mixtures. Field-based PFAS bioaccumulation studies often include a range of 

compounds present in environmental mixtures but are limited by lack of hydrological and 

chemical controls, uncertainty in exposure history, multiple exposure routes (dietary, water, and 

sediment), and effects of co-occurring contaminants. Many studies on PFAS uptake focus on 

partitioning into specific tissue rather than whole organisms, which gives a potentially skewed 

perspective of actual bioconcentration/bioaccumulation.34-36 

This paper describes controlled field-based multi-media exposure experiments conducted 

to evaluate PFAS bioconcentration by aquatic organisms. The experiments were conducted at an 

AFFF-derived PFAS groundwater contamination plume from a legacy fire-training area (FTA) 

and simultaneously evaluated biotic and abiotic uptake of PFAS from two groundwater sources 

with contrasting low and high concentrations. The groundwater contamination provided a natural 

field laboratory to evaluate uptake of PFAS from environmental mixtures under ambient 

conditions. Groundwater from the reference source had PFAS concentrations representative of 

low-level contamination in the regional aquifer and were similar to levels in a nearby lake. 



 

Groundwater from the FTA-contaminated source contains high concentrations of a complex 

AFFF-derived PFAS mixture. Biotic and abiotic media (fish, mussels, and passive samplers) 

were deployed to determine whether (1) PFAS uptake from mixtures varies as a function of 

concentration and composition, (2) uptake varies between sex and species, and (3) uptake by 

passive samplers provides a surrogate for uptake by aquatic organisms. 

 

METHODS 

 

Study Site 

 

This investigation was conducted at the U.S. Geological Survey (USGS) groundwater 

research site at Joint Base Cape Cod (JBCC), Massachusetts, USA (Figure 1). The site is located 

on the Cape Cod aquifer53 (a sole source drinking-water supply) and has been the focus of 

investigations on groundwater contamination from multiple sources, including wastewater 

treatment plant effluent disposal54-58 and FTA activities.14,15 The PFAS groundwater 

contamination plume originates from a historical FTA where AFFF were used during training 

from 1970 to 1985.59 The plume is located in a hydrologically well characterized unconfined 

sand-and-gravel aquifer.60-63 Because groundwater contamination plumes in this area discharge 

to surface waters,15,64-67 these experiments provide insight into potential PFAS exposure of biota 

in the receiving ecosystem. There also is the potential for human exposure if drinking-water 

supplies are obtained from PFAS-contaminated regions of the aquifer.68 

The glacial deposits that form the aquifer include many kettle lakes in which groundwater 

seepage is the major input of water (no surface-water inflows), resulting in minimal differences 



 

between the non-reactive bulk chemical compositions of the groundwater and surface 

water.15,69,70 The JBCC PFAS plume discharges to Ashumet Pond, a kettle lake about 1 km 

downgradient from the FTA The PFAS-contaminated lake water subsequently recharges the 

downgradient aquifer.15 

Mobile-laboratory exposure experiments were conducted near the eastern edge of the 

PFAS plume at a location approximately 200 m downgradient from the FTA source (Figure 1). 

Transverse vertical and horizontal macrodispersion are limited (or low) in the Cape Cod 

aquifer61,62 and the PFAS plume has relatively sharp lateral boundaries.14 This feature was used 

to advantage in the experimental design to provide reference and contaminated groundwater 

sources near one another (<100 m apart) to maximize the PFAS concentration gradient for the 

exposure treatments while minimizing differences in bulk groundwater geochemistry. Supply 

wells (see Supporting Information, SI; Table S1) were installed in (1) relatively uncontaminated 

reference groundwater (REF; MA-SDW 491-0063A) and (2) the FTA groundwater 

contamination plume (FTA-1; MA-SDW 488-0083). Stainless steel submersible pumps fitted 

with high density polyethylene tubing were installed in each well, and during the experiments 

groundwater was pumped at a continuous rate of 10 L min-1 to provide flow to the mobile 

laboratories. 

 

Mobile Laboratory Experiments 

 

Exposure conditions. Two mobile laboratories were set up adjacent to the supply wells to expose 

biotic and abiotic media to the PFAS mixtures present in the REF (low concentrations) and FTA-

1 (high concentrations) groundwater under environmentally relevant scenarios. The 21-day 



 

continuous-flow mobile laboratory fish and passive sampler exposures were conducted from 

August 29 to September 21, 2018 using protocols (see SI) that maintained controlled conditions, 

including consistent flow (~200 mL min-1), aeration (oxygen saturation), diet (fed daily), 

temperature (20 ± 1 oC), and photoperiod (14 h:10 h light:dark).71-73 During the experiments 

water samples were collected almost daily for PFAS analysis. Temperature, pH, dissolved 

oxygen, and specific conductance were measured at the time of sample collection.74 

 

Model Organisms. Adult male and female fathead minnows (Pimephales promelas) were 

randomly assigned to 10 L glass aquaria and exposed to REF and FTA-1 groundwater for up to 

21 days. Each aquaria contained either 5 male or 5 female fish, and during each sampling fish 

were collected from two aquaria per treatment. Male and female fish carcasses (whole body 

minus blood, liver, gonad, brain, and gastrointestinal tissue) were sampled at REF and FTA-1 on 

d0 (n = 4, both sexes), d4 (n = 4, male only), d7 (n = 4, both sexes), d14 (n = 4, both sexes), and 

d21 (n = 10, both sexes). Whole-body fish were sampled on d21 (n = 4, both sexes). Individual 

carcass and whole-body samples were wrapped in foil and frozen at -80 oC. 

Adult freshwater unionid mussels (Ligumia subrostrata) were used to assess PFAS 

bioconcentration in an invertebrate species. Each mussel exposure treatment consisted of 10 L 

glass aquaria containing fine-grained silica sand (see SI). At the start of the 14-day exposures 

(beginning on d7 of the fish exposures), mussels were randomly transferred into 5 aquaria 

maintained under the same conditions as fish. Initial control samples were processed on d7 (n = 

4), and 1 mussel was sampled from each of the individual aquarium (n = 5) on d11, d14, and 

d21. Soft tissue was collected, wrapped in foil, and frozen at -80 oC. 

 



 

Passive samplers. Polar organic chemical integrative samplers (POCIS) were constructed (see 

SI) in the standard configuration50,75 using hydrophilic-lipophilic-balance sorbent (HLB) 

contained between two polyethersulfone membranes and had an exposed sampling surface area 

of 41 cm2. Polyethylene tube samplers (PETS)76,77 were constructed (see SI) by filling 

microporous polyethylene tubing with HLB sorbent and had an exposed sampling surface area of 

18.8 cm2. The POCIS and PETS were deployed in separate aquaria maintained under the same 

conditions as fish and mussels, and initial controls consisted of fabrication and field blanks. 

Exposed samplers (n = 1) were collected on d4, d7, d14, and d21. 

 

Chemical analysis. Groundwater samples were analyzed at Harvard University for 25 PFAS 

using liquid chromatography-tandem mass spectrometry (LC-MS/MS) in negative ion multiple 

reaction monitoring (MRM) mode (see SI).14,15 Abbreviations for the PFAS measured and the 

MRM transition ions monitored are presented in Table S2. The targeted PFAS cover a wide 

range of physicochemical characteristics (Table S3). Quality assurance (QA) procedures for LC-

MS/MS analysis of all media included instrument and extraction blanks, sample extraction and 

field duplicates, extraction spikes, and sample matrix spikes, and the results are summarized in 

the SI and elsewhere.74 Fish carcass, fish whole body, and mussel soft tissue were analyzed at 

Harvard University by LC-MS/MS for 27 compounds (see SI; Table S2; addition of FBSA and 

FHxSA). Tissue concentrations were determined as wet weight. In addition, fish and mussel feed 

were analyzed following the same procedures. 

Following exposure, the POCIS HLB sorbent was removed and extracted with methanol 

(see SI). The POCIS extracts were analyzed at Harvard University by LC-MS/MS for the same 

27 compounds as fish and mussel tissue (Table S2). The intact PETS were extracted with 



 

methanol (see SI) and analyzed at the University of Rhode Island by LC-MS/MS for the same 27 

PFAS measured in water, tissue, and POCIS. 

 

Concentration Factors, Uptake Rates, and Statistical Analysis 

 

Concentration factors and uptake rates were calculated assuming “quasi” steady state 

conditions following the 21-day fish and passive sampler exposures and the 14-day mussel 

exposures. The limited duration of the experiments and dynamic environmental conditions can 

result in uncertainty regarding achieving steady state. Because this paper reports on PFAS uptake 

by organisms and passive samplers, the terms biotic concentration factor (CFb) and abiotic 

concentration factor (CFa) were used to describe the partitioning between water and biotic and 

abiotic media. 

 

 𝐶𝐹𝑏 𝑎𝑛𝑑 𝐶𝐹𝑎 =
𝐵𝑖𝑜𝑡𝑖𝑐 𝑜𝑟 𝑎𝑏𝑖𝑜𝑡𝑖𝑐 𝑚𝑒𝑑𝑖𝑎 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑛𝑔 𝑘𝑔−1)

𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑛𝑔 𝐿−1)
   (Equation 1) 

 

Values for CFb (L kg-1) were calculated for each PFAS using mean groundwater concentrations 

for d3 to d21 and mean fish and mussel tissue concentrations at d21. The passive sampler CFa 

values (L kg-1) were determined using mean d3 to d21 groundwater concentrations, POCIS 

concentrations at d21 based on mass of HLB sorbent, and PETS concentrations at d21 based on 

total PETS mass. Uptake of PFAS by biotic and abiotic media was evaluated using “pseudo” 

first-order rates and associated half-lives determined from the slope of the curve for the natural 

logarithm transformed concentration versus time (see SI). 



 

Descriptive and multivariate statistics78 for individual PFAS were calculated for water, 

fish, mussel, and passive samplers (see SI). Pearson correlation analysis of log transformed 

concentration data was used to explore relations between PFAS uptake in biotic and abiotic 

media, and between individual PFAS in all samples and media types (n = 188). 

 

RESULTS AND DISCUSSION 

 

Water Exposure Conditions 

 

The PFAS results for groundwater samples collected from d3 to d21 are presented in 

Table S4. The QA results for all media are summarized in the SI, and the complete dataset is 

presented elsewhere.74 A unique characteristic of the FTA contaminated groundwater is the low 

dissolved organic carbon content (<1.0 mg L-1) and minimal co-occurring contaminants.74 Of the 

25 PFAS analyzed in all media, 9 were detected in the REF groundwater (Figures 2 and S1). The 

most abundant PFAS at REF was total-PFHxS (T-PFHxS; combined linear, L, and branched, B, 

isomers) with a mean concentration (± 1 standard deviation) of 83 ± 5.9 ng L-1 (n = 13). The 

summed concentrations for all detected PFAS (∑PFAS) ranged from 120 to 140 ng L-1 (mean = 

130 ± 7.5 ng L-1). The combined mean PFOA and T-PFOS concentrations at REF were <20 ng 

L-1 (below the 70 ng L-1 USEPA health advisory)16,17 but the combined mean concentrations of 

the 6 PFAS regulated by the Commonwealth of Massachusetts20 was >100 ng L-1 (5 times the 20 

ng L-1 limit). Reported concentrations of ∑PFAS in Ashumet Pond (200 to 230 ng L-1) were 

similar to REF groundwater.15 Seventeen PFAS were detected at FTA-1 (Figures 2 and S1) with 

the most abundant being T-PFOS (mean concentration = 4000 ± 960 ng L-1). At FTA-1, the 



 

combined PFOA and T-PFOS mean concentration was 5200 ng L-1 and the combined 

Massachusetts six was 7700 ng L-1. 

The hydrological and chemical dynamics of groundwater contamination plumes are 

spatially and temporally heterogeneous, and this study captured the inherent variability that 

occurs under environmental conditions. Based on a mean groundwater flow velocity of ~0.3 m d-

1 in the Cape Cod aquifer,61 it was expected that PFAS concentrations would remain relatively 

stable during the 21-day experiments (the parcel of water sampled would only be ~7 m long). 

Stable PFAS concentrations were observed at REF but not at FTA-1 (Figures 2 and S1; Table 

S4). Over the course of the experiment, ∑PFAS at FTA-1 increased from 6100 ng L-1 at d3 to 

15,000 ng L-1 at d21 (mean = 10,000 ± 2400 ng L-1). Although concentrations increased, the 

composition remained relatively constant. The PFAS contamination plume has strong vertical 

and lateral concentration gradients and temporal variations in PFAS concentrations were 

observed previously (Table S1).14 Although the ∑PFAS at FTA-1 increased 2.5-fold over the 

course of the experiment, it was not possible to determine if the increase resulted from intrinsic 

variability within the contamination plume as the water naturally flows past the well screen, or if 

the change was induced by pumping water from a larger zone of influence. 

 

Concentrations in Biotic Tissue 

 

Concentrations of PFAS in male and female fathead minnow carcass tissue from REF 

and FTA-1 are shown in Figure 2 and data for individual fish are presented in Table S5. The 

short fluorocarbon chain compounds (PFBA, PFPeA, and PFBS) were detected in REF and 

FTA-1 groundwater but not in fish exposed to the groundwater, which is consistent with their 



 

high water solubility and low partitioning potential (Table S3).45,46 Five PFAS (PFHpS, PFNS, 

6:2-FtS, 8:2-FtS, and FOSA) were detected in most FTA-1 fish and groundwater samples but 

were not detected (or were minimally detected) in REF fish or groundwater. Two additional 

perfluoroalkyl sulfonamide precursors (FBSA and FHxSA) were analyzed in biota but not water 

and were detected in FTA-1 fish but not REF fish. Four long-chain PFAS (PFDoDA, PFTrDA, 

PFTeDA, and PFDS) were detected in fish feed and fish tissue (Table S5) but not in groundwater 

(Table S4). Groundwater concentrations <MQLs for these compounds could reflect their low 

water solubility, sorption to sediments, or other physicochemical interactions,45,46 and their 

detection in fish tissue could be due to bioconcentration. However, their presence in fish feed 

suggests that diet also is a potential source of these PFAS (see further discussion in passive 

sampler section). Two PFAS precursors (N-Me-FOSAA and N-Et-FOSAA) were sporadically 

detected in groundwater and fish at concentrations near their MQLs but were excluded from 

further analysis. 

The PFAS with the maximum d21 fish whole-body concentration at REF was T-PFOS 

(male = 1.4 ± 0.22 ng g-1; female = 1.8 ± 0.49 ng g-1) with L-PFOS comprising 96% and 89% of 

T-PFOS in male and female fish, respectively (in contrast to groundwater where L-PFOS 

comprised 65% of the T-PFOS). The PFAS with the maximum d21 male fish whole-body 

concentration at FTA-1 also was T-PFOS (707 ± 517 ng g-1; 82% L-PFOS), whereas the 

maximum d21 female fish whole-body concentration was FHxSA (349 ± 84 ng g-1) followed by 

T-PFOS (294 ± 147 ng g-1; 74% L-PFOS). Note that FHxSA was not analyzed in groundwater 

because no analytical standard was available at the time. 

Differences in PFAS concentrations between carcass and whole-body tissue varied by 

compound, but concentrations generally were lower in carcass compared to whole body due to 



 

removal of blood, liver, and other organs. At REF, there was little difference in d21 male carcass 

and whole-body ∑PFAS concentrations (3.6 and 3.4 ng g-1, respectively), whereas female 

carcass ∑PFAS concentrations were only 58% of whole-body values. At FTA-1, d21 male 

carcasses comprised 85% of the whole-body weight and carcass ∑PFAS concentrations were 

49% of whole-body values. Female carcasses comprised 82% of the whole-body weight and 

carcass ∑PFAS concentrations were 58% of whole-body values. 

The PFAS detected in mussel tissue at REF and FTA-1 (Figure 2; Table S6) also were 

detected in groundwater and fish. However, mussel concentrations were much lower than fish 

and the PFAS composition was substantially different. The predominant PFAS detected in REF 

mussels was FHxSA (0.76 ± 0.36 ng g-1), although PFOA, T-PFHxS, T-PFOS, and FOSA were 

sporadically detected near the MQL. The predominant PFAS detected in FTA-1 mussels was 

FHxSA (107 ± 45 ng g-1) followed by T-PFOS (33 ± 38 ng g-1) as was observed for female fish. 

Mussels had greater uptake of T-PFHxS, T-PFOS, and FOSA relative to PFCA. Mussel feed 

contained trace levels of PFAS (∑PFAS = 9.7 ng g-1; Table S6) but the predominant compounds 

in the feed (PFBA and PFHxA) were not detected in tissue. 

 

Biotic Concentration Factors 

 

Male and female fish CFb values were calculated for PFAS that were detected in both 

water and tissue (Table 1). Variability in PFAS concentrations at FTA-1 prevented steady-state 

conditions, but it is difficult to quantify additional uncertainty associated with determining CFb. 

Consequently, mean groundwater concentrations from d3 to d21 were used for the calculations, 

assuming that concentration variation effects were limited. Although water and fish tissue 



 

concentrations were lower at REF than FTA-1 (Figure 2; Tables S4 and S5), male and female 

fish d21 whole body CFb values generally were similar between sources indicating concentration 

independence for most compounds. However, T-PFHxS CFb values at FTA-1 were nearly an 

order of magnitude greater than REF. While T-PFOS CFb values were similar between REF and 

FTA-1 for female fish they were greater at REF for male fish. It was not possible to calculate 

CFb values for longer-chain PFAS at REF because their groundwater concentrations were 

<MQL. The assumption of limited effects on CFb resulting from non-steady state conditions is 

supported by the similarity of CFb values between FTA-1 and REF (which did not have 

increasing concentrations). 

At FTA-1, fish CFb values increased with increasing fluorocarbon chain length, ranging 

from 2.9 L kg-1 for PFHxA to 1000 L kg-1 for PFUnDA in male fish. For a given fluorocarbon 

chain-length equivalent, PFSA had higher CFb values than PFCA (d21 FTA-1 male whole-body 

T-PFOS CFb = 180 L kg-1; PFNA CFb = 55 L kg-1). The fluorocarbon chain-length effect was 

less pronounced for female fish and the d21 FTA-1 female whole-body T-PFOS CFb was 73 L 

kg-1 compared to 33 L kg-1 for PFNA. For male fish, the L-PFOS CFb values were slightly 

greater than for B-PFOS, whereas for female fish the L-PFHxS CFb values were less than for B-

PFHxS. The CFb values for male and female fathead minnows in this study agree with reported 

whole-body log BCFs for multiple fish species (ranging from 1.36 ± 0.61 for PFOA to 3.01 ± 

0.66 for PFOS).35 The FTA-1 male fish whole-body log CFb for PFOA was 1.15 and for T-PFOS 

was 2.26. The observed carcass to whole-body CFb ratios for d21 FTA-1 male fish (Table 1) 

were consistent with the strong association of PFAS uptake with protein and phospholipid rich 

tissue such as blood and liver.38,40,48,49 Removal of blood, liver, and other organs resulted in 

carcass to whole-body CFb ratios of 0.44 to 0.70 for PFCA and 0.37 to 0.53 for PFSA. 



 

The CFb values for mussels exposed to groundwater from REF and FTA-1 for 14 days 

(REF, PFOA = 5.1 L kg-1 and T-PFOS = 20 L kg-1; FTA-1, PFOA = 0.2 L kg-1 and T-PFOS = 

6.8 L kg-1) were lower than for fish exposed for 21 days (Table 1), partially due to the shorter 

exposure time. The CFb values measured here fall within the range reported in other studies.35 

Log BAFs in green mussels (Perna viridis) exposed to 1000 and 10,000 ng L-1 of PFOS (2.60 

and 2.30, respectively)41 were greater than CFb reported here, as were log BAFs for Zebra 

mussel (Dreissena polymorpha) exposed to 1000 ng L-1 of PFOA and T-PFOS (2.70 and 3.00, 

respectively).42 Although groundwater and mussel tissue PFAS concentrations were lower at 

REF than FTA-1, mussel T-PFOS CFb values were greater at REF (13 L kg-1) than FTA-1 (5.0 L 

kg-1). These results are consistent with the concentration effect noted for green mussels41 where 

lower BAFs were observed at higher concentrations (attributed to nonlinear adsorption to 

specific binding sites. Mussel CFb values at FTA-1 (Table 1) ranged from 0.20 to 200 L kg-1 and 

increased with increasing chain length. The PFSA had slightly greater CFb values than PFCA, 

and L-PFOS had greater CFb values than B-PFOS. 

 

Concentrations and Concentration Factors in Passive Samplers 

 

Passive samplers provided an assessment of abiotic PFAS uptake. Concentrations of 

PFAS in POCIS are presented as ng g-1 of HLB sorbent (Figure 2; Table S7). During the 

exposure experiments, ∑PFAS in the POCIS increased 11-fold at REF (83 ng g-1 at d4; 880 ng g-

1 at d21) and 40-fold at FTA-1 (3800 ng g-1 at d4; 150,000 ng g-1 at d21). The predominant PFAS 

detected in POCIS at REF was T-PFHxS (d4 to d21 mean = 290 ± 290 ng g-1; 92% L-PFHxS). 



 

The predominate PFAS detected in POCIS at FTA-1 was T-PFOS (d4 to d21 mean = 22,000 ± 

27,000 ng g-1; 69% L-PFOS) followed by T-PFHxS. 

Concentrations of PFAS in PETS also increased over time (Figure 2; Table S8) but to a 

lesser extent than POCIS. At REF, ∑PFAS increased 4.0-fold over the course of the experiment 

(9.0 ng g-1 at d4; 36 ng g-1 at d21) and at FTA-1 ∑PFAS increased 2.6-fold (800 ng g-1 at d4; 

2100 ng g-1 at d21). The predominant PFAS detected in PETS at REF was T-PFHxS (d4 to d21 

mean = 8.9 ± 6.7 ng g-1) and at FTA-1 was T-PFOS (d4 to d21 mean = 700 ± 220 ng g-1). Linear- 

and branched-isomers of PFHxS and PFOS were not quantified separately in PETS. The long-

chain PFAS (PFDoDA, PFTrDA, PFTeDA, and PFDS) were not detected in either the POCIS or 

PETS, supporting the idea that the source of these compounds in fish is food rather than water. 

The PFAS CFa values for POCIS at REF (Table 1) ranged from 390 L kg-1 (PFBA) to 

9100 L kg-1 (L-PFHxS), and at FTA-1 ranged from 27 L kg-1 (PFBA) to 18,000 L kg-1 (L-

PFHxS). Sampling rates for POCIS at FTA-1 (Table S9) ranged from 0.037 to 0.18 L d-1 (mean 

= 0.090 ± 0.032 L d-1), consistent with reported values.79-81 The PFAS CFa values for PETS were 

lower than for POCIS (Table 1) and at REF ranged from 110 L kg-1 (PFOA) to 1400 L kg-1 (T-

PFOS). At FTA-1, PFAS CFa values for PETS ranged from 150 L kg-1 (PFHpS) to 1200 L kg-1 

(PFNS). Sampling rates for PETS (Table S9) ranged from 0.009 to 0.16 L d-1 (mean = 0.042 ± 

0.047 L d-1), consistent with reported values.77 

 

Cross-Media Correlation 

 

All PFAS detected in groundwater (REF and FTA-1) also were detected in either biotic 

or abiotic media (Figure 3). However, several PFAS were detected only in fish tissue and passive 



 

samplers and not in groundwater. Of the 15 PFAS detected at REF, only 3 were shared across all 

media types: 9 were detected in POCIS and PETS, 2 were detected only in POCIS, 1 was 

detected only in PETS, 4 were detected in water, POCIS, and PETS but not biota, 1 was detected 

only in water and PETS, and 2 were detected only in fish. At FTA-1, 17 PFAS were detected, 

with 10 shared between water, biota, and passive samplers. Fish carcass contained all PFAS 

detected in mussel as well as additional compounds. Whole fish contained 1 additional PFAS not 

detected in carcass. The POCIS and PETS profiles had complete overlap with water and biota 

and included several PFAS not detected in biota. Biota and passive samplers included one PFAS 

not detected in water. 

Relations between PFAS in water, biota, and passive samplers generally were better at 

FTA-1 (which had greater concentrations) than REF (Figures S2 and S3). Pearson correlation 

analysis of log transformed PFAS concentrations for individual media at REF (Figure S2) 

showed strong correlations between male and female fish, water and passive samplers were 

moderately correlated, and PETS were correlated with fish and mussels. At FTA-1 (Figure S3), 

male and female fish were highly correlated, male fish and mussel were moderately correlated, 

and female fish and mussel were highly correlated. Water concentrations at FTA-1 were highly 

correlated with POCIS and PETS, moderately correlated with male and female fish, and poorly 

correlated with mussels. Log-transformed concentration data for individual PFAS in all media 

(Table S10) generally were correlated but varied by compound. Of the PFAS detected in ≥50% 

of samples, PFHpA, PFOA, PFNA, and 6:2-FtS had the strongest correlation with other PFAS. 

In contrast, PFBA, PFPeA, PFBS, T-PFHxS, and T-PFOS were weakly correlated to other 

PFAS. 

 



 

Factors Influencing Uptake of PFAS by Biota 

 

The REF and FTA-1 groundwater contained complex mixtures of PFAS, with each 

compound having unique physicochemical properties (Table S3).45,46 Fluorocarbon chain length 

is the most environmentally relevant structural feature of PFAS that influences water solubility, 

bioconcentration, and toxicity, although the anionic head group also plays an important role.38-

40,43-46 In male and female fish, CFb increased with increasing fluorocarbon chain length (Figure 

4). A similar relation was observed for mussels although CFb values were an order of magnitude 

lower than in fish. Perfluorobutanoic acid and PFBS were detected in REF and FTA-1 

groundwater but not biotic media (Figure 2) and CFb could not be calculated. The co-occurrence 

of longer chain PFAS has been shown to inhibit uptake of shorter chain PFAS82 and may 

contribute to the absence of PFBA and PFBS in fish. 

The CFb values for PFHxS in whole body male and female fish from FTA-1 deviated 

from the trend observed for the equivalent fluorocarbon chain length PFCA (Figure 4). One 

possible explanation for this anomaly is formation of PFHxS by biotransformation of co-

occurring precursor compounds such as FHxSA. Although FHxSA was detected in fish and 

mussel tissue, CFb could not be determined because it was not measured in groundwater. There 

is limited availability of fish metabolic transformation pathway data for PFAS,83 and 

uncertainties in the assumptions that microbial degradation84 or abiotic processes85 are adequate 

surrogates for fish metabolism. It generally is thought that biotransformation of precursors 

ultimately results in terminal PFCA and PFSA products.1 Analysis of fish metabolism pathways 

indicates that a diverse set of precursors can produce PFOS as the end transformation product.83 

Although similar biotransformation analysis has not been conducted with PFHxS and the 



 

precursor FHxSA, it is reasonable to assume that the structural homologs would follow similar 

transformation pathway. 

The presence of linear- and branched-PFOS isomers and sulfonamide precursors in FTA-

1 groundwater indicates that the AFFF-derived PFAS were produced by electrochemical 

fluorination,14 a process that also produces the 6 fluorocarbon homologs.1 Both PFHxS and 

PFOS were present in the REF and FTA-1 groundwater (REF T-PFHxS/T-PFOS = 12; FTA-1 T-

PFHxS/T-PFOS = 0.54). The REF groundwater T-PFOS/FOSA ratio could not be calculated 

(FOSA not detected) and the T-PFHxS/FHxSA ratio could not be determined because FHxSA 

was not measured in the groundwater. The T-PFHxS/FHxSA ratio for d21 FTA-1 male and 

female fish whole-body tissue was 0.95 and 0.67, respectively. This indicates substantial uptake 

of FHxSA relative to PFHxS and a pool of precursor that could undergo biotransformation into 

PFHxS. In contrast, the T-PFOS/FOSA ratios for d21 FTA-1 male and female fish whole-body 

tissue were 39 and 9.2, respectively, indicating much less uptake of FOSA relative to T-PFOS 

(or much faster transformation). 

Although the relations between fluorocarbon chain-length and CFb for PFCA and PFSA 

(Figure 4) were similar for male and female fish, there were differences between sexes (Table 1). 

Uptake rates at REF and FTA-1 varied between male and female fish and by PFAS (Figures S4 

and S5; Table S11). Male fish generally had positive uptake rates whereas female fish often had 

bilinear uptake (initial increase followed by decrease). Ankley et al.86 reported differences in 

PFOS uptake between male and female fathead minnows after 21-day water exposures, with 

females having 2- to 3-fold greater concentrations than males, suggesting males had faster 

elimination rates. In contrast, Lee and Schultz87 reported female fish had a 10-fold faster 

elimination of PFOA than male fish. 



 

 The PFAS composition in mussel differed from fish with respect to enrichment of 

precursors relative to acids. It is not clear if this is due to higher uptake or lower 

biotransformation of precursors. Enrichment of PFHxS was not observed in mussel tissue, which 

also accumulated the precursor compound FHxSA, reflecting different uptake and metabolic 

mechanisms than fish. Mussels also showed a concentration effect with higher CFb values 

observed at lower exposure concentrations (Table 1). As with female fish, mussel uptake rates 

were bilinear with an initial increase followed by a decrease or plateau (Figures S4 and S5; Table 

S11). Maximum ∑PFAS concentrations for mussels occurred after 4 days of exposure (3.1 ng g-1 

at REF; 200 ng g-1 at FTA-1). Inverse concentration dependency and bilinear uptake in mussels 

have been reported,41 and the decrease in uptake at FTA-1 over time could be influenced by the 

concomitant increase in concentrations that occurred over the course of the exposures. 

 

Predictability of PFAS Biotic Uptake from Passive Samplers 

 

The potential for passive samplers to predict bioconcentration was explored by 

comparing CFa to CFb. Passive samplers provided a reasonable approximation of PFAS mixture 

composition following bioconcentration in fish, particularly for PFAS with ≥6 fluorocarbons. 

However, passive samplers were poor predictors of PFAS mixture composition following 

bioconcentration for mussels. Both passive sampler types over-predicted CFb in mussels (factor 

of 100 for PETS; factor of 1000 for POCIS) because the samplers have one-way uptake with no 

elimination. Predicted fish bioconcentration based on PETS CFa was within a factor of 3 for 

PFDA, PFUnDA, PFHxS, PFHpS, PFOS, PFNS, and FOSA. Because POCIS accumulated far 

more PFAS mass than PETS, the ratios of CFa to CFb were greater, but displayed results 



 

consistent with fish for PFHxS, PFHpS, PFOS, and PFNS. Both types of passive samplers 

displayed greater uptake for PFHxA to PFNA and 6:2 FTS than biota. 

The POCIS had the highest concentration factors of any media with more compounds 

detected and greater CFa values at FTA-1 than REF. Concentrations of PFAS in POCIS (Figures 

S4 and S5) generally increased linearly with time, except PFBA and PFPeA, which had declining 

or steady uptake. Likewise, concentrations of PFAS in PETS generally increased linearly with 

time. Uptake rates at FTA-1 for POCIS ranged from 0.001 to 0.425 d-1 and for PETS ranged 

from 0.006 to 1.8 d-1 (Table S11). 

There was a fluorocarbon chain-length dependency for PFAS uptake by POCIS with an 

increase in CFa from PFBS to PFPeS but little additional increase for longer-chain lengths 

(Figure 4). The chain-length effect was more pronounced for PFCA than PFSA with an 

approximately one log-unit increase in CFa with each additional fluorocarbon unit between 

PFBA and PFHpA, after which there was no additional increase. The greater CFa for POCIS 

relative to PETS reflects the larger surface area as well as greater mass transfer through the 

porous membranes retaining the HLB sorbent relative to diffusion through the polyethylene tube. 

The fluorocarbon chain-length effect likely reflects the high affinity of long-chain PFAS for the 

HLB sorbent. The PETS did not exhibit a strong concentration effect (REF ≈ FTA-1) or 

fluorocarbon chain-length effect, likely reflecting rate-limiting diffusion through the 

polyethylene tubes. 

The passive samplers provided time-weighted average water concentrations for PFAS. 

Using independent sampling rates for POCIS and PETS reported in the literature (consistent with 

those measured in this study),77,81 integrated water concentrations were estimated for FTA-1 to 

evaluate the effect of variable water concentrations on uptake. Using estimated water 



 

concentrations from d21 POCIS concentrations and d21 male whole-body concentrations for 

PFOA and PFOS yielded CFb values of 6.2 and 124 L kg-1, respectively (within factors of 2.5 

and 1.4 of CFb values determined from measured water concentration). Using similarly estimated 

water concentrations from d21 PETS concentrations yielded CFb values of 36 and 368 L kg-1, 

respectively (factor of 2.6 and 2.0 of CFb values determined from measured water 

concentration). A field comparison of PFAS uptake by POCIS and liver tissue from wild-caught 

fish reported poor agreement for individual PFAS between the two media.51 The present study 

showed good agreement in PFAS uptake and composition between fish and POCIS, likely due to 

the stable groundwater source relative to more variable surface water conditions. 

 

IMPLICATIONS 

 

This investigation provides an integrated assessment of PFAS uptake by biotic and 

abiotic media from complex environmental mixtures. Each media had a different PFAS 

composition and concentration, and biotic uptake was substantially different than abiotic uptake. 

The results from these “real world” exposures using AFFF-derived PFAS mixtures in 

contaminated groundwater have transferability to other FTA-impacted sites with respect to field-

derived CFb values. The use of passive samplers in addition to model organisms provided data to 

evaluate the appropriateness of using abiotic media to mimic biotic processes. Although a 

strategy using discrete samples or passive samplers would be sufficient for characterizing PFAS 

concentrations in water, it would not adequately characterize biotic uptake dynamics or address 

specific sex and species differences. Despite differences between male and female fish (carcass 

and whole body), PFAS uptake by passive samplers largely mimicked uptake by fish but not by 



 

mussels. The data suggest that passive samplers are useful screening tools for PFAS that 

bioconcentrate in fish but are below MQLs in water. In addition, passive samplers can assess 

exposure to short-chain PFAS not detected in biota. 

This unique field experiment allowed sensitive determination of in-situ CFb values for 

mixtures of PFAS present at environmental concentrations and compositions. The results were 

consistent with predictions based on compound physicochemical properties and reported field 

observations for wild fish.34-36 Depending on the individual PFAS chemical structure, CFb values 

ranged from <10 to 1000 L kg-1. However, the results clearly show that precursor compounds are 

important components of environmental PFAS mixtures that can bioconcentrate to a greater 

extent than PFCA and PFSA, and subsequently undergo biotransformation within the organism, 

which can influence CFb values. Even with low CFb values, body burdens can be substantial 

with potential for biological effects at the organismal level. Understanding the complexities of 

PFAS bioconcentration in contaminated groundwater sources provides a foundation for assessing 

potential impacts on aquatic organisms in surface-water ecosystems receiving contaminated 

groundwater discharges. 

Fish tissue concentrations for the REF exposure experiment provide a reasonable 

approximation of potential exposure for surface-water organisms, as illustrated by the PFAS 

contamination plume, which discharges into Ashumet Pond15 resulting in T-PFOS concentrations 

of 50 ± 4.1 ng L-1 (greater than T-PFOS concentrations of 7.2 ± 1.2 ng L-1at REF). The REF 

male fish whole-body T-PFOS concentrations after 21-day exposures (1.4 ± 0.22 ng g-1) and the 

female fish whole-body T-PFOS concentrations (1.8 ± 0.49 ng g-1) were consistent with results 

for recreational fish collected from lakes in New Hampshire37 (mean = 6.8 ± 8.6 ng g-1; n = 43). 



 

The d21 REF fish mean T-PFOS concentration exceeded the New Hampshire reference dose 

value limit88 of ≤1.1 ng g-1 for daily consumption by adults. 

The mobile laboratory experimental approach incorporates the dynamic conditions 

intrinsic in natural systems. Accounting for this inherent variability is an explicit 

acknowledgement that bioconcentration factors determined under environmental conditions 

rarely attain steady state. Studies such as this are an important step in extrapolating results from 

highly controlled “pseudo steady state” laboratory experiments to highly variable aquatic 

environments. 

 

SUPPORTING INFORMATION 

 

Eleven tables present site information, analytical methods, analytical results for the 

various media, passive sampler sampling rates, statistical correlations, and biotic and abiotic 

uptake rates. Five figures show water concentrations, Pearson correlation analysis, and biotic and 

abiotic uptake rates. 
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Table 1. Biotic concentration factors (CFb) for male and female fathead minnow carcass tissue (MFC and FFC; n = 10 each sex), male and female 

fathead minnow whole-body tissue (MFW and FFW; n = 4 each sex), mussel soft tissue (MU; n = 5), and abiotic concentration factors (CFa) for 

polar organic chemical integrative samplers (POCIS; n = 1) and polyethylene tube samplers (PETS; n = 1) exposed to groundwater from the 

reference (REF; MA-SDW 491-0063A) and fire-training area contaminated (FTA-1; MA-SDW 488-0083) wells located on Cape Cod, 

Massachusetts. [CFb values for MFC, MFW, FFC, FFW were calculated from mean d3 to d21 water concentration and mean tissue concentration 

after 21 day exposures; CFb values for MU were calculated using mean d3 to d21 water concentration and mean tissue concentration after 14 day 

exposures; CFa for POCIS calculated from mean d3 to d21 water concentration and sorbent media concentration after 21 day exposures; CFa for 

PETS calculated from mean d3 to d21 water concentration and whole sampler concentration after 21 day exposures; see Table S2 for PFAS 

compound abbreviations; ND-W, not detected in water; ND-T, not detected in tissue; ND-WT, not detected in water or tissue; ND-P, not detected 

in passive sampler; ND-WP, not detected in water or passive sampler; NM-P, not measured in PETS.] 

 

 REF REF REF REF FTA-1 FTA-1 FTA-1 FTA-1 REF FTA-1 REF FTA-1 REF FTA-1 

 MFC MFW FFC FFW MFC MFW FFC FFW MU MU POCIS POCIS PETS PETS 

 CFb CFb CFb CFb CFb CFb CFb CFb CFb CFb CFa CFa CFa CFa 

Compound L kg-1 L kg-1 L kg-1 L kg-1 L kg-1 L kg-1 L kg-1 L kg-1 L kg-1 L kg-1 L kg-1 L kg-1 L kg-1 L kg-1 

PFBA ND-T ND-T ND-T ND-T ND-T ND-T ND-T ND-T ND-T ND-T 390 27 350 230 

PFPeA ND-T ND-T ND-T ND-T ND-T 3.0 ND-T ND-T ND-T ND-T ND-P 280 260 230 

PFHxA ND-T ND-T ND-T ND-T 1.3 2.9 0.9 1.2 ND-T ND-T 2800 3200 330 220 

PFHpA ND-T ND-T ND-T ND-T 2.4 4.9 1.1 1.8 ND-T 0.2 7000 13,000 350 270 

PFOA 10 8.6 6.2 9.6 6.2 14 3.9 8.0 5.1 0.2 5600 16,000 110 160 

PFNA ND-W ND-W ND-W ND-W 29 55 21 33 ND-T 3.5 ND-W 14,000 ND-WP 300 

PFDA ND-W ND-W ND-W ND-W 220 330 240 290 ND-WT ND-T ND-WP 17,000 ND-WP 380 

PFUnDA ND-W ND-W ND-W ND-W 700 1000 760 900 ND-WT 120 ND-W 14,000 ND-WP 730 

PFBS ND-T ND-T ND-T ND-T ND-T ND-T ND-T ND-T ND-T ND-T 3500 4500 180 290 

PFPeS ND-T 63 ND-T ND-T 4.4 12 8.9 23 ND-T ND-T 8000 14,000 200 230 

L-PFHxS 13 11 6.7 18 59 110 64 100 1.1 0.4 9100 18,000 NM-P NM-P 

B-PFHxS ND-T ND-T ND-T 13 45 92 69 140 8.1 0.4 4500 18,000 NM-P NM-P 

T-PFHxS 12 9.8 5.9 16 58 110 64 110 1.0 0.4 8600 18,000 200 200 

PFHpS ND-WT ND-WT ND-WT ND-WT 57 120 46 92 ND-WT 1.3 ND-W 12,000 ND-W 150 

L-PFOS 280 280 220 350 110 220 59 84 20 6.8 1800 15,000 NM-P NM-P 

B-PFOS 100 88 110 110 53 91 43 53 ND-T 1.6 2000 12,000 NM-P NM-P 

T-PFOS 200 190 150 260 86 180 53 73 13 5.0 1900 14,000 1400 190 

PFNS ND-WT ND-WT ND-WT ND-WT 280 750 190 360 ND-WT 44 ND-WP 16,000 ND-WP 1200 

6:2-FtS ND-W ND-WT ND-WT ND-W 0.2 0.2 0.4 0.7 ND-WT 0.2 ND-W 13,000 ND-WP 260 

8:2-FtS ND-WT ND-WT ND-WT ND-WT 44 84 30 50 ND-WT 5.8 ND-WP 15,000 ND-WP 510 

FOSA ND-W ND-W ND-W ND-W 170 560 570 990 ND-W 200 ND-WP 9000 ND-WP 960 
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