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Fourteen perfluoroalkyl substances (PFASs) including short-chain perfluorocarboxylates (PFCAs, C4–C6) and
perfluoroalkane sulfonates (PFSAs, C4 and C6) were measured in surface sediment samples from 26 stations
collected in 2008 and sediment core samples from three stations (Niagara, Mississauga, and Rochester basins) col-
lected in 2006 in Lake Ontario. Perfluorooctanesulfonate (PFOS), perfluorooctanoate (PFOA), perfluorononanoate
(PFNA), perfluorodecanoate (PFDA), and perfluoroundecanoate (PFUnDA)were detected in all 26 surface sediment
samples, whereas perfluorohexane sulfonate (PFHxS), perfluorooctane sulfonamide (FOSA), perfluorododecanoate
(PFDoDA) and perfluorobutanoate (PFBA) were detected in over 70% of the surface sediment samples. PFOS
was detected in all of the sediment core samples (range: 0.492–30.1 ng g−1 d.w.) over the period 1952–
2005. The C8 to C11 PFCAs, FOSA, and PFBA increased in early 1970s. An overall increasing trend in sedi-
ment PFAS concentrations/fluxes from older to more recently deposited sediments was evident in the
three sediment cores. The known PFCAs and PFSAs accounted for 2–44% of the anionic fraction of the
extractable organic fluorine in surface sediment, suggesting that a large proportion of fluorine in this frac-
tion remained unknown. Sediment core samples collected from Niagara basin showed an increase in
unidentified organic fluorine in recent years (1995–2006). These results suggest that the use and manufac-
ture of fluorinated organic compounds other than known PFCAs and PFSAs has diversified and increased.

© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Polyfluoroalkyl/perfluoroalkyl substances (PFASs) are widely used
anthropogenic chemicals. These chemicals are produced via two major
manufacturing processes: electrochemical fluorination (ECF) since
1947 and telomerization since 1970 (Kissa, 2001). A mixture of linear,
branched and cyclic perfluorooctanesulfonyl fluoride (POSF) with
various carbon chain lengths is produced as the major ECF products
(3M, 1999; Kissa, 2001); while telomerization yields a mixture with
typically linear and even-numbered perfluorocarbon chains, although
branched and odd chain products are possible if the starting materials
are in this form. The strength of the carbon-fluorine bond accounts for
the thermal and chemical stability of these compounds, rendering many
of the PFASs (e.g., perfluorinated acids) resistant to hydrolysis, photolysis,
biodegradation, and metabolism. These unique properties resulted in
production for industrial and consumer applications, imparting them
iversity of Toronto, 80 St George
36; fax: +1 416 978 1631.
ng).
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excellent surfactants, water- or stain-proofing agents, grease or water re-
sistant paper packaging materials (3M, 1999; Kissa, 2001; Korzeniowski,
2012). However, since the discovery of elevated perfluorooctane sulfo-
nate (PFOS) in human and wildlife tissues (Giesy and Kannan, 2001),
PFASs have been subjected to many monitoring studies. Detection of
these compounds in major oceans (Benskin et al., 2012a; Yamashita
et al., 2005, 2008), Arctic icecaps (Kwok et al., 2013; Young et al., 2007),
in Arctic wildlife (Butt et al., 2007, 2010; Young et al., 2007), and in
human tissues (Kannan et al., 2004; Yeung et al., 2013a, 2013b) has illus-
trated their global distribution and bioaccumulation.

Due to environmental concerns (persistence and toxicity), POSF-/
ECF-based production by the 3M Company, one of the major fluoro-
chemical manufacturing companies, ceased in 2001/2002 (3M, 1998).
In 2006, eight major fluorochemical manufacturers agreed to partici-
pate in the perfluorooctanoate (PFOA) Stewardship program proposed
by the USEPA (US EPA, 2006). The participants committed to 1) have
a 95% reduction, measured from a year 2000 baseline, in emission of
PFOA, precursor chemicals that can break down to PFOA, and related
higher homologue chemicals by 2010; and 2) eliminate the production
of these chemicals by 2015. In Canada, PFOS-related compounds have
been declared toxic under the Canadian Environmental Protection Act

http://crossmark.crossref.org/dialog/?doi=10.1016/j.envint.2013.06.026&domain=pdf
http://dx.doi.org/10.1016/j.envint.2013.06.026
mailto:lyeung@chem.utoronto.ca
http://dx.doi.org/10.1016/j.envint.2013.06.026
http://www.sciencedirect.com/science/journal/01604120
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(Canada Gazette 2008). In May 2009, PFOS and related salts were in-
cluded on the global list of persistent organic pollutants (POPs) under
the Stockholm Convention. However, PFOS and POSF were listed in
Annex B of the Convention, allowing the production and use of PFOS
for many applications.

A studyof PFAS concentrations in 38Canadian rivers and creeks across
Canada showed that PFOS values ranged from b0.02 to 34.6 ng L−1 and
that the highest concentrations occurred in waters downstream of areas
with high population density (Scott et al., 2009). Another studyhas inves-
tigated the PFAS concentrations and biomagnification in the Lake Ontario
food web (Martin et al., 2004). In that study 10-fold higher PFAS concen-
trations were found in the benthic invertebrate, Diporeia, compared to
Mysis, a predominantly pelagic feeder. Their findings suggest that sedi-
ment was a major source of PFAS to this food web as opposed to water.

Elevated PFOS concentrationswere found in Etobicoke Creek, Ontario,
following a spill of aqueous film forming foams (AFFFs) at Toronto's
airport (Moody et al., 2002). Elevated PFOS in the Welland River, near
Hamilton airport, may also have reached Lake Ontario (de Solla et al.,
2012). A recent study has investigated different fluorinated compounds
present in commercially available AFFFs (Weiner et al., submitted for
publication). The results showed that the known PFASs (e.g., C4–C14
perfluorocarboxylates (PFCAs), C4, C6, C8, C10 perfluorosulfonates
(PFSAs)) accounted for 0.04–54% of the total organic fluorine in the
foam samples,which suggested the presence of unidentified organicfluo-
rine present in commercially available AFFFs. Sediment has been sug-
gested as an important sink and reservoir of POPs, and it is also
suggested to be a sink for long-chain PFASs. This unidentified organic
fluorine may also be absorbed or adsorbed onto sediment. More impor-
tantly, a recent study has demonstrated the trophic biomagnifications of
unidentified organic fluorine in a sub-tropical food web (Loi et al.,
2011). It is thus pertinent to evaluate the extent of pollution in Lake On-
tario bymeasuring both PFAS and extractable organic fluorine concentra-
tions in sediment.

A recent study provided the first results of PFAS (C6, C8 and C10
PFSAs, FOSA, and C7–C11 PFCAs) concentrations in surface sediment
and sediment core samples from Lake Ontario (Myers et al., 2012).
The objectives of the present study were, firstly, to re-analyze some of
the surface sediment and sediment core samples from three stations in
the previous study (Niagara, Mississauga, and Rochester basins in Lake
Ontario) for a wider suite of PFASs including short-chain PFCAs (C4–C6)
and PFSAs (C4) to give a more comprehensive picture of PFAS pollution
profiles; and secondly, to evaluate the extent of unidentified organic fluo-
rine, if any, in the samples using combustion ion chromatography (CIC) to
better understand the source(s) of contamination (Miyake et al., 2007).

2. Materials and methods

2.1. Standards and chemicals

Perfluorobutanoate (PFBA), perfluoropentanoate (PFPeA), perfluo-
rohexanoate (PFHxA), perfluoroheptanoate (PFHpA), PFOA, perfluo-
rononanoate (PFNA), perfluorodecanoate (PFDA), perfluoroundecanoate
(PFUnDA), perfluorododecanoate (PFDoDA), 13C2-PFBA, 13C2-PFHxA,
13C4-PFOA, 13C5-PFNA, 13C2-PFDA, 13C2-PFUnDA, 13C2-PFDoDA, perfluo-
rooctanesulfonamide (FOSA), potassium salts of perfluorobutane sulfo-
nate (PFBS), PFOS and 13C4 PFOS, sodium salts of perfluorodecane
sulfonate (PFDS), perfluorohexane sulfonate (PFHxS) and 18O2-PFHxS,
were purchased from the Wellington Laboratories (Guelph, ON). The
purity of all standards was over 98%. Sodium fluoride (99%) and
methanesulfonic acid were obtained from Wako Pure Chemical Indus-
tries (Osaka, Japan). Methanol (MeOH, LCMS grade), methyl-tert-butyl
ether (MTBE, Omnisolv, N99%), ammonium acetate (N99%), and ammo-
nia (NH3, 30%), hydrochloric acid (HCl, 37%), sodium hydroxide
(NaOH, N99%), and acetic acid (N95%) were acquired from EMD
Chemicals Inc. (Mississauga, ON). OASIS solid phase extraction-weak
anion exchange (SPE-WAX) cartridge (6 cm3, 150 mg, 30 μm) was
purchased from Waters Corporation (Milford, MA). ENVI-Carb graphi-
tized carbon (100 mg) was purchased from Supelco (Supelco,
Bellefonte, PA). Milli-Q water was used throughout the study.

2.2. Sample collection

Lake Ontario surface sediments (top 3 cm) were collected by Envi-
ronment Canada (EC) personnel using a mini box corer in November
in 2008. Sediment cores (10 cm diameter, 35 cm long) were obtained
each of the 3 major depositional basins by EC personnel on board the
Canadian Coast Guard ship (CCGS) Limnos using a large box core in
July 2006. The details of the sampling campaign can be found elsewhere
(Myers et al., 2012). In this study, surface sediment samples from 26
stations and sediment core samples from 3 stations were analyzed
(Supplementary Information (SI) Fig. S1). Approximately 1 g (dryweight
(d.w.)) was used for PFAS analysis.

2.3. Dating of the sediment core and flux calculation

Radiometric dating of the cores was conducted by EC (Aquatic Con-
taminants Research Division, Burlington, ON) bymeasuring the specific
activities of 210Pb using the polonium distillation procedure and alpha
counting; the counting was conducted using an alpha spectrometer
(Eakins and Morrison, 1978). The 210Pb activity profile of the sediment
core was used to determine the sedimentation rate using the constant
rate of supply (CRS) model (Oldfield and Appleby, 1984), which gave
mass sedimentation rates ranging from 0.020 to 0.069 g cm−2 yr−1

among the three stations (SI Table S1). Focusing factors of the three de-
positional basins were calculated as the ratio of the accumulated 210Pb
activity (unsupported 210Pb inventory) to that expected from regional
atmosphere input (Simcik et al., 1996). The focusing factors for stations
1004, 1034, and 1046 were calculated as 1.1, 1.4, and 1.3, respectively
(SI). The flux was calculated using Eq. (1); this approach has been
used in similar studies (Qiu et al., 2007; Wong et al., 1995).

Fluxi ¼
CiR
FF

ð1Þ

where,

Fluxi the flux in sediment segment 1 (ng cm−2 yr−1)
Ci the analyte concentration in sediment segment i (ng g−1 d.w.)
R the sedimentation rate as calculated by the CRS model

(g cm−2 yr−1)
FF the focusing factor.

2.4. Sample extraction

Surface sediment sampleswere extracted in triplicate,while sediment
core samples were extracted in duplicate. Internal standards were only
spiked onto one of the replicates before alkaline digestion. Both spiked
and non-spiked samples were analyzed for PFASs, whereas only the
non-spiked samples are applicable for extractable organic fluorine analy-
sis. The schematic diagram for the extraction is given in the SI Fig. S2. In
brief, 1 g sediment was mixed with 2 mL of 200 mM NaOH in MeOH
and sonicated for 30 min. Then, 20 mL of MeOH was added to the mix-
ture and then shaken at 250 rpm for 30 min. After that, 0.05 mL of 4 M
HCl was added. The sediment and the methanol extract were separated
by centrifugation at 6000 rpm for 15 min. The supernatant was trans-
ferred into a new 50 mL polypropylene (PP) tube. The above procedures
were repeated except that 10 mL of MeOH was used instead of 20 mL.
The total volume of the final extract was 30 mL of MeOH. 10 mL of the
extract was used for further analysis. The 10 mL of MeOH extract was
then reduced to 3 mL under a gentle stream of high purity nitrogen gas
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for further Envi-Carb cleanup. In brief, the Envi-Carb cartridge was first
preconditioned with 3× 1 mL of MeOH, after which the extract was
loaded while collecting the eluant. The cartridge was further washed
by applying 3× 1 mL of MeOH. The combined 6 mL of extract was re-
duced to 0.5 mL for further solid phase extraction (SPE-WAX) cleanup.
The SPE-WAX method followed published method (Taniyasu et al.,
2005) with some modifications for total fluorine analysis (Miyake
et al., 2007). In brief, the SPE-WAX cartridge was preconditioned by
passing through 4 mL of 0.1% NH4OH in MeOH, 4 mL of MeOH, and
4 mL of MilliQ water in sequence. After that, 0.5 mL of the extract was
diluted with 10 mL of water and the diluted extract was applied onto
the cartridge. After applying the sample, the cartridge was washed
with 20 mL of 0.01% NH4OH in MilliQ water, followed by 3× 10 mL of
MilliQ to remove inorganic fluorine. The cartridge was then washed
with ammonium acetate buffer solution and dried under vacuum for
10 min. Neutral compounds were first eluted with 4 mL of MeOH, and
then anionic PFASs were eluted with 4 mL of 0.1% NH4OH in MeOH.
The eluates were concentrated to 0.5 mL under a gentle stream of
high purity nitrogen gas before instrumental analysis.

2.5. Instrumental analysis

2.5.1. PFAS
Separation and quantification of PFASs were performed using a

high performance liquid chromatograph-tandemmass spectrometer
(HPLC-MS/MS), composed of an HP1200 liquid chromatograph
(Agilent Technologies, Palo Alto, CA) interfaced with a ABS/MDS
Sciex 4000 triple quadrupole mass spectrometer (AB Sciex, Concord,
ON) and operated in the electro-spray negative ionization mode. Two
injection methods were used for the separations and quantifications of
C4–C5 PFCAs and C6–C12 PFASs, respectively. A 10 μL aliquot of the ex-
tract was injected onto an ion exchange column, RSpak JJ-50 2D column
(2.0 mm i.d. × 150 mm length, 5 μm; Shodex, Showa Denko K.K., Kawa-
saki, Japan) with 50 mM ammonium acetate and methanol as mobile
phases for the separation and quantification of C4–C5 PFCAs; other
PFASswere alsomonitored, but the results were used to confirm the con-
centrations measured from another column. The rest of the PFASs were
quantified by injecting the same extract onto a Gemini C18 LC column
(2.1 mm i.d. × 50 mm length, 3 μm, Phenomenex, Torrance, CA) with
2 mM ammonium acetate aqueous solution and MeOH as the mobile
phases. The details of the MS/MS conditions including the collision ener-
gies, cone voltages andMS/MS parameters for optimizing the instrument
were similar to those reported elsewhere (Scott et al., 2009).

2.5.2. Extractable organic fluorine (EOF)
The anionic fraction of the eluate from the WAX of the non-spiked

samples was subjected to CIC for EOF analysis, described in an earlier
study (Loi et al., 2011). EOF was determined using modified CIC, by
the combination of an automated combustion unit (AQF-100; Dia
Instruments Co., Ltd.) and an ion chromatography system (ICS-3000
type AIST; Dionex Corp., Sunnyvale, CA). 100 μL of the sample extracts
was set on a silica boat and placed into a furnace at 900–1000 °C for
combustion. During combustion, all the organic fluorine was converted
into HF. The HF was absorbed into NaOH solution (0.2 mmol L−1).
The concentration of F− in the solution was analyzed using ion
chromatography.

2.6. Quality assurance and quality control

Procedural blank and recoveries, and matrix recoveries, duplicate/
triplicate analysis were conducted as the QA/QC measures. Procedural
blanks were analyzed for every batch of samples and procedural recov-
eries were conducted to check the accuracy of the method. PFAS con-
centrations were quantified using external calibration curves. The
external calibration curves were constructed using a concentration
series of 10, 50, 200, 1000, 5000, and 20000 pg mL−1. The standard
calibration curves showed strong linearity with correlation coefficients
N0.99 for which the deviation of each calibration point was less than
20% from its theoretical value from the regression line. The linearity
and repeatability of these calibration curves were confirmed prior to
each set of determinations. If the concentrations of the quality control
standards were not measured within ±20% of their corresponding
theoretical values, a new calibration curve was prepared. LOQs were
defined as the lowest amount of the PFAS concentrations that can be
quantitatively determined with S/N ratio greater than 10.

PFAS levels in all procedural blanks were below the corresponding
LOQs, and the procedural recoveries ranged from 68 to 105%
(SI Table S2). Matrix recoveries using real sediment samples ranged
from 70 to 97% (SI Table S2). The relative standard deviations (RSDs)
among the triplicate analysis were less than 10%, and the standard devi-
ations (SDs) of the PFAS (C6–C12 PFASs) concentrations between the
two columns were less than 30% of the measured concentrations.
PFAS concentrations in samples were reported with the average value
of the duplicate/triplicate, but were not corrected for the recoveries.

Sodium fluoridewas used as a standard for quantification of fluoride
in total fluorine analysis by CIC. A five-point calibration curve at 0.2, 1, 5,
25, and 100 mg L−1 standards was prepared, and 1.5 mL of each stan-
dardwas injected to check for linearity of the instrument. Quantification
was based on the response of the external standards that bracketed the
concentrations found in the samples. The analytical parameters/
conditions of the ion chromatography were given elsewhere (Miyake
et al., 2007). All solutions were prepared in Milli-Q water, and the fluo-
ride concentration in the Milli-Q water was b0.025 μg L−1. Fluoride
concentration in methanol was below limit of quantification (LOQ,
10 ng mL−1). Analysis of EOF was conducted in duplicate for surface
sediment and as a single analysis for sediment cores. Combustion blanks
and inter-day sample injections (RSDs b 30%, n = 6) were conducted
to check for the levels of contamination and the overall instrument
stability.

2.7. Statistical analysis

Spearman Rank correlation analysis was used to assess the relation-
ship among PFASs as well as PFASs and EOF. Principal component anal-
ysis (PCA) was used to understand multivariate data between samples
and the covariance between variables from a datamatrix. In the present
study, PFAS data for PCA were preprocessed by subtracting the average
concentration of that PFAS and then dividing by the standard deviation
of that PFAS. Half of the LOQ valuewas usedwhen a particular PFASwas
below its LOQ to compute the data matrix. PFHxA, PFDS, and PFBS were
not used for PCA as only the few samples showed detectable concentra-
tion. PCA was performed using a correlation matrix with a varimax
rotation. The hierarchical tree cluster was constructed using the same
datamatrix. All the statistical analyses were performedwith Statistica 10.

3. Results and discussion

In total, 26 surface sediment and sediment core samples from three
stations in Lake Ontario were analyzed for 14 PFASs (C4, C6, C8, C10
PFSAs, FOSA, and C4–C12 PFCAs) (SI Table S3). Myers et al. (2012)
presentedmeasurements of a smaller suite of PFASs in the same surface
sediment and core samples, C7–C11 PFCAs, C6, C8 and C10 PFSAs, and
FOSA. The present study extended the measurement of PFASs to short-
chain PFCAs (C4–C6) and PFSAs (C4), and also evaluated the fluorine
content of the anionic fraction of the EOF in sediment samples. This can
provide a more comprehensive understanding of organic fluorine con-
tamination in sediment from Lake Ontario.

3.1. PFAS concentrations in sediment between studies

The PFAS concentrations measured in the present study were, in
general, higher (1.5–2.2 fold) than those of the previous study for the
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same samples (Myers et al., 2012). There are several possible reasons for
thediscrepancy, such as samplepretreatments, extraction, and calibration
methods, as well as analytical standards. In the present study, alkaline
digestion was employed before extraction, whereas the previous study
did not employ any sample pretreatment. Yoo et al. (2009) have com-
pared the PFAS concentrations in sludge using different combinations of
sample pretreatment, extraction, and clean-up methods. Higher quanti-
ties of PFAS were measured after alkaline digestion using NaOH, sug-
gesting this step is necessary to breakdown matrix components and/or
release bound PFAS. Furthermore, different extraction and calibration
methods were used between the present (MeOH extraction using exter-
nal calibration) and the previous study (either ion-pair or methanol ex-
tractions using internal calibration). These results point to the need to
establish standard reference materials for sediment in order to compare
the compatibility of the results across studies.

3.1.1. Known PFAS in surface sediment
In all surface sediment samples the detection frequency of PFOS,

PFHxS, and FOSA corresponded to 100, 92, and 65%, respectively. No
detectable PFDS and PFBS concentrations were found. PFSA, including
FOSA, comprised N65% of the total PFAS in the samples, except for station
725 where approximately 62% of PFAS were attributed to PFCA
(SI Fig. S3). Among the PFSA homologues, over 60% of the portion
was PFOS, except for station 5 inwhich FOSAwas dominant, accounting
for almost 80% (SI Fig. S4a).

Long-chain PFCAs (C8–C12) were a major proportion (over 80%) of
total PFCAs (SI Fig. S4b). Short-chain PFCAs (C4–C7) only accounted
for 0–21% of total PFCAs (SI Fig. S4b). PFHpA and PFBA were the most
detectable short-chain PFCAs with the detection frequency of 54% and
69%, respectively. PFPeA was detected in less than 30% of the samples
and only one sample had detectable PFHxA. The lowdetection frequency
and concentration for short-chain PFCAs in sediment samples are not
surprising because short-chain PFCAs are relatively hydrophilic com-
pared to long-chain PFCAs. Ahrens et al. (2009) have demonstrated dif-
ferent partitioning behaviors between long-chain and short-chain PFCAs
in sediment particles and pore water in sediment cores from Tokyo Bay.
Short-chain PFCAs diffused via pore water within the sediment column
instead of being retained by sediment particles.

3.1.2. Correlation analysis
Different PFAS compositions and spatial distributionswere observed

in surface sediment samples (SI Figs. S3–S5). The spatial differences in
PFAS concentrations in the samples might be due to discharge of PFAS
from tributaries or sewage treatment plants around the lake (Myers
et al., 2012). An earlier study has shown the importance of PFAS sources
from rivers around populated areas to the lake (Scott et al., 2009). Fur-
ther study should also evaluate the mass flow of PFAS input sewage
treatment plants to LakeOntario. Similar to other studies thatmeasured
PCDD/F and PCB concentrations in sediment (Marvin et al., 2003, 2007),
relatively higher PFOS concentrations were found in open lake sedi-
ments (depositional basin of Lake Ontario, e.g., sites 12, 19, 20, 26, 60)
than those in near shore samples (SI Figs. S3 and S5). The sediments
from open lake sites were characterized as fine-grained sediments
such as clay and silt (Marvin et al., 2004; Thomas et al., 1972). The positive
correlations between contaminants and fine-grained sediments com-
binedwith current regimes and sediment particle focusing result in great-
er accumulation in deep-water depositional areas. Significant positive
correlations (p b 0.05) were found among different PFASs, except FOSA
which did not have any significant correlations with other PFASs
(SI Table S4). Significant positive correlations were found between
PFOS, PFHxS and long-chain PFCAs. Positive correlation between
PFOS and PFHxS was expected as PFHxS (the sulfonate form of
perfluorohexanesulfonyl fluoride, PHSF) is a residual by-product of
POSF-based production. Furthermore, PFOS and PHSFwere used as build-
ing blocks for compounds incorporated intoAFFFs used to extinguishfires
(Olsen et al., 2003). PFOA was also known to be a residual compound in
some POSF-based materials (Wendling, 2003), and it was therefore not
surprising to see significant positive correlations among PFOS, PFHxS,
and PFOA. The significant positive correlations between PFOS and long-
chain PFCAs suggested that these chemicals shared similar sources of
contamination. Significant positive correlations were observed among
PFCAs (PFDoDA, PFUnDA, PFDA, and PFNA; PFNA, PFOA, and PFHpA;
PFHpA and PFBA). The source of PFCAs might be coming from the degra-
dation of fluorotelomer precursors such as fluorotelomer alcohol (FTOH),
fluorotelomer sulfonate (FTSA). Dinglasan-Panlilio and Mabury (2006)
has demonstrated the production of PFOA, 8:2 fluorotelomer saturated
carboxylate (FTCA), and 8:2 fluorotelomer unsaturated carboxylate
(FTUCA) from 8:2 FTOH through an aerobic biodegradation in a mixed
microbial system. Under this scheme, different versions of FTOHs could
produce PFCAs, FTCAs, and FTUCAs with different chain lengths. Lee
et al. (2010) have also demonstrated the production of PFCAs via biodeg-
radation of polyfluoroalkyl phosphates in wastewater treatment sludge.

3.1.3. PCA and cluster analysis
The principal component score plot describing differences of PFAS

composition among surface sediments is shown in Fig. 1. The factor
loading values for each PFAS are shown in SI Table S5. Principal compo-
nent (PC) 1 explained 80.2% of the total variance, of which PFOS, PFHxS,
PFDA, PFNA, PFOA, PFHpA, PFPeA, and PFBA mostly contributed to PC1.
For PC 2 (10.2% of the total variance), FOSA and PFDoDA showed high
loadings on the factor. The principal component score plot (Fig. 1) sep-
arated sediment samples into several groups; group 1 represented the
samples from Niagara basin (sites 12, 19, 20, 26); group 2 represented
the samples from Mississauga basin (sites 40, 41, 42), groups 3 and 4
were consisted of samples from Rochester, Mississauga, and Kingston
basins; and sample 60 (from Rochester basin) was distinct from all of
these groups. The sample grouping patterns were interesting. Firstly,
the samples collected from open lake sites were separated from those
samples from near shore sites; secondly, groups 1 and 2 and sample
60 coming from different geographical regions were separated. There
were someunclear groups (groups 3 and4)where samples fromdifferent
geographical regions, both near shore and open lake were grouped
together. A hierarchical tree plot was constructed by tree clustering anal-
ysis using the same data matrix for PCA (Fig. 2). In the hierarchical tree
plot, each linkage aggregated those objects sharing similar elements to-
gether, larger and larger clusters were formed with increasing dissimilar
characteristics. Samples from nearby locations were clustered together;
for example samples 8 and 725, samples 12, 26, 19, and 20, samples 41
and 42, and samples 63 and 69 were in same cluster correspondingly,
and the plot also showed the degree of dissimilarity between sample clus-
ters; samples 12, 26, 19, and 20 were far away from samples 41 and 42
(Fig. 2). However, samples from different geographical regions such as
samples 6 and 28 and samples 72 and 95 were also clustered together.
A predominant counter-clockwise current results in particle-associated
contaminants entering the lake from the Niagara River being distributed
across the entire depositional area of Lake Ontario (Marvin et al., 2003).
However, results of the PCA would indicate that, in general, profiles of
some PFAS compounds in the individual lake basins are distinct. These re-
sults suggested that persistent PFCAs and PFSAs could be used as tracers
to track sources of contamination, and clusters or groupsmight be formed
when the circulation of the lake is also considered.

3.2. Known PFAS in sediment cores

In the present study, the same suite of PFASsmeasured in the previous
study (Myers et al., 2012), aswell as short-chain PFASs (C4–C5 PFCAs and
C4 PFSA) andC12PFCAweremeasured in sediment cores (SI Table S3), to
give more comprehensive PFAS temporal trends. Special attention is
neededwhen comparingmarket changes in PFAS use and the concentra-
tions observed in core samples, because a decreasing PFOS trend was
shown in suspended sediment from Niagara River but an increasing
trend was observed in core samples from lake basin locations after
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2000 (Myers et al., 2012). Biodegradation of precursor compounds may
alter concentrations some of the compounds over time. Detailed explana-
tion of the trends of these PFASs in the same sediment cores were pro-
posed by Myers et al. (2012). In brief, PFOS was observed throughout
all slices of the sediment cores. Long-chain PFCAs (C8–C10) and FOSA
were detected in the beginning of the 1970s. Detectable C12 PFCA and
C6 PFSA could only be measured in station 1004, situated in Niagara
basin. For short-chain PFASs, only PFBA was detected in all sediment
core samples since the late 1970s. Temporal fluxes of PFOS and PFOA
were similar, however, PFBA flux profiles were different from those of
PFOS and PFOA, and among the three sediment cores (Fig. 3, SI
Table S1). It is unclear whether the observed PFBA trends accurately
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reflect its temporal emission, because of its propensity to diffuse within
the sediment column via pore water (Ahrens et al., 2009) or due to deg-
radation of some fluorotelomer-based precursors. C12 PFCA from Station
1004 and other long chain PFCAs in the sediment cores showed increas-
ing concentrations in recent years (SI Table S3). Other PFAS monitoring
studies on human blood also show increasing concentrations in long-
chain PFCAs (C9–C11) in recent years (Olsen et al., 2012; Toms et al.,
2009; Yeung et al., 2013a). The reason(s) for the increase are not
known.While the production and emission of C8 PFCA and higher conge-
ners was reduced by 95% in 2010 from production and emission levels in
2000 (D'eon andMabury, 2011; Yeung et al., 2013a) there is likely con-
tinued release from in use products. Further work should look at the
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sediment concentrations in recent sediment core for the comparison on
the temporal trend with those human monitoring study because the
cores in the present study could only show the temporal variation of
PFASs up to 2005.

3.3. EOF

In the present study, the anionic fraction of EOF in the sediment and
core samples was measured using CIC. Measurements of the anionic
fraction of extractable organic fluorine give an idea of how much, if
any, unidentified organic fluorine, having similar physicochemical
properties as PFCA and PFSA, was present in the samples. Detectable
EOFwasmeasured inmost of the surface sediment samples and the con-
centrations ranged from b10 to 203 ng-F g−1 d.w. (SI Table S6, Fig. 4).
Similar to the PFCA and PFSA patterns, open lake sites (e.g., 60, 69)
also had higher EOF concentrations than those samples from near
shore samples (e.g., 72, 95). The known PFCAs and PFSAs accounted
for 2 to 44% of the EOF. The unidentified organic fluorine observed in
the present study contributed to a major proportion of the extractable
anionic organic fluorine in sediment. The results from correlation analy-
ses between EOF and PFASs (except FOSA) suggested that the un-
identified organic fluorine shared similar sources of contamination or
physicochemical characteristics to those of long-chain PFCAs or PFOS,
but not those of short-chain PFCAs or PFHxS (SI Table S7).
Unidentified organic fluorine has been shown in different biological
samples (e.g. human blood, wild rat blood, cetacean liver), and the
unidentified organic fluorine accounted for up to 95% of the EOF (Yeung
et al., 2008, 2009a, 2009b). A recent study has a negative relationship
between the amount of unidentified organic fluorine in biota in a sub-
tropical food web and their respective trophic levels (Loi et al., 2011).
Worms and gastropods, organisms occupying lower trophic levels and
living in the sediment, contained the greatest amount of unidentified
organic fluorine compared to fish that occupied higher trophic levels. A
previous study in Lake Ontario hypothesized that sediments might con-
tain some precursor and/or intermediate compounds of PFSA and PFCA
(Martin et al., 2004), because relatively higher PFCA/PFSA concentrations
were observed in benthic invertebrates such as Diporeia. The occurrence
of a large proportion of unidentified organic fluorine in lower trophic or-
ganismsmay be due to a limited capacity tometabolize/eliminate organic
fluorine from the body, and/or the organisms are exposed to sediment
rich in unidentified organic fluorine. Significant amounts of unidentified
organic fluorine were present in sediment, and this unidentified organic
fluorine could be the precursor and/or intermediate compounds of PFSA
and PFCA. Further work should evaluate the proportion of this precursor
and/or intermediate compounds in the unknown fraction.

The PFAS composition profiles together with the EOF results provide
complementary information in understanding the sources of pollution
(SI Fig. S6). Sites 26, 19, and 60 had similar PFAS composition profiles
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and levels, which suggested these samples have similar sources of con-
tamination. However, large differences in EOF suggested that there
were more sources of contamination for site 60 than for samples 26
and 19.

Among the 33 sediment slice samples from 3 sediment cores, only 7
of them showed detectable EOF (11.8–42.5 ng-F g−1 d.w.) (SI Table S8,
Fig. 5). Stations 1004 and 1034 appear to be receiving different sources
of EOF contamination: station 1004 is influenced by the discharge from
both the Toronto andwest end sources, while station 1034 is influenced
by discharge at the Niagara River and the chemical industry at Niagara
Falls, New York (Qiu et al., 2007). In station 1004, EOF increased be-
tween 1995 and 2005, whereas EOF decreased in station 1034. Known
PFCA and PFSA accounted for 10.8 to 22.6% of detectable EOF in station
1034, but 68.8 to 92.6% in station 1004. It is interesting and important to
see these differences, because they may suggest different sources of
contamination. While, PFOS was the major component of known
PFCAs and PFSAs for both stations 1034 (range: 67–74%) and 1004
(62–67%), the larger proportion of unidentified organic fluorine in the
samples from station 1034 (Fig. 5), suggests other sources of contami-
nation not related to PFOS. In the 1980s, Jaffe and Hites (1985) have re-
ported the detection of fluorinated biphenyls in sediment from Lake
Ontario; these fluorinated biphenyls might be part of the unidentified
organic fluorine in the sediment samples. At station 1004, the propor-
tion of unidentified organic fluorine to known PFSAs and PFCAs has be-
come larger in recent years. This observation suggested two things: 1)
more and more types of unidentified organic fluorine were used in re-
cent years (up to year 2005); and/or 2) therewere PFCA/PFSA precursor
compounds present in the sediment, and the degradation process of
these PFCA/PFSA precursor compounds took time to be transformed
into known PFSA and PFCA.

3.4. Implications

The results of the present and previous (Myers et al., 2012) studies
showed spatial PFAS variations in sediment and water samples from
Lake Ontario. These variations may be due to different inputs from the
rivers, creeks, and tributaries (Myers et al., 2012) as well as to atmo-
spheric inputs via precipitation (De Silva et al., 2011; Scott et al.,
2006a, 2006b). Short-chain PFCAs (C2–C7) have been detected in lake
water from Lake Ontario (Scott et al., 2006a) but have not been previ-
ously reported in sediment, therefore future monitoring should also in-
clude short-chain PFCAs in order to better understand the sources, fate
and transport of PFAS in Lake Ontario. Measurements of short-chain
PFCAs could give further information in source characterization (see re-
sults from PCA). The use of a larger suite of PFASmade this patternmore
recognizable. The PFAS composition profiles together with the EOF re-
sults help understand the sources of contamination better (SI Fig. S6).
Measuring both known PFASs and EOF has the potential to be a powerful
tool in tracking sources of perfluoro chemical contamination. The detec-
tion of unidentified organicfluorine in the sediment sampleswas not sur-
prising, as there are studies reporting unidentified organic fluorine in
commercial products such as in AFFFs (Place and Field, 2012; Weiner
et al., submitted for publication). Furthermore, there are studies
reporting some newly discovered fluorinated organic compounds
in the environment such as perfluorinated phosphinates (PFPiAs),
FTSAs, diPAPs, cyclic perfluoroalkyl sulfonates and perfluorooctane
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sulfonamidoethanol-based phosphate (SAmPAP) (Benskin et al.,
2012b; De Silva et al., 2011; Guo et al., 2012; Loi et al., 2013) These
fluorinated organic compounds are also anionic and have similar
fluorinated backbone as PFCAs and PFSAs; they may also be
extracted in the same manner. These compounds were not analyzed
in the present study; however, they might contribute to the
unidentified anionic organic fluorine. Future studies should also
look at these newly discovered fluorinated organic compounds
in order to better understand the unidentified organic fluorine.
Future work should not only aim to characterize or identify this
unidentified organic fluorine, but also to understand whether this
unidentified organic fluorine will degrade to persistent PFSAs or
PFCAs.

Acknowledgments

The work described in this paper was supported by Environment
Canada's Chemical Management Plan and by a grant from the National
Natural Science Foundation of China (No. 41276111). The authors
would like to thank Anne Myers (University of Toronto) for helping to
prepare themanuscript and Fan Yang (Environment Canada, Burlington
ON) for sediment core dating.

Appendix A. Supplementary data

Details on focusing factor, Supplementary Figures and Tables can be
found in the Supplementary Information.
Supplementary data to this article can be found online at http://dx.doi.
org/10.1016/j.envint.2013.06.026.
References

3M. Voluntary use and exposure information profile perfluorooctane sulfonamido ethyl
acetate, AR226–0578; 1998.

3M. The science of organic fluorochemistry. AR226-0527; 1999.
Ahrens L, YamashitaN, Yeung LWY, Taniyasu S, Horii Y, LamPKS, et al. Partitioning behavior

of per- and polyfluoroalkyl compounds between pore water and sediment in two
sediment cores from Tokyo Bay, Japan. Environ Sci Technol 2009;43:6969–75.

Benskin JP, Muir DCG, Scott BF, Spencer C, De Silva AO, Kylin H, et al. Perfluoroalkyl acids
in the Atlantic and Canadian Arctic Oceans. Environ Sci Technol 2012a;46:5815–23.

Benskin JP, IkonomouMG, Gobas FAPC,WoudnehMB, Cosgrove JR. Observation of a novel
PFOS-precursor, the perfluorooctane sulfonamido ethanol-based phosphate (SAmPAP)
diester, in marine sediments. Environ Sci Technol 2012b;46:6505–14.

Butt CM, Muir DCG, Stirling I, Kwan M, Mabury SA. Rapid response of Arctic ringed seals
to changes in perfluoroalkyl production. Environ Sci Technol 2007;41:42–9.

Butt CM, Berger U, Bossi R, Tomy GT. Levels and trends of poly- and perfluorinated com-
pounds in the arctic environment. Sci Total Environ 2010;408:2936–65.

D'eon JC, Mabury SA. Is indirect exposure a significant contributor to the burden of
perfluorinated acids observed in humans? Environ Sci Technol 2011;45:7974–84.

De Silva AO, Spencer C, Scott BF, Backus S, Muir DCG. Detection of a cyclic perfluorinated
acid, perfluoroethylcyclohexane sulfonate, in the Great Lakes of North America. Environ
Sci Technol 2011;45:8060–6.

de Solla SR, De Silva AO, Letcher RJ. Highly elevated levels of perfluorooctane sulfonate
and other perfluorinated acids found in biota and surface water downstream of an
international airport, Hamilton, Ontario, Canada. Environ Int 2012;39:19–26.

Dinglasan-Panlilio MJA, Mabury SA. Significant residual fluorinated alcohols present in
various fluorinated materials. Environ Sci Technol 2006;40:1447–53.

Eakins JD,Morrison RT. A newprocedure for determination of lead-210 in lake andmarine
sediments. Int J Appl Radiat Isot 1978;29:531–6.

Giesy JP, Kannan K. Global distribution of perfluorooctane sulfonate in wildlife. Environ
Sci Technol 2001;35:1339–42.

http://dx.doi.org/10.1016/j.envint.2013.06.026
http://dx.doi.org/10.1016/j.envint.2013.06.026
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0005
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0005
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0010
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0015
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0015
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0015
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0025
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0025
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0020
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0020
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0020
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0030
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0030
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0035
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0035
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0040
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0040
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0045
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0045
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0045
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0050
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0050
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0050
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0055
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0055
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0060
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0060
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0065
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0065


397L.W.Y. Yeung et al. / Environment International 59 (2013) 389–397
Guo R, Reiner EJ, Bhavsar SP, Helm PA, Mabury SA, Braekevelt E, et al. Determination of
polyfluoroalkyl phosphoric acid diesters, perfluoroalkyl phosphonic acids, perfluoroalkyl
phosphinic acids, perfluoroalkyl carboxylic acids, and perfluoroalkane sulfonic acids in
lake trout from the Great Lakes region. Anal Bioanal Chem 2012;404:2699–709.

Jaffe R, Hites RA. Identification of new, fluorinated biphenyls in the Niagara River-Lake
Ontario area. Environ Sci Technol 1985;19:736–40.

Kannan K, Corsolini S, Falandysz J, Fillmann G, Kumar KS, Loganathan BG, et al.
Perfluorooctanesulfonate and related fluorochemicals in human blood from several
countries. Environ Sci Technol 2004;38:4489–95.

Kissa E. Fluorinated surfactants and repellents. New York: Marcel Dekker; 2001.
Korzeniowski S. Fluorotelomer products in the environment — an update. 3rd Reebok

Foam Seminar. Bolton, United Kingdom. September 3, 2007. E.I. duPon de Nemours
& Co., Inc.; 2012

Kwok KY, Yamazaki E, Yamashita N, Taniyasu S, Murphy MB, Horii Y, et al. Transport of
perfluoroalkyl substances (PFAS) from an arctic glacier to downstream locations:
implications for sources. Sci Total Environ 2013;447:46–55.

Lee H, D'eon J, Mabury SA. Biodegradation of polyfluoroalkyl phosphates as a source of
perfluorinated acids to the environment. Environ Sci Technol 2010;44:3305–10.

Loi EIH, Yeung LWY, Taniyasu S, Lam PKS, Kannan K, Yamashita N. Trophic magnification
of poly- andperfluorinated compounds in a subtropical foodweb. Environ Sci Technol
2011;45:5506–13.

Loi EIH, Yeung LWY, Mabury SA, Lam PKS. Detections of commercial fluorosurfactants in
Hong Kong marine environment and human blood. Environ Sci Technol 2013;47:
4677–85.

Martin JW,Whittle DM, Muir DCG,Mabury SA. Perfluoroalkyl contaminants in a foodweb
from Lake Ontario. Environ Sci Technol 2004;38:5379–85.

Marvin CH, Charlton MN, Stern GA, Braekevelt E, Reiner E, Painter S. Spatial and
temporal trends in sediment contamination in Lake Ontario. J Great Lakes Res
2003;29:317–31.

Marvin C, Painter S, Rossmann R. Spatial and temporal patterns inmercury contamination
in sediments of the Laurentian Great Lakes. Environ Res 2004;95:351–62.

Marvin C, Williams D, Kuntz K, Klawunn P, Backus S, Kolic T, et al. Temporal trends in
polychlorinated dibenzo-p-dioxins and dibenzofurans, dioxin-like PCBs, and
polybrominateddiphenyl ethers inNiagara river suspended sediments. Chemosphere
2007;67:1808–15.

Miyake Y, Yamashita N, Rostkowski P, So MK, Taniyasu S, Lam PKS, et al. Determination of
trace levels of totalfluorine inwater using combustion ion chromatography forfluorine:
a mass balance approach to determine individual perfluorinated chemicals in
water. J Chromatogr A 2007;1143:98–104.

Moody CA, Martin JW, Kwan WC, Muir DCG, Mabury SA. Monitoring perfluorinated
surfactants in biota and surface water samples following an accidental release
of fire-fighting foam into Etobicoke Creek. Environ Sci Technol 2002;36:
545–51.

Myers AL, Crozier PW, Helm PA, Brimacombe C, Furdui VI, Reiner EJ, et al. Fate, distribu-
tion, and contrasting temporal trends of perfluoroalkyl substances (PFASs) in Lake
Ontario, Canada. Environ Int 2012;44:92–9.

Oldfield F, Appleby PG. Empirical testing of 210Pb dating models for lake sediments. Lake
Sediments and Environmental History. Minneapolis, MN: University of Minnesota
Press; 1984. p. 93–124.

Olsen GW, Hansen KJ, Stevenson LA, Burris JM, Mandel JH. Human donor liver and serum
concentrations of perfluorooctanesulfonate and other perfluorochemicals. Environ
Sci Technol 2003;37:888–91.

OlsenGW, Lange CC, EllefsonME,Mair DC, Church TR, Goldberg CL, et al. Temporal trends of
perfluoroalkyl concentrations in American Red Cross adult blood donors, 2000–2010.
Environ Sci Technol 2012;46:6330–8.

Place BJ, Field JA. Identification of novel fluorochemicals in aqueous film-forming foams
used by the US military. Environ Sci Technol 2012;46:7120–7.

Qiu X, Marvin CH, Hites RA. Dechlorane plus and other flame retardants in a sediment
core from Lake Ontario. Environ Sci Technol 2007;41:6014–9.
Scott BF, Moody CA, Spencer C, Small JM, Muir DCG, Mabury SA. Analysis for
perfluorocarboxylic acids/anions in surface waters and precipitation using GC–MS
and analysis of PFOA from large-volume samples. Environ Sci Technol 2006a;40:
6405–10.

Scott BF, Spencer C, Mabury SA, Muir DCG. Poly and perfluorinated carboxylates in North
American precipitation. Environ Sci Technol 2006b;40:7167–74.

Scott BF, Spencer C, Muir DCG. Perfluorinated alkyl acid concentrations in Canadian rivers
and creeks. Water Qual Res J Can 2009;44:263–77.

Simcik MF, Eisenreich SJ, Golden KA, Liu S-P, Lipiatou E, Swackhamer DL, et al. Atmo-
spheric loading of polycyclic aromatic hydrocarbons to Lake Michigan as recorded
in the sediments. Environ Sci Technol 1996;30:3039–46.

Taniyasu S, Kannan K, So MK, Gulkowska A, Sinclair E, Okazawa T, et al. Analysis of
fluorotelomer alcohols, fluorotelomer acids, and short- and long-chain perfluorinated
acids in water and biota. J Chromatogr A 2005;1093:89–97.

Thomas RL, Kemp ALW, Lewis CFM. Distribution, composition and characteristics of the
surficial sediments of Lake Ontario. J Sediment Res 1972;42:66–84.

Toms L-ML, Calafat AM, Kato K, Thompson J, Harden F, Hobson P, et al. Polyfluoroalkyl
chemicals in pooled blood serum from infants, children, and adults in Australia. Environ
Sci Technol 2009;43:4194–9.

US EPA. 2010/2015 PFOA stewardship program; 2006.
Weiner B, Yeung LWY, Marchington EB, D'Agostino LA, Mabury SA. Organic fluorine

content in aqueous film forming foams and biotransformation of the foam
component 6:2 fluorotelomermercaptoalkylamido sulfonate. (6:2 FTSAS). Envi-
ron Chem 2013. (submitted for publication).

Wendling L. Environmental health and safety measures relating to perfluorooctanoic acid
and its salts (PFOA). 3 M correspondence to US EPA Office of prevention, pesticides
and toxic substances. St. Paul, MN: 3M Company. U.S. Environmental Protection
Agency docket AR-226-1303.Washington, DC: U.S. Environmental Protection Agency;
2003.

Wong CS, Sanders G, EngstromDR, LongDT, Swackhamer DL, Eisenreich SJ. Accumulation,
inventory, and diagenesis of chlorinated hydrocarbons in lake ontario sediments.
Environ Sci Technol 1995;29:2661–72.

Yamashita N, Kannan K, Taniyasu S, Horii Y, Petrick G, Gamo T. A global survey of
perfluorinated acids in oceans. Mar Pollut Bull 2005;51:658–68.

Yamashita N, Taniyasu S, Petrick G, Wei S, Gamo T, Lam PKS, et al. Perfluorinated acids as
novel chemical tracers of global circulation of ocean waters. Chemosphere 2008;70:
1247–55.

Yeung LWY, Miyake Y, Taniyasu S, Wang Y, Yu H, So MK, et al. Perfluorinated compounds
and total andextractable organicfluorine inhumanblood samples fromChina. Environ
Sci Technol 2008;42:8140–5.

Yeung LWY, Miyake Y, Li P, Taniyasu S, Kannan K, Guruge KS, et al. Comparison of total
fluorine, extractable organic fluorine and perfluorinated compounds in the blood of
wild and pefluorooctanoate (PFOA)-exposed rats: evidence for the presence of
other organofluorine compounds. Anal Chim Acta 2009a;635:108–14.

Yeung LWY, Miyake Y,Wang Y, Taniyasu S, Yamashita N, Lam PKS. Total fluorine, extract-
able organic fluorine, perfluorooctane sulfonate and other related fluorochemicals in
liver of Indo-Pacific humpback dolphins (Sousa chinensis) and finless porpoises
(Neophocaena phocaenoides) from South China. Environ Pollut 2009b;157:17–23.

Yeung LWY, Robinson SJ, Koschorreck J, Mabury SA. Part I. A temporal study of PFCA and
its precursors in human plasma from two German cities 1982–2009. Environ Sci
Technol 2013a;47:3865–74.

Yeung LWY, Robinson SJ, Koschorreck J, Mabury SA. Part II. A temporal study of PFOS and
its precursors in human plasma from two German cities in 1982–2009. Environ Sci
Technol 2013b;47:3875–82.

Yoo H,Washington JW, Jenkins TM, Laurence Libelo E. Analysis of perfluorinated chemicals
in sludge:method development and initial results. J Chromatogr A 2009;1216:7831–9.

Young CJ, Furdui VI, Franklin J, Koerner RM, Muir DCG, Mabury SA. Perfluorinated acids in
Arctic snow: new evidence for atmospheric formation. Environ Sci Technol 2007;41:
3455–61.

http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0070
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0070
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0070
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0070
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0075
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0075
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0080
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0080
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0085
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0275
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0275
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0275
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0095
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0095
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0095
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0100
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0100
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0105
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0105
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0105
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0110
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0110
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0110
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0115
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0115
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0120
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0120
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0120
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0125
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0125
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0130
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0130
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0130
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0130
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0135
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0135
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0135
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0135
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0140
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0140
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0140
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0140
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0145
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0145
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0145
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0150
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0150
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0150
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0155
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0155
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0155
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0160
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0160
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0160
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0165
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0165
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0170
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0170
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0175
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0175
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0175
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0175
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0180
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0180
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0185
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0185
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0190
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0190
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0190
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0195
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0195
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0195
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0200
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0200
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0205
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0205
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0205
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0210
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0215
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0215
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0215
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0215
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0220
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0220
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0220
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0220
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0220
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0225
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0225
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0225
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0230
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0230
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0235
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0235
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0235
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0240
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0240
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0240
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0245
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0245
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0245
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0245
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0250
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0250
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0250
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0250
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0255
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0255
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0255
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0260
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0260
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0260
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0265
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0265
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0270
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0270
http://refhub.elsevier.com/S0160-4120(13)00148-7/rf0270

	Perfluoroalkyl substances and extractable organic fluorine in surface sediments and cores from Lake Ontario
	1. Introduction
	2. Materials and methods
	2.1. Standards and chemicals
	2.2. Sample collection
	2.3. Dating of the sediment core and flux calculation
	2.4. Sample extraction
	2.5. Instrumental analysis
	2.5.1. PFAS
	2.5.2. Extractable organic fluorine (EOF)

	2.6. Quality assurance and quality control
	2.7. Statistical analysis

	3. Results and discussion
	3.1. PFAS concentrations in sediment between studies
	3.1.1. Known PFAS in surface sediment
	3.1.2. Correlation analysis
	3.1.3. PCA and cluster analysis

	3.2. Known PFAS in sediment cores
	3.3. EOF
	3.4. Implications

	Acknowledgments
	Appendix A. Supplementary data
	References


