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Abstract
Human exposure to perfluoralkyl acids (PFAAs) occurs primarily via the dietary intake
and drinking water can contribute significantly to the overall PFAAs intake. Drinking
water is produced from surface water and groundwater. Waste water treatment plants
have been identified as the main source for PFAAs in surface waters and corresponding
drinking water. However, even though groundwater is an important source for drinking
water production, PFAAs sources remain largely uncertain. In this paper, we identified
different direct and indirect sources of PFAAs to groundwater within the catchment area
of a public supply well field (PSWF) in The Netherlands. Direct sources were landfill lea-
chate and water draining from a nearby military camp/urban area. Indirect sources were
infiltrated rainwater. Maximum concentrations encountered in groundwater within the
landfill leachate plume were 1.8 pg/L of non branched perfluorooctanoic acid (L-PFOA)
and 1.2 pg/L of perfluorobutanoic acid (PFBA), sum concentrations amounted to 4.4 pg/L
total PFAAs. The maximum concentration of ZPFAA in the groundwater originating from
the military camp was around 17 ng/L. Maximum concentrations measured in the
groundwater halfway the landfill and the PWSF (15 years travel distance) were 29 and
160 ng/L for L-PFOA and PFBA, respectively. Concentrations in the groundwater pumping
wells (travel distance » 25 years) were much lower: 0.96 and 3.5 ng/L for L-PFOA and
PFBA, respectively. The chemical signature of these pumping wells corresponded to the
signature encountered in other wells sampled which were fed by water that had not
been in contact with potential contaminant sources, suggesting a widespread diffuse
contamination from atmospheric deposition.
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3.1 Introduction

The presence of perfluoroalkyl acids (PFAAs) in human blood in relation to drinking
water contamination has been shown in scientific papers in the recent years (e.g. Em-
mett et al., 2006; Wilhelm et al., 2009). Although groundwater constitutes one of the
major drinking water resources, surprisingly little is known about the sources of PFAAs
to groundwater.

PFAA such as perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) are
examples of fully fluorinated organic chemicals with a carboxylic or a sulfonic head
group. The exceptional strength of the C-F bond makes these compounds resistant to
heat and chemical or microbial attack. Due to their hydrophobic alkyl chain (de Voogt et
al., 2012) and their hydrophilic charged heads, this class of compounds behaves like
surfactants in the environment. PFAAs were found in human serum, and human expo-
sure pathways and the corresponding risks have been investigated in the past decennia.
The exposure to PFAAs occurs primarily via dietary intake (Vestergren and Cousins,
2009). In a recent Dutch study , approximately 55% and 33% of the total daily intake of
PFOA and PFOS was estimated to originate from the consumption of drinking water, as-
suming drinking water concentrations of 9 and 7 ng/L, respectively (Noorlander et al.,
2011). This high contribution to the daily intake calls for an assessment of PFAAs sour-
ces to drinking water.

In the Netherlands, drinking water is produced from surface water (approx. 40%) and
groundwater (60%). Waste water treatment plants (both municipal and industrial) have
been identified as the main source for PFAAs in surface water (Ahrens et al., 2009; Bec-
ker et al., 2008; Bossi et al., 2008), yet sources for PFAAs in groundwater remain largely
uncertain. Among the potential point sources are landfills (Busch et al., 2010) and infil-
trated aqueous film forming foams (AFFF) used at fire brigade training sites (Moody et
al., 2003). Leaks from sewer pipes and infiltration of urban surface runoff water are po-
tential diffuse sources (Murakami et al., 2009a and 2009b). Finally, rainwater, that con-
tains PFAAs due to scavenging airborne PFAAs or precursors, is also known to affect
groundwater concentrations (Eschauzier et al., 2010).

In the present study, we attempted to identify direct and diffuse sources of PFAAs to
groundwater within the catchment area of a public supply well field (PSWF) in the Ne-
therlands. To that end we first used hydrogeochemical characteristics in order to relate
groundwater samples to their possible origins. Secondly we analysed the PFAAs in the
samples. Finally, by combining these two data sets we apportioned the PFAAs present in
the groundwater to potential above ground sources present in the area. Several poten-
tial PFAAs sources were present within the catchment area, including a former landfill, a
former military camp, a commercial/industrial estate and an urban agglomeration. Sam-
ples were taken and analyzed for PFAAs together with a large set of inorganic com-
pounds (Table S4 in the supporting information (SI)). Samples included groundwater,
abstracted raw water and drinking water.
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3.2 Materials and Methods

3.2.1 Study area
The study area is a groundwater recharge area, located in the central part of The Nether-
lands. The local groundwater is used to produce drinking water, with aeration and rapid
sand filtration as the only treatment steps. Within the catchment area, several potential
PFAA sources are present. Potential point sources are a former landfill (in the southern
part), a military camp and a small commercial/industrial area (see Figure 1). The landfill
was in use from 1972 to 1995, has a thickness of 21 m, surface area of 0.08 km? and
contains both household and construction waste. After closure in 1995, the landfill was
covered with an impermeable layer (sealant) and a green layer of plants and trees. No
drainage layer and leachate collection system are installed in the landfill. The military
base included an air force base and military camp. Potential diffuse sources are a ribbon
development (urban) area and atmospheric deposition. The majority of the catchment
area is covered by woods and no agriculture and surface water infiltration takes place in
the infiltration area. Road runoff from the ribbon development might be a possible dif-
fuse source. Sewage water from the ribbon development was collected in cesspits until
1987, from which it leached into the soil. From 1987 onwards, houses and enterprises
along the ribbon development were connected to the sewage network.

3.2.2 Hydrology and hydrochemistry
The catchment area is located on a sandy plane along an ice pushed ridge, originating
from the Saalien ice age. The area is well drained, surface runoff is absent, and the en-
tire precipitation surplus infiltrates towards the deeper groundwater. The groundwater
flow is dominated by the PSWF, which abstracts about 9 Mm3 of groundwater yearly. A
south-to-north cross section is presented in Figure 1, providing insight into the geohy-
drology and hydrochemistry of the area. Three aquifers are distinguished, yet a continu-
ous clay layer is present only between aquifers 2 and 3. The chemical water types
largely coincide with the three aquifers. The first aquifer comprised of fresh, oxic, relati-
vely young groundwater, with a moderate alkalinity. The water quality in this aquifer
may vary considerably over short distances, owing to the complex groundwater flow pat-
terns in these ice-pushed sediments and multitude of anthropogenic inputs. In general,
in this aquifer, two water types may be distinguished: pristine and anthropogenically in-
fluenced groundwater. Indicators for anthropogenic influences are, amongst others, ele-
vated levels of nitrate, ammonium, chloride, sulfate, sodium, potassium and boron.
Groundwater in aquifer 2 originates from aquifer 1, but differs in the redox state (iron re-
ducing versus oxic). Soil organic matter is assumed the most important reductant. Water
in aquifer 3 is sulfate reducing, and has a slightly higher alkalinity and calcium content
than aquifer 2, indicating further reduction and calcite dissolution.

At the PSWF, groundwater is abstracted from aquifers 1 (upper and lower part) and 2.
Water abstracted from the second aquifer also contained a vast amount of water origi-
nating from aquifer 3, due to upcoming of this water towards the production wells. On
average, the produced drinking water originates for ca 51% from aquifer 1, 44% aquifer
2, and 5% aquifer 3. After breakthrough, the leachate from the landfill will eventually
contribute to about 0.3% of the total amount of water abstracted at the PSWF, which
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corresponds well with the landfill’s area (about 0.08 km?) relative to the total recharge
area (21.6 km?) (Schipper and Wendt, 2002a and 2002b).

3.2.3 Sampling
Samples were taken in January 2011 in new 1 L polypropylene (PP) bottles and stored in
a coolbox. Samples were stored at 4 °C until analysis (within 2 weeks after sampling).
Bottles were flushed with 3 times MeOH and three times sampled water respectively be-
fore taking a sample. Groundwater was sampled from two observation wells (OW1 and
OW2) downstream of the potential PFAA sources, along a south-to-north transect, paral-
lel to the direction of groundwater flow. In addition, samples were taken from two pum-
ping wells attracting water from the south (wells 1 and 2), four reference pumping wells
which abstracted pristine groundwater (wells 3 to 5), the raw water before treatment
and, finally, the drinking water. The first observation well (OW1) was located directly
downstream of the former landfill, with the upper filters positioned in the landfill’s lea-
chate plume, while the lower filters were supposedly under influence of the military
camp, commercial/industrial area and the ribbon development. The second observation
well (OW2) was located between OW1 and the pumping wells of the public water supply
well field, at some 15 years travel time from OW1. Travel time between the landfill and
the PWSF has been modeled to be 51 years, and breakthrough of the landfill leachate in
pumping wells 1 and 2 is expected around the year 2026 (Schipper and Wendt, 2002a
and 2002b). Wells 3 to 5 were sampled as reference wells. An overview of the location
of the well field and observation wells, including the different filters sampled, is provi-
ded in Figure 1.

3.2.4 Chemical analysis
Inorganic and organic parameters analysis
In addition to PFAAa, samples were analyzed for a large set of inorganic parameters, ai-
ding to the identification of the sources of the groundwater sampled. Analyses of inor-
ganic chemistry included all macro parameters, as well as about 50 (mostly trace)
elements measured by ICP-MS, and the stable isotopes *H and **0 of H,0, and 34S of
SO,. In addition to these data, we examined data from the extensive PSWF monitoring
campaign, which has been ongoing since 1978 (OW2 since 2001). This data comprised a
diverse set of organic and inorganic compounds, both for pumping and observation
wells.

PFAA analysis and quantification

PFAA analyzed, corresponding internal standards used and the transitions used in the
LC-MS/MS method are show in the Sl tables S1 and S2. PFAA analyses methods and
chemicals used were explained and reported in detail in ref (Eschauzier et al., 2012a).
Briefly, approximately 5oo mL of sample was carefully weighed in a three times pre-was-
hed (with methanol and sample water) new PP bottle. 3C-labeled Internal Standards (IS)
were added (Table S1 in the SI) and samples were run over a preconditioned (4 mL of
0.1% NH40H in MeOH) solid phase extraction cartridge (Oasis WAX 6cc, 30 Um particle
size, Waters, Milford, USA) using a vacuum manifold. SPE cartridges were washed with 2
mL 40/60 MeOH/Water solution and eluted with twice 500 pL of 3% NH4OH. The extract
was collected in a PP vial. Concerning PFOA and PFOS, two concentrations are reported:
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of the branched homologues (B-PFOA) and of the non branched homologues (L-PFOA),
see reference (Eschauzier et al., 2012a) for a detailed discussion on the quantification of
the branched isomers without a reference standard (elaborates on the uncertainties due
to the different response factors of linear and branched isomer reference standards). The
S| provides further details on quality assessment and control, see Sl table S3 for LOQs,
overall recovery of the mass labeled IS and field blank concentrations. Details on the
LOQ calculations are given in the Sl. Internal validation of the analytical method used
for showed a <10% relative standard deviation of the analysis results of a batch of 6 si-
milar samples. Besides, our laboratory participated in the international PERFOOD interla-
boratory exercises with satisfactory outcomes (z-scores < 2).
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3.3 Results and discussion
This section is structured as follows. First, using the data of the inorganic and organic
chemistry, the groundwater samples taken were traced back to their source (section
3.3.1). Second, the observed PFAA concentrations are discussed and linked to the conta-
minant sources (section 3.3.2). Third, the possible impact of PFAAs on drinking water
quality of the PWSFs is discussed.

3.3.1 Hydrology and hydrochemistry: linking water samples to their source
According to the hydrological modeling studies of the area by Schipper and Wendt,
(2002a; 2002b), the former landfill, military camp, commercial/industrial area and ribbon
development were all within the catchment area of the pumping wells 1 and 2. Observa-
tion wells OW1 and OW2 were placed downstream of these potential PFAA sources, pa-
rallel to the direction of groundwater flow. Hydrological modeling is an important and
helpful tool in defining catchment areas and groundwater flow paths, yet in general it is
not accurate enough to exactly link water samples from observation wells to their
source. Here, additionally, we used the hydrochemical fingerprint of the water samples
to trace the samples back to their source.

OW 1: current water quality
OW1 is located directly downstream of the former landfill (Figure 1). Samples were taken
at 5 depths, ranging from 33 to 131 meters below the surface. Groundwater sampled
from filters OW-fo1 (33 m depth) and fo3 (65m) contained elevated levels of a large
amount of hydrogeochemical parameters such as: electrical conductivity, sodium, potas-
sium, chloride, hardness (Ca** and Mg?*), bicarbonate, phosphate, ammonium, methane,
total organic carbon, and chemical oxygen demand 34S isotope and trace metals like ba-
rium (factor 43), cobalt, lithium and nickel (Christensen et al.,2001) and finally tempera-
ture (Kjeldsen et al., 1998). Table S4 lists the concentrations measured and the factor of
difference between the landfill leachate plume (fo3) and the average deeper ground
water filters fog4, fos and fo6. Elevated levels of all these parameters are typical of land-
fill leachates (Christensen et al., 2001). The high methane concentration in fo3 (1.5 mg/L)
compared to the deeper filters (e.g. 0.015 mg/L in fo4 i.e. a factor 100) indicates that the
plume has reached the methanogenic phase, and is deeply anoxic (see Figure 2). Also
the temperature, in the filters fo1 and fo3 was between 16 and 18 °C, whereas a tempe-
rature of about 11°C is common for groundwater in this area (elevated temperatures are
related to the active decomposition of the organic compounds present in the leachate).
The chloride-to-bromide ratio was also used as a tracer, which is a reliable tracer that
does not interact with the aquifer matrix (see Figure 2). The [Cl }/[Br-] was much lower in
the leachate plume (178 and 128 for fo1 and fo3 respectively) compared to the deeper
filters (317 and 342 for fo5 and fo6 respectively).
In contrast to the upper filters, groundwater sampled from OW1-fo4 (88 m depth) and
fos (109 m) was suboxic with relatively high nitrate contents of 14-18 mg NO3/L. Clearly,
this water did not originate from the landfill, yet the nitrate levels could be an indication
for anthropogenic contamination. Another indicator was the chloride level, which was
between 40 and 8o mg/L (Figure S4). While this is much lower than in the upper filters,
it is much higher than in pristine groundwater from this area, which has chloride levels
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of <15 mg/L. Filter fo6 (131 m depth) also has elevated chloride levels (46 mg/L), but
lacks nitrate. This was due to the redox conditions at this depth (iron reducing); any ni-
trate originally present was reduced to N,,.
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Figure 2 Depth profile of the CH4 and the [Cl ] /[Br ] ratio in OW1 and OW2.

Several screenings for organic contaminants executed by the operating drinking water
company from the 1990s onwards indeed revealed the anthropogenic contamination of
the deeper filters fo4 to fo6. Solvents like chloroethanes and chloroethenes (several
types, including tetrachloroethene aka PER) have been detected, in concentrations as
high as 9oo pg/L (PER in fos). In addition, the pesticide 2,6-dichlorobenzamide was de-
tected in all three filters, in a screening study in 2008 (de Jonge and Klijn, 2011). The
source(s) of these contaminants must be located upstream (south) of the former landfill,
with the ribbon development (sewage water draining from cesspits), the small commer-
cial/industrial area and the military camp being potential candidates. In the recent past,
solvents like PER have been widely used by the military to clean equipment, which
seems a likely explanation for the extraordinary high levels of solvents detected in OW1-
fo4 to fob.

OW2: pollution sources
Hydrogeochemical parameters or water quality data for OW2 are provided in table S4.
Relating these water samples to their sources (landfill, military camp, commercial area,
ribbon development) is more complicated than for OW1, due to the longer travel dis-
tance (»15 years) between source area and observation well. Biogeochemical interactions
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with the aquifer matrix (retardation) are one reason, mixing of the groundwater or diver-
ted flow due to ice pushed hills are a second possible reason. This mixing is enhanced
by the complex groundwater flow patterns in the ice-pushed sediments of the upper
aquifer. Also, the landfill and its leachate may change over time from (sub)oxic to anoxic
or even methane producing (Christensen et al., 2001). This change in leachate composi-
tion (which also is true for OW1-fo1 and fo3) further complicates the tracing at OW2.

However, using the inorganic fingerprints from OW?1, it was shown that water sampled in
filters OW2-fo3 (61 m depth) and fo4 (69 m depth) originated (at least in part) from the
landfill. This was indicated by the relatively low chloride-to-bromide ratios in OW2-fo3
and fo4 (142 and 109 respectively) which was in the same range as those of OW1-fo1
and fo3 (178 and 128 respectively) (see Figure 2) and the chemical oxygen demand in
fo3 and fos4. The methane levels recorded at OW2-fo4 were lower (0,099 mg/L) than at
OW1-fo1 and fo3 (0,22 and 1,5 mg/L respectively) but still elevated compared to the
lower filters (e.g. f12 where methane was 0,010 mg/L). Also the relatively high contents
of chloride at fo4 (123 mg/L), total organic carbon (TOC) at fo4 (4.9 mg/L), and the che-
mical oxygen demand (9 and 12 mg/L) in fo3 and fo4 respectively are indicators for
landfill leachate contamination.

Note that many of the other characteristic parameters for landfill leachate (at OW1) have
lost their significance at OW2, assumingly due to interactions with the soil matrix (oxida-
tion by iron (hydr)oxides, sorption of (heavy) metals, ion exchange).

Water sampled from the deeper filter OW2-f1o (126 m depth) originated from the military
camp and/or commercial/industrial area, as indicated by the breakthrough of chloroetha-
nes and chloroethenes in this filter since 2003. As discussed earlier, these solvents were
typical for the water leaching from the military camp / commercial/industrial area and
have not been detected in the landfill leachate. The deeper filter OW2-f12 (147 m depth)
was selected as a reference, and was not under influence of any contaminant source. Fi-
nally, the origin of water sampled from OW2-f7 (92 m depth) remained ambiguous. The
relatively low chloride-to-bromide (124) may indicate that this water originated from the
landfill, yet these findings are not supported by other hydrogeochemical parameters
such as the chemical oxygen demand which was <5 mg/L.

Pumping wells
Water quality data at pumping wells 1 and 2 did not show any signs of landfill leachate.
This confirmed the hydrological modeling (Schipper and Wendt, 2002a and 2002b): the
arrival of the leachate at the PSWF is estimated to be around the year 2026. However,
the chemical tracers would have likely lost their significance at the pumping wells, due to
the strong dilution (the maximum contribution of landfill leachate in a suspected pum-
ping well would be around 6%). At pumping well 1, the solvents 1,1,1-trichloroethane, 1,1-
dichloroethene and trichloroethene were detected at two occasions, both in 2005, with
concentrations ranging between 0.7 and 11 pg/L. In screenings before (2001-2004) and
after (2006-2009) these compounds were not detected. Chloroethane and chloroethene
are typical for water originating from the military camp. However, breakthrough of these
compounds in OW2 (10 years distance from the pumping wells 1 and 2) was not until
2003 and it is thus not possible that this water had reached pumping well 1 already in
2005. This suggests an additional unknown source in the area.
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Water samples taken and their pollution/hydrological source
Table 1 summarizes the above results, providing an overview of the origin of the water
sampled from the different filters. Using the chloride concentration or the chloride-to-
bromide ratio from OW1-fo1 and fo3 it should be possible to calculate the dilution of the
water sampled in OW2-fo3 and fo4. Judging from the current chloride-to-bromide ratios,
no dilution of these samples occured. However, for a correct comparison, the ratio at
OW: fifteen years ago should be used. Unfortunately bromide data from 1995 were not
available and chloride data from 1995 showed a large difference between OW1-fo1 (80
mg/L) and fo3 (450 mg/L), indicating a higher level of contamination from the landfill.
Using these numbers, dilution of the water sampled at OW2-fo3 and fo4 was between
1.6 and 9, and between none and 5 times, respectively (assuming a chloride background
level of 50 mg/L). This gives an indication that the shifts in concentrations observed can
be attributed to dilution.

Table 1 Origin of water sampled, as deduced by chemical fingerprinting. For abbreviations see °.

Sample Screen Source Indicators
depth (m)

OW1-f1 33 LF EC, TOC, COD, ammonium, methane
OW1-f3 65 LF EC, TOC, COD, ammonium, methane

OW1-f4 88 nitrate, chloride, chloroethane and
chloroethene

OW1-f5 nitrate, chloride, chloroethane and
chloroethene

OwW1-f6 chloride, chloroethane and
chloroethene

OW2-f3 60 LF chloride-to-bromide ratio, COD

OW2-f4 69 LF chloride-to-bromide ratio, chloride,
TOC, COD, methane

ow2-f7 92 ?

OW2-f10 126 MC, UA chloroethane, chloroethene
OW2-f12 147

PW1 -25to -35 LF, MC, UA hydrological modeling

PW2 -32to -58 LF, MC, UA hydrological modeling

PW3 to 5 -28 to -57  reference hydrological modeling
average

drinking hydrological modeling
water

aLF = landfill; MC = military camp; UA = urban area, including commercial/industrial area and ribbon develop-
ment. %LF plume = percentage of water originating from landfill plume, at moment of sampling. EC = electrical
conductivity, TOC = total organic carbon, COD = chemical oxygen demand.
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3.3.2 PFAAs in the observation and pumping wells
The concentrations of PFAAs measured in the observation and pumping wells are shown
in table 2. High concentrations of ZPFAAs were observed in the landfill leachate, both at
OWa1-fo1 and fo3 and further downstream at OW2-fo3 and fo4. Maximum concentrations
were as high as 4400 ng/L at OW1-fo3 and 235 ng/L at OW2-fo4. The lower filters at
OW1, with water originating from the military camp/commercial/industrial area, showed
much lower concentrations, yet PFAAs were measured with a maximum Zconcentration
of 17 ng/L (OW1-fos). At OW2-f10, the ZPFAAs concentration of this water was 38 ng/L.
OW2-f12 was the filter with lowest concentrations and is not expected to be directly im-
pacted by the sources identified in table 1. Finally, the >PFAAs concentrations at pum-
ping wells 1 and 2 were between 2.8 and 5.0 ng/L, which are in the same range as
concentrations found in the reference pumping wells 3-5.
Three main sources of PFAAs identified in section 3.1 are discussed in the following
order: landfill leachate; military camp /urban area and atmospheric deposition.

Landfill leachate source
The PFAAs encountered in OW1-fo1 and fo3 and OW2-fo3 and fo4 originated from the
landfill leachate (see 3.3.1). The 2PFAAs level observed in these filters ranged between
74 and 4400 ng/L with PFOA being the most abundant followed by PFBA, PFHXA and
PFHpA. The PFAAs concentrations in the landfill plume present in OW1-fo1 and fo3 are
similar to PFAAs concentrations encountered in other landfills. The analysis of three
landfill WWTP effluents in the Netherlands (not infiltrated in the subsoil) showed similar
maximum XPFAAs concentrations of 4466+1068 ng/L and a pattern of PFAAs of:
PFBA>PFOA>PFHXAPFHpA (Eschauzier and de Voogt, 2012¢). The maximum total amount
of PFAA (ZPFAAs = 4400 ng/L) is also in reasonable agreement with untreated landfill
leachate collected in another study (not infiltrated in the subsoil), where the total aver-
aged PFAAs concentration of six different sites was 6100 ng/L (Busch et al., 2010). Ano-
ther study (Eggen et al., 2010) showed measured PFAAs levels and patterns which
differed considerably than the present study. PFHxA was present in the same range as
this study and PFOA was present in much higher concentrations in (OW1-fo3) the pre-
sent study (1800 ng/L vs. 767 ng/L in Eggen et al (2010)). The major differences were
PFBA levels below LOQ and a PFOS concentration of 2920 ng/L. In the present study,
PFBA was present at 1200 ng/L and, surprisingly, PFOS (sum of branched and non bran-
ched isomers) was found to be present only in relatively low concentrations in the land-
fill leachate in OW-fo1 (9.6 ng/L) and OW1-fo3 (110 ng/L) (not shown in table 2). PFHXS
and PFBS were also found in the same range as PFOS in OW1-fo1 and fo3, see table 2.
The difference in the composition is expected to originate from differences in waste
composition between the different landfills.

Table 2 PFAA concentrations (ng/L) encountered in the observation and pumping wells. PFOS concentrations are not
listed since only OW1-f3 showed elevated PFOS concentrations. Average of the duplicate extraction (n=2) and analy-
sis together with corresponding range given between brackets. (SPFAA is the sum of the individual concentrations
listed in the table)
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Such as stated PFOS was not observed in any of the other observation or pumping
wells sampled. This can be explained by the immobility of PFOS due to a higher K4 (15)
(Enevoldsen and Juhler, 2010) and higher hydrophobicity (de Voogt et al., 2012) relative
to the other PFAAs listed in table 2 (e.g. K4 PFOA = 1.1 ( Enevoldsen and Juhler, 2010)).
Another possibility is that PFOS was not present in the source material in the landfill or
used in the catchment area sampled. A study in Tokyo, Japan observed a higher concen-
tration of PFOS in groundwater contaminated by road runoff and leaking sewers (Mura-
kami et al., 2009a). Since PFOS was only measured in OW1-fo3 it is not discussed in the
rest of the paper.

Although different studies showed that landfill leachate is a source of PFAAs to the envi-
ronment, including surface waters or groundwater, the actual sources of PFAAs within
the landfills remains unknown. Probably the degradation of fluoropolymeric materials
(Buck et al., 2011) plays an important role. Due to the presence of dehalogenating bac-
teria in the landfill leachate plume, degradation of PFAAs could possibly take place in
the plume where high concentrations prevail (Parsons et al., 2008) but are considered
unlikely (Séez et al., 2008).

Although a large number of samples were taken in the present study, the sampling was
not repeated over time, therefore statistical analysis of the profiles using ANOVA was
not possible or futile, and the concentration pattern should therefore be taken as indica-
tive. The PFAAs concentration patterns of the five most abundant PFAAs (all being car-
boxylic acids) are presented in Figure 3. Absolute concentrations are relatively high
(Table 2) and the relative abundance patterns of OW1-fo1 and fo3 are shown in Figure
3A and 3B respectively. The difference between both figures shows the heterogeneity of
the landfill leachate. In Figure 3B a relatively high abundance of L-PFOA is found follo-
wed by PFBA and PFHxA. B-PFOA and PFHpA were present in the lowest abundance. The
order of abundance for all analytes in the landfill leachate (OW1-fo3) is as follows: L-
PFOA>PFBA>PFHxXA>B-PFOA>PFHpAPFHXS> PFBS>PFOS. In another study (Busch et al.,
2010) (with n=20) the order of abundance of PFAA was: PFBA >PFHxXA >PFBS >PFOA
»PFHpA >PFOS »PFHxS, which is different than the present landfill leachate where L-PFOA
is present in the highest relative concentration. This is possibly caused by different star-
ting material where the PFAA leach from.

While the OW 1 sample showed distinct PFAAs contributions from the separate sources
based on the hydrogeochemical finger printing (see 3.3.1) (landfill and military
camp/urban area), OW 2 shows a more diffuse PFAA pattern such as explained in 3.3.1.
Additionally processes affecting initial leachate composition (rain input and waste arran-
gement variations within the landfill) may impact the profile: changing leaching behavior
or changing leachate origin from within the landfill. However, organic and inorganic tra-
cers, such as chloride and TOC, present in OW 2 show that water from OW2-fo3 and fo4
are constituted for a major part of landfill leachate. This is also reflected in the PFAAs
concentration levels (XPFAAs 150 ng.L?).

The difference between the relative abundance pattern in OW1-fo3 (Figure 3B) and OW2-
fo3 and fos4 (Figure 30) is the shift from PFOA dominating the profile to PFBA domina-
ting the profile. If retardation were the dominating variable determining the
environmental fate one would expect the following relative abundance profile in the
landfill: PFBAYPFHxA> PFHpA>PFOA (provided equal initial concentrations). In practice
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concentrations of PFOA will have been higher than PFBA due to known production volu-
mes. This is reflected in Figure 3B. However, the difference in hydrophobicity is thus
large (more than two orders of magnitude) that by the time groundwater arrived at
OW2-fo3 and fo4 the mobility of the PFAAs plays a more important role than initial star-
ting concentrations (Higgins and Luthy, 2006). This phenomenon has been observed be-
fore in several studies (Eschauzier et al., 2010; Higgins and Luthy, 2006). The increase in
PFBA abundance can thus explained by differences in sorption: the smaller molecular
volume of the PFBA molecule compared to PFOA leads to a smaller gain in free energy
for PFBA to adsorb and, hence, greater mobility compared to PFOA. The higher mobility
of PFBA would therefore explain the higher contribution to sum concentrations in Figure
3C. A similar pattern is observed for the perfluorosulfonates, PFOS was not detected
anymore in OW2-fo3 and fo4 while PFHXS (OW2-fo3 and fo4) and PFBS (OW2-fo4) were
detected in low concentrations (Table 2).

PFAA pattern of water draining from military camp /urban area
Deeper in the soil at OW1-fo4 to fo6, XPFAA concentrations were 10%5 ng.L* with PFBA,
PFBS and PFOA dominating (Figure 3D). PFHXS was found at very low concentrations
and PFBS slightly higher (Table 2). The practice of fire fighting training sessions by the
army in the past (up to 2008) is a potential source to the groundwater. It is known that
aqueous film forming foams used in fire fighting in the past contained large amounts of
PFAA such as PFOA, PFHxA (Moody et al., 2003). PFBA was not found to be present in
different fire fighting foams analyzed recently (Place and Field, 2012).
The relative PFAA abundance pattern in water from OWz1-fos, fos and fo6 shows a diffe-
rent profile than that of OW1-fo3 (Figure 3B). In the deeper groundwater PFBA (Figure
3D) is more abundant than PFOA (compare to Figure 3B). Branched isomers of PFOA
were absent (B-PFOA<LOQ). As explained in 3.3.1 the sources of the contaminations in
OW1—fog, fos and fo6 must lay upstream (south) of the former landfill. The ribbon devel-
opment (sewage water draining from cesspits), the small commercial area and the mili-
tary camp are potential candidates, as showed by the presence of the pesticide
2,6-dichlorobenzamide and PER.

Several PFAAs were present in water from the deeper filters in OW 2-f7, fio and f12
(Table 2). The organic tracers (chloroethanes and chloroethenes) discussed in section
3.3.1 show that PFAAs present in fio are originating from the military camp/urban devel-
opment ribbon. Comparison of the relative abundance profile in OW1-fo4 and foé (Figure
3D) with that of OW2-f1o (see Figure 3 E) only shows a small difference for B-PFOA.
PFHxS is below LOQ and PFBS is found in concentrations around 3.4 to 8.7 ng/L, again
showing that the shorter chain PFAAs travel faster than the longer chain PFHxS.

PFAA pattern in pumping wells: atmospheric input?
While the presence of landfill leachate and thus the corresponding PFAAs concentrations
and patterns observed in OW1 and 2 are explained by tracers and modeling exercises,
the presence of PFAAs in the pumping wells remains unexplained so far. The absolute
concentrations in water from pumping wells 1 and 2 were much lower than those obser-
ved in OW 1 and 2 (Table 2) (however still higher than the LOQ which was based on the
av. field blank plus 10 times the stdev of the field blanks). The relative abundance pat-
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terns observed in OW1-fo4 to fo6 do show similarity with the PFAAs relative abundance
pattern in the pumping wells 1 and 2 (Figure 3F). Since the hydrological modeling that
predicts that the breakthrough of landfill contaminated water in the PWSF is estimated
to occur after 2026 (see 3.2.3), the landfill is not expected to be the source of the ob-
served profile in Figure 3G. Although the pumping wells 3 to 5 were selected as refe-
rence because the aquifers were not suspected to be in contact with the known sources
in the area, we did encounter low concentrations of PFAAs (Table 2). Since the PWSF
and its surroundings (including military camp and ribbon development) are exclusively
recharged by atmospheric input, possibly the infiltration of diffusely contaminated rain-
water such as observed by (Armitage et al., 2009; Eschauzier et al., 2010) gives rise to
background concentrations encountered in the pumping wells. Atmospheric deposition
of PFBA, PFHXA and PFOA and subsequent infiltration is a possible explanation for the
observed PFAA. Possibly, infiltration of street runoff into the underground contributed to
the background PFAAs contamination as well as potentially leaking sewer pipes, both
sources were observed before (Murakami et al. 2009b). Although it is difficult to diffe-
rentiate between these three diffuse sources it can be stated that urban ribbon develop-
ment is relatively small in surface area compared to the size of the infiltration area.
This is an important conclusion regarding diffuse background contamination from atmos-
pheric deposition. The possibility of an atmospheric source of PFAAs is corroborated by
the age of the water in the pumping wells sampled, where 20 to 30 % of the water
pumped by the pumping wells had a calculated water age of 20 to 30 years. Since
PFAAs have been produced for over 50 years, atmospheric transport, deposition and
subsequent infiltration may be responsible for the low background concentrations en-
countered in reference pumping wells 3 and 5. Another possible explanation for the
background contamination is the presence of fluoropolymer or PFAAs containing sam-
pling materials which leach out PFAAs in the water sampled. However, leaching tests
with new polytetrafluoroethylene and polyvinylidene fluoride tubes (both containing
fluoropolymers) have shown that the potential amount leached from tubing at environ-
mentally relevant temperatures is very low (<1 pg/m of tube) (Eschauzier et al., 2013).
Tubings used for the pumping wells and observation wells consist of polyvinylchloride
and are not expected to contain PFAAs The use of field blanks accounted for possible
contamination present in the containers (not likely since containers were new and pre-
washed with MeOH and the sampled water three times each).

3.3.3 Impact on drinking water quality

A “back on the envelope calculation” shows that for the drinking water at the pumping
station the concentrations will rise in the future. With a maximum of 0.3% of the total
production water from all pumping wells originating from the landfill, a concentration of
about 0.003 x 4371 ng.L* = 13 ng.L* would be expected, in case that 0.3 % of leachate
could be mixed with groundwater on volume basis, in the drinking water (4371 ng.L* is
the sum PFAAs in OW1 fo3). This is higher than the concentrations encountered currently
in the pumping wells, yet still in the same range as average concentrations observed in
drinking water in the Netherlands (Noorlander et al., 2011). However, this small exercise
shows that the future PFAAs concentrations in the groundwater will totally depend on
the 0.3% number and calculated concentration should therefore be taken as indicative.
Breakthrough of the leachate is expected around 2026, though retardation of the longer
chained compounds (e.g. PFOA) may cause these compounds to breakthrough later. Alt-
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hough the Netherlands do not have guideline values for the presence of PFAAs, these
concentrations remain well under the German safe lifelong exposure provisional guide-
line value (300 ng/L for the sum of PFOA and PFOS) (TWK, 2006).

The importance of groundwater contamination by “former” landfills in The Netherlands
is difficult to assess since no large scale sampling campaign has taken place. In The Ne-
therlands only, more than 1000 former landfills are present with some 5o of them pre-
sent in the vicinity of groundwater abstraction areas. Since 60% of the drinking water is
produced from groundwater in The Netherlands, it is possible that more sources are, or
will become impacted. Only one small sampling campaign (n=5) showed the presence of
68 and 44 ng/L of PFOA in groundwater used for drinking water production at two loca-
tions. In Germany, Bavaria where different large sampling campaigns (2n=97) were car-
ried out in suspected areas the overall levels of contamination were found to be low in
general (Eschauzier et al., 2012b). The relative importance of groundwater contamination
compared to surface water contamination from WWTP with respect to overall contamina-
tion of drinking water is hard to assess since little data are available. However, the tre-
atment of drinking water produced from surface water is more thorough than water
produced from groundwater. As such PFAA present in groundwater will more likely end
in the drinking water than PFAAs present in surface water.

In the PSWF under study, the high leakage of PFAAs from the nearby landfill was not li-
kely to cause problems in the drinking water, due to strong dilution in the pumped
water and long travel time in the aquifer. Future work will have to include the sampling
of groundwater having no recent anthropogenic impact (older than 100 years) as an ap-
propriate reference material.

3.4 Conclusions
The presence of different sources of PFAAs and its repercussion for the groundwater
quality and, ultimately drinking water quality were demonstrated in the present study.
We identified a former landfill and a military camp / urban area as important, direct
sources of PFAAs contamination in groundwater. The use of inorganic and organic tra-
cers proved to be a valuable tool in assessing the sources of PFAAs. After breakthrough
of the landfill leachate, the sum concentration of PFAAs in the drinking water produced
at the PSWF will amount some 13 ng.L*. This is in the same range as current average
concentrations of PFAAs observed in drinking water in the Netherlands.

Supporting Information

Supplementary data to this chapter can be found online at:
http://dx.doi.org/10.1016/].scitotenv.2013.04.066.
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