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NOTE TO READERS

The Canadian Council of Ministers of the Environment (CCME) is the primary minister-led
intergovernmental forum for collective action on environmental issues of national and
international concern.

This scientific criteria document provides the background information and rationale for the
development of Canadian Environmental Soil and Groundwater Quality Guidelines for
perfluorooctane sulfonate (PFOS). The information in this document is current as of 2017, when
the document was last revised and updated. For further technical information regarding these
guidelines, please contact:

Environment and Climate Change Canada

Place Vincent Massey

351 Saint-Joseph Boulevard, 61 floor Annex

Gatineau, QC K1A OH3

Phone: 800-668-6767 (in Canada only) or 819-997-2800 (National Capital Region)
Email: ec.rqe-eqg.ec(@canada.ca

Reference listing:

Canadian Council of Ministers of the Environment. 2021. Scientific criteria document for the
development of the Canadian soil and groundwater quality guidelines for the protection of
environmental and human health: perfluorooctane sulfonate (PFOS). Canadian Council of
Ministers of the Environment, Winnipeg, MB.

Ce document scientifique est ausi disponible en francais.
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GLOSSARY

Bioaccumulation factor (BAF): the ratio of the concentration of a chemical compound in an
organism relative to the concentration in the exposure medium, based on uptake from the
surrounding medium and food.

Bioconcentration factor (BCF): the ratio of the concentration of a chemical compound in an
organism relative to the concentration of the compound in the exposure medium (e.g., soil or
water).

Bioaccumulation: the process by which chemical compounds are taken up by terrestrial or aquatic
organisms directly from the exposure medium and through the consumption of contaminated food
at a faster rate than the compounds are lost through excretion or metabolism.

Biomagnification: the process of bioaccumulation by which tissue concentrations of accumulated
chemical compounds are passed up through two or more trophic levels such that tissue residue
concentrations increase systematically as trophic level increases.

Biomagnification factor (BMF): a measure of bioaccumulation by which tissue concentrations of
accumulated chemical compounds are determined relative to tissue concentrations in two or more

trophic levels.

UV-B: ultraviolet radiation in the spectrum of =280-320 nm in wavelength.
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EXECUTIVE SUMMARY

Canadian Environmental Quality Guidelines (CEQGs) are numerical concentrations or narrative
statements recommended to provide a healthy, functioning ecosystem capable of sustaining the
existing and likely future uses of a site by ecological receptors and humans. Canadian Soil Quality
Guidelines (CS0QGs) and Canadian Groundwater Quality Guidelines (CGWQGs) can be used as
the basis for consistent assessment and remediation of soils and groundwater at contaminated sites
in Canada.

The soil quality guidelines (SoQGs) were derived according to procedures described in 4 Protocol

for the Derivation of Environmental and Human Health Soil Quality Guidelines (CCME 2006).
According to this protocol, both environmental and human health SoQGs are developed for four
land uses: agricultural, residential/parkland, commercial and industrial. CCME recommends the
lowest value generated by the two approaches for each of the four land uses as the CSoQG.

The groundwater quality guidelines (GWQGs) were derived according to procedures described in
A Protocol for the Derivation of Groundwater Quality Guidelines for Use at Contaminated Sites
(CCME 2015). GWQGs are developed for environmental and human health pathways,
independent of land use. The lowest calculated value of each of the pathways become the
CGWQGs.

This scientific criteria document provides the background information and rationale for deriving
SoQGs and GWQGs for the protection of environmental and human health for perfluorooctane
sulfonate (PFOS). It reviews the chemical and physical properties of PFOS, PFOS sources and
emissions in Canada, the distribution and behaviour of PFOS in the environment, and the
toxicological effects of PFOS in environmental species, humans and laboratory animals.

Based on CCME (2006), this document evaluates three types of exposure pathways: required
pathways (direct contact and soil ingestion), applicable pathways (soil ingestion by secondary and
tertiary environmental receptors, indoor air, groundwater, and produce, meat and milk ingestion),
and check mechanisms (off-site migration of substances). Table 1 and Table 2 below list the
SoQGs and GWQGs for each of the pathways calculated, respectively.
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Table 1. Soil quality guidelines and check values for PFOS (mg/kg dw)

Land use
Agricultural RI?’:(:::;?” Commercial Industrial
Guideline 0.01 0.01 0.01 0.01
Human health guidelines/check
values
SoQGHH? 0.01 0.01 0.01 0.01
Direct contact guideline SoOQGpH? 2 2 3 40
Inhalation of indoor air check SoQGiaQ°® NC NC NC NC
Off-site migration check SoQGom-HH — — 0.1 0.1
Soil quality guideline for the protection 0.01 0.01 0.01 0.01
of potable groundwater SoQGpw?
Produce, meat and milk check SoQGri NC NC — —
Environmental health
guidelines/check values
SoQGe® 0.01 0.01 0.2 (coarse soil) 0.2 (coarse soil)
0.1 (fine soil) 0.1 (fine soil)
Soil contact guideline SoQGsc 10 10 60 60
Soil and food ingestion guideline 0.01 0.01 — —
SoQG)
Nutrient and energy cycling check NC NC NC NC
SoQGNec
Off-site migration check SoQGowm-e — — 0.1 0.1
Soil quality guideline for the protection 7 (coarse soil) — — —
of groundwater: livestock watering and 5 (fine soil)

irrigation SoQGLw and SoQGi"9

Soil quality guideline for the protection 0.2 (coarse soil) 0.2 (coarse soil) 0.2 (coarse soil) 0.2 (coarse soil)
of groundwater: freshwater life 0.1 (fine soil) 0.1 (fine soil) 0.1 (fine soil) 0.1 (fine soil)
SoQGFL"

NC = not calculated; ND = not determined; SoQGg = soil quality guideline for environmental health; SoOQGuru = soil
quality guideline for human health. The dash indicates a guideline or check value that is not part of the exposure
scenario for this land use and therefore is not calculated.

2 SoQGHn is the lowest of the human health guidelines and check values.

® SoQGpy is based on direct exposure to soil via ingestion, dermal contact and particulate inhalation.

¢ SoQGuag applies to volatile organic compounds. PFOS is essentially non-volatile.

4 For pH between 5 and 7. Based on a K, of 1445 L/kg; PFOS K. is highly variably (229 to 6,310 L/kg; Franz
Environmental Inc. 2012, 2014), therefore the level of protection afforded by the SoQGpw may not be appropriate
for all sites. Where groundwater is used as a potable water source, groundwater concentrations should be compared
directly to the GWQGypw value. Where groundwater is used for other purposes (e.g., irrigation of produce), this
should be evaluated on a site-specific basis.

¢ S0QGe is the lowest of the environmental health guidelines and check values.

f Coarse-grained soil is soil in which more than 50% of particles (by mass) are larger than 75 pm mean diameter (Dso

> 75 um).

¢ Fine-grained soil is soil in which more than 50% of particles (by mass) are smaller than 75 pm mean diameter (Dso

<75 pum).

" SoQGk. is the concentration in soil that is expected to protect against potential impacts on aquatic systems from
PFOS originating in soil that may enter the groundwater and subsequently discharge to a surface water body. This
pathway may be applicable under any land use category where a surface water body sustaining aquatic life is present
(i.e., within 10 km of the site). Where the distance to the nearest surface water body is greater than 10 km, application
of the pathway should be evaluated on a case-by-case basis by considering the site-specific conditions. If surface
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water bodies are located closer to the remediated soils than 10 metres, then this generic guideline may not be
appropriate and a site-specific evaluation may be necessary on a case-by-base basis since the saturated zone transport
model is not considered to be appropriate for use at distances less than 10 metres.

Table 2. Groundwater quality guidelines for PFOS (mg/L) considering ecological
and human receptors

Soil type?

Coarse Fine
Final groundwater quality guideline (GWQGe)® 0.0006 0.0006
Groundwater guideline for the protection of ecological receptors
(GWQGE)® 0.007 0.007
Groundwater contact (GWQGec) by soil-dependent organisms 1 1
Protection of freshwater life (GWQGFL)? 0.007 0.007
Protection of marine life (GWQGwmL) NC NC
Protection of livestock watering (GWQGLw) 0.3 0.3
Protection of irrigation water (GWQGIR) NC NC
Management considerations (GWQGwm) — solubility 200 200
Groundwater guideline for the protection of human health
(GWQGrw)® 0.0006 0.0006

NC = not calculated

2 Coarse-grained soil contains more than 50%, by mass, particles larger than 75 pm mean diameter (Dso>75 pm).
Fine-grained soil contains more than 50%, by mass, particles smaller than 75 um mean diameter (Dso <75 um).

> GWQGk is the lowest of the pathway-specific guidelines for ecological and human receptors and considers other
management factors such as substance solubility, analytical detection limits and background concentrations.

¢ GWQGg is the lowest of the pathway-specific guidelines for ecological receptors and considers other management
factors such as substance solubility, analytical detection limits and background concentrations

4 GWQGFy is the concentration in groundwater that is expected to protect against potential impacts on freshwater life
from PFOS originating in soil that may enter groundwater and subsequently discharge to a surface water body. This
pathway may be applicable under any land use category where a surface water body sustaining aquatic life is present
(i.e., within 10 km of the site). Where the distance to the nearest surface water body is greater than 10 km, application
of the pathway should be evaluated on a case-by-case basis by considering the site-specific conditions.

¢ GWQGpw are adopted directly from the Guidelines for Canadian Drinking Water Quality. Therefore, the GWQGpw
is equivalent to the Maximum Acceptable Concentration (MAC) of 0.0006 mg/L (0.6 ng/L) developed by HC
(2018a).
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1. INTRODUCTION

CSoQGs' and CGWQGs are numerical concentrations or narrative statements that specify levels
of toxic substances or other parameters in soil or groundwater that are recommended to maintain,
improve or protect environmental quality and human health. They are developed using formal
protocols to ensure scientifically defensible values that are consistent throughout Canada.

CSoQGs are developed according to procedures described in A Protocol for the Derivation of
Environmental and Human Health Soil Quality Guidelines (CCME 1996, revised in 2006).
According to this protocol, both environmental and human health SoQGs are developed for four
land uses: agricultural, residential/parkland, commercial and industrial. CCME recommends the
lowest value generated by the two approaches for each of the four land uses as the CSoQG.

CGWQGs are developed according to procedures described in 4 Protocol for the Derivation of
Groundwater Quality Guidelines for Use at Contaminated Sites (CCME 2015). GWQGs are
developed for environmental and human health pathways, independent of land use. The lowest
calculated value of each of the pathways becomes the CGWQG.

In addition, various check mechanisms considering indirect pathways of exposure (i.e., off-site
migration of substances via wind and water erosion) provide protection for resources and receptors
not otherwise considered in the calculation of soil guidelines.

This scientific criteria document reviews the sources and emissions of perfluorooctane sulfonate
(PFOS), its distribution and behaviour in the environment, and its toxicological effects on
terrestrial plants and invertebrates, birds, humans, and experimental animals.

The CSoQGs and CGWQGs presented in this document are intended as general guidance. Site-
specific conditions should be considered when applying these values (see CCME [1996] for
guidance on developing site-specific soil objectives). CCME (2006) provides further generic
implementation guidance pertaining to the guidelines. CSoQGs and CGWQGs are calculated to
approximate a “no- to low-effect” level (or threshold level) based only on the toxicological
information and other scientific data (fate, behaviour, etc.) available for the substance of concern.
The guidelines do not consider socio-economic or technological factors. Site managers should
consider these non-scientific factors at the site-specific level as part of the risk management
process. Since the guidelines may be applied differently in various jurisdictions, the reader should
consult appropriate authorities for the laws and regulations of the jurisdiction in which they are
working for applicable implementation procedures.

' Soil guidelines and the data used to calculate them are, by convention, always expressed on a dry weight basis to allow the data to
be standardized. In case of doubt and if the scientific criteria document does not specify whether wet or dry weight is used, readers
are advised to check the references provided.



2. BACKGROUND INFORMATION
2.1. Physical and Chemical Properties

Per- and polyfluoroalkyl substances (PFAS) are a class of anthropogenic compounds that were
produced and widely used in North America from the 1950s until the primary international
manufacturer, phased them out of North American production in 2002 (3M 2003). Perfluorooctane
sulfonate (PFOS) and its related compounds are classified as perfluorinated alkyl acids (PFAAs),
a subgroup of PFAS. PFAAs consist of a fully fluorinated carbon chain, typically four to
14 carbons in length, and of a charged functional group, typically carboxylate, sulfonate or
phosphonate. They are extremely stable due to the presence of carbon-fluorine bonds that are
resistant to breaking (Boulanger ef al. 2005a; Butt et al. 2010; Clarke ef al. 2010; Lin et al. 2010;
Mak et al. 2009; Yeung et al. 2006). PFOS is an eight-carbon perfluorinated alkane with a
sulfonate group at one end (CsHF17S03). Its structure is illustrated below.
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PFOS can exist as an anion, an acid, or various salts and polymers. Commercially important PFOS
salts include potassium, diethanolamine (DEA), ammonium and lithium (Organisation for
Economic Co-operation and Development [OECD] 2002). The main synonyms of PFOS are 1-
perfluorooctanesulfonic acid, heptadecafluoro-1-octanesulfonic acid, heptadecafluorooctan-1-
sulphonic acid, perfluorooctylsulfonic acid and 1-octanesulfonic acid (Agency for Toxic
Substances and Disease Registry [ATSDR] 2015). PFOS is not found naturally in the environment.

PFOS precursors are substances with the perfluorooctylsulfonyl (CsFi17SO2, CsF17SO3; or
CsF17SO2N) functional group (Environment Canada [EC] 2013a), such as perfluorooctane
sulfonyl fluoride (POSF).

Table 3 lists key physical and chemical attributes of PFOS-related substances. Much of these data
are for potassium salt. With a low acid dissociation constant (pKa) calculated at —3.3 (reviewed in
Brooke et al. 2004), PFOS exists most commonly as an anion at pH values typically encountered
in the environment and in the human body (European Food Safety Authority [EFSA] 2008).

PFOS is considered to be moderately soluble in water (Beach et al. 2006). Increased salt content
in a solution decreases the solubility of PFOS (OECD 2002). PFOS is considered to be non-
volatile, based on its low vapour pressure and predicted Henry’s law constant (Beach et al. 2006;
Giesy and Kannan 2001; OECD 2002). The OECD (2002) classifies PFOS as a “type 2 involatile
chemical.”

Like other PFAS, PFOS has both hydrophobic and hydrophilic functionalities, since it consists of
a hydrophobic perfluorinated carbon tail and a hydrophilic ionic head. As such, it acts as a
surfactant (Ahrens 2011; Jia et al. 2010). This characteristic prevents the measurement of its
octanol:water partition coefficient (Kow), because multiple layers are formed in octanol and water.
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As a result, the calculation of a Kow value from PFOS’s solubility in octanol and water is also
invalid. Consequently, the parameters (e.g., organic carbon-water partition coefficient [Koc],
soil:water partition coefficient [Kd], bioconcentration factor [BCF]) usually estimated from the
Kow cannot be calculated using conventional quantitative structure-activity relationship models
(Beach et al. 2006).

Sorption coefficients for PFOS are not easily predicted. They are also not easily defined as single
values, because they are affected by solution chemistry (e.g., pH), PFOS properties and adsorbent
properties (e.g., particle size) (Beach er al. 2006; Du et al. 2014; Higgins and Luthy 2006).
However, the adsorption of PFOS to soil, sediment and sludge appears to be strong. Published
papers presenting original data for Koc values were reviewed for Health Canada and Environment
and Climate Change Canada (Franz Environmental Inc. 2012, 2014). The selected studies
presented data from experiments conducted at relatively low aqueous concentrations (i.e., at or
below approximately 1 mg/L) or from field studies, and included both marine and freshwater
sediments. Franz Environmental Inc. (2012, 2014) reported a median Koc of 1445 based on the
literature review. Zareitalabad et al. (2013) compared the distribution between the concentrations
of PFAS in surface water and sediments, and between the concentrations of PFAS in wastewater
and sewage sludge, to the sorption coefficients obtained from laboratory experiments. Zareitalabad
et al. (2013) suggested that the sorption of PFOS can be described as a partitioning-like process
with an average log Koc of 3.0. These values are within the range of log Koc values (2.4-3.7)
identified by the Interstate Technology Regulatory Council in its review of the literature (ITRC
2018a).

Zareitalabad et al. (2013) derived a “global average” Ka value of 178 L/kg (log Ka =2.3; foc =
1.7%) for the distribution of PFOS between water and sediments after dividing the median PFOS
sediment concentration by the median PFOS surface water concentration. The authors mentioned
that sorption of PFOS under field conditions might be stronger than would be estimated from
laboratory experiments because of the non-linear nature of sorption isotherms and the much
smaller concentrations normally found in the field. Franz Environmental Inc. (2014) reported a
median Kd value of 16 L/kg (range: 0.08-251 L/kg) based on a literature review. Most of the
literature K4 values were based on laboratory experiments with sediments. Franz Environmental
Inc. (2014) calculated a site-specific median Ka value of 1.6 L/’kg based on maximum
concentrations found in soil and groundwater samples collected at firefighter training areas at four
civilian and military airports in Canada, and at one landfill site at a military base (foc range: 0.1—
1.9%). Other sources have reported Kd values of 8.7 L/kg for river sediments and 12.8-35.1 L/kg
for soils (3M 2003; Brooke et al. 2004).



Table 3. Physical and chemical properties of PFOS and some related compounds

Compound
Property . PFOS . PFOS DEA PFOS
PFOS PFOS potassium salt ammonium op
salt lithium salt
salt
. CsF17SO3NHs | CsF17SO3sNH CsF17SOsLi
h | f I HF F K
Chemical formula | CsHF17SOs | CsF17SO3 (CH2CH20H)2
Chemical Abstract
Services Registry | 1763-23-1 2795-39-3 29081-56-9 70225-39-5/ 29457-72-5
70225-14-8
Number
Molecular weight
500.125 538.215 517.156 605.261 506.058
(g/mol)
off-white
Physical state liquid? white powder no data found | no data found | (yellow)
powder
. . no data decomposes
> °CP
Melting point found >400°C no data found | no data found at 308°CY
. . 133°C at no data
Boiling point 0.8 kPa? not calculable no data found no data found found
Vapour pressure 3.31 x 10 Pa (measured*>*) no data found | 3.1 x 101 pae | 1 921
at 20°C found
o , no data ~1.1 at pH
~ _Qe ~ ~7€ ~ ~7¢€
Specific gravity found 0.6 at pH 7-8 1.1 atpH ~7 1.1 atpH ~7 6_8¢
e 3.15x109 (3.19%x10* Pa.m3/mol)°
Henrv's law e 3.05x10° pure water®*
y no data e 4.7x10° fresh watere* no data
constant N ot no data found no data found
(atm-m¥/mol) found e 1.4x10°7 unfiltered sea water found
e 2.4x10°8 filtered sea water®*
e 3.4x10°(3.45x10* Pa.m3mol)f
e 519 mg/L (20°C) pure wateref
e 680 mg/L (24-25°C) fresh watersf
e 370 mg/L fresh water®
. ~550 mg/L | e 25 mg/L filtered sea water® no data
W lubil f f
ater solubility 24_25°C¢ e 20.0 mglL (22-24°C) (3.5% no data found | no data found found
NaCl)®
e 12.4 mg/L at 22—-23°C natural sea
water®
cannot be " cannot be cannot be cannot be
Log Kow measured? | cannot be measured ™ - - o
" measured ™ measured ™ measured ™
3.32 no data
Log Koc 3.16" no data found no data found | no data found
found
2.57
pKa <1.0° -3.3¢ - - -
e atmospheric: 114 daysP
dat dat
Half-life no data e water: 41 yrs (25°C)" no data found | no data found no data
found found

e photolytic: >3.7 yrs®9

2 Ashford (1994) cited in Hazardous Substances Data

Bank (HSDB) (2011)

TEC (2006a)

g Beach et al. (2006)




®Brooke e al. (2004) h ATSDR (2015)

¢ Cheng 2009 ! Franz Environmental Inc. (2012, 2014)
4US EPA (2017) i Zareitalabad et al. (2013)
¢OCDE (2002) k'US EPA (2014)

*Possibly overestimated due to volatile impurities (Brooke et al. 2004)
** Because PFOS is expected to form multiple layers in octanol-water mixtures
T Henry’s law constant calculated using a vapour pressure of 3.27 x 10-9 atm

2.2. Analytical Methods

High-performance liquid chromatography—tandem mass spectrometry (HPLC-MS/MS) or liquid
chromatography—mass spectrometry (LC-MS) methods are commonly used to detect
perfluoroalkyls (Lindstrom et al. 2011b; Weremiuk et al. 2006; Wilson et al. 2007; Zhao et al.
2007). Gas chromatography—mass spectrometry (GC-MS) combined with derivatization and LC-
MS or with tandem MS (LC-MS/MS, also known as triple quadrupole MS) can also be used to
quantify fluorinated surfactants in environmental media such as water, waste water, sewage sludge
and biota (CCME 2016; Meesters and Schroder 2004; Ontario Ministry of the Environment 2010;
United States Environmental Protection Agency [US EPA] 2009; Weremiuk et al. 2006).

Strynar et al. (2012) describe a method for analyzing PFAS in surface soils using methanol
extraction followed by ultra-high-pressure liquid chromatography tandem mass spectrometry
(UPLC-MS/MS), using six-point calibration curves for each PFAS analyte. The authors noted the
need to develop PFAS standard reference material to compare analytical methods (Strynar et al.
2012).

Various methods for extracting PFOS from biological media have been reported, including solvent
extraction, solid-phase extraction (SPE), column-switching extraction, ion pair extraction and
protein precipitation (reviewed in ATSDR 2015). PFOS and PFAS recovery can be significantly
impacted by the choice of sampling and extraction techniques, which are areas of current research.
Ahrens et al. (2012) showed that measuring total (neutral + ionized species) vs. neutral species of
PFOS and other PFAS resulted in large differences in recovery and gas-particle distribution,
especially under high-humidity conditions.

Several issues associated with measuring PFOS in environment and biological matrices have been
identified. For instance, matrix components and the concentration of analytes may suppress the
final yield during liquid chromatography-electrospray ionization-tandem mass spectrometry (LC-
ESI-MS/MS) (Weremiuk et al. 2006). Background contamination of analytical blanks (Yamashita
et al. 2004) and instrumental contamination (Longnecker et al. 2008; Yamashita et al. 2004) are
also a concern.

Interference may also occur in biological matrices. For instance, taurodeoxycholic acid, a bile acid,
can coelute with PFOS and interfere with its identification and quantification. An appropriate ion
exchange column capable of effectively separating PFOS and taurodeoxycholic acid should thus
be considered in food-monitoring studies (Ostertag et al. 2009a). Adsorption of PFOS onto nylon
filters was also found to reduce PFOS recovery, so glass filters are now preferred (Axys Analytical
Services, personal communication, 2013; Environmental Sciences Group 2015). Additionally,
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whole-sample analysis of water samples is preferred in order to limit effects of sample
stratification in sample containers (Environmental Sciences Group 2015).

Sampling for PFAS should follow recent guidance (e.g., ITRC 2020) to ensure that samples are
representative and reliable.

2.3. Production, Uses and Importation in Canada

PFOS has been manufactured globally for more than 50 years, but never in Canada. PFOS was
produced using the Simons electrochemical fluorination (ECF) method (Barber et al. 2007; Butt
et al. 2010; EC 2006a; HSDB 2011). ECF produces linear as well as branched isomers (Section
3.1) (Chateau-Degat et al. 2010; Clarke et al. 2010; Dallaire et al. 2009a; Houde ef al. 2008).

3M was the major global producer of PFOS and POSF-based chemicals (Section 2.4) from the
1950s to 2001. Paul et al. (2009) estimated worldwide PFOS production by 3M at 470 tonnes from
1970 to 2002. 3M began a voluntary phase-out of its POSF-based chemicals in 2001 and completed
the phase-out of US PFOS production in 2002 (ATSDR 2015). However, China began large-scale
PFOS production in 2003 (Butt et al. 2010). In 2006, China produced more than 203 tonnes (200
tons) of POSF (Ministry of Environmental Protection of China 2008).

In the past PFOS and PFOS-related compounds have been used for three broad purposes: surface
treatment of apparel and home furnishings, paper protection, and performance chemicals. From
1997 to 2000, approximately 600 tonnes of perfluorinated alkyl compounds were imported into
Canada, primarily from the United States. PFOS and its precursors constituted approximately 43%
of that amount, but PFOS alone constituted <2% (reviewed in EC 2006a). Most perfluorinated
alkyl compounds imported into Canada were used in the following items: water, oil, soil and grease
repellents for fabric, packaging, rugs and carpets; surfactants and detergents; emulsifiers; wetting
agents; dispersants; and aqueous film-forming foams (AFFFs) (Chateau-Degat ef al. 2010; Clarke
et al. 2010; Dallaire et al. 2009a). Specifically, the potassium salt of PFOS, used in the
manufacture of AFFFs, was the most significant perfluorinated alkyl compound imported into
Canada (EC 2006a).

PFOS, its salts and its precursors have been declared toxic and were added to Schedule 1 of the
Canadian Environmental Protection Act, 1999 (CEPA) (Government of Canada 2006). In
addition, PFOS and its salts are considered to be persistent according to the Persistence and
Bioaccumulation Regulations (Government of Canada 2000) and are considered to be
bioaccumulative based on their preferential partitioning to lipid, blood and kidney in terrestrial
and marine mammals as well as on evidence of their biomagnification. The manufacture, use, and
importation of PFOS and PFOS-related compounds in Canada is regulated under the Prohibition
of Certain Toxic Substances Regulations, 2012 (Government of Canada 2012). This regulation
prohibits the manufacture, import, sale, offer for sale and use of PFOS or of products containing
PFOS, unless incidentally present, with certain exemptions (i.e., AFFF at specified concentrations
and for certain purposes, aviation hydraulic fluids under certain conditions, and some products
used in photographic or photolithographic process) (Government of Canada 2012). Moreover,

PFOS and its salts were added to the Virtual Elimination List under subsection 65(2) of CEPA
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with the promulgation of the Perfluorooctane Sulfonate Virtual Elimination Act (Government of
Canada 2009).

2.4. Sources and Concentrations in the Canadian Environment

PFOS does not occur naturally (Butt et al. 2010). PFOS can be released directly into the
environment as a result of its production, use (in consumer, commercial and industrial products)
and disposal, or it may result indirectly from the biodegradation, photooxidation, photolysis and
hydrolysis of precursor PFAS.

Industrial emissions are a direct source of perfluoroalkyls. As noted, PFOS is not produced in
Canada, and US emissions of perfluoroalkyls have declined since 3M ended its production of
PFOS and PFOS-related compounds in 2002 (ATSDR 2015; EC 2006a). Additionally, the US
EPA established a Significant New Use Rule to limit the manufacture and import of several
perfluoroalkyl sulfonates, including PFOS (US EPA 2013).

Prior to a ban in 2008, AFFFs containing PFOS potassium salt were imported into Canada and
constitute a significant source of PFOS in the Canadian environment (EC 2006a). AFFFs can be
released to the environment under various scenarios, namely in fire training exercises, emergency
response, equipment calibration or accidental release from storage tanks, railcars and piping during
delivery or transfer (ITRC 2018a). Releases of AFFFs from firefighting occur mainly as sewer
runoff, but once released to the environment, AFFFs can also contaminate soil, surface water, and
groundwater (ATSDR 2015; EC 2006qa, ITRC 2018a).

PFOS and its precursors are found in sludge from wastewater treatment plants (WWTPs) (Tang et
al. 2006). Several studies have documented significant amounts of perfluorinated compounds in
wastewater effluents or sewage sludge, and higher concentrations of perfluorinated compounds
downstream of WWTPs (Boulanger et al. 2005b; Furdui et al. 2008a; Sinclair and Kannan; Stock
et al. 2007). Due to its use in many manufacturing processes and consumer products, PFOS is
found in many landfills (Lang et al. 2017).

Incomplete combustion during incineration of PFOS-containing products can release the acidic
form of PFOS into the environment. However, only 5% of waste disposal in Canada is incinerated,
and incineration is not considered a significant source of PFOS in Canada (EC 2006a).

Several PFOS precursors have been identified, namely POSF, perfluorooctane sulfonamides
(FOSAs), and perfluorooctane sulfonamidoethanols (FOSEs) such as N-methyl perfluorooctane
sulfonamidoethanol (N-MeFOSE), N-ethyl perfluorooctane sulfonamidoethanol (N-EtFOSE), N-
methyl perfluorooctane sulfonamide (N-MeFOSA) and N-ethyl perfluorooctane sulfonamide (N-
EtFOSA) (Barber et al. 2007; Becker et al. 2008a; Martin et al. 2002). PFOS precursors are
generally more volatile than PFOS, and their atmospheric transport has been considered the source
of PFOS in remote regions (Egeghy and Lorber 2011; Martin et al. 2002). For example, alcohol
derivatives (e.g., N-EtFOSE and N-MeFOSE) have been measured in the air in urban Toronto,
ON, as well as in rural Long Point, ON, (Martin et al. 2002). As Martin et al. (2002) note, further

investigation is needed, as PFOS yield from abiotic degradation of precursors to PFOS is thought
7



to be minor. Based on a literature review, Martin et al. (2010) suggest that in vivo
biotransformation of precursors produces PFOS with yields greater than 32%.

2.4.1. Ambient Air

PFOS occurs in its anionic form in most environmental media. Due to its low volatility, it is not
expected to partition to the atmosphere to any great extent and atmospheric degradation is likely
insignificant (Brooke et al. 2004). PFOS releases are not reported under Canada’s National
Pollutant Release Inventory, and Canada’s National Air Pollution Surveillance program does not
measure PFOS concentrations. However, there are potential emission sources in Canada, such as
fire fighting training areas, WWTPs, and landfills. Some published studies have reported PFOS
concentrations in ambient air.

In 2004, both gaseous and particulate phase PFAS were measured on Cornwallis Island, NU, with
a reported mean concentration of 5.9 pg/m? (Butt et al. 2010; Fromme et al. 2009). Boulanger et
al. (2005a) measured PFOS concentrations in the air over Lake Erie and Lake Ontario between
Canada and the United States. The authors did not detect PFOS in the gaseous phase, but they did
detect particulate phase PFOS in four of the eight air samples, with a mean concentration of
6.4 pg/m® (range = 2.5-8.1 pg/m?) for both lakes (Boulanger et al. 2005a). Conversely, in a 2007
study, PFOS concentrations were below the detection limit (<0.02 pg/m?) in all samples (n = 6)
collected from backyards in Vancouver, BC (Shoeib et al. 2011). No studies identified data on the
concentration of PFOS in particulate matter <10 um (PMio) or <2.5 um (PM2.s).

Appendix A presents a summary of air monitoring data in Canada and in other parts of the world.
To be conservative, the highest reported Canadian mean concentration, 6.4 pg/m* (Boulanger et
al. 2005a), was selected to represent the background concentration of PFOS in ambient air in
Canada for SoQG derivation.

2.4.2. Indoor Air

Since PFOS is essentially non-volatile, total PFOS concentrations in indoor air are mainly
dependent upon PFOS concentrations in suspended particulates, which may originate from outdoor
air (as a result of infiltration) and potential indoor sources such as carpeting, furniture and paint
(Fraser et al. 2012). This could result in higher concentrations of PFOS in indoor air than in
ambient air.

To date, very few studies have investigated PFAS concentrations in indoor environments. Indeed,
only one Canadian study was identified. Shoeib ef al. (2011) sampled indoor air between March
and December 2007 from a subset of homes in Vancouver, BC, from which outdoor air and indoor
dust were also sampled. PFOS concentrations in indoor (and outdoor) air were below the method
detection limit (MDL) of 0.02 pg/m? in all samples (n = 39 homes) (Shoeib et al. 2011).

A Norwegian study provides a mean concentration of <47.4 pg/m® PFOS as measured in four
indoor air samples (May—June 2005) from Tromseg (Barber et al. 2007).
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Appendix A presents a summary of indoor air monitoring data in Canada and Norway.

Data published to date do not provide indoor air PFOS concentrations, as PFOS was below
detection limits in all studies. To be conservative, the background outdoor air concentration, 6.4
pg/m® (see Section 2.4.1), was selected by default to represent the background PFOS concentration
in indoor air in Canada for the SoQG derivation.

2.4.3. Indoor Settled Dust

PFOS concentrations in household dust have been documented in two Canadian studies and in
several studies conducted in other countries. All studies indicate that PFOS and perfluorooctanoic
acid (PFOA) are the dominant PFAS in household dust.

Kubwabo et al. (2005) collected house dust samples in Ottawa, ON, in 2002 and 2003. PFOS
concentrations were below the MDL (<4.56 ng/g) in 33% of the samples (n = 67) with a reported
mean of 443.68 ng/g (median = 37.8 ng/g, range = 2.28-5,065 ng/g). The authors also reported
lower concentrations in older homes, which had significantly less carpeting than newer homes.
They suggested that the higher concentrations in new homes may be associated with carpeting and
the possible use of PFOS-based chemicals for the surface treatment of carpets. PFOS was detected
in all the dust samples (n = 132) from homes sampled in Vancouver, BC, in 2007 and 2008, with
areported mean of 280 ng/g (median =71 ng/g) and a range of 1.5-4,661 ng/g (Shoeib et al. 2011).

Knobeloch et al. (2012) reported a median PFOS concentration of 47 ng/g (range = 8.7-1,100
ng/g) from 39 homes in Wisconsin sampled during the spring of 2008. Fraser et al. (2012)
measured PFAS in indoor dust from offices, homes and vehicles in 2009 in Boston, MA, and
reported geometric mean (GM) PFOS concentrations in indoor dust of 14.6 ng/g (offices),
15.8 ng/g (vehicles) and 26.9 ng/g (homes).

In their analyses of house dust collected from Europe, Australia and the United States, Kato et al.
(2009) determined that PFOA and PFOS may share similar exposure routes or sources and that
PFAS in house dust showed similar trends regardless of location. However, Goosey and Harrad
(2011) reported that indoor dust collected from Australian and Canadian homes had a high relative
abundance of N-EtFOSA. Indoor dust samples collected from Europe and the United States
showed a higher proportion of perfluorohexane sulfonic acid (PFHxS), N-MeFOSE and N-
EtFOSE. Based on these findings, Goosey and Harrad (2011) concluded that there were significant
differences in PFAS usage patterns from different parts of the world and even between regions.
Therefore, extrapolating exposure assessments from one country or region to another should be
conducted with caution.

Appendix A presents a summary of indoor dust monitoring data in Canada and in other parts of
the world.

The median (50" percentile) PFOS concentration, 71 ng/g, reported for indoor settled dust in
Canadian homes (Shoeib et al. 2011) was selected as the average Canadian background indoor
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dust concentration for the SoQG derivation. This study was selected because it is the Canadian
study with the largest sample size and lowest MDL.

2.4.4. Surface Water

PFOS concentration data are available for surface water from rivers, the Great Lakes and
tributaries, marine water, and water bodies in the vicinity of airports in Canada.

Many of the rivers and streams sampled by Gewurtz et al. (2013) across Canada are in cities and/or
near wastewater treatment plants, and thus are influenced by urban and industrial activities. PFOS
levels (GM = 10 ng/L) were highest in water collected at an urbanized site influenced by urban
stormwater (Mill Creek, Kelowna, BC). In addition, concentrations in Wascana Creek, Regina,
SK (GM = 7.8 ng/L; downstream of a major WWTP) were relatively high compared to the other
sampling sites less impacted by urban sources. Detectable values (>2 ng/L) were also observed in
water samples from southern Ontario (Hamilton Harbour, Fort Erie, Wolfe Island, Grand River
[downstream of Waterloo] and the Thames River [downstream of London]), Québec City, QC,
Vancouver, BC (Still Creek and Serpentine River), Abbotsford, BC (Fishtrap Creek), and three
Atlantic region sites (Napan River, NB, Sackville River, NS, and Waterford River, NL). PFOS
concentrations were not detected in most samples from water bodies in non-urban areas (e.g.,
background sites on the Fraser River, Mill Creek and the Okanagan River in BC, Kusawa Lake,
YT, Lake Superior [three open water sites and one site located near Thunder Bay, ON], Grand
River (upstream of Waterloo, ON), and Thames River [upstream of London, ON]).

Scott et al. (2009) investigated perfluorinated acid (PFA) concentrations in 38 rivers upstream and
downstream of populated areas and some remote locations across Canada from 2001 to 2008. The
overall mean PFOS concentration (n = 65) was 2.15 ng/L (range = 0.01-34.6 ng/L). Most sites
downstream of urban centres had higher PFA concentrations than the upstream sites, but
measurable concentrations were also detected in remote sites, most likely from atmospheric inputs.
In a survey of PFA concentrations in rivers, Scott et al. (2009) found the maximum concentrations
of PFOS in tributaries of Lake Erie and in the downstream St. Lawrence River and the lowest
concentrations of PFAs in remote regions such as rivers located near the Garibaldi Glacier, BC.
The authors also noted geographic differences in PFOS concentrations between eastern Canada
(up to the Manitoba-Ontario border) and western Canada (from the Manitoba-Ontario border to
British Columbia), with reported average PFOS concentrations of 4.09 ng/L for eastern Canada
and 0.91 ng/L for western Canada (Scott et al. 2009).

Concentrations of perfluorinated compounds in water from the Great Lakes region were
documented in several studies (e.g., Boulanger et al. 2004; Furdui et al. 2008a; Scott et al. 2009).
PFOS concentrations in Great Lakes water samples collected from 2002 to 2005 ranged from 0.1
t0 0.996 ng/L in Lake Superior, 1.2 to 3.2 ng/L in Lake Huron, 4.0 to 39 ng/L in Lake Erie and 3.6
to 121 ng/L in Lake Ontario (Boulanger et al. 2004; Furdui et al. 2008a; Scott et al. 2010). PFOS
concentrations were found to increase as water moved from one basin to another and with
increasing inputs of PFAS from various point sources (Furdui et al., 2008a). PFOS concentrations
were lower in water samples from off-shore sites as compared to near-shore samples (Furdui ez al.

2008a). PFOS concentrations in Lake Superior (<0.147-0.996 ng/L) were similar in water
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collected from the surface and from depths (Scott et al. 2010). PFOS concentrations in Lake
Superior tributaries were found to range from <0.041 to 0.827 ng/L (Scott et al. 2010). The highest
PFOS concentration was found in the Nipigon River, downstream of a WWTP. PFOS measured
in the upstream site was below the detection limit (i.e., <0.041 ng/L) (Scott et al. 2010).

Some studies have documented elevated concentrations of PFOS in surface water at remote
northern sites. In 2003 and 2005, Stock ef al. (2007) measured PFAS concentrations in surface
water from four lakes on Cornwallis Island, NU: Amituk (2003 only), Char, Resolute and Meretta.
The mean concentrations of PFOS for Amituk Lake and Char Lake ranged from 1.2 to 1.8 ng/L,
while the mean PFOS concentrations in Resolute Lake and Meretta Lake were up to 60-fold higher
(23—69 ng/L, respectively). The higher PFOS concentration measured in Resolute Lake was
thought to be due to a “non-atmospheric source,” possibly from historic sewage wastewater
discharge from the Meretta Lake outflow or the use of AFFFs in the vicinity of Meretta Lake and
Resolute Lake (the latter is located close to the Resolute Bay Airport, where AFFFs may have been
used). The authors noted that PFAS concentrations from Resolute and Meretta Lakes were
consistent with levels of perfluorohexanesulfonate, PFOS, perfluoroheptanoic acid and PFOA
measured in other AFFF-contaminated areas (Stock et al. 2007).

Loewen et al. (2008) investigated atmospheric deposition of volatile PFAs and water
concentrations of perfluorocarboxylic acids (PFCAs) and/or PFOS in alpine lakes in the Rocky
Mountains (Cedar Lake near Golden, BC, and three lakes in Alberta: Emerald Lake in Yoho
National Park, Bow Lake and an unnamed lake in Banff National Park). They found that airborne
PFOS precursors N-MeFOSE and N-EtFOSE increased at higher altitudes, but corresponding
increases in PFOS concentrations in surface water were not detected. PFOS concentrations were
very low in the four lakes sampled, ranging from 0.04 to 0.1 ng/L. The highest PFOS concentration
was found in Cedar Lake (821 m altitude). Loewen ef al. (2008) suggested that local sources may
have contributed to the PFOS found in lake waters at lower elevations, whereas the PFOS
concentrations in lakes at higher elevations were dominated by atmospheric input of PFOS and
PFOS precursors.

PFOS concentrations in marine water are also documented. Dinglasan-Panlilio et al. (2014)
evaluated the occurrence of PFAS in the inland marine systems off the west coast of Vancouver
Island, BC, and near Seattle, WA, from 2009 to 2011. PFOS was detected at almost all sampled
locations (except the Juan de Fuca Strait and Tofino) at concentrations ranging from 0.2 ng/L to
5.8 ng/L.

Awad et al. (2011) investigated spatial and temporal trends of PFAS in water, sediment and fish
tissue in creeks up- and downstream of discharge points near Toronto’s Pearson International
Airport, ON, nine years after a large AFFF spill (in 2000, followed by a minor spill in 2002). The
highest PFOS concentration was in a stormwater management pond <100 m from the stormwater
outfall where runoff from the spill was diverted. Concentration at the stormwater pond was 690
ng/L in 2003 and 290 ng/L in 2009. PFOS concentrations measured in 2003 and 2009 at sites
further downstream from the stormwater outfall were in the range of values measured in Lake
Ontario (15-121 ng/L) in 2003, indicating that the PFOS contaminant migration from the spill was
limited at that time (Awad et al. 2011).



Similarly, Fowler (2011) investigated PFOS contamination at a pond on the property of and a ditch
adjacent to the Hamilton International Airport, ON. The study found PFOS concentrations
exceeding the Ontario Ministry of Environment and Climate Change’s lowest-observed-effect
concentration (LOEC) of 5,000 ng/L. PFOS concentrations were highest in the pond, but decreased
with distance from the airport fire training pad (Fowler 2011). De Solla et al. (2012) also
investigated the likelihood that PFAS contamination originated from the Hamilton International
Airport after high PFOS concentrations were found in a nearby lake downstream of the airport.
Similar to the previous study (Fowler 2011), de Solla et al. found that PFOS concentrations in
water initially decreased rapidly with increasing distance for approximately 10 km but remained
relatively stable between 10 and 53 km from the airport (de Solla et al. 2012). In contrast, Bhavsar
et al. (2016) noticed an increase in PFOS concentrations at Lake Niapenco, downstream from the
Hamilton International Airport. These authors also measured PFOS tissue concentrations in biota
sampled downstream of the airport (Section 2.4.9).

PFOS has also been detected in surface water samples from rivers, lakes and streams in the United
States and other parts of the world. Appendix A presents a summary of PFOS concentrations in
surface water. Section 2.4.6 addresses surface water used as a source of drinking water.

2.4.5. Groundwater

PFOS has been detected in groundwater collected from commercial and industrial sites where
AFFFs have been used in firefighting training exercises, or where spills have resulted in either
contamination or suspected contamination of soil, surface water or groundwater. PFOS
concentrations in groundwater at London International Airport, ON, were found to range from <5
to 130 pg/L at a former firefighting training area (Lebel 2012). In an investigation of a firefighting
training site at Hamilton International Airport, PFOS concentrations in groundwater ranged from
<0.02 to 560 pg/L (exp. Services Inc 2011).

Section 2.4.6 discusses groundwater used as a source of drinking water.

2.4.6. Drinking Water

Although PFOS is not regularly monitored at water treatment plants in Canada, the analysis has
been performed for a few locations. When detected in drinking water, it is usually below 1 ng/L.
Only two studies specific to Canada were identified.

Mak et al. (2009) evaluated tap water from Niagara-on-the-Lake, ON, for PFAS in 2006—-2008.
PFOS was among the most predominant PFAS, with a mean concentration of 3.3 ng/L (Mak et al.
2009). PFOS concentrations were determined in raw and finished drinking water samples obtained
in 2009 from 31 treatment plants in six Canadian provinces. PFOS was detected above the MDL
(0.077 ng/L) in only one raw water sample (0.082 ng/L), and levels in finished water were all
below the MDL (Richard Carrier, Chemical Assessment Section Water and Air Quality Bureau,
Health Canada [HC], personal communication, 2013). Most drinking water treatment processes do
not completely remove residual PFAS contaminants from source water (Kubwabo and Lalonde
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2010). Removal was only demonstrated in treatment facilities using microfiltration and reverse
osmosis (Quinones and Snyder 2009). However, Rumsby et al. (2009) reported that treatment
systems using granulated active carbon with long empty bed contact time (with appropriate
regeneration, at least once per year, according to Skutlarek et al. [2006]; Takagi et al. [2011]) can
also successfully remove PFAS from water.

Appendix A provides a summary of PFOS concentrations in drinking water.

A mean concentration of 3.3 ng/L (Mak ef al. 2009) was used to represent background levels in
drinking water for the SoQG derivation. This mean concentration is considered to be conservative,
since it is the highest published average drinking water concentration in Canada.

2.4.7. Sediment

PFOS concentrations in sediments from areas far from point sources or PFAS industries are
considered negligible.

Concentration of PFOS in sediments in Canadian rivers and lakes ranged from <0.00006 to 1,272
ng/g dry weight (dw) in several studies (Awad ef al. 2011; Burniston ef al. 2006; 2012; EC 2013;
Gewurtz et al. 2013; Helm et al. 2011; Myers et al. 2012; Stock et al. 2007; Veillette et al. 2012;
Yeung et al. 2013). As with surface water concentrations, sediment concentrations were generally
highest in Lake Ontario and lowest in Lake Superior and lakes in the Canadian Arctic. Other sites
across Canada representative of different drainage basins were sampled, but PFOS concentrations
at these sites were below the detection level (Gewurtz ef al. 2013). Codling et al. (2014b) measured
PFAS in dated cores and surface sediments from Lake Michigan in 2010. The mean PFOS
concentration was 0.44 ng/g in surface sediment and 2.70 ng/g in sediment core samples. The
authors noted that PFOS concentrations reached a maximum in the late 1990s and early 2000s
(Codling et al. 2014b).

Stock et al. (2007) collected sediment cores from three arctic lakes (Amituk, Char and Resolute)
on Cornwallis Island, NU, in 2003. PFOS concentrations were generally found to decrease with
sediment age and depth. Concentrations in sediments were 1.1 ng/g (0—1 cm depth) and <0.35 ng/g
(1-2 cm and 2-3 cm depth) for Char Lake; 0.062 ng/g (0—1.5 cm depth), 0.027 ng/g (1.5-2.5 cm
depth) and 0.022 ng/g (2.5-3.5 cm depth) for Amituk Lake; and 85 ng/g (0—1 cm depth), 33 ng/g
(1-2 cm depth) and 24 ng/g (2-3 cm depth) for Resolute Lake. The elevated concentrations in
Resolute Lake sediments might have been related to specific sources (e.g., historic sewage
wastewater discharge, use of AFFFs in the vicinity) (Stock et al. 2007).

Awad et al. (2011) found that sediment concentrations were still elevated nine years after the first
of two AFFF spill events at Pearson International Airport in Toronto, ON. The highest
concentrations (13 ng/g dw) were reported in sediments in the stormwater management pond
located <100 m from where AFFFs were discharged.

Appendix A summarizes concentrations of PFOS in sediments.



2.4.8. Solil

Once released to the environment, PFOS is mobile and can move through soil and contaminate
groundwater (ITRC 2018a). PFOS can be found in soil at great distances from any known source;
however direct discharges (such as AFFF) and the application of biosolids or leaching from
landfills are the principal sources of PFOS-contaminated soil. A mass balance study by Filipovic
et al. (2015) indicates that a significant portion of PFAAs from atmospheric deposition is stored
in soil, where it can be a source of groundwater contamination. Strynar ef al. (2012) estimated that
approximately 6% of total PFOS production between 1970 and 2002 is distributed globally in
surface soils (estimate based on a median PFOS surface soil concentration of 0.472 ng/g).

Cabrierizo et al (2018) measured PFAS concentrations in the Canadian arctic. PFOS was detected
in 25 of 26 samples. The overall median concentration was 0.0068 ng/g dw (mean: 0.32 ng/g dw,
95th percentile: 0.34 ng/g dw, maximum: 7.5 ng/g dw).

Strynar et al. (2012) assessed PFAS concentrations in fresh surface soils and in archived soil
samples (no date stated) collected in the United States (n = 10) and in five other countries (n
=50, i.e., 10 per country). Soils from areas with known PFAS contamination and those in the
vicinity of industries known to use PFAS were excluded. The authors did not intend for these soils
to be representative of the nation of origin. Rather, the samples were indicators of background
concentrations in different soil types and parts of the world and the results provided in Strynar et
al. (2012) refer to the whole set of samples (no country or soil type data were indicated). PFOS
was detected in 48% of samples (limit of quantification [LOQ] = 0.51 ng/g dw). The overall
median concentration (six countries) was 0.472 ng/g (mean: 1.17 ng/g dw, 95th percentile: 5.16
ng/g dw, maximum: 10.1 ng/g dw). Seven of the 10 soils with the highest PFAS concentrations
were from the United States (one with PFOS <LOQ, the others ranging from 0.6 to 2.55 ng
PFOS/g).

In another global study of 62 soil samples, Rankin et al. (2016) detected PFOS in all samples
(n=33) from non-impacted areas on all continents (majority of samples from North America). The
authors showed that PFAS concentrations were higher in the northern hemisphere than the
southern hemisphere, with only relatively low concentrations found in the southern hemisphere
(geometric mean XPFSA =30 ng/g; range = 7.0-300 ng/g; n=9), but a wide range of concentrations
in the northern hemisphere (geometric mean XPFSA =170 ng/g; range = <LOD-3270 pg/g; n=53).
From this same data set, PFOS was detected in all North American samples at concentrations
ranging from 18.09-1956.34 pg/g (n=33) with a mean of 392.47 pg/g and a geomean of 220.34

pg/g.

PFOS concentrations in soils from suspected AFFF-impacted areas or from water-bearing zones
have been investigated at the former firefighter training facility at Hamilton International Airport.
PFOS concentrations in these soils ranged from <0.025 to 26 mg/kg (exp. Services Inc 2011).

As indicated by the above data, background concentrations of PFOS in soils are reported to be in
the ng/g range. Considering that PFOS is not naturally occurring, its background concentration in
Canadian soil was set to 0.



2.4.9. Biota

PFOS has been detected in aquatic and terrestrial species. Giesy and Kannan (2001) first
demonstrated the global distribution of PFOS in wildlife when they detected PFOS in aquatic
mammals, birds, fish, turtles and frogs from various locations, including Canada. Animals in the
highest trophic levels, such as mink, bald eagles and polar bears, were found to have the highest
concentrations, suggesting that PFOS is widespread and has the potential to bioaccumulate (Houde
et al. 2008; Tang et al. 2006). PFOS is generally the dominant PFAS measured in biota (Houde et
al.2011).

Plasma PFOS concentrations in seals from the Canadian Arctic ranged from <3 to 12 ng/mL in
ringed seals (Pusa hispida) and 11 to 49 ng/mL (mean: 28 ng/mL) in grey seals (Halichoerus
grypus). PFOS concentrations ranging from 130 to 320 ng/g wet weight (ww) were measured in
egg yolk from double-crested cormorants (Phalacrocorax auritus) in Lake Winnipeg, MB (Giesy
and Kannan 2001). Martin et al. (2004a) detected PFOS in liver samples from Canadian Arctic
wildlife collected by subsistence hunters and trappers, including birds (1992-1993), mammals
(1998-2002) and fish (2001-2002). Higher-trophic-level mammals had higher PFOS
concentrations than lower-trophic-level mammals. PFOS was considered non-detectable in black
guillemot (Cepphus grylle) (<0.5 ng/g). The lowest detectable concentrations were found in
northern fulmars (Fulmarus glacialis), with a mean of 1.3 ng/g ww (range: 1.0-1.5 ng/g ww). The
highest concentrations were found in polar bears (Ursus maritimus), with a mean of 3,100 ng/g
ww (range: 1,700 - >4,000 ng/g ww) (Martin et al. 2004a). In general, species living in the
Canadian Arctic had lower concentrations of PFOS than the same species found at mid-latitude
regions of the United States (e.g., Kannan et al. 2002a).

In a study comparing benthic and pelagic species (fish and invertebrates), the highest PFOS and
FOSA concentrations were found in benthic organisms, such as the amphipod Diporeia (mean:
280 ng/g ww) and sculpins (mean: 450 ng/g ww), which feed on Diporeia. Pelagic species (Mysis,
alewife [Alosa pseudoharengus], smelt [Osmeridae sp.] and lake trout [Salvelinus namaycush])
had lower mean concentrations (<70 ng/g ww; Appendix A) than benthic species (Martin et al.
2004b). Houde et al. (2008) reported that linear PFOS (L-PFOS) was the dominant isomer detected
in alewife, smelt, sculpin and lake trout sampled near Niagara-on-the-Lake, ON.

Monitoring results for lake trout and walleye (Sander vitreus), as top predator fish, at sites across
Canada show variable PFOS levels, with the highest concentrations observed in lake trout from
Lake Erie (GM = 92 ng/g ww) and Lake Ontario (GM = 51 ng/g ww) (Gewurtz et al. 2013).
Concentrations were also found in walleye from the St. Lawrence River (30 ng/g ww), the Codette
Reservoir, SK (24 ng/g ww), and Lake Diefenbaker, SK (23 ng/g ww), and in lake trout from
Peninsula Harbour, ON (24 ng/g ww) and Lake Champlain, QC (17 ng/g ww) (Gewurtz et al.
2013). Concentrations in northern Canada, Lake Superior, and the Pacific and Atlantic regions
were mostly low (<3 ng/g ww) (Gewurtz et al. 2013). Gewurtz et al. (2014) reported PFOS levels
in common carp (Cyprinus carpio) and smallmouth bass (Micropterus dolomieu) from waterways
downstream of the Hamilton International Airport, ON. Mean concentrations in upper Lake
Niapenco were 550 ng/g ww (standard deviation [SD] = 178) in common carp and 195 ng/g ww
(SD = 15) in smallmouth bass. In lower Lake Niapenco, mean concentrations were 655 ng/g ww

(SD =202) in common carp and 298 ng/g ww (SD = 29) in smallmouth bass (Gewurtz et al. 2014).
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Gewurtz et al. (2013) also reported monitoring results for gull and starling eggs. For gull eggs
measured individually, relatively elevated PFOS concentrations were found at urbanized areas of
the Great Lakes and the St. Lawrence River (>260 ng/g ww). Pooled gull egg samples were similar,
with the highest levels observed in Lake Erie (676 ng/g ww). Concentrations were lower (7-115
ng/g ww) in non-urban areas and both Atlantic and Pacific coasts. For European starlings (Sturnus
vulgaris), elevated PFOS concentrations were found in eggs collected at a Brantford, ON, landfill
(703 ng/g ww) and a Calgary, AB, landfill (148 ng/g ww). However, excluding these two landfill
sites, PFOS concentrations were not higher at waste sites compared to non-waste sites. For
example, PFOS concentrations (GM) were higher in the starlings collected from urbanized
communities of Indus, AB (199 ng/g ww), Delta, BC (75 ng/g ww) and Hamilton, ON (41 ng/g
ww) compared with landfill sites located in Langley, BC (5.6 ng/g ww), Halton, ON (29 ng/g ww),
Stoney Creek, ON (28 ng/g ww) and Otter Lake, NS (18 ng/g ww) (Gewurtz et al. 2013).

There is some evidence that tissue PFOS concentrations have diminished in some biota, such as
ringed seals inhabiting the Canadian Arctic and sea otters (Enhydra lutris) living along the Alaskan
coast, following the phase-out of POSF-based products, including PFOS and its precursors
(Armitage et al. 2009). However, reductions in PFOS concentrations in lake trout have yet to be
observed in Canada. Lake trout is considered a sentinel indicator species and is typically sampled
in monitoring programs for persistent organic pollutants in the Great Lakes (Furdui ef al. 2008b).
Archived lake trout samples collected between 1979 and 2004 from Lake Ontario, as part of the
Department of Fisheries and Oceans’ long-term monitoring program, showed that PFOS
concentrations (range = 6-96 ng/g ww) were the highest of all PFAS tested. PFOS concentrations
were significantly higher in samples collected in 1988 and 1993 compared to 1979. A weak decline
occurred from 1993 to 1998, and 2004 concentrations were not statistically different from those
from the 1980s and 1990s (Furdui et al. 2008b). Gewurtz et al. (2012) indicated that PFOS
concentrations in lake trout may have stabilized following the voluntary phase-out of PFOS
production in North America. The authors noted that this may be due to continued inputs from
PFOS-containing products or the degradation of PFOS precursor compounds (Gewurtz et al.
2012). One study showed that PFAAs could potentially accumulate to unsafe levels in sport fish
species, despite surface water and sediment levels being below guidelines (Bhavsar et al. 2016;
Gewurtz et al. 2014) (Section 3.6).

Awad et al. (2011) found that fish sampled downstream and very close to the AFFF spill outfall
that occurred at Toronto’s Pearson International Airport had PFAS profiles dominated by PFOS
(62—80% of total PFAS) nine years after the spill event. The fish tissue concentrations were greater
than those reported at upstream locations, suggesting long-term impacts of the spill on the local
environment (ongoing uptake into fish from contaminated media and food sources), persistence of
PFOS in fish tissue (slow elimination) or impact of urbanization (creating ongoing inputs of
PFAS).

Appendix A summarizes concentrations of PFOS in biota.



2.4.10. Commercial Food

Three Canadian studies related to PFOS concentrations in commercially available food were
identified, while two studies document traditional food in northern Canada. Some studies have
shown that red meat and fish contain high levels of PFOS (Ostertag et al. 2009b; Tittlemier et al.
2007; Tomy et al. 2004). Based on these studies, red meat may be a significant source of human
exposure to PFOS from general dietary intake, and fish may be the predominant source of human
exposure from contaminated waters.

Tittlemier ef al. (2007) analyzed composite samples of meat or animal-derived food items from
the Canadian Total Diet Study (TDS) (1992-2004). Half of the samples were collected in 2004,
and others were archived samples collected from 1992 to 2001. Of the perfluorinated substances
analyzed, PFOS was detected in seven out of 54 composite samples at concentrations ranging from
2.0 ng/g to 2.7 ng/g ww for marine and freshwater fish (2004), ground beef, and beef steak.
Concentrations lower than the LOQ (but above the limit of detection [LOD]) were reported for
microwave popcorn (0.98 ng/g), luncheon meats and cold cuts (0.5 ng/g), and freshwater fish
(1998) (1.3-1.5 ng/g).

Ostertag et al. (2009a) measured PFAS in 65 composite food samples (e.g., drinks, meat and fish,
plant-based foods, milk products) collected from Whitehorse, YK, as part of the 1998 TDS and
estimated a dietary exposure of 0.1-0.2 ng/kg body weight [bw]/day for PFOS. In general, PFAS
were not normally detected in unprocessed foods, but were found in some foods that had undergone
some form of processing, suggesting that contamination occurs after the initial production or
cultivation of various foods. For example, PFOS was detected in processed cheese at 1.14 ng/g
ww, compared to 0.71 ng/g (below the LOQ of 0.95 ng/g) in unprocessed cheese. Concentrations
were below the MDLs in other food items: (ng/g ww: cold cuts <0.68, cookies <0.15, peppers
<0.15, canned lunch meats <0.37, pizza <0.20 and frozen beef dinner <0.17). Ostertag et al.
(2009a) estimated exposure at an order of magnitude higher than in 1998 using data from the 2004
TDS (Tittlemier et al. 2007) or a combination of data from the 1998 and 2004 TDS.

Del Gobbo et al. (2008) detected PFOS in 15 of 21 composite fish samples they collected from
Ontario supermarkets in 2006. Concentrations in raw samples ranged from non-detected to 1.68
ng/g ww, with the highest level found in yellow croaker (Larimichthys polyactis). PFOS levels in
cooked samples ranged from non-detected to 1.14 ng/g ww, with the highest concentration found
in grey mullet. Generally, Del Gobbo ef al. (2008) found that all cooking methods reduced PFA
concentrations and that baking reduced all PFA concentrations below the LOD (0.03—10 ng/g ww)
in all species analyzed. However, Bhavsar et al. (2014) observed either no reduction or an increase
in PFAS in sport fish from Ontario after cooking.

Ostertag et al. (2009b) measured the concentrations of PFAS in traditional foods in northern
Canada. They detected PFOS in 39% of the 68 samples collected from Chesterfield Inlet, Igloolik,
Pond Inlet and Qikiqtarjuagq, NU, between 1997 and 1999 in both aquatic foods and terrestrial
foods. For aquatic foods, they found concentrations of 0.1-7.6 ng/g in ringed seal, polar bear
(meat), beluga (Delphinapterus leucas), narwhal (Monodon monoceros), bearded seal (Erignathus
barbatus), walrus (Odobenus rosmarus), eider duck (Somateria mollissima), black duck (4nas

rubripes) and lake trout. For terrestrial foods, they found concentrations of 5.0 ng/g in baked
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caribou liver and 0.1-0.2 ng/g in caribou bone marrow, heart, blood, kidney, stomach, tongue and
meat (weight basis not reported). PFOS concentrations in the other samples, Arctic char
(Salvelinus alpinus), seaweed, clams, ptarmigan (Lagopus muta), Arctic hare (Lepus arcticus),
snow goose (Chen caerulescens) and berries, were below the detection limit (ranging from <0.1
to <0.5 ng/g depending on the sample) (Ostertag et al. 2009b).

PFOS levels in Eastern Canadian Arctic marine foods ranged from 0.28 to 1.8 ng/g ww in
zooplankton and invertebrates (shrimp and clams) collected in 2001 and 2002, from 1.3 to 1.4
ng/g ww in fish collected in 2000 and 2001, and from 2.4 to 122 ng/g ww in marine mammals
(whales and pinnipeds) collected between 1996 and 2000 (Butt et al. 2010).

Tao et al. (2008a) measured PFOS concentrations in infant formula (five brands) and cow’s milk
(11 brands) samples from New York, NY, and Washington, DC. PFOS was detected in only one
infant formula sample and was below the LOQ of 11.0 ng/L in all the cow’s milk samples (Tao et
al. 2008a).

Appendix A summarizes PFOS concentrations in commercially available food.

2.4.11. Human Breast Milk

Kubwabo ef al. (2013) did not detect PFOS in the 13 breast milk samples they collected in the
Kingston, ON, region in 2003-2004. In Massachusetts, Tao et al. (2008b) reported PFOS
concentrations ranging from <0.032 to 0.617 ng/mL (mean = 0.131 ng/mL) in human breast milk
collected in 2004.

Appendix A summarizes PFOS concentrations in human milk.

2.4.12. Consumer Products

The PFOS anion, as well as its 4-, 5-, 6- and 7-carbon homologues, were used in Scotchgard
Protector and other repellant products, as well as in the Light Water brand of AFFFs (Hebert et al.
2002). Other reported uses of PFOS and its derivatives include coatings on paper and food
packaging, photographs, packaging and textiles (due to their ability to repel oil and water),
hydraulic fluids, and metal-plating solutions (due to their stability at high temperatures) (Tang et
al. 20006).

2.4.13. Rainwater and Snow

Loewen et al. (2005) measured a mean PFOS concentration of 0.59 ng/L in rainwater collected in
2004 in Winnipeg, MB. An Ontario study collected precipitation samples in 2005 at two locations
(Algoma and Sibley) near Lake Superior (Scott et al. 2010). The average PFOS flux was
0.32 ng/m? per event at the Algoma site and 5.8 ng/m? at the Sibley site. The values for Algoma
are biased low, as the leading edge of a precipitation event usually has higher concentrations of
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chemicals than the bulk of the precipitation, and only events that had more than 250 mL were
analyzed (smaller precipitation events were not considered).

PFOS concentrations in surface ice cap samples from the Canadian Arctic ranged from 2.6 to 86
pg/L (Young et al. 2007).

Appendix A provides a summary of PFOS concentrations in precipitation.

2.5. Existing Soil and Water Quality Criteria and Guidelines

Soil and water quality guidelines for PFOS and other PFAS substances have been developed by
several jurisdictions. Given the high level of ongoing research into PFOS and PFAS in general,
these values may change as the science evolves. ITRC (2018b) provides a list of existing
regulations, guidelines and advisories for PFAS from many jurisdictions around the world.
Analysis of the basis of variation in guidelines from different jurisdictions is beyond the scope of
this document. Cordner ef al. (2018) provide a review of several sources of variation in guideline
levels for PFOS and PFOA from various American jurisdictions. Some Canadian values are
provided in Table 4; for other values please consult ITRC (2018b) and other sources.

Table 4. Existing soil and water criteria and guidelines for PFOS in Canadian
jurisdictions

Jurisdiction | Criterion/guideline | Concentration | Reference

Soil

2.5 mg/kg (wildlands, urban
park, res. high density)

1 mg/kg (agr., res. low density)
7.5 mg/kg (commercial)

200 mg/kg (industrial)

o Groundwater used for drinking water | 0.35 mg/kg

Government of 40 mg/kg (wildlands natural) Government of

B.C _ . 70 mg/kg (wildlands reverted, B.C. (1996)
Environmental Protection: agr., urban park, res. low

o Toxicity to soil invertebrates and density)

plants 150 mg/kg (res. high density,
commercial, industrial)

Human Health Protection:
e Intake of soil

e Groundwater flow to surface water

9 mg/k
used by aquatic life ma’xg
Site-specific soil criteria (plants) 27 mg/kg dry soll
Site-specific soil criteria (invertebrates) 0.77 mg/kg
Canada site- Site-specific soil criteria (mammals) 0.86 mgllklgo(:ljrblv;)krous
specific: m?nn:nar), ’ m Tngm ? SNC Lavalin
London, ON, , _ (omnivorous mammal) (2013)
. Site-specific soil criteria (birds) 0.006 mg/kg (omnivorous bird);
airport . .
0.013 mg/kg (insectivorous
bird);

0.092 mg/kg (herbivorous bird)




Jurisdiction Criterion/guideline Concentration Reference

Final selected site-specific soil criteria 0.006 mg/kg
Final site-specific soil remedial target 1.3 mg/kg
Site-specific soil remedial target (plants) | 9.2 mg/kg
Canada site- Site-specific soil remedial target 13 mg/kg
specific: (wildlife) Kennedy (2010)

Williams Lake, Average daily intake (ADI) for Level 4 21 pg/kg-d (0.021 mg/kg-d)
BC avian predators (birds)

Screening benchmark (invertebrates) 39 mg/kg

Residential soil screening level 6 mg/kg US EPA (2009)
Water

Drinking water guideline 0.6 pg/L HC (2018a)
Canada Federal Environmental Quality Guideline

— water (for protection of freshwater 6.8 ug/L ECCC (2018)

aquatic life)
Other media

Federal Environmental Quality Guideline

— wildlife diet (to protect mammals that 4.6 pg/kg ww food

consume aquatic biota)

Federal Environmental Quality Guideline

— wildlife diet (to protect avian species 8.2 pg/kg ww food
Canada that consume aquatic biota) ECCC (2018)

Federal Environmental Quality
Guideline- fish tissue (to protect fish 9.4 mg/kg ww
from bioaccumulated contaminants)
Federal Environmental Quality

Guideline- bird egg (to protect avian 1.9 pg/g ww
species)

3. ENVIRONMENTAL FATE AND BEHAVIOUR

PFAS and their precursors, including PFOS, are present in considerable quantities in many
environmental media, and researchers assume that long-distance transport is occurring due to
weather and ocean currents (Armitage et al. 2006; Ellis et al. 2004; Martin et al. 2004a). The
hydrophobic and hydrophilic properties of PFAS affect their fate and behaviour in complex ways.
While their transport is not well understood, PFAS, including PFOS tend to accumulate at
interfaces between environmental media and this tendency may cause them to act differently
depending on their concentration (ITRC 2018a).

PFOS is generally emitted to the environment from chemical mixtures that contain several PFAS
and their precursors. Therefore, due to the degradation of more volatile precursors, PFOS and other
PFAS may be found in areas far from any source, despite their relatively low volatility (Ellis et al.
2004). PFOS is not expected to degrade, hydrolyse or photolyse under normal environmental
conditions, so it is expected to be very persistent in the environment (ITRC 2018a; ATSDR 2015;
OECD 2002), however precursors may transform to PFOS in different environmental media (ITRC

2018a).
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This section provides a summary of PFOS environmental fate and behaviour in various
environmental media. ITRC (2018a) provides fate and behaviour information for PFAS relative to
their principal sources, including AFFF use.

3.1. Speciation

Theoretically, a total of 199 PFOS isomers are possible (Letcher and Chu 2009), but a maximum
of 11 isomers have been reported in manufactured products (Arsenault et al. 2008; Houde et al.
2008). L-PFOS makes up 65-79% of the PFOS manufactured via ECF (Arsenault ef al. 2008;
Benskin et al. 2007; Chu and Letcher 2009; De Silva et al. 2009; Greaves and Letcher 2013).
Branched isomers consist primarily of monomethyl and dimethyl isomers. The major monomethyl
isomers include 6-perfluoromethyl, 5-perfluoromethyl, 4-perfluoromethyl, 3-perfluoromethyl, 2-
perfluoromethyl and 1-perfluoromethyl PFOS. The major dimethyl isomers include 3,3-dimethyl,
4,5-dimethyl, 3,5-dimethyl and 5,5-dimethyl PFOS (Houde et al. 2008).

The environmental fate, toxicity and bioaccumulation of individual PFOS isomers are not well
characterized, but studies have shown the importance of considering both environmental and
isomer-specific toxicological properties when assessing exposure effects to wildlife. The
bioaccumulation characteristics of the PFOS perfluorodimethyl isomers differ from those of the
LPFOS and PFOS monomethyl isomers. Houde et al. (2008) studied the transfer of isomers
through the food web in Lake Ontario. L-PFOS was the dominant isomer detected in sediment and
water samples as well as in wildlife tissues, especially in higher-trophic-level mammals and fish-
eating birds, compared to manufactured technical grade (total) PFOS (Chu and Letcher 2009; De
Silva et al. 2009; Gebbink and Letcher 2010). Branched isomers have also been identified and
quantified in human serum (Riddell et al. 2009).

3.2. Atmosphere

Due to its low pKa, the anionic form of PFOS is expected to predominate at normal environmental
conditions (i.e., near neutral pH) (Barber et al. 2007). Similarly, PFOS vapour pressure and
solubility (and Henry’s law constant) indicate that it is more likely to partition to water than air
(Giesy and Kannan 2002; Weremiuk ef al. 2006) and is essentially non-volatile. PFOS is generally
associated with larger particulate matter diameters (Ge et al. 2017; Dreyer et al. 2015).

Precursors of PFOS and other PFAS are more volatile and can be found at long distances from
their sources (Ellis ez al. 2004; Prevedouros et al. 2006; Benskin et al. 2012). Martin et al. (2004a)
demonstrated the potential for PFOS formation in the atmosphere via the transformation of
precursors (notably perfluorooctanesulfonamides) in the presence of chlorine or hydroxide, the
former being largely absent in the troposphere. Elevated levels of nitrogen oxides (NOx) can alter
PFCA composition via a gas-phase unzipping mechanism that preferentially generates (n-1)
PFCAs over n PFCAs (Ellis et al. 2004). PFAS are removed from the atmosphere as wet and dry
deposition after scavenging of particle-bound PFOS or partitioning of gaseous PFOS to water
droplets (Dreyer et al 2010; Barton et al. 2007; Hurley et al. 2004). This explains, in part, the
presence of non-volatile PFOS in distant environments such as the Arctic.
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3.3. Water and Sediments

Due to its presence as an organic ion at environmental pH levels, low volatility, moderate water
solubility and persistence, PFOS in solution is mobile in water until it is adsorbed onto particulate
matter or taken up by organisms (EC 2006a; Cheng et al. 2008; Suja et al. 2009). In groundwater,
advection will often be the principal influencing factor in PFOS mobility (ITRC 2018a).

The solubility of PFOS (as potassium salt) has been reported as 519—-670 mg/L in water (Jing et
al. 2009), 570 mg/L in purified water, 370 mg/L in fresh water and 25 mg/L in filtered seawater
(OECD 2002).

A hydrolysis half-life of 41 years for PFOS in water was calculated at pH values of 5, 7 and 9 (as
reviewed by ATSDR 2015). Although PFOS was thought to be resistant to photolysis, a study
including both field and laboratory experiments demonstrated that this process may be significant
(Taniyasu et al. 2013a). PFOS concentrations in solution decreased by 15% after a short period
(20.5 hrs) of exposure to strong solar radiation (test conducted on snow at high altitude in Japan).
After a long (1,232 hrs) period of exposure, PFOS concentrations in solution decreased by 29%
(test conducted in Hawaii). A laboratory experiment on PFAS in serum showed that PFOS
photolysis is higher when the solution is exposed in quartz glass, which allows full transmittance
of UVB radiation (Taniyasu et al. 2013a).

PFOS in solution tends to accumulate at the air-water interface. Brusseau (2018) calculated that
this increased the aqueous-phase transport retardation factor using a five stage multi-process
model.

Several authors have suggested that ocean currents are responsible for the long-range transport of
PFAS, including PFOS, from direct emissions and atmospheric deposition and as the result of
degradation (Ahrens et al. 2010; 2012; Armitage et al. 2006; Wania 2007). In marine waters,
PFAA solubility decreases and sorption increases, which will likely result in more accumulation
in marine sediments (Hong et al. 2013). The oceans are likely the main sink for PFAS in the
environment (Armitage et al. 2006).

PFOS in groundwater adsorbs to organic carbon in sediments, soil and sludge (3M 2003; Beach et
al. 2006; Guelfo and Higgins 2013; Hekster ef al. 2002; Higgins and Luthy 2006), and sorption is
influenced by several factors, such as hydrophobicity, sorbent surface charge, organic carbon
content and pH (Chen et al. 2009). Sorption increases in the presence of polyvalent cations,
associated with decreasing pH (Higgins and Luthy 2006; McKenzie ef al. 2015). Several authors
have suggested that sediments, humic acid or soil are sinks for PFOS (Becker et al. 20085b; Jia et
al. 2010; Martin et al. 2004b; Strynar et al. 2012), while others reported that water or biota are the
sinks for PFOS (Nakata et al. 2006; Sanderson et al. 2002).

3.4. Indoor Settled Dust

PFOS has been detected in indoor dust. Emissions from and degradation of consumer products
containing PFOS are likely major sources. Dust on floors and household objects may be ingested
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to various degrees (Mitro et al. 2016). Of particular concern are children, who crawl and explore
by putting items into their mouths. They represent a susceptible population and, as such, they are
more susceptible to PFOS exposure through dust.

3.5. Soail

Application of AFFF, sewage sludge, accidental spills, wet and dry deposition of PFAS present in
ambient air (Strynar et al. 2012), etc. can all lead to the presence of PFOS in soils. The sorption of
PFOS to soil likely plays an important role in its attenuation and accumulation in soil and can
contribute to potential PFOS exposure in soil-dwelling organisms (Higgins and Luthy 2006). At
the same time, the degree of sorption affects PFOS bioavailability to biota, so sorption has
implications for the general fate and toxicity of PFAS in the environment. In a review study of
published data, Li et al. (2018) concluded that PFAS sorption behaviour could not be explained
by a single soil property, or by soil organic carbon (OC) and pH combined, but that OC, pH and
clay content significantly influenced sorption. Additional parameters (e.g., water temperature,
electrostatics) may also influence sorption in soil and sediments (Li ez a/. 2018). In a study of six
soil types, Milinovic et al. (2015) observed that the PFOS solid-liquid distribution coefficient (Kd)
was positively correlated with OC content and that desorption yields were lower than 13% for
PFOS, indicating that sorption is highly irreversible and that hydrophobicity controlled its sorption
behaviour in soils. From the slope of the Kd/Foc, curve, the authors calculated a Koc of 2.9, which
was similar to values reported (2.8-3.2) by Chen ef al. (2012a) from similar experiments and lower
than values reported (3.1-3.6) by Chen et al. (2009). Wei et al. (2017) studied PFOS sorption in
six Chinese soil types and determined that sorption equilibrium was reached after 48 hours. These
authors obtained much higher Kq4 values (14-66 L/g) than Milinovic et al. (2015) (0.009-0.444 L/g)
and suggest that the difference is due to the dependence of PFOS sorption on soil chemical and
structural features, such as Fe2O3 and Al2O3 content, as shown by a positive correlation between
these compounds and soil sorption capacity.

Leaching of adsorbed PFOS, under the influence of irrigation and precipitation may drive transport
of PFOS to groundwater (Lindstrom et al. 2011a; Filipovic et al. 2015; Hellsing et al. 2016;
Braunig et al. 2017), however this process is a function of several soil and PFOS structural
parameters and has not been observed in all studies (Sepulvado et al. 2011; Stahl et al. 2013;
Anderson et al. 2016). A study of catchment areas in northern Sweden indicated that a considerable
portion of PFAS stored in soil may be released to surface water over time (Filipovic et al. 2015).

The application of biosolids is another source of PFAS, including PFOS, to soils that would
otherwise have lower inputs of these substances.

3.6. Biota

Monitoring studies suggest that PFOS is highly bioaccumulative (HSDB 2011). It is resistant to
aerobic and anaerobic degradation, and to metabolism by vertebrates. According to biodegradation
studies reviewed by the OECD, there is no evidence of PFOS biodegradation in any organism
(reviewed in EC 2006a). Since concentrations in biota are dependent on uptake and elimination
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rates as well as internal metabolism and transformation of precursors, concentrations can vary in
biota from diverse locations and environmental media (ITRC 2018a).

PFOS does not appear to follow the classic pattern of distribution to adipose tissue, and Kow is not
generally an appropriate measure of bioaccumulation or biomagnification for PFOS. Rather than
partitioning into lipid tissue, PFOS has been shown to bind to protein in plasma albumin and beta-
lipoproteins (Kerstner-Wood et al. 2003) and to liver and liver fatty acid binding protein in higher
organisms (Kerstner-Wood et al. 2003; Luebker et al. 2002). To address this unusual type of
binding, a novel coefficient, the protein-water partition coefficient (log Kpw) has been developed,
and a log Kyw of 4.1 has been reported for PFOS (Bischel et al. 2011), although there are currently
few values available for comparison of this estimate.

Whole-body bioconcentration factor (BCF) values are generally lower than values based on blood
or liver concentrations. Data for different marine and terrestrial species indicate that PFOA has a
low to moderate bioaccumulation potential in aquatic species (on a whole-body basis), while
accumulation may be higher in certain organs and tissues (e.g., liver, blood). Bhavsar et al. (2016)
indicate that bioaccumulation factors (BAFs) and biota-sediment accumulation factors can vary
widely within a species, even within a narrow size range, although accumulation tends to be greater
in larger fish than in smaller fish. Further, several studies support higher bioaccumulation from
water at lower trophic levels, with relatively low bioaccumulation at higher trophic levels (Bhavsar
et al. 2016; de Solla et al. 2012; Gewurtz et al. 2014; Martin et al. 2004b; Stevens and Coryell
2007). PFOS data from one Hamilton, ON, site showed very high concentrations of contaminant
in the flesh of several fish species (above consumption advisory levels) despite surface water
concentrations below applicable guidelines (Bhavsar et al. 2016). The RIVM (2010) report
experimental BCFs for various fish species, ranging from 1,100 to 5,400 L/kg ww for rainbow
trout (Oncorhynchus mykiss), 1,124 to 2,796 L/kg ww for bluegill (Lepomis macrochirus), 167 to
1,750 L/kg ww for fathead minnow (Pimephales promelas) and 720 to 4,700 L/kg ww for carp
(Cyprinus carpio) (RIVM 2010). Bhavsar et al. (2016) determined an overall log BAF of 3.4 and
biota-sediment accumulation factor of 1.7 for 10 species of sport fish from Ontario. Based on
BAFs calculated from study data, the authors determined that PFOS has the potential to accumulate
to levels unsafe for human consumption under these conditions (Bhavsar et al. 2016; Gewurtz et
al. 2014).

Xiao et al. (2012) investigated PFOS sorption from water to food in nine commonly consumed
vegetables and three types of meat. PFOS food-water distribution coefficients ranged from 7 to
19 L/kg for vegetables and from 19 to 38 L/kg for meat. PFOS may bind to proteins and organic
matter contained in vegetables and meat (Xiao ef al. 2012). Del Gobbo et al. (2008) demonstrated
that cooking fish reduced PFOS concentrations. However, Bhavsar et al. (2016) noted either no
reduction or an increase in sport fish tissue concentrations after cooking using the same methods.
Additionally, PFAA data from one Hamilton, ON, site showed very high concentrations of PFOS
in the flesh of several fish species (above consumption advisory levels) despite surface water
concentrations below applicable guidelines (Bhavsar ef al. 2016).

Under natural conditions, PFOS can persist for over 285 days in microcosms (Boudreau et al.
2003). Because the half-life of PFOS exceeds the half-life criteria defined by the Persistence and
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Bioaccumulation Regulations of CEPA, PFOS, its salts and its precursors are considered to be
persistent in the Canadian environment (EC 2006a).

The metric for bioaccumulation in the Canadian Persistence and Bioaccumulation Regulations
(Government of Canada 2000) is based on lipid binding and, as noted above, this metric is not
appropriate for PFOS. However, given the tendency of PFOS to bioaccumulate through protein
binding, EC (2006a, 2006b) concluded that the weight of evidence indicated PFOS is
bioaccumulative.

3.6.1. Bioconcentration Factors in Plants

The concentration of PFOS in plants relative to soil is of particular importance when considering
the potential exposure of terrestrial wildlife to PFOS. Several studies have examined the transfer
of PFOS from soil to plants (Brignole et al. 2003; Lechner and Knapp 2011; Stahl et al. 2009; Yoo
et al. 2011) using a variety of terms, including transfer factor (Lechner and Knapp 2011; Stahl ez
al. 2009), grass-soil accumulation factor (Yoo et al. 2011) and BAF (Beach et al. 2006; Brignole
et al. 2003). In general, bioconcentration of PFOS in plants seems to occur when soil
concentrations are in the range of 0 to 50 mg/kg soil, above which they appear to decrease. Table
5 summarizes the data used to calculate the overall BCF, and Appendix D presents background
information.

Lechner and Knapp (2011) reported average BCFs for cucumber (Cucumis sativus), potato
(Solanum tuberosum) and carrot (Daucus carota subsp. sativus) (0.59, 0.82 and 1.24, respectively)
grown in soil at 0.01 and 0.6 mg/kg dry soil (cucumber), 0.02 and 0.3 mg/kg dry soil (potato) and
0.01 and 0.5 mg/kg dry soil (carrot) (Appendix D). At these low concentrations, transfer from soil
to plant increased with increasing PFOS soil concentrations. BCFs were higher in shoots or
vegetative portions than in the peeled or edible parts (Appendix D). BCFs for PFOS ranged from
0.034 to 0.129 for Bermuda grass (Cynodon dactylon), tall fescue (Festuca arundinacea) and
Kentucky bluegrass (Poa pratensis), with a GM of 0.057 across the three plant species (Yoo et al.
2011).

Stahl et al. (2009) showed that PFOS uptake varied across species (perennial ryegrass [Lolium
perenne], spring wheat [ Triticum aestivu], oat [Avena sativa], maize [ Zea mays] and potato) sown
in loess soil diluted with quartz sand and spiked with 0.25, 1, 10, 25 or 50 mg PFOS/kg delivered
by aqueous solution and exposed for three to four months (except ryegrass, which was harvested
after 1, 2.5, 3.5 and 5 months). In general, the concentration of PFOS in plant parts increased with
increased soil concentrations. BCFs calculated by Environment Canada, from data provided by
Stahl et al. (2009), ranged from negligible (wheat and maize grain) to 4.2 times the concentration
in soil (ryegrass after fourth cutting) at 10 mg PFOS/kg in soil. The average BCF across test
concentrations and plant species was 0.29. As in Lechner and Knapp (2011), concentrations in the
vegetative compartment (straw or peels) can be considerably higher than in the storage portion of
the plant (grain or tubers). For example, concentrations in the straw portion of maize, oats and
wheat were approximately 34, 60 and 3,600 times higher, respectively, than concentrations in the
grain portion of the same plant. The study authors offered no explanation for this phenomenon.

25



Beach ef al. (2006) calculated BCFs from the Brignole ef al. (2003) data for seven plant species:
onion, ryegrass, alfalfa (Medicago sativa), flax (Linum usitatissimum), lettuce (Lactuca sativa),
soybean (Glycine max) and tomato (Lycopersicon esculentum) (see Appendix D). Except onion,
BCFs were higher in the vegetative portion than in the grain or fruit. As noted above, BCFs appear
to be highest when soil PFOS was 0-50 mg/kg and then decreased when PFOS in soil exceeded
50 mg/kg.

Since whole-plant BCFs were considered the most relevant to estimate wildlife exposure, the
harvest index (the proportion of a given plant compartment relative to total above-ground plant
biomass), was used to provide a weighted BCF (Appendix D).

BCFs based on wet weight (Lechner and Knapp 2011; Stahl er al. 2009) were converted to dry
weight basis using a dry matter fraction of 0.15 (US EPA 1993) for dicot and monocots such that:

Conversion factor for BCF = plant wet mass/(plant wet mass — plant water fraction)
where:

e plant wet mass = total wet mass of plant=1g

e plant water fraction = mass of water in total plant=0.85 g

e wet weight to dry weight conversion factor = 1/(1 — 0.85) = 1/0.15 = 6.67 (following US
EPA 1993). (Note that soil was already reported on a dry weight basis).

BCF data were available for 16 plant species. Given that this is a small proportion of all possible
plant species that wildlife might consume, and given that no BCF data exist for some plants that
wildlife are known to consume (e.g., berries), all available plant species were included in deriving
a grand mean weighted BCF of 0.35, which is considered representative for plants (Table 5).
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Table 5. Summary of soil-plant BCFs used to calculate grand mean of plant BCFs

for PFOS

Soil-plant .

BCF Soil-plant Harvest Harvest Reference . BCF
Name . BCF (dw . . Weighted

(plant/soil Reference® index index for harvest value
(component) . plant/dw . BCF°

basis i (range) (average) index used

i soil)

specified)?
Bermuda grass
(Cynodon g'roijs 2(2%(: f; al. 0.035 ; - ; - 0.035
dactylon) yiery
Tall fescue 0.066 Yoo et al
(Festuca d.r q (2011) ' 0.066 - - - - 0.066
arundinacea) yrdry
Kentucky
bluegrass (Poa 2'0;3;; 2(2%(; f; al. 0.083 - - - - 0.083
pratensis) ryrery
Potato (tuber)
(Solanum \?\/‘2334 f‘ztgg;”t a1 0003 - - - - 0.003
tuberosum) i
Maize (grain) 0.005 0.005
(Zea mays) dry/dry Stahl et al. ' Pennington

0.5 0.081 0.081
Maize (straw) 0.157 (2009) 0.157 (2013)
(Zea mays) dry/dry '
Oat (grain) 0.007 0.007
(Avena sativa) dry/dry Stahl et al. ' 0.11- Unkovich et
0.3 0.28 0.28
Oat (straw) 0.4 drvidr (2009) 0.4 0.48 al. (2010)
(Avena sativa) 4 dryrdry '
Spring wheat
(grain) (Triticum gr())/;)dori 0.0002
aestivum) Stahl et al. 0.38-
4 Hay (1 4 4
Spring wheat (2009) 0.41 0-40 ay (1995) 0.4 045
- 0.753
(straw) (Triticum drv/d 0.753
aestivum) yrdry
Perennial
ryegrass 0.538 Stahl et al. 0.33-
(Lolium dry/dry (2009) 0.41 0.49 0.41 Hay (1995) 0.54 0.54
perenne)
Alfalfa Brianole et Bolafios-
(Medicago 0.59 dry/dry al ?2003) 0.59 0.127 0.127 Aguilar et al. | 0.59 0.59
sativa) ’ (2002)
Flax (grain)
(Linum 0.077 0.077
e dry/dry . .
usitatissimum) Brignole et 0.24 0.24 Gailans 1.08 1.08
Flax (straw) al. (2003) ' ' (2010) ' '
(Linum 1.4 dry/dry 1.4
usitatissimum)
Tomato (fruit) . .
. 0.065 Brignole et Gianfagna et

(Lycopersicon dry/dry al. (2003) 0.065 0.54 0.54 al. (1998) 0.96 0.96

esculentum)
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Soil-plant

Soil-plant
Name BCF . BCF (dw !-Iarvest !-Iarvest Reference Weighted BCF
(plant/soil Reference® index index for harvest value
(component) . plant/dw . BCF¢
basis soil) (range) (average) index used
specified)?
Tomato
(vegetative) 2.02 dry/d 2.02
(Lycopersicon ' yrary '
esculentum)
Onion (fruit) 1.4 dry/dry 1.4
(Allium cepa) . .
: Brignole et 0.82— Abdissa et
Onion al. (2003) 0.85 0.835 al, (2011) 1.33 1.33
vegetative 0.95 dry/d ' 0.95 ’ '
(veg ) y/dry
(Allium cepa)
Soybean (grain) | 5 4 iry 0.13
(Glycine max) )
Brignole et 0.35-
Soybean al. (2003) 0.53 0.44 Hay (1995) 1.33 1.33
(vegetative) 2.28 dry/dry ' 2.28 '
(Glycine max)
Lettuce Brignole et
(Lactuca sativa) 139 dry/dry al. (2003) 139 - - - - 14
Ryegrass .
) Brignole et
(Lolium 1.58 dry/dry 1.58 _ _ _ _ 1.6
perenne) al. (2003)
Zgit;teo) (peeled 0.004 Lechner and Lechner and
(Solanum w.et/dry Knapp 0.03 - 0.66 Knapp
tuberosum) (2011) (2011)
Potato
(peelings) 0.03 wet/dry 0.20 ; 0.964 0.96
(Solanum
tuberosum)
Potato
(vegetative) 0.359 239
(Solanum wet/dry ’
tuberosum)
Sc?irbrI(:)((pg:LIz(ls 0.045 Lechner and Lechner and
carota subsp w.et/dry Knapp 0.30 - 0.565 Knapp
sativus) (2011) (2011)
Carrot
(peelings) 0.033
(Daucus carota | wet/dry 0.22 0.1.38 14
subsp. Sativus)
Carrot
(vegetative) 0.373 249
(Daucus carota | wet/dry '

subsp. Sativus)
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Soil-plant Soil-plant
BCF P Harvest Harvest Reference . BCF
Name . BCF (dw . . Weighted
(plant/soil Reference® index index for harvest value
(component) . plant/dw . BCF¢
basis i (range) (average) index used
i soil)
specified)?
Cucumber (fruit) Lechner and Lechner and
. 0.002
(Cucumis wet/d Knapp 0.01 - 0.47 Knapp
sativus) v (2011) (2011)
Cucumber 0.763 0.76
(vegetative) 0.214 143 i
(Cucumis wet/dry '
sativus)
GM of weighted BCF from all plant data 0.35

2 BCF was reported as either ww plant/dw soil or dw plant/dw soil.

Where required, conversion to dw basis = (ww plant/dw soil) X 6.67 (following US EPA 1993).

bSee Appendix D

¢ BCFs were weighted according to harvest index as follows: weighted BCF = Z(BCmeponent X H Iwmponent).
For example:

WeightedBCF,q; = Y.(BCF,at grain X 0.3) + (BCFyqar straw % (1 — 0.3)) = (0.007 x 0.3) + (0.4 x 0.7) = 0.28.

3.6.2. Bioconcentration in Invertebrates

The accumulation and potential toxicity of PFOS in invertebrates is important both with respect to
the vital roles invertebrates play in soil function and as a food source for birds and mammals.
Stubberud (2006) examined the toxicity and accumulation of PFOS in the earthworm FEisenia
fetida and determined BCFs at three test concentrations (10, 20 and 40 mg/kg dry soil) such that
BCF = [earthworm ww]/[soil ww] = 2.8, 2.2, and 1.8 (ww basis), respectively, or 14.6, 11.8, and
9.6 on dw basis (Table 6). For the purpose of comparison, these PFOS BCF values for E. fetida
are of the same order of magnitude as BCFs determined in the worm E. andrei for polyaromatic
hydrocarbons (2.4-8.2 as adjusted for lipid and organic matter) (Jager ef al. 2000), and for ortho-
PCBs (1-34) (Matscheko et al. 2002).

Stubberud (2006) noted that BCFs were not adjusted for fat content in the worm or soil organic
matter content, as is often done for other organic compounds, since PFOS does not appear to follow
the classic pattern of accumulation in adipose tissue.

The Norwegian Pollution Control Authority (SFT; now the Climate and Pollution Agency)
measured the soil-to-earthworm BCF in earthworms in PFAS-contaminated soil from four fire-
training facilities (Table 6) (SFT 2008). Wet weight values were converted to dry weight using
invertebrate wet fraction of 0.84 and soil moisture fraction of 0.15 (US EPA 1993).

Based on these two studies, the GMs of the available soil-worm BCFs for PFOS are 2.0 (ww basis)
and 10.9 (dw basis).
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Table 6. BCFs of PFOS in the earthworm Eisenia fetida

Site/soil type; distance from fire training Concentration Concentration Concentration Concentration BCF BCF Reference
area; sampling depth where reported in worm in worm in soil in soil [worm]wetd | [worm]ary/

(ng/g ww) (ng/g dw)? (ng/g ww soil) (ng/g dw soil)® [soil]wet [soil]ary
Artificial OECD soil (70% sand, 20% clay, 10% | 19,300 120,625 7,000 8,260 2.8 14.6 Stubberud
peat) (2006)
Artificial OECD soil (70% sand, 20% clay, 10% | 33,300 208,125 15,000 17,700 2.2 11.8 Stubberud
peat) (2006)
Artificial OECD soil (70% sand, 20% clay, 10% | 46,300 289,375 25,500 30,090 1.8 9.6 Stubberud
peat) (2006)
Mongstad oil refinery; distance: 25 m 265 1,656 377 445 0.7 3.7 SFT (2008)
Mongstad oil refinery; distance: 40 m 4,882 30,512 4,359 5,144 1.1 5.9 SFT (2008)
Mongstad oil refinery; distance: 200 m 64 400 10 12 6.5 34.2 SFT (2008)
Mongstad oil refinery; distance: 25 m 1,838 11,488 603 712 3.0 16.1 SFT (2008)
Mongstad oil refinery; distance: 52 m 16,814 105,088 6,880 8,118 2.4 12.9 SFT (2008)
Solberg Scandinavian AS fire training area; 116 725 236 278 0.5 26 SFT (2008)
distance: 25 m
Solberg Scandinavian fire training area; 75 469 55 65 14 7.2 SFT (2008)
distance: 38 m
Solberg Scandinavian fire training area; 22 138 32 37 0.7 3.7 SFT (2008)
distance: 155 m
Gardermoen airport; distance: 1 m; depth: 0-5 | 5,938 37,112 959 1,132 6.2 32.8 SFT (2008)
cm
Gardermoen airport; distance: 1 m; depth: 10— | 6,317 39,481 1,721 2,031 3.7 19.4 SFT (2008)
30 cm
Gardermoen airport; distance: 1 m; depth: 65— | 2,086 13,038 845 997 2.5 13.1 SFT (2008)
80 cm
Rygge Air Station; distance: 26 m 649 4,056 227 268 2.9 15.1 SFT (2008)
Rygge Air Station; distance: 38 m 209 1,306 136 160 1.5 8.2 SFT (2008)
Rygge Air Station; distance: 174 m 117 731 29 34 4.1 21.5 SFT (2008)
Geometric mean 2.0 10.9

2 Wet weight conversion factor (worm) = earthworm wet mass/(earthworm wet mass — earthworm water fraction). Assuming a 1 g worm = 1/(1 — 0.84) = 1/0.156

=6.25 (US EPA 1993).

® Wet weight conversion factor (soil) = soil wet mass/(soil wet mass — soil water fraction). Assuming 1 g wet soil = 1/(1 — 0.15) = 1/0.85 = 1.18 (US EPA 1993).
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3.6.3. Bioaccumulation and Biomagnification in Terrestrial Mammals

Studies on the bioaccumulation and biomagnification of PFOS in terrestrial mammals have been
conducted on caribou and wolf (Miiller et al. 2011), sheep (Kowalczyk ef al. 2012), and dairy
cows (Vestegren et al. 2013).

Miiller et al. (2011) reported the biomagnification factors (BMFs) and trophic magnification
factors (TMFs) of perfluorinated carboxylates and perfluorinated sulfonates in terrestrial food
webs consisting of lichen and other vegetation, caribou (Rangifer tarandus groenlandicus), and
wolf (Canis lupus) associated with two caribou herds in remote northern areas in Canada (the
Porcupine herd in northern Yukon and the Bathurst herd in Northwest Territories/western
Nunavut). BMFs for PFOS were highly tissue specific, ranging from a low of 0.8 for

wolfiiver/cariboutiver to a high of 9.1 for caribouwnole/vegetation (see Table 7).

Table 7. BMFs and TMFs for plant-caribou-wolf food chain

Tissue type Name of herd (geographic region) Reported magnification factor
Biomagnification factor

Cariboumuscie/lichen gg:ﬁﬂg?e gg z 13
Cariboumuscie/vegetation Eg;ﬁﬂg?e 3(1) z 8;
Caribouiver/lichen gg:ﬁﬂfge ‘11?)211-1 ?8
Caribouiver/vegetation Eg:ﬁﬂg?e g; z ‘112
Wolfmuscle/cariboumuscle gg:ﬁﬂfsl?e ‘112 i gg
Wolfiver/cariboumuscle gg:ﬁﬂg?e g; i 238
Wolfiver/caribouiiver E:;ﬁﬂf;?e g; i 861;
Caribouwnole bogy/lichen gg:ﬁﬂfge g? z fg
Caribouwhole body/vVegetation gg;ﬁﬂz?e 351; z 12
Wolfwhole body/Caribouwnole body g:{ﬁﬂg?e :132 i (1);
Trophic magnification factor

Wolfiver/caribouiiver/lichen gg:ﬁﬂfé?e g; z 82
Wolfwhole body/caribouwnole body/lichen Eg:ﬁﬂg?e 52 z 81
Wolfiver/caribouiiver/vegetation gg:ﬁﬂfsl?e 2;13 i0044
Wolfunhole body/Caribouwnote Porcupine 2.2+0.1
body/vegetation Bathurst 23+£0.1

Source: Miiller ef al. (2011) supporting information.

BMF = carnivore/herbivore
TMF = see text for detail
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Although no BAF from soil — carnivore was identified in the literature, data do exist for both the
(soil— plant) and (plant — grazing herbivore — carnivore) portions of the food chain. These can
be combined to determine the soil — carnivore BAF using two methods. There is good agreement
in the values derived using the two methods, so the simpler, more intuitive method is preferred for
its simplicity and reproducibility.? This method involves combining the BMFs over three trophic
levels such that:

Carnivore __ Plant Herbivore Carnivore

BMF =

Soil " Soil Plant Herbivore

= BCFSOil—»plant X BAFplant%herbivore X BAFherbivoreﬁcarnivore

where BCF soil — plant (0.35) is the GM of weighted BCFs shown in Table 7.
For the Porcupine herd: BMF,i; s carnivore = 0.35 X 9.1 X 3.3 = 10.5
For the Bathurst herd: BMFg,;; . carnivore = 0.35 X 7.9 X 1.2 = 3.3

Therefore, the GM for the two herds = V(10.5 x 3.3) = 5.9. This substantiates that PFOS is
bioaccumulative in higher-level terrestrial ecosystems.

In a pilot study, Kowaleczyk et al. (2012) fed sheep PFOS-contaminated corn silage (90 pg/kg dry
matter). Although the sample size was extremely small (n = 2), transfer of PFOS from feed to milk
and meat was identified. Sheep 1 was fed 1.16 pg PFOS/kg bw/day for 21 days and allowed a
further 21 days of non-PFOS diet. Sheep 2 was fed 1.45 ng PFOS/kg bw/day for 21 days and then
slaughtered (no clearing period). Both sheep showed marked PFOS accumulation. Levels in sheep
1 and sheep 2 tissues were: plasma (168 and 240 ug/L), liver (885 and 1,172 ug/kg ww), kidney
(172 and 286 pg/kg) and muscle (24 and 35 pg/kg), respectively. Elimination through milk (2%),
and urine and feces (4%) was slow and indicated that the 21-day PFOS-free feeding period was
not sufficient for a marked decrease in PFOS levels in organs and tissue (94% of dose was not
excreted). For sheep 1, the BAFs (concentration in tissue/feed) were 9.8 in liver, 1.9 in kidney and
0.3 in muscle. For sheep 2, the BAFs were 13.0 in liver, 3.2 in kidney and 0.4 in muscle.
Unfortunately, the concentration of PFOS in soil was not reported and therefore the soil-silage-
sheep transfer values could not be calculated.

In a study of dairy cows in Sweden (Vestegren et al. 2013), silage, barley, supplements and water
contributed 86, 10, 3 and 1%, respectively of the PFOS intake through diet. The authors noted that

2 In the second, more complex method, BMF = BAF jant_.camivore iS based on the TMF, where TMF = e® and b is the slope of In C,,, = a
+ (b x TL), Cww = concentration of PFOS in an individual organism, and TL = trophic level.

Then BMF=[Consumer][Diet]=e(a+bTLConsumer)e(a+bTLDiet)=e(a+bTLConsumer-(a+bTLConsumer)=e(b(ATL), and ATL is
approximated as 2.25 for vegetation-to-whole wolf (Mlller et al. (2011); Table 7 geometric mean of TMFs for Porcupine and Bathurst
herds).e2.25b=eb2.25=TMF2.25

Average TMFplant— carnivore= 2.25%% = 6.2. This value is reassuringly close to the value of 5.9 derived using the first method.
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the PFOS concentration in the rural groundwater was very low (0.073 ng/L) and that if Stockholm
tap water had been the source of the cows’ drinking water instead, it would have contributed 46%
of the total intake of PFOS. Accumulation of PFOS in cow tissue was greatest in liver (130 ng/kg),
followed by blood (110 ng/kg) and muscle (21 ng/kg). Elimination was primarily via feces (45%)
and milk (40%) and, to a lesser degree, urine (15%). Bioaccumulation was reported as a biotransfer
factor (BTF) and calculated as concentration of chemical in tissue (ng/kg) divided by total daily
intake rate of chemical (ng/day). Authors expressed these as log BTF, but the values have been
converted here for ease of comparison with other studies. The BTFs were 0.07 for muscle and 0.02
for milk (reported as log BTF muscle: —1.15 and log BTF milk: —1.67).

The above studies with wildlife and livestock indicate that PFOS can biomagnify to a significant
degree in the environment. Therefore, the soil and food ingestion pathways for primary, secondary
and tertiary consumers should be considered in the development of CSOQG for the environment.

3.7. Snow

Some authors have investigated the fate of PFAS in snow. Maclnnis et al. (2017), Codling ef al.
(2014a) and Meyer et al. (2011) observed that snow in Sweden and Canada generally contained
higher concentrations of short-chain PFAS. They also observed that PFAS migrated to deeper
snow during snowmelt and that concentrations of the shorter-chain perfluoroalkyl carboxylic acids
(PFCAs; including PFOA) tended to diminish as snow melted, but that longer-chain PFCAs and
perfluoroalkyl sulfonic acids (PFSAs; including PFOS) concentrations increased (Codling et al.
2014a). Meyer et al. (2011) observed an early drop in short-chain PFAS in runoff water during
early snowmelt in association with the influx of snowmelt water, which has a relatively low
concentration of PFAS when compared to the surface water being measured. However, the authors
also observed a peak of long-chain PFAS in stream water, presumably due to mobilization of
particles from impervious surfaces in the urban environment.

Taniyasu et al. (20130) also noted an increase in PFAS in freshly fallen snow over several days in
Japan, which Codling et al. (2014a) indicate could be due to ice surface—mediated photochemical
formation of PFAS from precursors.

These trends may have implications for temporal sampling and impacts at northern sites where
PFAS accumulation could occur where the snowpack does not thaw annually.

4. BEHAVIOUR AND EFFECTS IN BIOTA

The toxicological data available for PFOS for plants, invertebrates, mammals and birds identified
using the search strategy described in Appendix B are presented in:
e Appendix E: Toxicity Data of PFOS to Terrestrial Plants and Invertebrates
Acceptable/Selected for Use for Soil Quality Guideline Derivation
e Appendix F: Toxicity Data of PFOS to Terrestrial Plants and Invertebrates Consulted but
Not Used for Soil Quality Guideline Derivation

e Appendix G: Acceptable/Selected Mammalian and Avian Toxicity Data for PFOS
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e Appendix H: ECas, IC2s and LC20 Data Used for Species Sensitivity Distribution Used to
Derive Soil Contact Value for Agricultural, Residential/Parkland and Commercial and
Industrial Land Uses for PFOS.

4.1. Plants and Invertebrates

Two studies (Brignole et al. 2003; Zhao et al. 2011) investigated the toxicity of PFOS to plant
growth, seedling emergence and plant mortality in eight plant species and were acceptable for
guideline derivation. Species tested were: alfalfa, ryegrass, soybean, lettuce, flax, tomato, onion
and pak choi (Brassica chinensis). Five studies of acceptable quality for guideline derivation (EC
2015; Joung et al. 2010; Sindermann et al. 2002; Stubberud 2006; Xu et al. 2011) reported the
toxicity of PFOS to three invertebrate species: the earthworm Eisenia fetida, (endpoints: number
of cocoons, number of juveniles, average and total weight of juveniles and mortality), the
springtail, Folsomia candida, and oribatid mite, Oppia nitens (endpoints for both were number of
juveniles produced and mortality). Appendix E presents data from the acceptable studies.

Additional endpoints were also available in some of these studies or in other studies (Brignole et
al. 2003; Joung et al. 2010; Sindermann et al. 2003; Stubberud 2006) but were considered
unacceptable for guideline derivation, either because endpoints were reported at an unknown
concentration, were extrapolated beyond the measurement range or were related to behaviour. A
further six studies on terrestrial biota (Li 2008; Mommaerts et al. 2011; OECD 2002; Qu et al.
2010; Van Gossum et al. 2010; Xu et al. 2011) were reviewed but not used, since the test medium
was filter paper, agar or sugar solution rather than soil (see Appendix F).

From the available information, plants and invertebrates have overlapping sensitivity to PFOS,
with plants appearing to be slightly more sensitive than invertebrates. The most sensitive species
was lettuce, where plant height was reduced by 23% and weight by 35%, after 21-day exposure to
PFOS at 3.91 mg/kg (Brignole et al. 2003). For invertebrates, the most sensitive effect was a 25%
reduction in average weight per juvenile observed after 56-day exposure at 12 mg/kg (Stubberud
20006).

LOEC values ranged widely both in concentration and effect level, from 3.91 mg/kg for adverse
effect on lettuce height (23% decrease) and weight (35% decrease) to 1,000 mg/kg for decreased
emergence of alfalfa (64%), lettuce (86%), tomato (89%) and flax (100%) after 21 days of
exposure (Brignole et al. 2003). This wide variation in effect level is one reason why the LOEC
method is not the preferred method for deriving SoQGs. For earthworm, LOECs ranged from 20
mg/kg for average weight of juveniles to 80 mg/kg for number of cocoons and juveniles (Stubberud
20006).

Acceptable ICzs (inhibitory concentration of 25%), ECazs (effective concentration for 25% of
individuals) and LOECs (where adverse effect levels were close to the 25% level, i.e., ranged from
20 to 30% and were not redundant with the EC2s or IC2s) were available for seven plant species
and three invertebrate species. IC2s/EC2s ranged from 3.91 mg/kg for reduced height in lettuce to
393 mg/kg for reduced emergence of lettuce, both following 21-day exposure (Brignole et al.
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2003). For invertebrates, 1C2s ranged from 12 to 256 mg/kg for effects on average weight of
juvenile earthworm and earthworm survival (Joung et al. 2010; Stubberud 2006).

In plants, median effect levels ranged from an ICso (inhibitory concentration 50%) of 20.1 mg/kg
for decreased shoot weight for lettuce (Brignole et al. 2003) to an ECso (effective concentration
for 50% of individuals) of 745 mg/kg for seedling emergence for alfalfa (Brignole et al. 2003).
Soybean was considerably less sensitive, with no adverse effect on survival at 1,000 mg/kg
(Brignole et al. 2003). In the invertebrates, median effect levels ranged from 23 mg/kg for the ICso
for number of juveniles (EC 2015) to 955 mg/kg for LCso (lethal concentration 50%) (Xu et al.
2011).

4.2. \Vertebrates, Birds and Other Wildlife

Toxicity data in non-human vertebrates (rat, mice, rabbit and monkey), and avian species
(bobwhite quail [Colinus virginianus], Japanese quail [ Coturnix japonica] and mallard duck [4nas
platyrhynchos]) were reviewed during the derivation of federal water quality guidelines to protect
wildlife (EC 2013b), and key mammalian and avian toxicity endpoints were identified. Since the
exposure route in the key studies was by ingestion in diet, and since no other toxicological data
using wild species were available, the same key mammalian and avian toxicity endpoints were
considered appropriate for use in deriving soil guidelines to protect wildlife exposed to PFOS in
diet. A summary of the data is provided below and in Section 5.4 and Section 5.5. Species that are
relevant (i.e., commonly occurring) and have feeding habits or body characteristics that make them
conservative representative model species (e.g., high food intake to body weight ratio) were used
in the food chain calculations.

PFOS is hepatotoxic, and its effects include increased liver weights, observed in mallards, northern
bobwhite and laboratory rats (Gallagher et al. 2003a; Luebker et al. 2005a; York 1999), as well
as hepatocellular adenomas (EC 2006b) and peroxisome proliferation (Luebker et al. 2005a).
McNabb et al. (2005) studied the effects of PFOS on thyroid function in northern bobwhite. After
seven days of exposure to a dose of 5 mg/kg body weight (bw), plasma thyroid hormones
decreased, indicating organism-level hypothyroidism. When cynomolgus monkeys (Macaca
fascicularis) were administered PFOS (0.03, 0.15, 0.75 mg/kg bw/day for 26 weeks), they had
reduced high-density lipoprotein (HDL) and cholesterol (Thomford 2000). Other previously
observed toxic effects of PFOS include a reduction in testicular size and altered spermatogenesis
in both quails and mallards, reduced survival of quail chicks exposed only in ovo (Gallagher et al.
2003a, 2003h; Newsted et al. 2007), and a reduced dam body mass in rats (York 1999). Thresholds
for effect are similar in mammals and birds (Newsted ez al. 2007).

Nine studies were evaluated for four mammal species: cynomolgus monkeys, rabbits (Oryctolagus
cuniculus), mice and rats. Since no toxicity data were available for wildlife, the lowest-observed-
adverse-effect level (LOAEL) from these toxicity data was used.

The lowest adverse effects dose for primary consumer (EDic) was based on the LOAEL in a two-
year chronic toxicity diet study in rat (Covance Laboratories Inc. 2002), which reported

hepatocellular degeneration at concentration in diet of 2 mg PFOS/kg food. This value is the same
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critical value used in the EC (2006a) Screening Assessment Report to assess risk to mammalian
wildlife. This concentration corresponded to an intake of 0.06—0.23 mg/kg bw/day (males) or 0.07—
0.21 mg/kg bw/day (females), or an average intake of 0.1086 mg/kg bw/day given the average
weekly food consumption rates for males and females over the 104-week test period.

Toxicity data for three avian species exposed to PFOS via diet were available: northern bobwhite
quail, Japanese quail, and mallard. The EDic LOAEL dose rate in northern bobwhite was 772
ng/kg bw/day (0.772 mg/kg bw/day), which resulted in reduced chick survival 14-day post
exposure (Newsted et al. 2007).

5. BEHAVIOUR AND EFFECTS IN HUMANS AND NON-HUMAN
MAMMALIAN SPECIES

Several international health agencies have reviewed the behaviour and effects of PFOS in humans
and mammalian species (e.g., ATSDR 2015; EFSA 2008; HC 2006). The present document
focusses on the studies most relevant to the PFOS toxicity reference values that will be used to
develop SoQGs for the protection of human health. This document is based on the review
conducted in 2013 (Sanexen 2013) and on the subsequent dose-response analysis (HC 2018a).

PFOS has not been reviewed for carcinogenicity by the International Agency for Research on
Cancer, the US EPA Integrated Risk Information System or the US National Toxicology Program.
PFOS has been identified as non-genotoxic in many assays, so a threshold approach should be
used to assess the risk of cancer.

5.1. Toxicokinetics

PFOS is readily absorbed after oral exposure. Metabolic elimination seems to play no relevant role
in primates, and the elimination half-lives in primates are significantly longer than in rodents.
Nevertheless, when repeatedly administered, PFOS shows a tendency to accumulate in rats.

5.2. Absorption
5.2.1. Oral Route

Studies conducted in laboratory animals indicate that PFOS is readily absorbed through the
gastrointestinal tract of rats, but no controlled studies in humans were available. Greater than 95%
of an administered dose of ['*C]PFOS 4.2 mg/kg-bw was absorbed after 24 hours in non-fasted
rats (Johnson and Ober 1979; 1999). Another study conducted in male Sprague Dawley rats
reported similar absorption rates (97.2% and 97.4%) within 24 hours of receiving 5 and 20 mg/kg,
respectively by gavage (Cui ef al. 2010).
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Blood uptake of PFOS varied depending on the isomer in male Sprague Dawley rats administered
a single oral dose of 400 mg/kg-bw PFOS (70% L-PFOS [n-PFOS]). The relative blood uptake of
the various isomers was 0.24—17.5 times the blood uptake of the n-PFOS (Benskin ef al. 2009).

5.2.1.1. Inhalation and Dermal Routes

No studies on the absorption of PFOS following inhalation exposure in animals or humans were
located. However, higher serum concentrations observed in fluorochemical production industry
workers compared to the general US population suggest that absorption could possibly occur
through inhalation exposure (ATSDR 2015).

Limited information for animals suggests that dermal absorption of PFOS may occur. Albino
rabbits (one per sex) were administered 5,000 mg PFOS/kg-bw to clipped, intact skin under
occluded conditions for 24 hours (O’Malley and Ebbens 1981, as cited in 3M 1999). Blood fluoride
levels from day 1 (before exposure) were 10.3 ppm (males) and 0.9 ppm (in females), and from
day 28 were 130 ppm (in males) and 128 ppm (in females).

5.2.2. Distribution
The experimental data available in rats, mice and monkeys (volume of distribution) are consistent

with an extracellular distribution of PFOS (Chang ef al. 2012).

5.2.2.1. Distribution into Blood, Organs and Tissues

In rats and mice, PFOS is found mainly in the liver, kidneys, lungs and blood, with lower levels in
most other organs, including the central nervous system (Austin ef al. 2003; Benskin et al. 2009;
Bogdanska et al. 2011; Chang et al. 2012; De Silva et al. 2009). A similar pattern is observed
based on primate (Seacat et al. 2002) and human data (Kérrman et al. 2010; Maestri et al. 2006;
Olsen et al. 2003a), with serum/plasma, liver and lungs having relatively high concentrations of
PFOS. Data in both rodents (Chang et al. 2012; Johnson and Ober 1979) and humans (Ehresman
et al. 2007) indicate that PFOS is not selectively retained in red blood cells and is preferentially
bound to albumin in serum and, to a lesser extent, plasma y-globulin, a-globulin, o-2-
macroglobulin, transferrin and B-lipoproteins (ATSDR 2015; Butenhoff ef al. 2012b). Lungs are
target organs in neonate rats (Grasty ef al. 2005a), where PFOS has been associated with cyanosis
(Borg et al. 2010). PFOS has also been found in amniotic fluid in humans (Jensen et al. 2012).
Cord blood concentrations correlate to maternal serum concentrations in humans (Fei et al. 2007,
Giitzkow et al. 2012; Inoue et al. 2004; Liu et al. 2011; Midasch et al. 2007; Needham et al. 2011).
PFOS has been shown to cross the placenta in humans (EFSA 2008) and rodents (Borg et al. 2010;
Chang et al. 2009; HC 2006; Kim et al. 2011a; Lau et al. 2003; Loccisano et al. 2012a, 2012b;
Luebker et al. 2005a; Thibodeaux et al. 2003; Wang et al. 2010; 2011; Zeng et al. 2011). PFOS
was also shown to competitively bind to transthyretin, which is the main thyroxin carrier in the
cerebrospinal fluid. Present at very high concentrations during the prenatal period and early life,
transthyretin plays an important role in central nervous system development (Weiss et al. 2009).
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While PFOS has been shown to cross the blood-brain barrier in neonates, it does not seem to pass
as freely in adults, or it is actively extruded from cerebral spinal fluid in adults (Harada ez al. 2007).
The authors suggested that this active transport might be saturated at high doses and the immaturity
of the blood-brain barrier might induce toxicological effects in the developing central nervous
system (Harada et al. 2007; Lau et al. 2006). See HC (2018a) for more details about the distribution
of PFOS.

5.2.2.2. Age. Gender and Species-specific Differences in PFOS Distribution

Human PFOS blood levels were shown to be influenced by age and gender. In the general US
population (National Health and Nutrition Examination Survey [NHANES] 1999-2008 data) and
in other reference populations (not exposed to contaminated drinking water), serum PFOS levels
were reported to be significantly higher in males than in females (Frisbee ef al. 2009; Harada et
al. 2004, Ingelido et al. 2010; Kato ef al. 2011; Mondal ef al. 2012), regardless of age (Kato et al.
2011). However, as age increased, PFOS concentrations decreased in males and increased in
females (Kato et al. 2011). Mondal et al. (2012) showed that children had 42% higher average
PFOS levels than their mothers throughout childhood. No sex-related differences were observed
in one study in cynomolgus monkeys (Chang ef al. 2012). Studies in rodents have found gender-
related differences in tissue concentrations where serum PFOS levels were higher in female than
male rats (Chang et al. 2012; Seacat et al. 2003) but not in liver (Seacat et al. 2003). Studies have
also found age-related variations in mice (Liu ef al. 20095).

5.2.2.3. Lactational Transfer

PFOS can be transferred from the mother to the infant through lactation. PFOS levels in human
milk were correlated with levels in maternal serum (as reviewed by Liu ez al. 2011). Some studies
showed that PFOS milk concentrations decreased as the number of infants breastfed by the mother
increased (Kadar et al. 2011; Tao et al. 2008b) and decreased significantly through the lactation
period (decrease of milk concentration of 37% over one year of lactation) (Thomsen et al. 2010).
Maternal serum levels were shown to decrease in a similar manner with lactation (Monroy et al.
2008; von Ehrenstein et al. 2009). However, another study reported an upward trend for PFOS
levels in milk through six months of lactation (Tao et al. 2008b).

5.2.3. Metabolism

The available data indicate that PFOS is not metabolized. Studies conducted in rodents and non-
human primates did not reveal quantitatively significant metabolism of PFOS (as reviewed by
ATSDR 2015). There are no reports of PFOS metabolites formed in vivo (EFSA 2008).
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5.2.4. Elimination

Data available regarding the elimination of PFOS indicate marked inter-species variations, with a
dramatically longer elimination half-life from serum in humans (years) than in non-human
primates (months) and rats (weeks). These large differences represent a significant limitation for
inter-species extrapolations, as substantially different steady-state internal doses will result from
similar external PFOS dosages (i.e., mg/kg/day); steady-state serum concentrations achieved in
humans may be several orders of magnitude greater than in monkeys or rats. Further, longer
exposure durations would be required to achieve steady-state concentrations in humans than in
monkeys or rats. However, such species-specific differences can be accounted for in
physiologically-based pharmacokinetic (PBPK) models (see Section 5.2.6).

In rodents, PFOS is excreted mainly in urine, bile and feces. In humans, excretion in bile has been
shown to be more important than in urine; however, both renal and biliary/fecal excretion rates
were much lower than in rodents and non-human primates (Genuis et al. 2010; Harada et al. 2007).
Menstrual bleeding and lactation may be significant routes of elimination in human females
(Harada and Koizumi 2009; Kim et al. 2011a; von Ehrenstein 2009). The above findings are
supported by PBPK modelling with data from Luebker ef al. (2005a), which indicated that the dam
may eliminate PFOS via the fetus and lactation to pups, which are exposed in turn. Overall, the
modelling predicted the internal exposure to be greater in fetal and infant plasma and brain than in
the corresponding maternal tissues, the latter effect likely being a function of immaturity of the
fetal blood-brain barrier (Loccisano ef al. 2012a, 2012b). See HC (2018a) for more information
on elimination.

5.2.5. Concentrations in Human Tissues and Body Fluids

PFOS has been measured in the serum of occupationally exposed workers (during the manufacture
or processing of PFAS) as well as in the serum and cord blood of the general population. Serum
concentrations reflect cumulative exposure over several years (ATSDR 2015). Plasma
concentrations in males were higher than in females from the general Canadian population, as
measured in the Canadian Health Measures Survey (CHMS), cycles 1 and 2 (HC 2010a; HC 2013).
Both the CHMS and US NHANES study data showed a downward temporal trend in PFOS plasma
and serum concentrations (HC 2010a; HC 2013; Kato et al. 2011). See HC (2018a) for more
details.

5.2.6. Pharmacokinetic Models

Several pharmacokinetic and PBPK models have been developed for humans and experimental
animals (Andersen et al. 2006; Loccisano et al. 2011; 2012a, 2010b; 2013; Tan et al. 2008). These
models reproduced controlled dosing data in rats and monkeys (Andersen et al. 2006; Loccisano
et al. 2012a, 2012b; 2013; Tan et al. 2008) and biomonitoring data in humans (Loccisano et al.
2011). No controlled dosing data was available for humans. However, there is only moderate
confidence in the models because different model codes were used for distinct species, model fit
to some data sets was not optimal, and there were weaknesses in addressing observed (but not
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understood) sex differences in the models (HC 2018a). These factors, along with the lack of
controlled dosing data for model validation in humans, led HC (2018a) to assess PFOS using ratios
of PBPK model-predicted dose metrics to calculate AKur (toxicokinetic portion of the interspecies
uncertainty factor). This approach can account for the non-linear kinetics of PFOS and facilitate
better comparison of inter-study data. Using the Loccisano models and physical and chemical-
specific parameters (instead of default uncertainty or allometric scaling factors) from Campbell
and Clewell (2013), steady-state plasma and liver concentrations were calculated (see HC 2018a).
Plasma values were considered appropriate proxies for adverse hepatic effects and allowed for
better consistency across a wide variety of endpoints (HC 2018a) to determine the points of
departure. These values were based on ingestion via drinking water only. See HC (2018a) for more
details of this approach and pharmokinetic and PBPK models developed for PFOS.

5.3. Acute Toxicity

Acute exposure in humans or animal models refers to exposures of <14 days, but often involves a
single administered dose (HC 20105b). This section summarizes the effects of PFOS in acute animal
studies. No studies documenting the acute toxicity of PFOS in epidemiological studies through the
oral, inhalation or dermal route were located.

5.3.1. Oral Exposure

5.3.1.1. Mortality

A mean oral LDso (lethal dose 50%) of 251 (199-318) mg/kg bw was calculated for CD rats based
on a single gavage administration of PFOS (100-1,000 mg/kg-bw; five/sex/group) (Dean and
Jessup 1978).

5.3.1.2. Neurotoxicity

Neurological effects were observed in rodents after single oral doses of PFOS (Johansson et al.
2008; 2009; Kawamoto et al. 2011; Sato et al. 2009). Johansson et al. (2008) determined a LOAEL
of 0.75 mg/kg bw/day (no no-observed-adverse-effect level [NOAEL]) for time-dependent and
dose-related neurodevelopmental effects in male NMRI mice administered a single gavage dose
of PFOS (0.75 or 11.3 mg) at the age of 10 days. Neonatal exposure under these conditions
significantly increased the level of proteins that are important for normal brain development
(Johansson et al. 2009).

5.3.1.3. Thyroid Hormones

Yu et al. (2011) identified a LOAEL of 1.0 mg/kg bw/day (NOAEL = 0.2 mg/kg bw/day) for
altered serum thyroid hormones in female Sprague Dawley rats exposed via gavage over five days.
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5.3.1.4. Liver Toxicity

Elcombe et al. (2012a) identified a LOAEL of 1.9 mg/kg bw/day for liver toxicity after dietary
exposure (1.9 or 9.6 mg/kg bw/day; seven days) of male Sprague Dawley rats to K'PFOS
(potassium perfluorooctanesulfonate). Other observed effects include decreased body weight,
increased liver weight, hepatocellular hypertrophy, decreased cholesterolemia, decreased serum
alanine aminotransferase or aspartate transaminase, and increased activity of key hepatic marker
enzymes (peroxisome proliferator-activated receptor alpha [PPARa], constituted activated
receptor and PXR (pregnane X receptor).

5.3.2. Inhalation

An inhalation LCso of 5,200 mg/m? (95% confidence interval [CI]: 4,400-6,400) was determined
in Sprague Dawley rats (five/sex/group) exposed to 1,890-45,970 mg/m? PFOS dust in air for one
hour (Rusch 1979; Rusch et al. 1979).

5.3.3. Dermal

Skin irritation was not observed in a study with dermally exposed New Zealand white rabbits
(Biesemeier and Harris 1974, as cited in HC [2018a]). However, eye irritation was reported in
rabbits after 0.1 mL ocular application, with washout after 5 or 30 seconds (Biesemeier and Harris
1974; Corning Hazleton Inc. 1997; Hazleton Laboratories America Inc. 1987; Hazleton Wisconsin
Inc. 1994; Riker Laboratories Inc. 1981, as cited in HC 2018a; Warf Institute Inc. 1975).

5.4. Subchronic Exposure

Subchronic exposure in humans and animal models is generally considered to be greater than 14
days and <90 days (HC 201054). This section summarizes the effects of oral exposure to PFOS in
subchronic animal studies. No epidemiological studies documenting the subchronic toxicity of
PFOS were located, and the relevance of extrapolating results from experimental animals to
humans must be assessed based on the data describing inter-species differences.

5.4.1. Oral Exposure

Most available experimental data were obtained in mice, rats and monkeys exposed through the

oral route (diet, gavage or drinking water). The database includes general toxicity studies

(including studies focussing on thyroid hormones) and specialized studies for neurotoxicity and
immunotoxicity. The most sensitive endpoint categories identified include the following:

e Modulation of the immune response, which appears to be the most sensitive target (DeWitt

et al. 2009; Dong et al. 2009; 2011; Peden-Adams et al. 2008; Zheng et al. 2009; 2011). A

LOAEL of 0.00166 mg/kg bw/day (serum PFOS: 91.5ng/mL) and a NOAEL of
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0.000166 mg/kg bw/day (serum PFOS: 17.8 ng/mL) was determined in mice (Peden-
Adams et al. 2008).

e Liver toxicity (Butenhoff et al. 2012a), with a LOAEL of 0.024 mg/kg bw/day, and
alteration of serum lipids (Elcombe et al. 2012b; Seacat et al. 2002; 2003), with a LOAEL
of 0.03 mg/kg bw/day.

e Altered thyroid hormones in pregnant/non-pregnant animals and in offspring after
gestational and/or lactational exposure (Lau ef al. 2003; Seacat et al. 2002; Thibodeaux et
al. 2003; Yu et al. 2009b), with a LOAEL of 0.15 mg/kg bw/day (Seacat et al. 2002).

Effects observed at higher doses in mice, rats and/or monkeys include other developmental
outcomes (delayed eye opening, skeletal/visceral abnormalities, heart and lung injuries), decreased
body weight or reduced weight gain, hepatotoxicity, increased organ weight (liver, kidney, spleen),
and altered glucose levels.

5.4.1.1. Immunotoxicity

The magnitude of immunotoxic effects across species (including non-laboratory animals) varies
considerably, as do strain and route of administration. Enough evidence exists for several
immunologic effects for them to be considered in the derivation of toxicological reference values.
Current evidence suggests that the male B6C3F1 mouse is the most sensitive experimental model.
The lowest immune effects LOAEL from this study is 0.00166 mg/kg bw/day (NOAEL =
0.000166 mg/kg bw/day), for a dose-related suppression of sheep red blood cell-specific
immunoglobulin M (IgM) T cell-dependent antibody response following gavage exposure for 28
days (Peden-Adams ef al. 2008). In contrast, Qazi ef al. (2010a) did not observe any changes in
male C57BL/6 mice for the same endpoint. Male mice were more sensitive than female mice for
many immune effects after PFOS exposure. Other immune effects were also observed at higher
doses in this and other studies (DeWitt et al. 2009; Dong et al. 2009; 2011; Guruge et al. 2009;
Keil et al. 2008; Zheng et al. 2009; 2011). More details on these and other studies can be found in
HC (2018a). More details on immunologic effects identified by the IPCS (2012) continuum of
strength of evidence are also described in HC (2018a).

5.4.1.2. Hepatic Effects

Increased liver weight was the hepatic effect occurring at the lowest exposure levels in various
studies. Dong et al. (2009) determined a LOAEL of 0.0833 mg/kg bw/day for C57Bl/6 mice
exposed via gavage for 60 days (Dong et al. 2009). This effect was observed in many other mouse
studies (Dong et al. 2012; 2011; Era et al. 2009; Qazi et al. 2009; 2010a, 2010b; Thibodeaux et
al. 2003; Wan et al. 2011; Wang et al. 2011; Yahia et al. 2008; Zhang et al. 2013; Zheng et al.
2009; 2011). However, the effect was not observed at some higher doses for shorter durations
(Abbott et al. 2009; Fair et al. 2011; Wan et al. 2011). In female rats, the LOAEL was determined
at 0.15 mg/kg bw/day (Lefebvre et al. 2008), and several others also observed the effect:
Goldenthal et al. (1978a), NOTOX (1999), Seacat et al. (2003), Thibodeaux et al. (2003), Cui et
al. (2009), Yu et al. (2009a) and Elcombe et al. (2012a). In monkeys, the LOAEL was 0.75 mg/kg
bw/day (Seacat et al. 2002). Other histological changes in the liver and increases in serum enzymes
(indicators of adverse hepatic effects) were observed at higher levels in several rat studies
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(Butenhoff et al. 2012a; Cui et al. 2009; Elcombe et al. 2012a; Goldenthal et al. 1978a; NOTOX
1999; Seacat ef al. 2003) and in monkeys (Seacat et al. 2002).

Serum enzyme levels were also altered in several studies (Goldenthal et al. 1978a, 1978b; Qazi et
al. 2010a; Seacat et al. 2002; 2003).

5.4.2. Serum Lipids and Other Systemic Effects

Based on data from Seacat et al. (2002), HC (2013a) determined a LOAEL of 0.03 mg/kg bw/day
for reduced HDL in male cynomolgus monkeys and 0.15 mg/kg bw/day for decreased total
cholesterol in females. Other reported liver effects observed in monkeys receiving higher doses
were decreased low-density lipoprotein (LDL), triglycerides, serum bilirubin and estradiol;
increased serum bile acids; decreased body weight; increased liver weight and centrilobular
vacuolation; hypertrophy and mild bile stasis; increased glycogen content (Seacat et al. 2002);
lipid depletion in the adrenals; atrophy of pancreatic acinar and serous alveolar cells; signs of
gastrointestinal toxicity; dehydration; general body trembling; and weight loss (Goldenthal et al.
1978b). Mortality was also observed at >0.75 mg/kg bw/day (Goldenthal et al. 1978b; Seacat et
al. 2002). Clinical effects were reversed after 211 days of recovery amongst surviving animals

(Seacat et al. 2002). More information on these studies and studies in rodents can be found in HC
(2018a).

5.4.2.1. Neurotoxicity

Zeng et al. (2011) identified the lowest LOAEL for neurotoxic effects (0.1 mg/kg bw/day) for
structural modification of the synapses of the hippocampus in Sprague Dawley rat pups following
prenatal exposure. This was also accompanied by pro-inflammatory effects and reduced mRNA
levels of synapsin 1, synapsin 2 and synaptophysin, which might be responsible for altered brain
development. LOAELs were also identified for apoptosis of hippocampal cells and alterations of
proteins involved in apoptosis in mice (2.15 mg/kg bw/day) (Long et al. 2013) and motor effects
in rats (1.0 mg/kg bw/day) (Butenhoff et al. 2009). Other neurotoxic effects included behavioural
and neuromotor effects in mice and rats (Fuentes et al. 2007a, 2007b, 2007¢; Kawamoto et al.
2011; Ribes et al. 2010; Wang et al. 2010; 2012) and changes in expression of calcium-related
signalling molecules in rats (Johansson et al. 2009; Liu et al. 2010a, 20105).

5.4.2.2. Thyroid Hormones

Altered thyroid hormones have been reported in Sprague Dawley rats (Yu et al. 2009a) and
cynomolgus monkeys (Seacat et al. 2002). In humans, EFSA (2008) and HC (2013a)
independently reanalyzed data from Seacat et al. (2002) and both arrived at a LOAEL of 0.15
mg/kg bw/day (NOAEL = 0.03 mg/kg bw/day) for decreased TT3 (both sexes) and TT4 (females).
Changes in thyroid hormones in rats were similar to those in monkeys, with dose-dependent
decreases in thyroxin and reduced triiodothyronine at higher doses (Luebker et al. 2005b;
Thibodeaux et al. 2003; Yu et al. 2009a; Wang et al. 2011) and changes in free thyroxin and
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trilodothyronine were also observed. A serum PFOS LOAEL of 5,000 mg/ml was identified in rats
for decreased total thyroxin levels (Yu et al. 2009a).

5.5. Chronic Exposure

Chronic exposure is generally assumed to be greater than 90 days (HC 20106). This section
summarizes effects of PFOS in chronic animal and human epidemiological studies. More
information can be found in HC (2018a).

5.5.1. Experimental Studies in Rodents
5.5.1.1. Oral

Only one oral chronic study was identified, which determined a LOAEL of 0.024 mg/kg bw/day
for cystic degeneration in the liver (Butenhoff ez al. 2012a) following two years of oral exposure
of Sprague Dawley rats via feed. At higher doses, several other hepatic effects were noted in males
and females, as well as reduced spleen and thyroid/parathyroid weights, decreased serum total
cholesterol and mortality in males and increased spleen, liver, kidney and brain weights, and
reduced adrenal gland weight in females. See HC (2018a) for more details.

5.5.1.2. Reproductive and Developmental Toxicity

The reproductive and developmental database for PFOS is robust. A two-generation study was
carried out in rats (Christian et al. 1999; Luebker et al. 2005a), and reproductive and
developmental parameters have been investigated in many one-generation studies in rats, mice and
rabbits.

Several studies (Johansson et al. 2009; Liu et al. 2010b; Wang et al. 2010; 2012; Zheng et al.
2011) identified changes in various neurotransmitters and proteins in the brain at >0.1 mg/kg
bw/day. The most common neurobehavioral changes occurred at >0.3 mg/kg bw/day (HC 2018a).
Neuromotor effects (decreased exploratory activity, increased number of resting periods and
decreased muscle strength) were observed in adult mice exposed in utero, with more pronounced
effects in males, at a LOAEL of 0.3 mg/kg bw/day (Onishchenko et al. 2011). Liu et al. (2009a)
observed decreased success in the water maze test for rats exposed to 7.2 ppm in the diet (pre- and
postnatally). Motor, learning and memory effects were less pronounced and at higher doses in rats
(Butenhoff et al. 2009; Lau et al. 2003; Thibodeaux et al. 2003).

The lowest developmental LOAEL (0.1 mg/kg bw/day) for reduced post-weaning food
consumption was identified in the parental F1 males of a two-generation reproductive study in rats
(Christian et al. 1999). Other effects include reduced body weight gain and body weight, and signs
of liver toxicity in the FO generation. Christian et al. (1999) observed similar effects, as well as
reduced number/survival of fetuses/pups and behavioural/development delays (F1) and reduced
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body weight (F2). Similar fetal/pup weight effects were also observed in other studies in rats
(Thibodeaux et al. 2003; Wang et al. 2011; Wetzel 1983) and mice (Era ef al. 2009).

Changes in thyroid hormones and thyroid-related gene and protein expression were noted in rats
(Chang et al. 2009; Thibodeaux et al. 2003; Wang et al. 2011; Yu et al. 2009b) and mice
(Thibodeaux et al. 2003). Some of these effects may not reflect altered thyroid function, as the
liver may be involved binding hormones (thyroxin) (Yu et al. 2009b), and effects on total thyroxin
were shown to be transient or reversible by time of weaning in some studies (Lau et al. 2003;
Thibodeaux et al. 2003). In contrast, no effects on some thyroid hormone levels were observed in
mice (Fair ef al. 2011) and rats (Lau et al. 2003).

Luebker et al. (2005a, 2005b) determined a LOAEL of 0.8 mg/kg bw/day for decreased pup
survival and gestation length, and similar effects were observed in other studies in rats (Lau ef al.
2003; Thibodeaux et al. 2003) and mice (Abbott et al. 2009; Yahia et al. 2008). Lau et al. (2003)
determined a BMDs and BMDLs of 1.07 and 0.58 mg/kg bw/day, respectively. Grasty et al. (2003)
suggest that late gestation (gestation day [GD] 17-20) is the critical window for neonatal mortality.

Prenatal PFOS exposure caused developmental landmark delays (see HC 2018a) and structural
anomalies. Both heart injury (mitochondrial) (Xia ef al. 2011) and lung injury (hemorrhage,
thickened interalveolar septum, focal lung consolidation, inflammatory cell infiltration) (Chen et
al. 2012b) were observed in rats exposed in utero through pregnancy (GDI or 2-21), with
LOAELSs of 2 mg/kg bw/day. These and additional lung effects were observed at higher doses in
rats and mice (Borg ef al. 2010; Chen et al. 2012b; Grasty et al. 2003; 2005b). Grasty et al. (2003,
2005b) propose that PFOS-induced effects on lung maturation are possibly linked to early
mortality observed in dams, fetuses and pups. However, Ye et al. (2012) did not observe any
mortality in a study on rats exposed later in gestation (GD 12—18), but they did observe altered
lung gene expression.

A LOAEL of 1.0 mg/kg bw/day (BMDs and BMDLs = 0.055 and 0.016 mg/kg bw/day,
respectively) was determined for sternal effects in CD-1 mice (Lau ef al. 2003; Thibodeaux et al.
2003) and ICR mice (Yahia et al. 2008). These authors and Wetzel (1983) also noted other skeletal
anomalies at higher doses. Higher BMDs and BMDLs (0.313 and 0.122 mg/kg bw/day,
respectively) were identified for sternal effects in rats (Lau et al. 2003; Thibodeaux et al. 2003).
Era et al. (2009) identified a LOAEL of 13.0 mg/kg bw/day for cleft palate in mice. This was the
same LOAEL as determined by Keil ez al. (2008) for immune function changes in adult male mice
exposed to PFOS in utero. In rabbits, fetal effects (reduced body weight and delayed ossification)
occurred only at maternally toxic doses (Case ef al. 2001).

Several studies showed decreased serum lipids in rats following exposure to PFOS prior to mating
and during gestation and/or lactation (Elcombe et al. 2012a; Luebker et al. 2005b; Seacat et al.
2003; Thibodeaux et al. 2003). Luebker et al. (2005b) determined a LOAEL of 0.4 mg/kg bw/day
for decreased total serum cholesterol. The same study identified a transitory increase in serum
cholesterol and LDL at a higher dose.

Decreased reproductive organ weights were observed at lower levels in female rats (>0.166 mg/kg

bw/day) (Fair et al. 2011; Wetzel 1983) than in male rats (Christian et al. 1999; Cui et al. 2009).
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Other reproductive effects observed in rodents include decreased gestation length (Christian et al.
1999; Luebker et al. 2005a, 2005b), fewer implantation sites and reduced lactation in rats (Luebker
et al. 2005a), increased fetal resorptions, dead fetuses and still births in rats, mice and rabbits (Lau
et al. 2003; Luebker et al. 2005a; Wetzel 1983; Yahia et al. 2008), and reduced litter size in rats
(Christian ef al. 1999; Xia et al. 2011) and rabbits (Case et al. 2001).

5.5.2. Epidemiologic Studies

Studies have followed large cohorts of workers and environmentally exposed populations. These
studies have observed significant relationships between PFOS exposure and lipid levels, liver and
thyroid function, and reproductive (fecundity, age of puberty and sperm quality), immunological,
and developmental (birth weight) outcomes. Although each of these studies presents some
limitations, including study design, bias and confounders, the human weight of evidence strongly
supports the argument that PFOS has detrimental health effects. These effects include increased
serum lipids (cholesterol, LDL), increased serum levels of hepatic markers (enzymes), altered
thyroid hormones (no clear pattern), delayed puberty, modulation of immune response, reduced
birth weight, reduced fecundity and neurological effects. Deriving a safe exposure dose based on
studies in humans remains a challenge because of the difficulty in characterizing a dose-response
pattern with current studies. However, results from these studies inform the relevance of animal to
human extrapolation. More details can be found in HC (2018a).

Most occupational studies available were conducted in workers from manufacturing plants in the
United States (Decatur, AL, and Cottage Grove, MN) and in Belgium (Antwerp). The
environmental studies mostly refer to cross-sectional studies conducted within populations
exposed through the consumption of contaminated drinking water or within the general population
in the United States (based on NHANES) and in European countries.

5.5.2.1. Lipidemia

Significant associations between serum PFOS and increased total cholesterol and/or alteration of
other lipid parameters (LDL, HDL, triglycerides) were reported in studies on occupationally
exposed workers (Olsen et al. 2003a; 2012), on exposed community residents (Fitz-Simon et al.
2013; Frisbee et al. 2010; Kerger et al. 2011; Steenland et al. 2009), in the general population of
the United States (Nelson et al. 2010) and in an Inuit population of Nunavik (northern Québec)
(Chateau-Degat et al. 2010). However, data for HDL, LDL and triglycerides were not consistent
across studies. Increased PFOS exposure also resulted in increased uric acid in two occupational
studies and one general population study (as reviewed by Steenland et al. 2010). See HC (2018a)
for more information.

5.5.2.2. Liver

An association between PFOS exposure and alteration in liver enzymes has been observed, but no
definitive conclusion on liver toxicity can be drawn, due to study limitations and low magnitude
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of enzymatic changes (HC 2018a). A cross-sectional study found no association between PFOS
serum levels (range = 20-2,110 ng/mL) and hepatic parameters in employees of the 3M Cottage
Grove plant (Olsen ef al. 2003b). A small linear association between levels of PFOS and alanine
aminotransaminase was reported in participants of the C8 Health Project (Gallo et al. 2012), but
the clinical significance is unknown. An occupational study comparing hepatic enzymes before
and after the demolition of manufacturing facilities found a significant association between PFOS
and decreased aminotransaminase among workers with baseline PFOS levels similar to those of
the general population. The study found no association between PFOS and total bilirubin, alkaline
phosphatase or aspartate transaminase (Olsen ef al. 2012).

5.5.2.3. Kidney

Shankar et al. (2011) reported an increased risk of chronic kidney disease (reduced estimated
glomerular filtration rate) in a cross-sectional study of the general US population. Causality is
difficult to establish for adverse kidney effects, as altered kidney function could cause an increase
in serum PFOS levels (HC 2018a).

5.5.2.4. Thyroid System

Inconsistent effects on thyroid hormone levels were observed in PFOS-exposed populations.
Studies observed associations between serum PFOS and total thyroxin, free thyroxin,
trilodothyronine and thyroid-stimulating hormone levels. However, no clear trend can be
established because of various weaknesses in the data: results were equivocal; it was not possible
to calculate cumulative exposure; individuals with thyroid diseases were excluded, possibly
biasing the results; and temporality cannot be established with the cross-sectional study design
(HC 2018a). See HC (2018a) for more details.

5.5.2.5. Immunological Outcomes

Studies in environmentally exposed populations have identified associations between PFOS levels
and decreased antibodies against various illnesses. However, the influence of PFOS exposure on
clinical immunosuppression (i.e., incidence of illness) appears to be more tenuous, as conflicting
results were common, the data set is small and there is low consistency across studies. Variations
between genders and other factors make interpretation more uncertain (HC 2018a). See HC
(2018a) for more information.

5.5.2.6. Reproductive and Developmental Toxicity

Epidemiological studies have observed effects on birth weight, developmental milestones, thyroid
hormones, immune system, fecundity and age of puberty, which indicate that humans may be
vulnerable to early-life PFOS exposure (Andersen et al. 2010; Apelberg et al. 2007b; Gump et al.
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2011; Hoffman et al. 2010; Maisonet et al. 2012; Stein et al. 2009; Stein and Savitz 2011; Washino
et al. 2009).

The main findings suggest a possible link between PFOS exposure and reduced fecundity (Fei et
al. 2009; Whitworth et al. 2012) and delayed puberty (Lopez-Espinosa et al. 2011). However, the
evidence is not sufficient to establish a causal relationship for reproductive effects. More
information on these and other studies are found in HC (2018a).

The effects of prenatal and early-life PFOS exposure in humans have been examined with respect
to a number of endpoints, including birth weight, developmental milestones, neurological function
and immune system. The sometimes conflicting, equivocal results are difficult to interpret with
any certainty. However, the results indicate that fetuses, neonates and young children may be
potentially vulnerable populations. The most compelling evidence is for an inverse association
between early pregnancy exposure and birthweight, as observed in several studies (Apelberg et al.
2007b; Maisonet et al. 2012; Stein et al. 2009; Washino et al. 2009) but not in others (Fei et al.
2007; 2008; Hamm et al. 2010; Monroy et al. 2008). Other effects were altered thyroid hormones
(Kim et al. 2011b) and neurobehavioural effects (Fei and Olsen 2011; Hoffman et al. 2010; Stein
and Savitz 2011). More information is available in HC (2018a).

5.6. Carcinogenicity and Genotoxicity

One two-year carcinogenicity study in rats (Butenhoff et al. 2012a; Thomford 2002) indicates that
PFOS is tumorigenic in rat liver (hepatocellular and follicular cell adenomas in males and females,
and follicular carcinoma in females). However, evidence was not sufficient to draw conclusions
about other tumours (thyroid and mammary gland) (EFSA 2008; HC 2006).

Although elevated incidence of some cancers has been observed in a few epidemiological studies
(Alexander and Olsen 2007; Bonefeld-Jorgensen et al. 2011; Olsen et al. 2001), definitive
conclusions could not be drawn, due to the low number of cases, equivocal results, confounding
factors and participant selection bias. Another prospective cohort study found no increased
incidence of several cancers (Eriksen et al. 2009).

Considering the negative results of a large series of in vitro and in vivo short-term tests at gene-,
chromosome- or DNA-repair levels, EFSA and Health Canada concluded that PFOS and its salts
are not genotoxic (EFSA, 2008; HC 2006). Data published more recently (see the following
subsections) agree with this statement. See HC (2018a) for more details.

5.7. Mode of Action

Mode of action (MOA) analysis was considered for effects occurring at the lowest PFOS levels
(immune effects in mice, lipid effects in monkeys and mice, liver weight increase in rats and mice,
liver histological changes in rats, hepatocellular tumours in rats, and thyroid hormone changes in
monkeys, rats and mice). A MOA analysis using recent guidance (Meek et al. 2014) could be
performed only for peroxisome proliferation effects on liver endpoints. Evaluation of all other
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endpoints was preliminary. Based on the analysis, no endpoints were considered irrelevant to
humans, and the results suggest that the tolerable daily intake (TDI) approach is the most
appropriate method for cancer risk assessment. Results of the MOA evaluations are summarized
below, with further details in HC (2018a).

5.7.1. Direct-acting Mutagenicity

Results from both in vivo, in vitro, and rat studies do not support the direct-acting mutagenicity
MOA. Therefore, low-dose linear extrapolation is not appropriate for PFOS-induced tumours (HC
2018a).

5.7.2. Peroxisome Proliferation

As data were insufficient to apply the evolved Bradford Hill criteria to evaluate the MOA, the
weight of evidence analysis was limited to the evaluation of the dose-response of key events for
peroxisome proliferation in rat liver (HC 2018a). Three main key events in the peroxisome
proliferation MOA lead to liver histological effects and hepatocellular tumours: 1) the activation
of hepatic PPARa receptors, which leads to 2) altered cell growth pathways that inhibit apoptosis
and/or promote cell replication, eventually leading to 3) hepatocyte proliferation (Corton et al.
2014).

5.7.2.1. Comparison of Dose—response of Key Events and OQutcomes

For modes of action to be deemed relevant to adverse outcomes, dose-response concordance—i.e.,
the observation of early key events at doses that are lower than or equal to later key events and the
adverse outcome—is required. Because it appears that liver proliferation, hepatocellular adenomas
and cystic degeneration precede PPARa activation, adverse hepatic effects observed in rats
exposed for two years to PFOS do not appear to be driven by a peroxisome proliferation MOA.
For this reason, human relevance of PFOS-induced hepatic effects cannot be discarded (HC
2018a). Moreover, hepatic effects do not appear to be specific to rodents; the LOAEL for
hepatocellular hypertrophy accompanied by cytoplasmic vacuolation in monkeys (0.75 mg/kg
bw/day; Seacat ef al. 2002) is on the same order of magnitude as in rats (0.242 mg/kg bw/day;
Butenhoff et al. 2012a).

Although insufficient data exist to examine the impact of PPAR activation on changes in serum
lipid, thyroid and immune parameters, peroxisome proliferation is plausible for all endpoints (HC
2018a). However, the peroxisome proliferation MOA for these endpoints cannot be fully examined
until further data are produced. For more details see HC (2018a).
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5.7.3. Sex Hormone Disruption

PFOS appeared to have some impact on sex hormone disruption in a variety of in vitro assays of
estrogenicity, and sex differences were observed in immune response, with males more sensitive
than females. However, no studies have been developed to identify whether this effect is associated
with sex hormones; therefore, there are insufficient data to evaluate the MOA. See HC (2018a) for
more details.

5.7.4. Immune Suppression

Immune suppression in rats (decrease in immunoglobin M and natural killer cell levels) has been
observed at lower doses than those that were tumorigenic. Although natural killer cells are
involved in eliminating cancer cells, no studies have investigated the role of PFOS-induced
immunosuppression in tumour development, so a detailed analysis of this MOA cannot be
performed.

5.7.5. Other Modes of Action

Insufficient data exist for an assessment of other potential MOAs, particularly in regard to PPAR
activation/peroxisome proliferation for other endpoints that were not included in the above MOA
analysis.

5.8. Toxicological Limits

Several agencies have derived toxicological limits for PFOS. Health Canada and the Federal-
Provincial-Territorial Committee on Drinking Water have developed oral TDI values for
carcinogenic and non-carcinogenic effects (HC 2018a).

A value of 0.0011 mg/kg bw/day, based on a BMDL1o of 0.318 mg/kg bw/day for hepatocellular
adenomas in male rats, was derived from Butenhoff et al. (2012a) data. This value was adjusted
to consider the purity of the test material (86.9%) to give 0.276 mg/kg bw/day and the adjusted
BMDL1o, which was divided by an uncertainty factor (UF) of 25 to account for interspecies and
intraspecies variability (HC 2018a).

A value of 0.00006 mg/kg bw/day, based on a NOAEL of 0.024 mg/kg bw/day for hepatocellular
hypertrophy in rats, was derived from Butenhoff ez al. (2012a) data. This value was adjusted using
the AKur dose- and species-specific adjustment factor of 14 for rats (Section 5.2.6) to give a human
equivalent dose of 0.021 mg/kg bw/day (HC 2018a). A composite UF 25 was applied to account
for inter- and intraspecies uncertainty (HC 2018a).

A value of 0.0001 mg/kg bw/day, based on a NOAEL of 0.03 mg/kg bw/day for thyroid hormone
changes in monkeys, was derived from Seacat ef al. (2002) data. This value was adjusted using
the AKur dose- and species-specific adjustment factor of 4 for monkeys (Section 5.2.6) to
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determine a human equivalent dose (HC 2018a). A composite UF 75 was applied to account for
inter- and intra-species uncertainty and the shorter exposure relative to life span in monkeys (HC
2018a).

The lowest TDI, being protective of the three critical effects, was selected for the determination of
SoQGs for PFOS for the protection of human health.

See HC (2018a) for more details.

6. DERIVATION OF ENVIRONMENTAL QUALITY GUIDELINES

CSoQGs are derived for the protection of receptors under four different land uses: agricultural,
residential/parkland, commercial and industrial. A Protocol for the Derivation of Environmental
and Human Health Soil Quality Guidelines (CCME 2006) was used to establish guidelines for
agricultural, residential/parkland, commercial and industrial land uses for PFOS presented
hereafter.

Given the physical and chemical properties of PFOS, various soil exposure pathways were
evaluated for different land uses (Table 8). This chapter describes the derivation of the SoQGs for
soil contact (SoQGsc), soil and food ingestion (SoQGi), protection of freshwater life (SoQGrL),
protection of livestock watering (SoQGLw) and irrigation water (SoQGir), and the off-site
migration check (SoQGowm-e). The nutrient and energy cycling check was not derived, because of
lack of data.

Table 8 shows a summary of the environmental quality guidelines for PFOS for ecological
receptors for agricultural, residential/parkland, commercial and industrial land uses.
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Table 8. Required exposure pathways for development of Canadian Soil Quality
Guidelines for ecological receptors

. Residential/ . .
Pathway Agricultural Parkland Commercial Industrial
Soil contact (SoQGsc)? Required Required required required
Soil ingestion, prima required for all required for
gestion, primary g biomagnifying NR NR
consumers (SoQGic) substances
substances®
Soil ingestion: secondary | required for required for
and tertiary consumers biomagnifying biomagnifying NR NR
(SoQGz2c, SoQGsc) substances® substancesP
Nutrient and energy

. check mechanism used if data are sufficient
cycling

Groundwater: freshwater

life (SoQGHL) for soluble substances only®

Groundwater: agricultural
(irrigation, SoQGir, and for soluble
. 9 ’ R substances NR NR NR
livestock watering, onlve
SoQGLw) y
f -volatil
Off-site migration or non-volatie for non-volatile
NR NR substances
(SoQGom-E) onlyd substances only?

Source: CCME (2006).

NR = not required

2 SC = soil contact, 1C = primary consumer, 2C = secondary consumer, 3C = tertiary consumer; FL = freshwater life,
LW = livestock watering, IR = irrigation water, OM-E = off-site migration (environment).

® PFOS is considered to biomagnify in aquatic systems (Moermond et al. 2010; Swedish KEMI 2004).

¢ While the chemistry of fluorochemicals is complex and PFOS consists of both hydrophilic and hydrophobic
components, the solubility of PFOS (as potassium salt) has been reported as 370 mg/L (0.37 g/L) in fresh water
(OECD 2002) and is considered soluble.

4 PFOS is considered non-volatile (Hekster et al. 2002).

6.1. Agricultural and Residential/Parkland Land Uses
6.1.1.  Soil Quality Guidelines for Soil Contact

The derivation of the SoQGs for soil contact (SoQGsc) is based on toxicological data for vascular
plants and soil invertebrates. Data were evaluated and placed in two categories: “acceptable” or
“selected” for guideline derivation (Appendix E) and “unacceptable” for guideline derivation (or
“consulted” but not used for guideline derivation) (Appendix F). Data used to derive the species
sensitivity distribution are noted in bold text in Appendix E. Common reasons for classifying a
study as “consulted” include test soil properties that may result in excessively high (e.g., pH <4)
or low bioavailability (e.g., high organic matter), test media other than soil (e.g., filter paper, sugar
solution or agar), lacking study information, and improper or lacking statistics, controls or
replication.
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Seven acceptable studies reporting 155 acceptable soil ecotoxicity endpoints were identified for
terrestrial biota in direct contact with soil. Two studies (Brignole et al. 2003, Zhao et al. 2011)
investigated the toxicity of PFOS covering eight plant species and 115 endpoints. Five studies (EC
2015; Joung et al. 2010; Sindermann et al. 2002; Stubberud 2006; Xu et al. 2011) covered three
soil invertebrate species and 40 endpoints. All acceptable endpoints were screened to ensure that
only the most appropriate endpoints and derivation methods were retained in guideline derivation.
Briefly, the screening criteria were (see also section 7.5.5.1 of CCME 2006):
e If a single study had multiple endpoints, only discrete endpoints were used. For example,
if a study reported an EC2s and ECso from the same experiment, only one endpoint was
used. ECzs and/or IC2s endpoints were preferred (or ECx or ICx where X is close to 25).
e Biologically relevant effects were preferred (e.g., growth, reproduction or survival over
physiological or behavioural).
e Studies with longer test durations were preferred.

There were enough toxicity studies and endpoints to meet the minimum data requirements for the
preferred CCME weight of evidence method using the ECas/ICzs data distribution method
(Appendix H, Appendix K), which requires data from a minimum of two crop/plant species and
two invertebrate species. The PFOS data set contained a total of 32 acceptable I1C20, EC2s, and
LCa data points (23 data points from eight plant species and nine data points from three
invertebrate species). These data points were combined into an estimated species sensitivity
distribution (ESSD), where the rank percentile was plotted against soil PFOS concentration on a
log scale (Figure 1). The 25" percentile of the ESSD was used as the starting point for the soil
contact guideline for agricultural and residential/parkland land uses (CCME 2006). The 25%
percentile of the ESSD corresponds to the eighth rank position and is equal to 22.1 mg PFOS/kg
soil. Given the roughly even balance of three to four endpoints per test species (i.e., not biased
towards one species) an uncertainty factor (UF) of 2 was used.

The threshold effects concentration (TEC) was calculated as follows:

ESSD,s

TEC =
UF

where:

e TEC = threshold effects concentration (mg/kg), i.e., guideline value

e ESSD»s = estimated species sensitivity distribution, 25™ percentile of the distribution (mg/kg)
(=22.1 mg PFOS/kg soil)

e UF = uncertainty factor (= 2)

TEC =22.1+2 =11.05mg/kg

The soil contact guideline for agricultural and residential/parkland land uses is the TEC (rounded
to one significant figure), or 10 mg/kg soil.
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Figure 1. ESSD (rank percent of EC25/IC2s data) for PFOS for terrestrial plants
and invertebrates showing ESSD2s and effects concentration low (ECL) at
ESSDso used to derive guidelines to protect ecological receptors (see Appendix
E for data)

6.1.2. Soil Quality Guidelines for Ingestion of Soil and Food

PFOS is a bioaccumulative substance, so the SoQG for agricultural and residential/parkland land
uses considers the exposure of organisms to PFOS through ingestion of soil and food (SoQGu).
This section describes the derivation of SoQGs to protect primary consumers (1C), secondary
consumers (2C) and tertiary consumers (3C) from adverse effects due to ingestion of contaminated
soil and food. The lowest of SoQGic, SoQGzc and SoQGsc is taken as the SoQGr of soil and food
for agricultural and residential/parkland land uses. SoQGri is not required for commercial or
industrial land uses.

6.1.2.1. Calculating the Daily Threshold Effects Dose

Calculation of the SoQGr is based on the lowest-observed-adverse-effects dose (EDic) taken from
the mammalian and avian toxicological data in Appendix G. The lowest EDic for mammals was
0.1086 mg/kg bw/day (from Covance Laboratories Inc 2002) based on anatomic pathology in rat
liver after 104-week exposure to PFOS in diet. The EDic for avian species was 0.772 mg/kg
bw/day (from Newsted et al. 2007) based on reduced survivability of 14-d old Northern bobwhite
quail chicks.
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The lowest EDic is used to calculate the daily threshold effects dose (DTED) according to the
equation:

lowest ED,¢

DTEDlC = UF

where:

e DTEDic = daily threshold effects dose of the primary consumer (mg/kg bwic/day)
e lowest EDic = lowest effects dose (mg/kg bwic/day)
e UF = uncertainty factor (if needed).

The EDic values from the available mammalian and avian data are considered biologically
significant, as both studies were of long duration and provided more than the minimum data
requirements. The uncertainties relate primarily to lack of knowledge of inter-species sensitivity,
given the paucity of wildlife species in the data set. Therefore, a safety factor of 2 was selected
(CCME 2006) for both the mammalian and avian effects dose.

Thus:
DTED;¢ mammais = lowest ED;c + UF

mg
~ 0.1086 kg bw d

2

mg

= 0.0543
kg bw d

and

mg
0.772 kg bw d

2
mg
kg bw d

DTED;¢ avian =

= 0.386

SoQGic, SoQGzc and SoQGsc were derived by scaling the available dietary toxicity data for
laboratory mammals and birds to the body weight, food ingestion and soil ingestion rates for
mammalian and avian wildlife species. The calculations also account for the portion of diet that is
plant, invertebrate or prey on a dry weight basis. Characteristics of receptors used to calculate
SoQGic, SoQGzc and SoQGsc are provided in Appendix L. DTEDs calculated for the other
receptors and trophic levels, SoQGic, SoQGzc and SoQGsc, are summarized in Appendix L.
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6.1.2.2. Soil Quality Guideline for Soil and Food Ingestion

An animal may be exposed to a contaminant by more than one exposure route. Total exposure
comes from a combination of contaminated food, direct soil ingestion, dermal contact,
contaminated drinking water, and inhalation of air and dust. Exposure from all of these routes
should not exceed the DTED. Assuming that drinking water, dermal contact and inhalation account
for 25% of the total exposure (CCME 2006), then exposure from soil and food ingestion should
not exceed 75% of the DTED.

Under this scenario, the primary consumer (1C) may be exposed to a contaminant via soil ingestion
and by ingesting contaminants taken up by plants growing in contaminated soil. This pathway was
assessed for an herbivorous mammal (meadow vole) and herbivorous bird (rock dove).

a) soil — plant — herbivorous mammal (meadow vole)

b) soil — plant— herbivorous bird (rock dove)

Based on their ratios of food intake to body weight, the meadow vole was selected to represent
herbivorous mammals and the rock dove was selected to represent herbivorous birds (FCSAP
2012). Transfer of contaminant from soil to plant is estimated using bioconcentration factors
(BCF).

The secondary (2C) food chain is more complex and involves up to three trophic levels. It can be
represented by the following pathways:

a) soil — prey (earthworms)— predator (secondary consumer; mammal or bird)

b) soil— plant — prey (primary consumer) — predator (secondary consumer)
The model developed to represent this food chain and to derive the SoQGazc for secondary
consumers is similar to the one used in deriving the SoQGic. However, to account for
biomagnification from contaminated food and soil to the prey (through the soil — plant — prey
or soil — prey pathways), an appropriate bioaccumulation factor (BAF) from soil to primary or
secondary prey, or more complex pathways, is used instead of BCF. Biomagnification factors
between adjacent trophic levels are not used.
The pathways for tertiary consumers (3C) consider predators consuming prey items which
themselves have fed on contaminated plants. The following exposure pathways were considered
for tertiary consumers.

a) soil — plant — caribou — carnivorous mammal (wolf)

b) soil — (plant + invertebrates + mammals + birds) — omnivorous mammal (red fox)
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Although other omnivorous wildlife could be considered (e.g., bear or lynx), values for food
ingestion, diet composition, SIR and so on are available for the carnivorous species wolf and the
omnivorous red fox (FCSAP 2012) and therefore these species were considered.

Calculations for deriving the SoQGic for herbivorous mammal (meadow vole) and herbivorous
bird (rock dove) are provided in CCME (2006). Input data for the calculations is provided in
Appendix L.

6.1.2.3. Final SoQGi

As described in CCME (2006), the lowest of SoQGic, SoQGazc and SoQGsc is taken as the S0QG
for ingestion of soil and food, or SoQGi. In the case of PFOS, SoQG2c was the lowest, and
therefore SoQGr is 0.01 mg/kg dry soil.

6.1.3. Soil Quality Guidelines for the Protection of Livestock Watering and Irrigation
Water

Contamination that migrates to groundwater may affect the water quality in dugouts or in water
wells used for livestock watering or crop irrigation. These pathways apply only for agricultural
land use.

Determining the SoQGLw and SoQGir involves applying the same groundwater model as for the
SoQGrL, but transport through the saturated zone is not considered. That is, it assumes that dugouts
or wells could be installed within the contaminated area. The guidelines are calculated by setting
the allowable receptor groundwater concentration in the model equal to the livestock water (for
the SoQGLw) and irrigation water (for the SOQGir) from the Canadian Water Quality Guidelines
(CWQGs).

Since a CWQG for livestock water is not available, the livestock water threshold (LWT) value can
be developed using the following equation:

DTED x BW

LWT =
w WIR

where:

e DTED = 0.0543 mg/kg bw/day as noted previously
e BW =550 kg for cattle (CCME 2000)
e WIR = livestock water ingestion rate = 100 L/day for cattle (CCME 2000).

Therefore:

myg
LWT = 0.299 T
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Since the calculated LWT value is lower than the pure phase solubility of PFOS, the SoQGLw
calculation is required.

Using the same groundwater model as for the SoQGrL (Section 6.3), but with transport through
the saturated zone not considered, the resulting SoQGLw is 7 mg/kg for coarse soil and 5 mg/kg
for fine soil.

Since an irrigation water guideline is not available, the SoQGir calculation is not required (CCME
2006).

6.2. Commercial and Industrial Land Uses
6.2.1. Soil Quality Guidelines for Soil Contact

The derivation of the soil quality guideline for soil contact (SoQGsc) is based on toxicological data
for vascular plants and invertebrates. The SoQGsc for commercial and industrial land uses was
derived using the same data and weight of evidence approach for guideline derivation as described
in Section 6.1.

The soil contact guideline for commercial and industrial land uses is the effects concentration low
(ECL), which is calculated as follows:

ECL = ESSDs,
where:

e ECL = effects concentration low (mg/kg), i.e., guideline value
e ESSDso = estimated species sensitivity distribution, 50™ percentile of the distribution (mg/kg)
(= 61 mg PFOS/kg soil).

A total of 32 acceptable EC20 and ECa2s were ranked, and the 50th percentile is used as the basis
for the soil contact guideline for commercial and industrial land uses (CCME 2006). The ESSDso
corresponds to a rank of 16, which had a value of 61 mg/kg soil (see Figure 1), so the ECL was
determined to be 61 mg/kg soil. Therefore, the soil contact guideline for commercial and industrial
land uses is 60 mg/kg soil (rounded to one significant figure).

6.2.2. Soil Quality Guidelines for Off-site Migration

Exposure scenarios used to derive SoQGs for commercial and industrial sites only consider on-
site exposure. However, transfers of contaminated soil from one property to another are possible
by environmental routes such as wind and water erosion (CCME 20006).

The purpose of the environmental soil quality guideline check for off-site migration (SoQGom-g)
is to check whether the S0oQG for commercial or industrial land use would result in unacceptable
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adverse effects (i.e., not to exceed agricultural guideline) to more sensitive adjacent land uses due
to contaminant migration from wind or water erosion over a specified time period. The
SoQGowm-t check was derived using CCME (2006).

The SoQGowm-k check is 0.1 mg/kg soil. (Note: Value corrected February 2, 2022).

6.3. Soil Quality Guidelines and Groundwater Quality Guidelines for the
Protection of Freshwater Aquatic Life (SoQGrL, GWQGFL)

Contaminants present in soil can migrate to groundwater given certain hydrologic and
hydrogeological conditions and the characteristics of the contaminant. CCME (2015) is a
companion document to CCME (2006) and provides a method for deriving GWQGs based on
various exposure scenarios of human and ecological receptors to contaminated groundwater. For
ecological receptors, groundwater guidelines are developed to either maintain specific uses of
groundwater (e.g., irrigation or livestock watering where water quality guidelines for these uses
exist) or to protect receptors in environments that may come in contact with contaminated
groundwater directly or indirectly, due to contaminant migration (e.g., plants and invertebrates
living in soil or surface water bodies). The GWQGs are not intended to protect organisms living
in aquifers, but rather to protect the uses of groundwater or downgradient receptors.

The general conceptual model in CCME (2006; 2015) describes the fate and transport of a
contaminant through soil and groundwater to a discharge point to surface water in four steps that
account for:

1. Partitioning of the substance between soil, soil vapour and soil pore water (leachate)

2. Leaching of the contaminant through the unsaturated zone to the groundwater table

3. Mixing and dilution of the leachate into groundwater

4. Saturated-zone transport of the contaminant to a downgradient receptor (i.e., horizontal
transport and attenuation of the substance in groundwater from edge of contamination to
receptor (the surface water).

Because of the interrelationship between soil and groundwater, and the partitioning of
contaminants between the solid, liquid and gas phases, the same conceptual model is used to derive
the Canadian groundwater quality guideline for groundwater contact by soil-dependent organisms
(GWQGac), the SoQGrL, the groundwater quality guideline for the protection of freshwater life
(GWQGrL) and the soil quality guideline for the protection of potable water (SoQGpw).

Not all four of the above steps will apply at all sites. Specifically, unsaturated zone transport
(component 2) applies only if the contamination is not in contact with groundwater, and is therefore
not applied in generic guideline development. Also, saturated zone transport (component 4) applies
only if there is a lateral separation between the remediated site and the groundwater receptor. For
generic guidelines, it is assumed that a well or livestock dugout (or potable water well) could be
installed at the edge of (or even within) the boundaries of the remediated area.
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The SoQGrL is a concentration in soil calculated to protect surface water aquatic life. The
GWQGtL is the concentration in groundwater that is protective of surface freshwater aquatic life
where there is a minimum 10 m lateral separation between the point of measurement and the
surface water body. Both the SoQGrL and GWQGrL guidelines were developed in accordance with
the fate and transport model in CCME (2006, 2015). The SoQGrL is independent of land use
classifications and may be excluded on a site-specific basis if there are no surface water bodies in
the vicinity of the site.

As input value to the fate and transport models in CCME (2015), the surface water quality
guideline was set equal to the Federal Water Quality Guideline (FWQG) for protection of aquatic
life (6.8 pg/L) (ECCC 2018) (Appendix L). Since PFOS is not biodegradable (EC 20135; OECD
2002), the allowable concentration in groundwater (GWQGtL) is also 6.8 pg/L (0.0068 mg/L,
rounded to 0.007 mg/L) in both fine and coarse soil. The models and default parameters in CCME
(2006), with the exception of a travel time of 100 years, are used to develop the soil concentration
(SoQGrL) that is expected to prevent PFOS moving through soil and groundwater from exceeding
the surface water quality guideline. A travel time of 500 years was used to be consistent with the
travel used for the development of the GWQGrL. SoQGrr was determined to be 0.1 mg/kg for fine
soil and 0.2 mg/kg for coarse soil (Table 9). Inputs for the calculation are shown in Appendix L.

6.4. Groundwater Quality Guidelines for Direct Groundwater Contact and
Livestock Watering

The groundwater value to protect soil organisms (such as plants) from adverse effects via direct
contact with groundwater (GWQGac) is calculated for both fine and coarse soil according to
CCME (2015).

The GWQGac is 1 mg/L for both coarse and fine soils.

The groundwater value to protect livestock from adverse effects via livestock watering
(GWQGLW) is numerically equal to the Canadian Water Quality Guidelines for the Protection of
Agricultural Water Uses (Irrigation and Livestock Water) (CCME 1999). No CWQGLW value
exists, however in the interim, a LWT value can be calculated as 0.3 mg/L, as noted in Section
6.1.3. Since no minimum groundwater attenuation can be assumed before the receptor (i.e.,
livestock) may be exposed to the groundwater, the GWQGLW is numerically equivalent to the
LWT of 0.3 mg/L.

6.5 Groundwater Quality Guideline Management Considerations

The GWQGEe is set at the lowest guideline calculated for the various ecological receptors, which
for PFOS is the GWQGtL of 0.007 mg/L.

The candidate final groundwater guideline for ecological receptors (GWQGE) is checked against
various management considerations. For PFOS these are:

60



1. The candidate final guideline should not exceed 50% of the chemical’s aqueous solubility,
due to the potential for chemical concentrations approaching maximum solubility to result
in non-aqueous phase liquids, which may act as an ongoing contaminant source. In the case
of PFOS, GWQGE 0f 0.007 mg/L (or 7 ug/L) is well below the aqueous solubility of PFOS
(370 mg/L), and therefore the formation of non-aqueous phase liquids at the guideline level
is highly unlikely.

2. The candidate final guideline should be reasonable, workable and usable, and therefore
checked against the practical quantitation limit of the available analytical methods
achievable in Canada. The GWQGE is above the maximum laboratory reporting limit for
PFOS in water of 0.02 pg/L recommended in CCME (2016) and is therefore reasonable,
workable and useable.

The candidate final guideline should not be below naturally occurring background levels of the
substance. Since PFOS is not a naturally occurring substance, background levels of the substance
in the environment should be essentially zero. The candidate final guideline for ecological
receptors is above this level.

Based on CCME (2006), SoQGs and GWQGs for ecological receptors were calculated. The final
SoQGs and GWQGs are the lowest of the values calculated for all applicable exposure pathways
for PFOS for each land use (land use is applicable for SoQGs only). A summary of the calculated
environmental SoQGs and GWQGs is provided in Table 9. While CCME recognizes that a large
number of perfluorinated compounds can co-exist at a site, environmental guidelines are only
provided for PFOS at this time. Guidelines for other perfluorinated compounds are outside the
scope of this document.

Table 9. Summary of Canadian Environmental SoQGs and GWQGs for PFOS for
ecological receptors

Residential/

. : Industrial
Pathway Agricultural Parkland Commercial
Soil
. 0.2 mg/kg (coarse soil)
. 0.2 mg/kg (coarse soil)?
Final SoQGe 0.01 mgrkg 0.01 mgrkg 0.1 mg/kg (fine soil)® 0.1 mg/kg (fine soil)
Soil contact (S0QGsc) | 10 mg/kg 10 mg/kg 60 mg/kg 60 mg/kg
Soil ingestion (S0QG1c) | 2 mglkg 2 mg/kg NR NR
Soil ingestion (SoQG2¢c) | 0.01 mg/kg 0.01 mg/kg NR NR
Soil ingestion (SoQGsc) | 0.6 mg/kg 0.6 mg/kg NR NR
SoQG to protect
groundwater used for .
agriculture (irrigation: Z_, Eg;::g E;:iz:r:;soﬂ) NR NR NR
SoQGir, and livestock 9%g
watering: SoQGLw)
SoQGto prc.)tect 0.2 mg/kg (coarse soil)
freshwater life 0.1 mglkg (fine soil
(SoQGrL)® -1 mg/kg
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Pathway

Agricultural

Residential/
Parkland

Commercial

Industrial

Nutrient and energy
cycling check

NC

NC

NC

NC

Off-site migration check
(SoQGomEe)?

NR

NR

0.1 mg/kg*

0.1 mg/kg*

Groundwater

Final GWQGE®

0.007 mg/L

Groundwater contact
(GWQGcc) by soil-
dependent organisms

1 mg/L

Protection of freshwater
life (GWQGFL)

0.007 mg/L

Protection of marine life
(GWQGML)

NC

Protection of livestock
watering (GWQGLw)

0.3 mg/L

NR

NR

NR

Protection of irrigation
water (GWQGIR)

NC

NR

NR

NR

Management
considerations
(GWQGM) — solubility

200 mg/L

NC = not calculated due to lack of data

NR = not required

1C = primary consumer, 2C = secondary consumer, 3C = tertiary consumer

FL = freshwater life

LW = livestock watering

OM-E = off-site migration — environmental

2 Coarse-grained soil is soil in which more than 50% of particles (by mass) are larger than 75 um mean diameter (Dso
> 75 pm).

®Fine-grained soil is soil in which more than 50% of particles (by mass) are smaller than 75 wm mean diameter (Dso
<75 um).

¢ SoQGgr is the concentration in soil that is expected to protect against potential impacts on aquatic systems from
PFOS originating in soil that may enter the groundwater and subsequently discharge to a surface water body. This
pathway may be applicable under any land use category where a surface water body sustaining aquatic life is present
(i.e., within 10 km of the site). Where the distance to the nearest surface water body is greater than 10 km, application
of the pathway should be evaluated on a case-by-case basis by considering the site-specific conditions. Also note, if
surface water bodies are located closer to the remediated soils than 10 metres, then this generic guideline may not
be appropriate and a site-specific evaluation may be necessary on a case-by-base basis since the saturated zone
transport model is not considered to be appropriate for use at distances less than 10 metres.

4 For commercial and industrial sites, receptors exposed to on-site soil are considered. However, contaminated soil
can move from one site to another via wind and water erosion. The SoQGowm-¢ addresses the movement of soil from
a commercial or industrial site to adjacent more sensitive land (e.g., agricultural property). Given the uncertainties
surrounding the model used to generate the SoQGom.k, it is considered a check mechanism, and professional
judgment should be used to determine whether this pathway should modify the SoQG (see CCME 2006).

¢ GWQGe is the lowest of the pathway-specific guidelines for ecological receptors and considers other management
factors such as substance solubility, analytical detection limits and background concentrations

f GWQG#y is the concentration in groundwater that is expected to protect against potential impacts on freshwater life
from PFOS originating in soil that may enter groundwater and subsequently discharge to a surface water body. This
pathway may be applicable under any land use category where a surface water body sustaining aquatic life is present
(i.e., within 10 km of the site). Where the distance to the nearest surface water body is greater than 10 km, application
of the pathway should be evaluated on a case-by-case basis by considering the site-specific conditions.

* Value corrected February 2, 2022. 62



7. DERIVATION OF HUMAN HEALTH SOIL QUALITY GUIDELINES

CCME (2006) was used to establish guidelines for agricultural, residential/parkland, commercial
and industrial land uses for PFOS presented hereafter.

7.1. Protocol

As indicated in Section 5.6, PFOS is considered non-genotoxic. For substances of this type, it is
believed that there is a threshold for the critical effect (i.e., below a certain point of exposure, no
adverse effects are anticipated). For threshold substances, two key factors are considered in
deriving SoQGs for the protection of human health (SoQGun).

First, it is recognized that, exclusive of hazardous waste sites and any other point source of
pollution, everyone is exposed to a “background” level of substances that cannot be avoided. For
PFOS, this background exposure arises primarily from food. In setting soil guidelines, the
background estimated daily intake (EDI) is subtracted from the tolerable daily intake (TDI) as part
of the guideline derivation process.

Second, a multimedia approach to the development of guidelines has evolved whereby guidelines
for one medium are established, recognizing that guidelines for other media may also be required.
Guidelines must be established in a manner where total simultaneous exposure at the guideline
levels for all media will not result in exposure exceeding the TDI. Thus, in order to set soil
guidelines for threshold contaminants, a portion of the residual tolerable daily intake (RTDI, i.e.,
the TDI minus the EDI) must be attributed to each of the five primary media to which people are
exposed (i.e., air, water, soil, food and consumer products). Therefore, 20% of the RTDI intake
for threshold substances is apportioned to each of these media.

In cases for which the mechanism of toxicity varies by exposure route, it is possible to calculate
SoQGs using TDIs for each exposure route (i.e., soil ingestion only, dermal contact only or
particulate inhalation only). The final direct contact SoQG is then the lowest of the calculated
values for each direct exposure pathway.

In order to calculate a quantitative guideline, it is necessary to define one or more scenarios by
which exposure will occur. As over 80% of Canadians live in cities (Statistics Canada 2005), an
urban exposure scenario is the most common situation expected.

7.2. Estimated Daily Intakes

The EDI is an estimate of the typical total concurrent background multimedia exposure from all
known or suspected sources for the average Canadian (Section 2.4). It does not include exposures
that may occur from a contaminated site or activities that may result in increased exposure to
substances that are not considered background exposure (e.g., hobbies). The principal daily
sources of PFOS for the general population are through food ingestion and the associated use of
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coated consumer products such as pans and grease-resistant food packaging, followed by transfer
from stain-treated household items.

For the purpose of SoQG derivation, EDIs are developed for the following age classes: infants
(birth to six months), toddlers (seven months to four years), children (five to 11 years), teenagers
(12 to 19 years) and adults (20 years and older) using the equations found in CCME (2006).
Appendix I presents the exposure parameters.

The media considered for calculating the EDI were ambient air, indoor air, indoor settled dust,
soil, drinking water, human breast milk and food. Data pertaining to consumer products is limited
and is thus not typically included in the EDI estimate. However, the potential migration of PFOA
from consumer products into food or into the indoor environment (air and dust) is indirectly
accounted for in the derivation. This migration was not taken into consideration for other routes
of exposure such as dermal contact with impregnated textiles. This could lead to underestimation
of the EDIs.

The general equation for the derivation of EDIs is as follows:

n
EDI = z ED;
i=1

and
D _ OCXCRXBF XEF
LT BW

where:

e EDI = estimated daily intake (ng/kg bw/day)

e EDi = exposure dose from pathway i (ng/kg bw/day)

e C = contaminant concentration in medium (e.g., ng/L)

e CR = media-specific contact rate (e.g., L/day)

e BF = bioavailability factor (1 by default, unitless)

e EF = exposure factor, which is the product of the exposure frequency (events/year) and

exposure duration (years/lifetime) (unitless)
e BW = body weight (kg).

The estimated total average EDIs for PFOS for the general Canadian population, measured in
ng/kg bw/day, are 1.7 for infants, 3.8 for toddlers, 3.8 for children, 2.8 for teens, and 2.3 for adults.
Details are available in Appendix J.

7.3. Exposure Limits for Human Receptors

As presented in Section 5.8, an oral TDI of 6 x 107 mg/kg bw/day (60 ng/kg bw/day) was adopted
for PFOS by Health Canada and the Federal-Provincial-Territorial Committee on Drinking Water
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(HC 2018a). As no toxicity reference values were identified for dermal and inhalation exposure,
the oral TDI was applied to these routes.

7.4. Relative Absorption Factors

Relative absorption factors may be applied when the critical toxicological study has used a
different medium than that under investigation, in order to account for the difference in absorption
of the substance via different exposure routes or in different media.

The TDI for PFOS was based on a diet study (Butenhoff ef al. 2012a). The available data regarding
oral absorption indicate PFOS is readily absorbed from the gastrointestinal tract (see
Section 5.2.1). The oral bioavailability of PFOS in soil may be lower due to various factors (e.g.,
sorption onto soil particles, prevailing gastrointestinal conditions). However, the information
available to date is insufficient to determine the bioavailability of PFOS in soils. As a result, a
relative absorption factor of 100% was selected for exposure via ingestion. Similarly, due to the
lack of available information, a conservative factor of 100% was selected by default for the relative
bioavailability via inhalation.

Few data are available regarding PFOS dermal absorption. However, available data for PFOA
(another perfluorinated compound presenting similar physicochemical properties as PFOS)
indicate limited dermal absorption. On this basis and because the two compounds share similar
physicochemical properties, the absorption factor (10%) identified for PFOA was applied for
PFOS.

7.5. Ingestion, Inhalation and Dermal Pathways

Direct exposure pathways are the most likely routes of exposure to non-volatile contaminants in
soil. No SoQG for indoor air quality (SoQGiaq) was derived, as PFOS is not volatile.

Appendix L contains the input parameters used to derive the SOQGum.

7.5.1. Agricultural and Residential/Parkland Land Uses

Agricultural lands are characterized by the presence of a farm with a residence where humans may
be on-site 24 hours a day. The most sensitive receptor for this land use is the toddler, as this age
category has the largest exposure-to-body weight ratio.

Using the above assumptions and the input parameters presented in Appendix L, a soil quality

guideline for direct exposure to soils that applies to agricultural and residential/parkland land uses
may be determined by using the equation below (from CCME 2006):
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oG (TDI — EDI) x SF X BW © BSC
QGpu = [(AF; x SIR) + (AFs x SR) + (AF, X IRg)ET,] X ET,

The resulting soil quality guideline for direct human health (SoQGpn) for agricultural and
residential/parkland land uses is 2 mg/kg.

7.5.2. Commercial Land Use

Commercial sites include places with unrestricted access, such as shopping malls that may include
daycare facilities, but do not include any manufacturing or residential areas. Access to commercial
sites is assumed to be <24 hours (10 hours/day; 5 days/week; 48 weeks/year). Discretion should
be used in employing the commercial land use classification; in scenarios where 24-hour access
by children or toddlers or residential occupancy by any individual is possible, the
residential/parkland classification may be more appropriate. Toddlers are assumed to be the most
sensitive receptors at commercial sites.

Using the above assumptions and the input parameters presented in Appendix L, the PFOS
SoQGpu for commercial land use is 3 mg/kg.

7.5.3. Industrial Land Use

Typically, industrial lands have limited or restricted access to the public so that adult, occupational
exposure will predominate. An example of industrial land use is a manufacturing plant. The most
common exposure scenario is expected to be unintentional soil ingestion by an adult. The potential
for off-site migration of substances (i.e., via soils and dust) is evaluated for industrial land use
scenarios (Section 7.8).

Using the above assumptions and the input parameters presented above in Appendix L, the PFOS
SoQGpn for industrial land use is 40 mg/kg.

7.6. Protection of Groundwater Used as a Source of Raw Drinking Water

For PFOS, sorption is the only chemical-specific attenuation mechanism in soil and groundwater,
since PFOS does not volatilize or biodegrade (EC 20135; OECD 2002). Other attenuation
mechanisms are based on purely hydrogeological and hydrological conditions. On this basis, Koc
is a key parameter to derive an SoQG for potable water (SoQGrw) for PFOS. Franz Environmental
Inc. (2012) identified a median Koc for PFOS for pH between 5 and 7, of 1445 L/kg.

This Koc was used to derive a SoQGrw of 0.01 mg/kg for both coarse and fine soils, using the same

input parameters as those used to derive SoOQGrL (described in Section 6.3). However, the level of
protection afforded by this SoQGpw may not be appropriate for all sites, because PFOS sorption
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is highly variable, with reported Koc values varying from 229 to 6,310 L/kg (Franz Environmental
Inc. 2012).

PFOS concentrations in groundwater that could be used as potable water can be compared directly
to the GWQGrw. To protect human health, the allowable concentration in potable water is the
GWQGrw (0.0006 mg/L), as described below.

According to CCME (2015), GWQGpw (Table 2) is adopted directly from the Guidelines for
Canadian Drinking Water Quality, developed by Health Canada. Therefore, the GWQGrw is
equivalent to the Maximum Acceptable Concentration (MAC) of 0.0006 mg/L developed by HC
(2018a). CCME (2015) recommends that this value be used to directly screen samples from
groundwater that may be used as a drinking water source. Where groundwater is used for other
purposes (e.g., irrigation of produce), this should be evaluated on a site-specific basis.

7.7. Guideline for Consumption of Produce, Meat and Milk

Exposure through local produce, meat and dairy is possible. A literature study conducted in 2018
found that accumulation patterns of PFAS differ between fish, mammals, and plants and many
factors can influence both uptake and bioaccumulation (Intrinsik 2018). Protein-rich foods (fish,
meats, dairy, etc.) were found to be the primary dietary source of human exposure to PFOS
(Intrinsik 2018; EFSA 2012).

There is limited available transfer factor information for fish, shellfish and mammals due to
variability and uncertainty inherent in the data, which is attributable to several different factors,
including kinetics, ecology, region, presence of precursors, tissues, and species differences. Based
on the 2018 literature review, the available information does not support the derivation of generic
transfer factors for animal-based foods for use in the derivation of SoQGs to protect human health
(Intrinsik 2018). PFOS has also been widely detected in plant-based foods. Intrinsik (2018) found
very limited data for plant-based food. The food concentration data evaluated suggest that fruits,
vegetables and cereals contribute less to human exposure than protein-rich foods (Intrinsik 2018).

Should consumption of produce, meat and milk be relevant at a site, site-specific conditions and
parameters would need to be considered to develop a site-specific guideline, as outlined in CCME
(2006). Transfer factors should be site-specific and specific to the tissues relevant to consumption
(e.g., root, shoot, leaves, fruit, organ meat, muscle, skin, etc.). Consideration should also be made
for potential differences between exposure concentrations, plant species, and adjustments for soil
organic carbon and other soil properties, such as pH and redox potential.

7.8. Guideline for Off-site Migration (SoQGowm-HH) for Commercial and Industrial
Land Uses

As described in Section 6.4, an off-site migration check is necessary to protect sensitive land uses.
If the guidelines for commercial or industrial sites are found to be above the human health soil
quality guideline for off-site migration (SoQGowm-un), then the adjacent property could potentially
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become contaminated from off-site deposition (CCME 2006). The SoQGowm-un calculated for
commercial and for industrial land uses is 0.1 mg/kg (rounded to one significant figure).

7.9. Final Human Health Soil and Groundwater Quality Guidelines

Based on CCME (2006), three types of exposure pathways are evaluated: required pathways
(direct contact), applicable pathways (indoor air, groundwater, and produce, meat and milk
ingestion) and check mechanisms (off-site migration of chemicals). Table 10 lists the SoQGs for
each of the evaluated pathways for human health receptors. The GWQGpw for PFOS was derived
according to CCME (2015).

PFOS is one substance of a suite of PFAS. Currently, guidance concerning PFOS and PFOA is
available for different media and from several jurisdictions (ITRC 2018b). The health effects of
PFOS and PFOA are similar and well documented (Section 5). Based on science current to 2016,
PFOS and PFOA impact the liver in similar ways, so additivity of PFOA and PFOS needs to be
considered at contaminated sites (HC 20194, 20196). Thus, when PFOS and PFOA are found
together in soil or groundwater, to protect human health, CCME recommends that both chemicals
be considered together. This is done by adding the ratio of the measured concentration for PFOS
to its relevant guideline (SoQGuu or GWQGpw) with the ratio of the measured concentration for
PFOA to its relevant guideline?®; if the result is less than or equal to one (<1.0), then the soil or
groundwater is considered acceptable for its expected use. Current science does not justify the use
of this approach for other PFAS.

Recommended additivity approach:

[PFOS] 4 [PFOA] <1
S0QGyy-pros 0" GWQGpy_pros ~ S0QGyy-proa 07 GWQGpw_proa

where:

e [PFOS] and [PFOA] are the measured soil or groundwater concentrations

e SoQGuu-pros and SoQGuH-proa are the SoQGs for the protection of human health, for PFOS
and PFOA respectively

o GWQGprw-pros and GWQGrw-proa are the GWQGs for the protection of human health, for
PFOS and PFOA respectively.

3 At the time of publication, SoQGuy and GWQGew have not been produced for PFOA. Consult the local jurisdiction to determine
whether other reference values can be used in the additivity equation, for example the MAC for PFOA (HC 2018b) or soil screening
value for PFOA (HC 2019a, 2019b).
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Table 10. Summary of Canadian Environmental SoQGs for PFOS (mg/kg dw) for
human receptors

Land use

Agricultural E:::Ijaennt:lall Commercial Industrial
Guideline 0.01 0.01 0.01 0.01
Human health guidelines/check
values
SoQGHH? 0.01 0.01 0.01 0.01
Direct contact guideline SoOQGpH? 2 2 3 40
Inhalation of indoor air guideline NC NC NC NC
SoQGia®
Soil quality guideline for the protection 0.01 0.01 0.01 0.01
of potable groundwater (SoQGpw)?
Check Mechanisms
Produce, meat and milk check SoQGgi NC NC — —
Off-site migration check SoQGom-HH — — 0.1 0.1

NC = not calculated; SoOQGun = SoQG

2The SoQGuy is the lowest of the human health guidelines and check values.

®The SoQGpy is based on direct exposure to soil via ingestion, dermal contact and particulate inhalation.

¢The inhalation of indoor air guideline applies to volatile organic compounds. PFOS is essentially non-volatile.

4 For pH between 5 and 7. Based on a K, of 1445 L/kg; PFOS K, is highly variably (229 to 6,310 L/kg; Franz
Environmental Inc. 2014), therefore the level of protection afforded by this SoQGpw may not be appropriate for all
sites. Where groundwater is used as a potable water source, groundwater concentrations should be compared directly
to the GWQGpw value.

8. RECOMMENDED CANADIAN SOIL QUALITY AND CANADIAN
GROUNDWATER QUALITY GUIDELINES

According to CCME (2006), both environmental and human health SoQGs are developed for four
land uses: agricultural, residential/parkland, commercial and industrial. The lowest value
generated by the two approaches for each of the four land uses are recommended as the CSoQGs
and are presented in Table 1.

The recommended CGWQGs are presented in Table 2.

The human health effects of PFOS and PFOA are similar and well documented. Therefore,
additivity of PFOA and PFOS needs to be considered at contaminated sites. When PFOS and
PFOA are found together in soil, the best approach to protect human health is to consider both
chemicals together when comparing to the screening values. This can be done using the approach
described in Section 7.9.

69



REFERENCES

3M. 1999. Perfluorooctane sulfonate: Current summary of human sera, health, and toxicology data. Available from
https://www.fluoridealert.org/wp-content/pesticides/pfos.fr.final.docket.0007.pdf [accessed 3 August 2015].

3M. 2001. Soil adsorption/desorption study of potassium perfluorooctanesulfonate (PFOS). 3M technical report.
Project No E00-1311. Final report June 4, 2001. Report amended May 24, 2002 by 3M Environmental
Laboratory. US EPA AR-226-1107.

3M. 2002. Acute toxicity to the earthworm (Eisenia fetida). Test substance- PFOS (RS-11-33). US EPA AR 226.

3M. 2003. Environmental and health assessment of perfluorooctane sulfonic acid and its salts. Prepared by 3M in
consultation with J. Moore, J. Rodricks, D. Turnball and W. Warren-Hicks. Available from
https://hero.epa.gov/hero/index.cfim/reference/details/reference 1d/6305513 [accessed 3 May 2021].

Abbott, B.D., Wolf, C.J., Das, K.P., Zehr, R.D., Schmid, J.E., Lindstrom, A.B., Strynar, M.J., and Lau, C. 2009.
Developmental toxicity of perfluorooctane sulfonate (PFOS) is not dependent on expression of peroxisome
proliferator activated receptor-alpha (PPAR alpha) in the mouse. Reprod. Toxicol. 27(3—4): 258-865.

Abdissa, Y., Tekalign, T., and Pant, L.M. 2011. Growth, bulb yield and quality of onion (A/lium cepa L.) as influenced
by nitrogen and phosphorus fertilization on vertisol-growth attributes, biomass production and bulb yield.
African J. Agric. Res. 6(14): 3252-3258.

Ahrens, L. 2011. Polyfluoroalkyl compounds in the aquatic environment: A review of their occurrence and fate. J.
Environ. Monit. 13(1): 20-31.

Ahrens, L., Taniyasu, S., Yeung, L.W.Y., Yamishita, N., Lam, P.K.S., and Ebinghaus, R. 2010. Distribution of
polyfluoroalkyl compounds in water, suspended particulate matter and sediment from Tokyo Bay, Japan.
Chemosphere 79: 266-272.

Ahrens, L., Leung, L.W.Y., Taniyasu, S., Lam, P.K.S., and Yamashita, N. 2011. Partitioning of perfluorooctanoate
(PFOA), perfluorooctane sulfonate (PFOS) and perfluorooctane sulfonamide (PFOSA) between water and
sediment. Chemosphere 85(5): 731-737.

Ahrens L., Harner, T., Shoeib, M., Lane, D.A., and Murphy, J.G. 2012. Improved characterization of gas-particle
partitioning for per- and polyfluoroalkyl substances in the atmosphere using annular diffusion denuder
samplers. Environ. Sci. Technol. 46(13): 7199-206.

Alexander, B.H., and Olsen, G.W. 2007. Bladder cancer in perfluorooctanesulfonyl fluoride manufacturing workers.
Annals of Epidemiology 17(6): 471-478.

Allan, M, Richardson, G.M., and Jones-Otazo, H. 2008. Probability density functions describing 24—hour inhalation
rates for use in human health risk assessments: an update and comparison. Hum. Ecol. Risk Assess. 14: 372—
379.

Andersen, M.E., Clewell, H.J., 3rd, Tan, Y.M., Butenhoff, J.L., and Olsen, G.W. 2006. Pharmacokinetic modeling of
saturable, renal resorption of perfluoroalkylacids in monkeys—probing the determinants of long plasma half-
lives. Toxicology. 227(1-2): 156—-164.

Andersen, C.S., Fei, C., Gamborg, M., Nohr, E.A., Serensen, T.I.A., and Olsen, J. 2010. Prenatal exposures to
perfluorinated chemicals and anthropometric measures in infancy. Am. J. Epidemiol. 172(11): 1230-1237.
Erratum in: 173(12): 1475 (2011).

Anderson, R.H., Cornell Long, G., Porter, R.C., and Anderson, J.K. 2016. Occurrence of select perfluoroalkyl
substances at U.S. Air Force aqueous film-forming foam release sites other than fire-training areas: Field-
validation of critical fate and transport properties. Chemosphere. 150: 678-
685. http://dx.doi.org/10.1016/j.chemosphere.2016.01.014.

Apelberg, B.J., Goldman, L.R., Calafat, A.M., Herbstman, J.B., Kuklenyik, Z., Heidler, J., Needham, L.L., Halden,
R.U., and Witter, F.R. 2007a. Determinants of fetal exposure to polyfluoroalkyl compounds in Baltimore,
Maryland. Environ. Sci. Technol. 41(11): 3891-3897.

Apelberg, B.J., Witter, F.R., Herbstman, J.B., Calafat, A.M., Halden, R.U., Needham, L.L., and Goldman, L.R. 20075.
Cord serum concentrations of perfluorooctane sulfonate (PFOS) and perfluorooctanoate (PFOA) in relation to
weight and size at birth. Environ. Health Perspect. 115(11): 1670-1676.

Armitage, J., Cousins, I.T., Buck, R.C., Prevedouros, K., Russell, M.H., MacLeod, M., and Korzeniowski, S.H. 2006.
Modeling global-scale fate and transport of perfluorooctanoate emitted from direct sources. Environ. Sci.
Technol. 40: 6969-6975.

70


https://www.fluoridealert.org/wp-content/pesticides/pfos.fr.final.docket.0007.pdf
https://hero.epa.gov/hero/index.cfm/reference/details/reference_id/6305513
http://dx.doi.org/10.1016/j.chemosphere.2016.01.014

Armitage, J.M., Schenker, U., Scheringer, M., Martin, J.W., MacLeod, M., and Cousins, I.T. 2009. Modeling the
global fate and transport of perfluorooctane sulfonate (PFOS) and precursor compounds in relation to temporal
trends in wildlife exposure. Environ. Sci. Technol. 43(24): 9274-9280.

Arsenault, G., Chittim, B., McAlees, A., McCrindle, R., Riddell, N., and Yeo, B. 2008. Some issues relating to the
use of perfluorooctanesulfonate (PFOS) samples as reference standards. Chemosphere. 70(4): 616—625.
Ashford, R.D. 1994. Ashford’s dictionary of industrial chemicals. Wavelength Publications Ltd, London, England. p.
673. Cited in HSBD (Hazardous Substances Database). 2010. Perfluorooctane sulfonic acid. Available from

http://www.industrialchemistry.org [accessed 17 July 2019].

Atkinson, C., Blake, S., Hall, T.K., and Rumsby, P. 2008. Survey of the prevalence of perfluorooctane sulphonate
(PFOS), perfluorooctanoic acid (PFOA) and related compounds in drinking water and their sources. Report
DEFRA 7585. Drinking Water Inspectorate, Department for Environment, Food and Rural Affairs, London,
United Kingdom.

ATSDR (Agency for Toxic Substances and Disease Registry). 2015. Draft Toxicological Profile for Perfluoroalkyls.
U.S. Department of Health and Human Services, Public Health Service, Atlanta, Georgia.

Austin, ML.E., Kasturi, B.S., Barber, M., Kannan, K., MohanKumar, P.S., and MohanKumar, S.M.J. 2003.
Neuroendocrine effects of perfluorooctane sulfonate in rats. Environ. Health Perspect. 111(12): 1485-1489.

Awad, E., Zhang, X., Bhavsar, S.P., Petro, S., Crozier, P.W., Reiner, E.J., Fletcher, R., Tittlemier, S.A., and
Braekevelt, E. 2011. Long-term environmental fate of perfluorinated compounds after accidental release at
Toronto airport. Environ. Sci. Technol. 45(19): 8081-8089.

Barber, J.L., Berger, U., Chaemfa, C., Huber, S., Jahnke, A., Temme, C., and Jones, K.C. 2007. Analysis of per- and
polyfluorinated alkyl substances in air samples from northwest Europe. J. Environ. Monit. 9(6): 530-541.

Barton, C.A., Kaiser, M., and Russell, M.H. 2007. Partitioning and removal of perfluorooctanoate during rain events:
the importance of physical-chemical properties. J. Environ. Monit. 8: 839-846.

BC MOE (BC Ministry of the Environment). 2001. Animal weights and their food and water requirements. Resource
document 1996 with minor updates 2001. Water Management Branch, Environment and Resource Division,
Ministry of Environment, Lands and Parks, Victoria, British Columbia. Available from
https://www2.gov.bc.ca/assets/gov/environment/air-land-water/water/waterquality/water-quality-reference-
documents/animal_weights_and _their _food and_ water requirements.pdf [accessed 3 May 2021].

Beach, S.A., Newsted, J.L., Coady, K., and Giesy, J.P. 2006. Ecotoxicological evaluation of perfluorooctanesulfonate
(PFOS). Rev. Environ. Contam. Toxicol. 186: 133—-174.

Becker, A., Gerstmann, S., and Frank, H. 2008a. Perfluorooctane surfactants in waste waters: the major source of river
pollution. Chemosphere. 72(1): 115-121.

Becker, A.M., Gerstmann, S., and Frank, H. 2008b. Perfluorooctanoic acid and perfluorooctane sulfonate in the
sediment of the Roter Main River, Bayreuth, Germany. Environ. Pollut. 156(3): 818-820.

Benskin, J.P., Batainch, M., and Martin, J.W. 2007. Simultaneous characterization of perfluoroalkyl carboxylate,
sulfonate, and sulfonamide isomers by liquid chromatography-tandem mass spectrometry. Anal. Chem. 79(17):
6455-6464.

Benskin, J.P., De Silva, A.O., Martin, L.J., Arsenault, G., McCrindle, R., Riddell, N., Mabury, S.A., and Martin, J.W.
2009. Disposition of perfluorinated acid isomers in Sprague-Dawley rats: Part 1: single dose. Environ. Toxicol.
Chem. 28(3): 542-554.

Benskin, J.P., Li, B., Ikonomou, M.G., Grace, J.R., and Li, L.Y. 2012. Per- and polyfluoroalkyl substances in landfill
leachate: patterns, time trends, and sources. Environ. Sci. Technol. 46: 11532-11540.

Beyer, N., Connor, E., and Gerould, S. 1994. Estimates of soil ingestion by wildlife. J. Wildl. Manage. 58(2): 375-
382.

Bhavsar, S.P., Zhang, W., Guo, R., Brackevelt, E., Petro, S., Gandhi, N., Reiner, E.J., Lee, H., Bronson, R., and
Tittlemeir, S.A. 2014. Cooking fish is not effective in reducing exposure to perfluoroalkyl and polyfluoroalkyl
substances. Environ. Int. 66(2014): 107-114.

Bhavsar, S.P., Fowler, C., Day, S., Petro, S., Gandhi, N., Gewurtz, S.B., Hao, C., Zhao, X., Crouillard, K.G., and
Morse, D. 2016. High levels, partitioning and fish consumption based on water guidelines of perfluoroalkyl
acids downstream of a former firefighting training facility in Canada. Environ. Int. 94: 415-423.

Biesemeier, J.A., and Harris, D.L. (1974). Eye and skin irritation report on sample T-1117. Report. Project No.
4102871, WAREF Institute Inc. [as cited in OECD (2002); EFSA (2008)].

Bischel, H., MacManus-Spencer, L.A., Zhang, C., and Luthy, R.G. 2011. Strong associations of short-chain
perfluoroalkyl acids with serum albumin and investigation of binding mechanisms. Environ. Toxicol. Chem.
30(11): 2423-2430.

71


http://www.industrialchemistry.org/
https://www2.gov.bc.ca/assets/gov/environment/air-land-water/water/waterquality/water-quality-reference-documents/animal_weights_and_their_food_and_water_requirements.pdf
https://www2.gov.bc.ca/assets/gov/environment/air-land-water/water/waterquality/water-quality-reference-documents/animal_weights_and_their_food_and_water_requirements.pdf

Bjorklund, J.A., Thuresson, K., and De Wit, C.A. 2009. Perfluoroalkyl compounds (PFCs) in indoor dust:
concentrations, human exposure estimates, and sources. Environ. Sci. Technol. 43(7): 2276-2281.

Bogdanska, J., Borg, D., Sundstrém, M., Bergstrom, U., Halldin, K., Abedi-Valugerdi, M., Bergman, A., Nelson, B.,
DePierre, J., and Nobel, S. 2011. Tissue distribution of 35S-labelled perfluorooctane sulfonate in adult mice
after oral exposure to a low environmentally relevant dose or a high experimental dose. Toxicology 284(1-3):
54-62.

Bolafios-Aguilar, E.D., Huyghe, C., Ecalle, C., Hacquet, J., and Julier, B. 2002. Effect of cultivar and environment on
seed yield in alfalfa. Crop Sci. 42(1): 45-50.

Bonefeld-Jorgensen, E., Long, M., Bossi, R., Ayotte, P. Asmund, G., Kruger, T., Bhisari, M., Mulvad, G., Kern, P.,
Nzulumiki, P., and Dewailly, E. 2011. Perfluorinated compounds are related to breast cancer risk in
Greenlandic Inuit: A case control study. Environ. Health 10(1): 88.

Borg, D., Bogdanska, J., Sundstrom, M., Nobel, S., Hakansson, H., Bergman, A., DePierre, J.W., Halidin, K., and
Bertstrom, U.. 2010. Tissue distribution of (35)S-labelled perfluorooctane sulfonate (PFOS) in C57B1/6 mice
following late gestational exposure. Reprod. Toxicol. 30(4): 558-565.

Boudreau, T.M., Wilson, C.J., Cheong, W.J., Sibley, P.K., Mabury, S.A., Muir, D.C.G., and Solomon, K.R. 2003.
Response of the zooplankton community and environmental fate of perfluorooctane sulfonic acid in aquatic
microcosms. Environ. Toxicol. Chem. 22: 2739-2745.

Boulanger, B., Vargo, J., Schnoor, J.L., and Hornbuckle, K.C. 2004. Detection of perfluorooctane surfactants in Great
Lakes water. Environ. Sci. Technol. 38(5): 4064—4070.

Boulanger, B., Peck, A.M., Schnoor, J.L., and Hornbuckle, K.C. 20054. Mass budget of perfluorooctane surfactants
in Lake Ontario. Environ. Sci. Technol. 39: 74-79.

Boulanger, B., Vargo, J.D., Schnoor, J.L., and Hornbuckle, K.C. 20055. Evaluation of perfluorooctane surfactants in
a wastewater treatment system and in a commercial surface protection product. Environ. Sci. Technol. 39(15):
5524-5530.

Braunig, J., Baduel, C., Heffernan, A., Rotander, A., Donaldson, E., and Mueller, J.F, 2017. Fate and redistribution of
perfluoroalkyl acids through AFFF-impacted groundwater. Sci. Tot. Environ. 596-597: 360-368.

Brignole, A.J., Porch, J.R., Kreuger, H.O., and Van Hoven, R.L. 2003. PFOS: A toxicity test to determine the effects
of the test substance on seedling emergence of seven species of plants: Toxicity to terrestrial plants. US EPA
AR226-1369. Wildlife International Ltd., Easton, Maryland.

Brooke, D., Footitt, A., and Nwaogu, T.A. 2004. Environmental risk evaluation report: Perfluorooctane sulphonate
(PFOS). UK Environment Agency’s Science Group, Wallingford, United Kingdom.

Brusseau, M. L., 2018. Assessing the potential contributions of additional retention processes to PFAS retardation in
the subsurface. Sci. Tot. Environ. 613: 176-185.

Burniston, D., Furdui, V., Dove, A., Backus, S., Reiner, E., and Kraft, J. 2006. Perfluoroalkyl compounds in surficial
sediment from Canadian Great Lake tributaries. Organohalogen Compd. 68: 2031-2034.

Burniston, D., Klawunn, P., Backus, S., Hill, B., Dove, A., Waltho, J., Richardson, V., Struger, S., Bradley, L.,
McGoldrick, D., and Marvin, C. 2012. Spatial distributions and temporal trends in pollutants in the Great Lakes
1968—-2008. Water Qual. Res. J. Can. 46(4): 269-289.

Butenhoff, J.L., Ehresman, D.J., Chang, S.C., Parker,G.A., and Stump, D.G. 2009. Gestational and lactational
exposure to potassium perfluorooctanesulfonate (K+PFOS) in rats: developmental neurotoxicity. Reprod.
Toxicol. 27(3—4): 319-330.

Butenhoff, J.L., Chang, S.C., Olsen, G.W., and Thomford, P.J. 2012a. Chronic dietary toxicity and carcinogenicity
study with potassium perfluorooctanesulfonate in Sprague Dawley rats. Toxicology 293(1-3): 1-15.

Butenhoff, J.L., Pieterman, E., Ehresman, D.J., Gorman, G.S., Olsen, G.W., Chang, S.C., and Princen, H.M. 20125.
Distribution of perfluorooctanesulfonate and perfluorooctanoate into human plasma lipoprotein fractions.
Toxicological Letters 210(3): 360-365.

Butt, C.M., Berger, U., Bossi, R., and Tomy, G.T. 2010. Levels and trends of poly- and perfluorinated compounds in
the Arctic environment. Sci. Total Environ. 408(15): 2936-69-65.

Cabrerizo, A., Muir, D.C.G., De Silva, A.O., Wang, X., Lamoureux, S.F. and Lafreniére, M.J. 2018. Legacy and
emerging persistent organic pollutants (POPs) in terrestrial compartments in the High Arctic: sorption and
secondary sources. Envir. Sci. Tech. 52: 14187-14197.

Cai, M., Zhao, Z., Yin, Z., Ahrens, L., Huang, P., Cai, M., Yang, H., He, J., Sturm, R., Ebinghaus, R., and Xie, Z.
2012. Occurrence of perfluoroalkyl compounds in surface waters from the North Pacific to the Arctic Ocean.
Environ. Sci. Technol. 46: 661-668.

72



Calafat, A.M., Kuklenyik, Z., Caudill, S.P., Reidy, J.A., and Needham, L.L. 2006. Perfluorochemicals in pooled serum
samples from United States residents in 2001 and 2002. Environ. Sci. Technol. 40(7): 2128-2134.

Calafat, A.M., Kuklenyik, Z., Reidy, J.A., Caudill, S.P., Tully, J.S., and Needham, L.L. 2007a. Serum concentrations
of 11 polyfluoroalkyl compounds in the US population: data from the national health and nutrition examination
survey (NHANES). Environ. Sci. Technol. 41(7): 2237-2242.

Calafat, A.M., Wong, L.Y., Kuklenyik, Z., Reidy, J.A., and Needham, L.L. 20075. Polyfluoroalkyl chemicals in the
US population: data from the National Health and Nutrition Examination Survey (NHANES) 2003-2004 and
comparisons with NHANES 1999-2000. Environ. Health Perspect. 115(11): 1596-1602.

Campbell, J.L., Jr., and Clewell, H.J., I1I. 2013. Report on the perfluorooctansulfonic acid (PFOS) kinetic models and
dosimetry. Water and Air Quality Bureau, Health Canada, Ottawa, Ontario.

Case, M.T., York, R.G., and Christian, M.S. 2001. Rat and rabbit oral developmental toxicology studies with two
perfluorinated compounds. Int. J. Toxicol. 20(2): 101-109.

CCME (Canadian Council of Ministers of the Environment). 1996. Guidance manual for developing site-specific soil
quality remediation objectives for contaminated sites in Canada. The National Contaminated Sites Remediation
Program, Winnipeg, Manitoba.

CCME. 1999. Canadian environmental quality guidelines. CCME, Winnipeg, Manitoba. Available from
https://www.ccme.ca [accessed 21 March 2018].

CCME. 2000. Canada-wide standards for petroleum hydrocarbons (PHC) in soil: Scientific rationale-supporting
technical document. CCME, Winnipeg, Manitoba. Available from https:/www.ccme.ca [accessed 21 March
2018].

CCME. 2006. A protocol for the derivation of environmental and human health soil quality guidelines. CCME,
Winnipeg, Manitoba. Available from https://www.ccme.ca [accessed 21 March 2018].

CCME. 2015. A protocol for the derivation of groundwater quality guidelines for use at contaminated sites. CCME,
Winnipeg, Manitoba. Available from https://www.ccme.ca [accessed 21 March 2018].

CCME. 2016. Guidance manual for environmental site characterization in support of environmental and human health
risk: Volume 4 - Analytical methods. CCME, Winnipeg, Manitoba. Available from https:/www.ccme.ca
[accessed 30 September 2020].

CDC (Centers for Disease Control and Prevention). 2012. Fourth national report on human exposure to environmental
chemicals. Updated tables, February 2012. CDC, Atlanta, Georgia.

CDC. 2018. Fourth National Report on Human Exposure to Environmental Chemicals — Updated Tables, March 2018,
Vol. 2. U.S. Department of Health and Human Resources. Atlanta, Georgia.

Chang, S.C., Ehresman, D.J., Bjork, J.A., Wallace, K.B., Parker, G.A., Stump, D.G., and Butenhoff, J.L. 2009.
Gestational and lactational exposure to potassium perfluorooctanesulfonate (K+PFOS) in rats: Toxicokinetics,
thyroid hormone status, and related gene expression. Reprod. Toxicol. 27(3—4): 387-399.

Chang, S.C., Noker, P.E., Gorman, G.S., Gibson, S.J., Hart, J.A., Ehresman D.J., and Butenhoff, J.L. 2012.
Comparative pharmacokinetics of perfluorooctanesulfonate (PFOS) in rats, mice, and monkeys. Reprod.
Toxicol. 33(4): 428—-440.

Chateau-Degat, M.L., Pereg, D., Dallaire, R., Ayotte, P., Dery, S., and Dewailly, E. 2010. Effects of
perfluorooctanesulfonate exposure on plasma lipid levels in the Inuit population of Nunavik (Northern
Québec). Environ. Res. 110(7): 710-717.

Chen, H., Chen, S., Quan, X., Zhao, Y., and Zhao, H. 2009. Sorption of perfluorooctane sulfonate (PFOS) on oil and
oil-derived black carbon: Influence of solution pH and [Ca2+]. Chemosphere 77(10): 1406—1411.

Chen, H., Zhang, C., Yu, Y., and Jianbo, J. 2012a. Sorption of perfluorooctane sufonate (PFOS) on marine sediments.
Mar. Pollut. Bull. 64(5): 902-906.

Chen, T., L. Zhang, J.Q. Yue, Z.Q. Lv, W. Xia, Y.J. Wan, Y.Y. Li S.Q. Xu. 20125. Prenatal PFOS exposure induces
oxidative stress and apoptosis in the lung of rat offspring. Reprod. Toxicol., 33(4): 538-45.

Cheng, J., Vecitis, C.D., Park, H., Mader, B.T., and Hoffmann, M.R. 2008. Sonochemical degradation of
perfluorooctane sulfonate (PFOS) and perfluorooctanoate (PFOA) in landfill groundwater: environmental
matrix effects. Environ. Sci. Technol. 42(21): 8057-8063.

Cheng, J. 2009. Acid dissociation versus molecular association of perfluoroalkyl oxoacids: environmental
implications. J. Phys. Chem. A. 113(29): 8152-56.

Christian, M.S., Hoberman, A.M., and York, R.G. 1999. Combined oral (gavage) fertility, developmental and
perinatal/postnatal reproduction toxicity study of PFOS in rats. Sponsor Study No. 6295-.9. Protocol number
418-008. Docket 8EHQ-0200-00374. Argus Research Laboratories, Inc., Horsham, PA U.S EPA. [cited in
OECD (2002); HC (2006); EFSA (2008)].

73


https://www.ccme.ca/
https://www.ccme.ca/
https://www.ccme.ca/
https://www.ccme.ca/
https://www.ccme.ca/

Chu, S., and Letcher, R.J. 2009. Linear and branched perfluorooctane sulfonate isomers in technical product and
environmental samples by in-port derivatization-gas chromatography-mass spectrometry. Anal. Chem. 81(11):
4256-4262.

Clara, M., Gans, O., Weiss, S., Sanz-Escribano, D., Scharf, S., and Scheffknecht, C. 2009. Perfluorinated alkylated
substances in the aquatic environment: an Austrian case study. Water Research 43(18): 4760-4768.

Clarke, D.B., Bailey, V.A., Routledge, A., Lloyd, A.S., Hird, S., Mortimer, D.N., and Gem, M. 2010. Dietary intake
estimate for perfluorooctanesulphonic acid (PFOS) and other perfluorocompounds (PFCs) in UK retail foods
following determination using standard addition LC-MS/MS. Food Addit. Contam., Part A. 27(4): 530-545.

Codling, G., Halsall, C., Ahrens, L., Del Vento, S., Wiberg, K., Bergknut, M., Laudon, H., and Ebinghaus, R. 2014a.
The fate of per- and polyfluoroalkyl substances within a melting snowpack of a boreal forest. Environ. Pollut.
191: 190-98.

Codling, G., Vogt, A., Jones, P.D., Wang, T., Wang, P., Lu, Y.L., Corcoran, M., Bonina, L., Li, A., Sturchio, N.C.,
Rockne, K.J., Ji, K., Khim, J-S., Naile, J.E., and Giesy, J.P. 2014b. Historical trends of inorganic and organic
fluorine in sediments of Lake Michigan. Chemosphere. 114(0): 203-209.

Cordner, A., De La Rosa, V.Y., Shaider, L.A., Rudel, R.A., Richter, L, and Brown, P. 2018. Guideline levels for
PFOA and PFOS in drinking water: the role of scientific uncertainty, risk assessment decisions, and social
factors. J. Exp. Sci. Eviron. Epi. 29:157-71.

Corning Hazleton Inc. 1997. Final report: Primary eye irritation/corrosion study of T-6684 in rabbits (OECD
Guidelines). # 61101151 [as cited in HC (2006)].

Corton, J.C., Cunningham, M.L., Hummer, B.T., Lau, C., Meek, B., Peters, J.M., Popp, J.A., Rhomberg, L., Seed, J.,
and J.E. Klaunig. 2014. Mode of action framework analysis for receptor-mediated toxicity: the peroxisome
proliferator-activated receptor alpha (PPARa) as a case study. Crit. Rev. Toxicol. 44(1):1-49.

Covance Laboratories Inc. 2002. Final report: 104-week dietary chronic toxicity and carcinogenicity study with
perfluorooctane sulfonic acid potassium salt (PFOS; T-6295) in rats. #6329-183 [in HC (2010); OECD (2002)].

Cui, L., Zhou, Q.F., Liao, C.Y., Fu, J.J., and Jiang, G.B. 2009. Studies on the toxicological effects of PFOA and PFOS
on rats using histological observation and chemical analysis. Arch. Environ. Contam. Toxicol. 56(2): 338-349.

Cui, L., Liao, C.Y., Zhou, Q.F., Xia, T.M., Yun, Z.J., and Jiang G.B. 2010. Excretion of PFOA and PFOS in male rats
during a subchronic exposure. Arch. Environ. Contam. Toxicol. 58(1): 205-213.

Dallaire, R., Ayotte, P., Pereg, D., Déry, S., Dumas, P., Langlois, E., and Dewailly, E. 2009a. Determinants of plasma
concentrations of perfluorooctanesulfonate and brominated organic compounds in Nunavik Inuit adults
(Canada). Environ. Sci. Technol. 43(13): 5130-5136.

Dallaire, R., Dewalilly, E., Pereg, D., Dery, S., and Ayotte, P. 20095. Thyroid function and plasma concentrations of
polyhalogenated compounds in Inuit adults. Environ. Health Perspect. 117(9): 1380—1386.

De Silva, A.O., and Mabury, S.A. 2006. Isomer distribution of perfluorocarboxylates in human blood: potential
correlation to source. Environ. Sci. Technol. 40(9): 2903-2909.

De Silva, A.O., Benskin, J.P., Martin, L.J., Arsenault, G., McCrindle, R., Riddell, N., Martin, J.W., and Mabury, S.A.
2009. Disposition of perfluorinated acid isomers in Sprague-Dawley rats. Part 2: Subchronic dose. Environ.
Toxicol. Chem. 28(3): 555-5567.

De Solla, S.R., De Silva, A.O., and Letcher, R.J. 2012. 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. 39(1): 19-26.

Dean, W.P., and Jessup, D.C. 1978. Acute oral toxicity (LD50) study in rats. International Research and Development
Corporation, Study No. 137-091. US Environmental Protection Agency Administrative Record 226-0419
[cited in OECD (2008)].

Del Gobbo, L., Tittlemier, S., Diamond, M., Pepper, K., Tague, B., Yeudall, F., and Vanderlinden, L. 2008. Cooking
decreases observed perfluorinated compound concentrations in fish. J. Agric. Food Chem. 56(16): 7551-7559.

DeWitt, J.C., Shnyra, A., Badr, M.Z., Loveless, S.E., Hoban, D., Frame, S.R., Cunard, R., Anderson, S.E., Maede,
B.J., Peden-Adams, M.M., Luebker, R.W., and Luster, M.I. 2009. Immunotoxicity of perfluorooctanoic acid
and perfluorooctane sulfonate and the role of peroxisome proliferator-activated receptor alpha. Critical
Reviews of Toxicology 39(1): 76-94.

Dinglasan-Panlilio, J.M., Prakash, S.S., and Baker, J.E.. 2014. Perfluorinated compounds in the surface waters of
Puget Sound, Washington and Clayoquot and Barkley Sounds, BC. Mar. Pollut. Bull. 78(1-2): 173-80.

Dong, G.H., Zhang, Y.H., Zheng, L., Liu, W., Jin, Y.H., and He, Q.C. 2009. Chronic effects of
perfluorooctanesulfonate exposure on immunotoxicity in adult male C57BL/6 mice. Arch. Toxicol. 83(9): 805—
815.

74



Dong, G.H., Liu, M.\M., Wang, D., Zheng, L., Liang, Z.F., and Jin, Y.H. 2011. Sub-chronic effect of
perfluorooctanesulfonate (PFOS) on the balance of type 1 and type 2 cytokine in adult C57BL6 mice. Arch.
Toxicol. 85(10): 1235-1244.

Dong, G.H., Wang, J., Zhang, Y.H., Liu, M.M., Wang, D., Zheng, L., and Jin, Y.H. 2012. Induction of p53-mediated
apoptosis in splenocytes and thymocytes of C57BL/6 mice exposed to perfluorooctane sulfonate (PFOS).
Toxicol. Appl. Pharmacol. 264(2): 292-299.

Dreyer A., Matthias, V., Weinberg, 1., and Ebinghaus, R. 2010. Wet deposition of poly- and perfluorinated compounds
in Northern Germany. Environ. Pollut. 158(5):1221-7.

Dreyer A., Kirchgeorg, T., Weinberg, 1., and Matthias, V. 2015. Particle-size distribution of airborne poly- and
perfluorinated alkyl substances. Chemosphere. 129: 142-149.

Drinking Water Commission. 2006. Provisional evaluation of PFT in drinking water with the guide substances
perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) as examples. Statement by the Drinking
Water Commission of the German Ministry of Health at the Federal Environment Agency June 21,
2006/revised July 13, 2006.

Du, Z., Deng, S., Bei, Y., Huang, Q., Wang, B., Huang, J., and Yu, G. 2014. Adsorption behavior and mechanism of
perfluorinated compounds on various adsorbents: a review. J. Hazard. Mater. 274(0): 443-454.

EC (Environment Canada). 2006a. Canadian Environmental Protection Act, 1999: Ecological screening assessment
report on perfluorooctane sulfonate, its salts and its precursors that contain the C5F17SO2 or C8F17S03, or
C8F17SO2N moiety. Gatineau, Québec. Environment Canada, Ecological Assessment Division. Available
from https://www.canada.ca/content/dam/eccc/migration/main/lcpe-cepa/documents/substances/spfo-pfos
/ecological_sar_pfos eng.pdf [accessed 21 March 2018].

EC. 2006b. Supporting document for ecological screening assessment report on PFOS. (Unpublished). Prepared by
Ecological Assessment Division, Environment Canada, Gatineau, Québec.

EC. 2013. Perfluorooctane sulfonate in the Canadian environment: Environmental monitoring and surveillance in
support of the  chemicals  management plan. Ottawa, Ontario. = Available  from
https://publications.gc.ca/collections/collection _2013/ec/En14-96-2013-eng.pdf [accessed 21 March 2018].

EC. 2015. Assessing the toxicity of perfluorooctane sulfonate to Folsomia candida and Oppia nitens in soil. Report
prepared by: Soil Toxicology Laboratory, Biological Assessment and Standardization Section, Ecotoxicology
and Wildlife Health Division, Environment Canada. Prepared for: Compliance Promotion and Contaminated
Sites Division, Environmental Protection Operations Directorate, Environment Canada and National Standards
and Guidelines Office, Science and Technology Branch, Environment Canada, Gatineau, Québec.

ECCC (Environment and Climate Change Canada). 2018. Canadian Environmental Protection Act, 1999: Federal
environmental quality guidelines perfluorooctane sulfonate (PFOS). National Guidelines and Standards Office,

Environment Canada, Gatineau, Québec. Available from
https://www.canada.ca/content/dam/eccc/documents/pdf/pded/feqg-pfos/20180620-PFOS-EN.pdf [accessed
30 May 2019].

EFSA (European Food Safety Authority). 2008. Perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA)
and their salts. Scientific Opinion of the Panel on Contaminants in the Food chain (Question No EFSA-Q-
2004-163). Adopted on 21 February 2008. The EFSA Journal. 653: 1-131.

EFSA. 2012. Scientific Report of EFSA Perfluoroalkylated substances in food: occurrence and dietary exposure. The
EFSA Journal 2012. 10(6): 2743.

Egeghy, P.P., and Lorber, M. 2011. An assessment of the exposure of Americans to perfluorooctane sulfonate: A
comparison of estimated intake with values inferred from NHANES data. J. Exposure Sci. Environ. Epidemiol.
21(2): 150-168.

Ehresman, D.J., Froehlich, J.W., Olsen, G.W., Chang, S.C., and Butenhoff, J.L. 2007. Comparison of human whole
blood, plasma, and serum matrices for the determination of perfluorooctanesulfonate (PFOS),
perfluorooctanoate (PFOA), and other fluorochemicals. Environ. Res. 103(2): 176-184 [cited in ATSDR
(2015)].

Elcombe, C.R., Elcombe, B.M., Foster, J.R., Chang, S.C., Ehresman, D.J., and Butenhoff, J.L. 2012a. Hepatocellular
hypertrophy and cell proliferation in Sprague-Dawley rats from dietary exposure to potassium
perfluorooctanesulfonate results from increased expression of xenosensor nuclear receptors PPARalpha; and
CAR/PXR. Toxicology. 293(1-3): 16-29.

Elcombe, C.R., Elcombe, B.M., Foster, J.R., Chang, S.C., Ehresman, D.J., Noker, P.E., and Butenhoff, J.L. 201254.
Evaluation of hepatic and thyroid responses in male Sprague Dawley rats for up to eighty-four days following
seven days of dietary exposure to potassium perfluorooctanesulfonate. Toxicology. 293(1-3): 30-40.

75


https://www.canada.ca/content/dam/eccc/migration/main/lcpe-cepa/documents/substances/spfo-pfos/ecological_sar_pfos_eng.pdf
https://www.canada.ca/content/dam/eccc/migration/main/lcpe-cepa/documents/substances/spfo-pfos/ecological_sar_pfos_eng.pdf
https://publications.gc.ca/collections/collection_2013/ec/En14-96-2013-eng.pdf
https://www.canada.ca/content/dam/eccc/documents/pdf/pded/feqg-pfos/20180620-PFOS-EN.pdf

Ellis, D.A., Marin, JJW., De Silva, A.O., Hurley, M.D., Sulback Andersen, M.P., and Wallington, T.J. 2004.
Degradation of fluorotelemer alcohols: a likely atmospheric source of perfluorinated carboxylic acids. Environ.
Sci. Technol. 38: 3316-3321.

Enevoldsen, R., and Juhler, R.K. 2010. Perfluorinated compounds (PFCs) in groundwater and aqueous soil extracts
using in-line SPE-LC-MS/MS for screening and sorption characterization of perfluorooctane suphonate and
related compounds. Anal. Bioanal. Chem. 398: 1161-1172.

Environmental Sciences Group. 2015. Investigation of environmental PFAS contamination: Sampling and analysis.
RMC-CCE-ES-15-05. Prepared by ESG, Royal Military College, Kingston, ON, for Health Canada,
Department of National Defence and Environment Canada.

Era, S., Harada, K.H., Toyoshima, M., Inoue, K., Minata, M., Saito, N., Takigawa, T., Shiota, K., and Koizumi, A.
2009. Cleft palate caused by perfluorooctane sulfonate is caused mainly by extrinsic factors. Toxicology.
256(1-2): 42-47.

Ericson, 1., Nadal, M., van Bavel, B., Lindstrom, G., and Domingo, J.L. 2008. Levels of perfluorochemicals in water
samples from Catalonia, Spain: Is drinking water a significant contribution to human exposure? Environ. Sci.
Pollut. Res. 15(7): 614-619.

Eriksen, K.T., Sirensen, M., McLaughlin, J.K., Lipworth, L., Tjinneland, A., Overvad, K., and Raaschou-Nielsen, O.
2009. Perfluorooctanoate and perfluorooctanesulfonate plasma levels and risk of cancer in the general Danish
population. J. Natl. Cancer Inst. 101(8): 605-609.

Eschauzier, C., Haftka, J., Stuyfzand P.J., and de Voogt, P. 2010. Perfluorinated compounds in infiltrated river Rhine
water and infiltrated rainwater in coastal dunes. Environ. Sci. Technol. 44(19): 7450-7455.

European Commission. 2012. Proposal for a directive of the European Parliament and of the Council amending
Directives 2000/60/EC and 2008/105/EC as regards priority substances in the field of water policy,
COM(2011) 876 final 2011/0429 (COD).

exp. Services Inc. 2011. Initial subsurface investigation: perfluorooctane sulfonate (PFOS) and perfluorooctanaoate
(PFOA) at a former fire training facility, 9800 Airport Road, Hamilton, ON. Project Number Hamilton
International Airport HAM-000200231-A0. Exp. Services Inc., Hamilton, ON.

Fair, P.A., Driscoll, E., Mollenhauer, M.A., Bradshaw, S.G., Yun, S.H., Kannan, K., Bossart, G.D., Keil, D.E., and
Peden-Adams, M.M. 2011. Effects of environmentally-relevant levels of perfluorooctane sulfonate on clinical
parameters and immunological functions in B6C3F1 mice. J. Immunotoxicol. 8(1): 17-29.

Falandysz, J., Taniyasu, S., Gulkowska, A., Yamashita, N., and Schulte-Oehlmann, U. 2006. Is fish a major source of
fluorinated surfactants and repellents in humans living on the Baltic Coast? Environ. Sci. Technol. 40(3): 748—
751.

FCSAP (Federal Contaminated Sites Action Plan). 2012. Ecological risk assessment guidance. Module C:
Standardization of wildlife receptor characteristics. Prepared for Environment Canada, Environmental
Stewardship Branch, Vancouver, BC. Prepared by Azimuth Consulting Group Inc., Vancouver, BC.

Fei, C., and Olsen, J. 2011. Prenatal exposure to perfluorinated chemicals and behavioral or coordination problems at
age 7 years. Environ. Health Perspect. 119(4): 573-578.

Fei, C., McLaughlin, J.K., Tarone, R.E., and Olsen, J. 2007. Perfluorinated chemicals and fetal growth: A study within
the Danish national birth cohort. Environ. Health Perspect. 115(11): 16777-16782.

Fei, C., McLaughlin, J.K., Lipworth, L., and Olsen, J. 2008. Prenatal exposure to perfluorooctanoate (PFOA) and
perfluorooctanesulfonate (PFOS) and maternally reported developmental milestones in infancy. Environ.
Health Perspect. 116(10): 1391-1395.

Fei, C., McLaughlin, J.K., Lipworth, L., and Olsen, J. 2009. Maternal levels of perfluorinated chemicals and
subfecundity. Hum. Reprod. 24(5): 1200-1205.

Ferrey, M.L., Wilson, J.T., Adair, C.A., Su, C., Fine, D.D., Liu, X., and Washington, J.W. 2012. Behaviour and fate
of PFOA and PFOS in sandy aquifer sediment. Groundwater Monit. Rem. 32(4): 63-71.

Filipovic, M., Laudon, H., McLachlan, M.S., and Berger, U. 2015. Mass balance of perfluorinated alkyl acids in a
pristine boreal catchment. Environ. Sci. Technol. 49: 12127-12135 plus supplemental information.

Fitz-Simon, N., Fletcher, T., Luster, M.I., Steenland, K., Calafat, A.M., Kato, K., and Armstrong, B. 2013. Reductions
in serum lipids with a 4-year decline in serum perfluorooctanoic acid and perfluorooctanesulfonic acid.
Epidemiology 24(4): 569-576. Erratum in: 24(6): 941 (November 2013).

Fowler, C. 2011. PFOS in the Welland River and Lake Niapenco. Prepared for: Ontario Ministry of Environment,
Hamilton District Office, Hamilton, ON.

76



Franz Environmental Inc. 2012. Modelling of perfluorooctance sulfonate (PFOS) fate and transport from soil to
groundwater. Project number 2496-1201. Final Report and updated spreadsheets Nov 27, 2012. Health Canada
Contaminated Sites Division, Ottawa, ON.

Franz Environmental Inc. 2014. Modelling of perfluorooctance sulfonate (PFOS) fate and transport from soil to
groundwater. Project number 2771-1301. Final report. Environment Canada, Whitehorse, Yukon.

Fraser, A.J., Webster, T.F., Watkins, D.J., Nelson, J.W., Stapleton, H.M., Calafat, A.M., Kato, K., Schoeib, M., Viera,
V.M., and McClean, M.D. 2012. Polyfluorinated compounds in serum linked to indoor air in office
environments. Environ. Sci. Technol. 46(2): 1209-1215.

Frisbee, S.J., Brooks, A.P., Jr., Maher, A., Flensborg, P., Arnold, S., Fletcher, T., Steenland, K., Shankar, A., Knox,
S.S., Pollard, C., Halverson, J.A., Vieira, V.M., Jin, C., Leyden, K.M., and Ducatman, A.M. 2009. The C8
Health Project: Design, methods, and participants. Environ. Health Persp. 117(12): 1873-1882.

Frisbee, S.J., Shankar, A., Knox, S.S., Steenland, K., Savitz, D.A., Fletcher, T., and Ducatman, A.M. 2010.
Perfluorooctanoic acid, perfluorooctanesulfonate, and serum lipids in children and adolescents: Results from
the C8 Health Project. Arch. Pediatr. Adolesc. Med. 164(9): 860—869.

Fromme, H., Tittlemier, S.A., Volkel, W., Wilhelm, M., and Twardella, D. 2009 Perfluorinated compounds-exposure
assessment for the general population in western countries. Int. J. Hyg. Environ. Health. 212: 239-270.
Fuentes, S., Vicens, P., Colomina, M.T., and Domingo, J.L. 2007a. Behavioral effects in adult mice exposed to

perfluorooctane sulfonate (PFOS). Toxicology. 242(1-3): 123—129.

Fuentes, S., Colomina, M.T., Vicens, P., Franco-Pons, N., and Domingo, J.L. 2007b. Concurrent exposure to
perfluorooctane sulfonate and restraint stress during pregnancy in mice: effects on postnatal development and
behavior of the offspring. Toxicol. Sci. 98(2): 589-598.

Fuentes, S., Colomina, M.T., Vicens, P., and Domingo, J.L.. 2007¢. Influence of maternal restraint stress on the long-
lasting effects induced by prenatal exposure to perfluorooctane sulfonate (PFOS) in mice. Toxicol. Lett. 171(3):
162—-170.

Furdui, V.I., Crozier, P.W., Reiner, E.J., and Mabury, S.A. 2008a. Trace level determination of perfluorinated
compounds in water by direct injection. Chemosphere. 73: S24-S30.

Furdui, V.I., Helm, P.A., Crozier, P.W., Lucaciu, C., Reiner, E.J., Marvin, C.H., Whittle, D.M., Mabury, S.A., and
Tomy, G.T. 2008b. Temporal trends of perfluoroalkyl compounds with isomer analysis in lake trout from Lake
Ontario (1979-2004). Environ. Sci. Technol. 42(13): 4739-4744.

Gallagher, S.P., Van Hoven, R.L., Beavers, J.B., and Jaber, M. 2003a. PFOS: A reproduction study with the northern
bobwhite. Wildlife International Ltd. Project Number 454-103. AR 226-1815 and AR 226-1839. Wildlife
International, Easton, MD.

Gallagher, S.P., Van Hoven, R.L., and Beavers, J.B. 20035. PFOS: A pilot reproduction study with the mallard.
Wildlife International Ltd. Project Number 454-105. AR 226-1737 and AR 226-1738. Wildlife International,
Easton, MD.

Gallo, V., Leonardi, G., Genser, B., Lopez-Espinosa, M.J., Frisbee, S.J., Karlsson, L., Ducatman, A.M., and Fletcher,
T. 2012. Serum perfluorooctanoate (PFOA) and perfluorooctane sulfonate (PFOS) concentrations and liver
function biomarkers in a population with elevated PFOA exposure. Environ. Health Perspect. 120(5): 655—
660.

Gailans, S.R. 2010. The agronomic and economic performance of flax in lowa. Graduate thesis and dissertation. Paper
11391. Iowa State University, Ames, TA.

Ge H., Yamazaki, E., Yamashita, N., Taniyasu, S., Ogata, A., and Furuuchi, M. 2017. Particle size specific distribution
of perfluoro alkyl substances in atmospheric particulate matter in Asian cities. Environ. Sci.: Processes
Impacts 19: 549-560 DOI: 10.1039/c6em00564k.

Gebbink, W.A., and Letcher, R.J. 2010. Linear and branched perfluorooctane sulfonate isomer patterns in herring gull
eggs from colonial sites across the Laurentian Great Lakes. Environ. Sci. Technol. 44(10): 3739-3745.
Genuis, S.J., Birkholz, D., Ralitsch, M., and Thibault, N. 2010. Human detoxification of perfluorinated compounds.

Public Health. 124(7): 367-375.

Gewurtz, S.B., De Silva, A.O., Backus, S.M., McGoldrick, D.J., Keir, M.J., Small, J., Melymuk, L., and Muir, D.C..
2012. Perfluoroalkyl contaminants in Lake Ontario lake trout: detailed examination of current status and long-
term trends. Environ. Sci. Technol. 46(11): 5842-5850.

Gewurtz, S.B., Backus, S.M., De Silva, A.O., Aherns, L., Armellin, A., Evans, M., Fraser, S., Gledhill, M., Guerra,
P., Harner, T., Helm, P.A., Hung, H., Khera, N., Kim, M.G., King, M., Lee, S.C., Letcher, R.J., Martin, P.,
Marvin, C., McGoldrick, D.J., Myers, A.L., Pelletier, M., Pomeroy, J., Reiner, E.J., Rondeau, M., Sauve, M-

77



C., Skela, M., Shoeib, M., Smith D.W., and Smyth, S.A. 2013. Perfluoroalkyl acids in the Canadian
environment: multi-media assessment of current status and trends. Environ. Int. §9: 183-200.

Gewurtz, S.B., Bhavsar, S.P., Petro, S., Mahon, C.G., Zhao, X., Morse, D., Reiner, E.J., Tittlemier, S.A., Brackkevelt,
E., and Drouillard, K. 2014. High levels of perfluoroalkyl acids in sport fish species downstream of a
firefighting training facility at Hamilton International Airport, Ontario, Canada. Environ. Int. 67: 1-11.

Gianfagna,T.J., Logendra, L., Durner, E.F., and Janes, H-W. 1998. Improving tomato harvest index by controlling
crop height and side shoot production. Life Support Biosphere Sci. 5(2): 255-261.

Gibbs, D. Barnes, E., and Cox, J. 2001. Pigeons and doves: A guide to the pigeons and doves of the world. Pica Press,
London, UK.

Giesy, J.P., and Kannan, K. 2001. Global distribution of perfluorooctane sulfonate in wildlife. Environ. Sci. Technol.
35(7): 1339-1342.

Giesy, J.P., and Kannan, K. 2002. Peer reviewed: Perfluorochemical surfactants in the environment. Environ. Sci.
Technol. 36(7): 146A-152.

Goldenthal, E.I., Jessup, D.C., Geil, R.G., and Mehring, J.S. 1978a. Ninety-day subacute rat toxicity study. Study No.
137-085. International Research and Development Corporation (also cited as IRDC) [cited in OECD (2002);
EFSA (2008); HC (2012)].

Goldenthal, E.I., Jessup, D.C., Geil, R.G., and Mehring, J.S. 1978b. Ninety-day subacute rhesus monkey toxicity
study. Study No. 137-092. International Research and Development Corporation, Mattawan, Michigan [cited
in OECD (2002); EFSA (2008); HC (2012)].

Goosey, E., and Harrad, S. 2011. Perfluoroalkyl compounds in dust from Asian, Australian, European, and North
American homes and UK cars, classrooms and offices. Environ. Int. 37(1): 86-92.

Government of B.C. 1996. B.C. Reg. 375/96, O.C. 1480/96 Environmental Management Act Contaminated Sites
Regulation, Schedule 3.1 [en. G.C. Reg. 13/2019, s. 12]. Matrix 1 Numerical Soil Standards.Queen’s Printer,
Victoria, British Columbia, Canada.

Government of Canada. 2000. Canadian Environmental Protection Act, 1999: Persistence and bioaccumulation
regulations. P.C. 2000-348, SOR/2000-107. Available https://laws-lois.justice.gc.ca/PDF/SOR-2000-107.pdf
[accessed 3 May 2021].

Government of Canada. 2006. Publication of the final order adding PFOS to the list of toxic substances in schedule 1
of CEPA 1999. Canada Gazette, Part II. Available from https://gazette.gc.ca/rp-pr/p2/2006/2006-12-
27/pdf/g2-14026.pdf [accessed 3 May 2021].

Government of Canada. 2009. Regulations adding perfluorooctane sulfonate and its salts to the virtual elimination list,
SOR/2009-15. Canada Gazette, Part I1 143(3): 76—79. Available from https://laws-lois.justice.gc.ca/PDF/SOR-
2009-15.pdf [accessed 5 August 2015].

Government of Canada. 2012. Prohibition of certain toxic substances regulations, 2012, SOR/2012-285. Canada
Gazette, Part II. 2012. Available from https://laws-lois.justice.gc.ca/PDF/SOR-2012-285.pdf [accessed 28
April 2021].

Grasty, R.C., Grey, B.E., Lau, C.S., and Rogers, J.M. 2003. Window of susceptibility to perfluoroctane sulfonate
(PFOS)-induced neonatal mortality in the rat. Birth Defects Res. Part A. 67(5): 315.

Grasty, R.C., Bjork, J.A., Wallace, K.B., Wolf, D.C., Lau, C.S., and Rogers, J.M. 2005a. Effects of prenatal
perfluorooctane sulfonate (PFOS) exposure on lung maturation in the perinatal rat. Birth Defects Res. Part B.
74(5): 405—16. Erratum in: 2006 Feb (1):87: Wolf, D.C. [added].

Grasty, R.C., Roberts, N., Klinefelter, G., Bjork, J.A., Wallace, K.B., Lau, C.S., and Rogers, J.M. 20055b. Effects of
prenatal perfluorooctanesulfonate (PFOS) exposure on lung maturation in the perinatal rat. Birth Defects Res.
Part A. 73(5): 314.

Greaves, A.K., and Letcher, R.J. 2013. Linear and branched perfluorooctane sulfonate (PFOS) isomer patterns differ
among several tissues and blood of polar bears. Chemosphere. 93(3): 574-580.

Guelfo, J.L. and Higgins, C.P. 2013. Subsurface transport potential of perfluoroalkyl acids at aqueous film-forming
foam (AFFF)-impacted sites. Environ. Sci. Technol. 47 (9): 4164-71. doi: 10.1021/es3048043. Epub 2013 Apr
25.

Gump, B.B., Wu, Q., Dumas, A K., and Kannan. K. 2011. Perfluorochemical (PFC) exposure in children: associations
with impaired response inhibition. Environ. Sci. Technol. 45(19): 8151-8159.

Guruge, K.S., Hikono, H., Shimada, N., Murakami, K., Hasegawa, J., Yeung, L.W., Yamanaka, N., and. Yamashita,
N. 2009. Effect of perfluorooctane sulfonate (PFOS) on influenza A virus-induced mortality in female B6C3F1
mice. J. Toxicol. Sci. 34(6): 687-691.

78


https://laws-lois.justice.gc.ca/PDF/SOR-2000-107.pdf
https://gazette.gc.ca/rp-pr/p2/2006/2006-12-27/pdf/g2-14026.pdf
https://gazette.gc.ca/rp-pr/p2/2006/2006-12-27/pdf/g2-14026.pdf
https://laws-lois.justice.gc.ca/PDF/SOR-2009-15.pdf
https://laws-lois.justice.gc.ca/PDF/SOR-2009-15.pdf
https://laws-lois.justice.gc.ca/PDF/SOR-2012-285.pdf

Gitzkow, K.B., Haug, L.S., Thomsen, C., Sabaredzovic, A., Becher, G., and Brunborg, G. 2012. Placental transfer of
perfluorinated compounds is selective: a Norwegian mother and child sub-cohort study. Int. J. Hyg. Environ.
Health. 215(2): 216-219.

Hamm, M.P., Cherry, N.M., Chan, E., Martin, J.W., and Burstyn, I.. 2010. Maternal exposure to perfluorinated acids
and fetal growth. J. Exposure Sci. Environ. Epidemiol. 20(7): 589—-597.

Hansen, K.J., Johnson, H.O., Eldridge, J.S., Butenhoff, J.L., and Dick, L.A. 2002. Quantitative characterization of
trace levels of PFOS and PFOA in the Tennessee River. Environ. Sci. Technol. 36(8): 1681-1685.

Harada, K., Saito, N., Inoue, K., Yoshinaga, T., Watanabe, T., Sasaki, S., Kamiyama, S., and Koizumi, A. 2004. The
influence of time, sex and geographic factors on levels of perfluorooctane sulfonate and perfluorooctanoate in
human serum over the last 25 years. J. Occup. Health. 46(2): 141-147.

Harada, K., Nakanishi, S., Saito, N., Tsutsui, T., and Koizumi, A. 2005. Airborne perfluorooctanoate may be a
substantial source contamination in Kyoto area, Japan. Bull. Environ. Contam. Toxicol. 74(1): 64—69.
Harada, K.H., Hashida, S., Kaneko, T., Takenaka, K., Minata, M., Inoue, K., Saito, N., and Koizumi, A. 2007. Biliary
excretion and cerebrospinal fluid partition of perfluorooctanoate and perfluorooctane sulfonate in humans.

Environ. Toxicol. Pharmacol. 24(2): 134-139.

Harada, K.H., and Koizumi, A. 2009. Environmental and biological monitoring of persistent fluorinated compounds
in Japan and their toxicities. Environ. Health Prev. Med. 14(1): 7-19.

Hay, RK.M. 1995. Harvest index: a review of its use in plant breeding and crop physiology. Ann. Appl. Biol.
126:197-216.

Hazleton Laboratories America Inc. 1987. Primary eye irritation study in rabbits — method, summary, raw data
appendix. # 70100355, sample T-4016 [as cited in HC (2006)].

Hazleton Wisconsin Inc. 1994. Final report: Primary eye irritation/corrosion study of PFOS (T-5898) in rabbits
(OECD Guidelines). # 40200470 [as cited in HC (2006)].

HC (Health Canada). 2006. State of the science report for a screening health assessment. Perfluorooctane sulfonate
(PFOS) its salts and its precursors that contain the C8F17SO2 or C8F17SO3 moiety. Ottawa, Ontario.
Available  from  https://www.canada.ca/content/dam/hc-sc/migration/hc-sc/ewh-semt/alt_formats/hecs-
sesc/pdf/contaminants/existsub/pfos-spfo/perfluorooctane sulfonate-eng.pdf [accessed 5 August 2015].

HC. 2010a. Report on human biomonitoring of environmental chemicals in Canada. contaminants. Results of the
Canadian health measures survey cycle 1 (2007-2009). Health Canada, Ottawa, Ontario. Available from
https://www.canada.ca/content/dam/hc-sc/migration/hc-sc/ewh-semt/alt formats/hecs-sesc/pdf/pubs
/contaminants/chms-ecms/report-rapport-eng.pdf [accessed 5 August 2015].

HC. 2010b. Federal contaminated site risk assessment in Canada. Part V: Guidance on human health detailed
quantitative risk assessment for chemicals (DQRAcnem). Contaminated Sites Division, Safe Environments
Program, Ottawa, Ontario.

HC. 2013. Second report on human biomonitoring of environmental chemicals in Canada. Results of the Canadian
health measures cycle 2 (2009-2011). Health Canada, Ottawa, Ontario. Available from
https://www.canada.ca/content/dam/hc-sc/migration/hc-sc/ewh-semt/alt_formats/pdf/pubs/contaminants
/chms-ecms-cycle2/chms-ecms-cycle2-eng.pdf [accessed 15 June 2021].

HC. 2018a. Guidelines for Canadian Drinking Water Quality: Guideline Technical Document — Perfluorooctane
Sulfonate (PFOS). Water and Air Quality Bureau, Healthy Environments and Consumer Safety Branch, Health
Canada, Ottawa, Ontario. Available from  https://www.canada.ca/content/dam/canada/health-
canada/migration/healthy-canadians/publications/healthy-living-vie-saine/guidelines-canadian-drinking-
water-quality-guideline-technical-document-perfluorooctane-sulfonate/PFOS%202018-1130%20ENG.pdf
[accessed 15 June 2021].

HC. 2018b. Guidelines for Canadian Drinking Water Quality: Guideline Technical Document — Perfluorooctanoic
Acid (PFOA). Water and Air Quality Bureau, Healthy Environments and Consumer Safety Branch, Health
Canada, Ottawa, Ontario. Available from https://www.canada.ca/content/dam/hc-
sc/documents/services/publications/healthy-living/guidelines-canadian-drinking-water-quality-technical-
document-perfluorooctanoic-acid/document/PFOA_2018-1130-eng.pdf [accessed 15 June 2021].

HC. 2019a. Updates to Health Canada Soil Screening values for Perfluoroalkylated Substances (PFAS). May 2019.
Prepared by HC Contaminated Sites Division. Ottawa, Ontario. Available upon request to cs-sc@hc-sc.gc.ca.

HC. 2019b. Summary Table: Health Canada Draft guidelines, Screening Values and Toxicological Reference Values
(TRVs) for Perfluoroalkyl Substances (PFAS). May 2019. Prepared by HC Contaminated Sites Division.
Ottawa. Ontario. Available upon request to cs-sc@hc-sc.gc.ca.

79


https://www.canada.ca/content/dam/hc-sc/migration/hc-sc/ewh-semt/alt_formats/hecs-sesc/pdf/contaminants/existsub/pfos-spfo/perfluorooctane_sulfonate-eng.pdf
https://www.canada.ca/content/dam/hc-sc/migration/hc-sc/ewh-semt/alt_formats/hecs-sesc/pdf/contaminants/existsub/pfos-spfo/perfluorooctane_sulfonate-eng.pdf
https://www.canada.ca/content/dam/hc-sc/migration/hc-sc/ewh-semt/alt_formats/hecs-sesc/pdf/pubs/contaminants/chms-ecms/report-rapport-eng.pdf
https://www.canada.ca/content/dam/hc-sc/migration/hc-sc/ewh-semt/alt_formats/hecs-sesc/pdf/pubs/contaminants/chms-ecms/report-rapport-eng.pdf
https://www.canada.ca/content/dam/hc-sc/migration/hc-sc/ewh-semt/alt_formats/pdf/pubs/contaminants/chms-ecms-cycle2/chms-ecms-cycle2-eng.pdf
https://www.canada.ca/content/dam/hc-sc/migration/hc-sc/ewh-semt/alt_formats/pdf/pubs/contaminants/chms-ecms-cycle2/chms-ecms-cycle2-eng.pdf
https://www.canada.ca/content/dam/canada/health-canada/migration/healthy-canadians/publications/healthy-living-vie-saine/guidelines-canadian-drinking-water-quality-guideline-technical-document-perfluorooctane-sulfonate/PFOS%202018-1130%20ENG.pdf
https://www.canada.ca/content/dam/canada/health-canada/migration/healthy-canadians/publications/healthy-living-vie-saine/guidelines-canadian-drinking-water-quality-guideline-technical-document-perfluorooctane-sulfonate/PFOS%202018-1130%20ENG.pdf
https://www.canada.ca/content/dam/canada/health-canada/migration/healthy-canadians/publications/healthy-living-vie-saine/guidelines-canadian-drinking-water-quality-guideline-technical-document-perfluorooctane-sulfonate/PFOS%202018-1130%20ENG.pdf
https://www.canada.ca/content/dam/hc-sc/documents/services/publications/healthy-living/guidelines-canadian-drinking-water-quality-technical-document-perfluorooctanoic-acid/document/PFOA_2018-1130-eng.pdf
https://www.canada.ca/content/dam/hc-sc/documents/services/publications/healthy-living/guidelines-canadian-drinking-water-quality-technical-document-perfluorooctanoic-acid/document/PFOA_2018-1130-eng.pdf
https://www.canada.ca/content/dam/hc-sc/documents/services/publications/healthy-living/guidelines-canadian-drinking-water-quality-technical-document-perfluorooctanoic-acid/document/PFOA_2018-1130-eng.pdf
mailto:cs-sc@hc-sc.gc.ca
mailto:cs-sc@hc-sc.gc.ca

Hebert, G.N., Odom, M.A., Craig, P.S., Dick, D.L., and Strauss, S.H. 2002. Method for the determination of sub-ppm
concentrations of perfluoroalkylsulfonate anions in water. J. Environ. Monit. 4(1): 90-95.

Hekster, F M., de Voogt, P., Pijinenburg, AM.C.M., and Laane, R.W.P.M. 2002. Perfluoralkylated substances:
Aquatic environmental assessment. Report RIKZ/2002.043. Prepared at the University of Amsterdam and
RIKZ (The State Institute for Coast and Sea) [cited in EC (20064, 20065].

Hellsing, M.S., Josefsson, S., Hughes, A.V., and Ahrens, L. 2016. Sorption of perfluoroalkyl substances to two types
of minerals. Chemosphere 159: 385-391.

Helm, P.A., Howell, T.T., Crozier, P.W., Reiner, E.J., and Marvin, C.M. 2007. WP214: Spatial distribution of
perfluorinated compounds in sediments and surface waters of the Laurentian Great Lakes and temporal trends
in a Lake Ontario sediment core. Presented at the 28th Society of Environ. Toxicol. Chem. North America
Conference, Milwaukee, WI.

Helm, P., Milne, J., Hiriart-Baer, V., Crozier, P., Kolic, T., Lega, R., Chen, T., MacPherson, K., Gewurtz, S., Winter,
J., Myers, A., Marvin, C.H., and Reiner, E.J. 2011. Lake-wide distribution and depositional history of current-
and past-use persistent organic pollutants in Lake Simcoe, Ontario, Canada. J. Great Lakes Res. 37: 132—-141.

Higgins, C.P., and Luthy, R.G. 2006. Sorption of perfluorinated surfactants on sediments. Environ. Sci. Technol.
40(23): 7251-7256.

Higgins, C.P., and Luthy, R.G. 2007. Modeling sorption of anionic surfactants onto sediment materials: an a priori
approach for perfluoroalkyl surfactants and linear alkylbenzene sulfonates. Environ. Sci. Technol. 41(9): 3254—
3261.

Higgins, C.P., McLeod, P.B., MacManus-Spencer, L.A., and Luthy, R.G. 2007. Bioaccumulation of
perfluorochemicals in sediments by the aquatic oligochaete Lumbricus variegates. Environ. Sci. Technol. 41:
4600-4006.

Hoffman, K., Webster, T.F., Weisskopf, M.G., Weinberg, J., and Vieira, V.M. 2010. Exposure to polyfluoroalkyl
chemicals and attention deficit/hyperactivity disorder in US children 12-15 years of age. Environ. Health
Perspect. 118(12): 1762-1767.

Holmstrom, K.E., and Berger, U. 2008. Tissue distribution of perfluorinated surfactants in common guillemot (Uria
aalge) from the Baltic Sea. Environ. Sci. Technol. 42(16): 5879-5884.

Houde, M., Czub, G., Small, J.M., Backus, S., Wang, X., Alaee, M., and Muir, D.C. 2008. Fractionation and
bioaccumulation of perfluorooctane sulfonate (PFOS) isomers in a Lake Ontario food web. Environ. Sci.
Technol. 42(24): 9397-9303.

Houde, M., De Silva, A.O. Muir, D.C.G., and Letcher, R.J. 2011. Monitoring of Perfluorinated Compounds in Aquatic
Biota: An Updated Review. Environ. Sci. Technol. 45: 7962-7973.

HSDB (Hazardous Substances Data Bank). 2011. Perfluorooctane sulfonic acid. Available from
https://pubchem.ncbi.nlm.nih.gov/compound/74483 [accessed 3 May 2021].

Hurley, M.D., Sulback Andersen, M.P., Wallington, T.J., Ellis, D.A., Martin, J.W. and Mabury, S.A. 2004.
Atmospheric chemistry of perfluorinated carboxylic acids: Reaction with OH radicals and atmospheric
lifetimes. J. Phys, Chem. A. 108:615-620.

Hurley, S., Houtz, E., Goldberg, D., Wang, M., Park, J-S., Nelson, D.O., Reynolds, P., Bernstein, L., Anton-Culver,
H., Horn-Ross, P., and Petreas, M. 2016. Preliminary associations between the detection of perfluoroalkyl acids
(PFAAS) in drinking water and serum concentrations in a sample of California women. Env. Sci. and Tech.
Letters. 3(7): 264-269.

Ingelido, A.M., Marra, V., Abballe, A., Valentini, S., Iacovella, N., Barbieri, P., Porpora, M.G., Domenico, A.D., and
De Felip, E. 2010. Perfluorooctanesulfonate and perfluorooctanoic acid exposures of the Italian general
population. Chemosphere. 80(10): 1125-1130.

Inoue, K., Okada, F., Ito, R., Kato, S., Sasaki, S., Nakajima, S., Uno, A., Saijo, Y., Sata, F., Yoshimura, Y., Kishi, R.,
and Nakazawa, H. 2004. Perfluorooctane sulfonate (PFOS) and related perfluorinated compounds in human
maternal and cord blood samples: Assessment of PFOS exposure in a susceptible population during pregnancy.
Environ. Health Perspect. 112(11): 1204—1207 [as cited in ATSDR (2015); EFSA (2008)].

Intrinsik Corp. 2018. Perfluoroalkyl Uptake in Foods: A Summary of Available Literature. Final Report. January 31,
2018. Prepared for Contaminated Sites Division, Health Canada. Ottawa, ON. Available upon request from cs-
sc@hc-sc.ge.ca.

IPCS (International Programme on Chemical Safety). 2012. Guidance for immunotoxicity risk assessment for
chemicals. Harmonization Project Document No. 10. World Health Organization, Geneva, Switzerland.

ITRC (Interstate Technology Regulatory Council). 2018a. Environmental Fate and Transport for Per- and
Polyfluoroalkyl Substances. ITRC, Washington, DC. March 2018. Factsheet.

80


https://pubchem.ncbi.nlm.nih.gov/compound/74483
mailto:cs-sc@hc-sc.gc.ca
mailto:cs-sc@hc-sc.gc.ca

ITRC. 2018b. Regulations, Guidance, and Advisories for Per- and Polyfluoroalkyl Substances (PFAS). January 2018.
Factsheet and accompanying tables, updated September 2018.

ITRC. 2020. Ste Characterization Considerations, Sample Precautions, and Laboratory Analytical Methods for Per-
and Polyfluoroalkyl Substances (PFAS). April 2020. Fact Sheet.

Jager, T., Scanchez, F., Muijs, B., van der Velde, E., and Posthuma, L. 2000. Toxicokinetics of polyaromatic
hydrocarbons in Eisenia andrei (oligochaeta) using spiked soil. Environ. Toxicol. Chem. 19(4): 953-561.

Jahnke, A., Berger, U., Ebinghaus, R., and Temme, C. 2007. Latitudinal gradient of airborne polyfluorinated alkyl
substances in the marine atmosphere between Germany and South Africa (53 degrees N-33 degrees S). Environ.
Sci. Technol. 41(9): 3055-3061.

Jensen, M.S., Nirgaard-Pedersen, B., Toft, G., Hougaard, D.M., Bonde, J.P., Cohen, A., Thulstrup, A.M., Ivell, R.,
Anand-Ivell, R., Lindh, C.H., and Jonsson, B.A. 2012. Phthalates and perfluorooctanesulfonic acid in human
amniotic fluid: Temporal trends and timing of amniocentesis in pregnancy. Environ. Health Perspect. 120(6):
897-903.

Jia, C., You, C., and Pan, G. 2010. Effect of temperature on the sorption and desorption of perfluorooctane sulfonate
on humic acid. J. Environ. Sci. 22(3): 355-361.

Jing, P., Rodgers, P.J., and Amemiya, S. 2009. High lipophilicity of perfluroalkyl carboxylate and sulfonate:
implications for their membrane permeability. J. Am. Chem. Soc. 131: 2290-2296.

Johansson, N., Fredriksson, A., and Eriksson, P. 2008. Neonatal exposure to perfluorooctane sulfonate (PFOS) and
perfluorooctanoic acid (PFOA) causes neurobehavioural defects in adult mice. Neurotoxicology. 29(1): 160—
169.

Johansson, N., Eriksson, P., and Viberg, H. 2009. Neonatal exposure to PFOS and PFOA in mice results in changes
in proteins which are important for neuronal growth and synaptogenesis in the developing brain. Toxicol. Sci.
108(2): 412-418.

Johnson, J.D., and Ober, R.E. 1979. Absorption of FC-95-14C in rats after a single oral dose. 3M. Submitted to the
US Environmental Protection Agency’s Administrative Record. AR226-0007 [cited in ATSDR (2015); EFSA
(2008)].

Johnson, J.D., and Ober, R.E. 1999. Absorption of FC-143-14C in rats after a single oral dose. In: Exploratory 28-day
oral toxicity study with telomer alcohol, telomer acrylate, PFHA, and PFOS (POS control) by daily gavage in
the rat, w/CVR LTR DTD, 051500 (Sanitized) 3M. Submitted to the US EPA under TSCA Section FYI.
OTS05001378S [cited in ATSDR (2015)].

Johnson, R.L., Anschutz, A.J., Smolen, J.M., Simcik, M.F., and Lee-Penn, R. 2007. The adsorption of perfluorooctane
sulfonate onto sand, clay, and iron oxide surfaces. J. Chem. Eng. Data 52(4): 1165-1170.

Joung, K.-E., Jo, E.., Kim, H.-M., Choi, K., and Yoon, J. 2010. Toxicological effects of PFOS and PFOA on
earthworm, Eisenia fetida. J. Toxicol. Environ. Health. 25(3): 181-186.

Kadar, H., Veyrand, B., Barbarossa, A., Pagliuca, G., Legrand, A., Bosher, C., Boquien, C.Y., Durand, S., Monteau,
F., Antignac, J.P., and Le Bizec, B. 2011. Development of an analytical strategy based on liquid
chromatography-high resolution mass spectrometry for measuring perfluorinated compounds in human breast
milk: application to the generation of preliminary data regarding perinatal exposure in France. Chemosphere
85(3): 473-480.

Kannan, K., Franson, J.C., Bowerman, W.W., Hansen, K.J., Jones, P.D., and Giesy, J.P. 2001. Perfluorooctane
sulfonate in fish-eating water birds including bald eagles and albatrosses. Environ. Sci. Technol. 35(15): 3065—
3070.

Kannan, K., Newsted, J., Halbrook, R.S., and Giesy, J.P. 2002a. Perfluorooctanesulfonate and related fluorinated
hydrocarbons in mink and river otters from the United States. Environ. Sci. Technol. 36(12): 2566-2571.

Kannan, K., Hansen, K.J., Wade, T.L., and Giesy, J.P. 2002b. Perfluorooctane sulfonate in oysters, Crassostrea
virginica, from the Gulf of Mexico and the Chesapeake Bay, USA. Arch. Environ. Contam. Toxicol. 42(3):
313-318.

Kannan, K., Tao, L., Sinclair, E., Pastva, S.D., Jude, D.J., and Giesy, J.P. 2005a. Perfluorinated compounds in aquatic
organisms at various trophic levels in a Great Lakes food chain. Arch. Environ. Contam. Toxicol. 48(4): 559—
566.

Kannan, K., Yun, S.H., and Evans, T.J. 20055. Chlorinated, brominated, and perfluorinated contaminants in livers of
polar bears from Alaska. Environ. Sci. Technol. 39(23): 9057-9063.

Kérrman, A., Ericson, 1., van Bavel, B., Darnerud, P.O., Aune, M., Glynn, A., Lignell, S., and Lindstrém, G. 2007.
Exposure of perfluorinated chemicals through lactation: Levels of matched human milk and serum and a
temporal trend, 1996-2004, in Sweden. Environ. Health Perspect. 115(2): 226-230.

81



Kérrman, A., Domingo, J.L., Llebaria, X., Nadal, M., Bigas, E., van Bavel, B., and Lindstrdom, G. 2010. Biomonitoring
perfluorinated compounds in Catalonia, Spain: Concentrations and trends in human liver and milk samples.
Environ. Sci. Pollut. Res. 17(3): 750-758.

Kato, K., Calafat, A.M., and Needham, L.L. 2009. Polyfluoroalkyl chemicals in house dust. Environ. Res. 109: 518—
523.

Kato, K., Wong, L.Y., Jia, L.T., Kuklenyik, Z., and Calafat, A.M. 2011. Trends in exposure to polyfluoroalkyl
chemicals in the U.S. Population: 1999-2008. Environ. Sci. Technol. 45(19): 8037-8045.

Kawamoto, K., Sato, L., Tsuda, S., Yoshida, M., Yaegashi, K., Saito, N., Liu, W., and Jin, Y. 201 1. Ultrasonic-induced
tonic convulsion in rats after subchronic exposure to perfluorooctane sulfonate (PFOS). J. Toxicol. Sci. 36(1):
55-62.

Keil, D.E., Mehlmann, T., Butterworth, L., and Peden-Adams, M.M. 2008. Gestational exposure to perfluorooctane
sulfonate suppresses immune function in B6C3F1 mice. Toxicol. Sci. 103(1): 77-85.

Kennedy, T.S. 2010. Hazard assessment and derivation of risk-based remedial targets for PFOS contamination at the
Williams Lake airport fire-fighting training areas, Williams Lake, BC. Project No. 219.02663.11. SLR
Consulting, Vancouver, BC.

Kerger, B.D., Copeland, T.L., and DeCaprio, A.P. 2011. Tenuous dose-response correlations for common disease
states: case study of cholesterol and perfluorooctanoate/sulfonate (PFOA/PFOS) in the C8 Health Project. Drug
Chem. Toxicol. 34(4): 396—404.

Kerstner-Wood C., Coward, L., and Gorman, G. 2003. Protein binding of perfluorbutane sulfonate,
perfluorhexanesulfonate, perfluorooctane sulfonate and perfluoroctanoate to plasma (human, rat, monkey), and
various human derived plasma protein fractions. Southern Research Corporation, Study 9921.7. US EPA AR-
226-1354. US EPA, Washington, DC.

Kim, S.K., and Kannan, K. 2007. Perfluorinated acids in air, rain, snow, surface runoff, and lakes: relative importance
of pathways to contamination of urban lakes. Environ. Sci. Technol. 41(24): 8328-8334.

Kim, H.S., Jun Kwack, S., Sik Han, E., Seok Kang, T., Hee Kim, S., and Young Han, S. 2011a. Induction of apoptosis
and CYP4A1 expression in Sprague-Dawley rats exposed to low doses of perfluorooctane sulfonate. J. Toxicol.
Sci., 36(2): 201-210.

Kim, S., Choi, K, Ji, K., Seo, J., Kho, Y., Park, J., Kim, S., Park, S., Jeon, 1., Yang, H., and Giesy, J.P. 2011b. Trans-
placental transfer of thirteen perfluorinated compounds and relations with fetal thyroid hormones. Environ.
Sci. Technol. 45(17): 7465-7472.

Knobeloch, L., Imm, P, and Anderson, H. 2012. Perfluoroalkyl chemicals in vacuum cleaner dust from 39 Wisconsin
homes. Chemosphere. 88(7): 779-783.

Kowalczyk, J., Ehlers, S., First, P., Schafft, H., and Lahrssen-Wiederholt, M. 2012. Transfer of perfluorooctanoic
acid (PFOA) and perfluorooctane sulfonate (PFOS) from contaminated feed into milk and meat of sheep: pilot
study. Arch. Environ. Contam. Toxicol. 63(2): 288-298.

Kubwabo, C., and Lalonde, K. 2010. Investigation of the occurrence of perfluorooctanoic acid and perfluorooctane
sulfonate in untreated source and finished drinking water in Canada. Organohalogen Compd. 72: 413-416.

Kubwabo, C., Vais, N., and Benoit, F.M. 2004. A pilot study on the determination of perfluorooctanesulfonate and
other perfluorinated compounds in blood of Canadians. J. Environ. Monit. 6(6): 540-545.

Kubwabo, C., Stewart, B., Zhu, J., and Marro, L. 2005. Occurrence of perfluorosulfonates and other
perfluorochemicals in dust from selected homes in the city of Ottawa, Canada. J. Environ. Monit. 7(11): 1074—
1078.

Kubwabo, C., Kosarac, 1., and Lalonde, K. 2013. Determination of selected perfluorinated compounds and
polyfluoroalkyl phosphate surfactants in human milk. Chemosphere. 91(6): 771-777.

Kuklenyik, Z., Reich, J.A., Tully, J.S., Needham, L.L., and Calafat, A.M. 2004. Automated solid-phase extraction and
measurement of perfluorinated organic acids and amides in human serum and milk. Environ. Sci. Technol.
38(13): 3698704 [cited in Loccisano (2012b)].

Kwadijk, C.J.A.F., Korytar, P., and Koelmans, A.A. 2010. Distribution of perfluorinated compounds in aquatic
systems in The Netherlands. Environ. Sci. Technol. 44: 3746-3751.

Kwok, K.Y. Yamazaki, E., Yamashita, N., Taniyasu, S., Murphy, M.B., Horii, Y., Petrick, G., Kallenborn, R., Kannan,
K., Murano, K., and Lam, P.K.S. 2013. Transport of perfluoroalkyl substances (PFAS) from an Arctic glacier
to downstream locations: implications for sources. Sci. Total Environ. 447: 46-55.

Labadie, P., and Chevreuil, M. 2011. Partitioning behaviour of perfluorinated alkyl contaminants between water,
sediment, and fish in the Orge River (nearby Paris, France). Environ. Pollut. 159: 391-397.

82



Lang, J., Allred, B., Field, J., Levis, J., and Barlaz, M. 2017. National Estimate of Per- and Polyfluoroalkyl Substance
(PFAS) Release to U.S. Municpal Landfill Leachate. Environ. Sci. Technol. 51(4): 2197-2205.

Lau, C., Thibodeaux, J.R., Hanson, R.G., Rogers, J.M., Grey, B.E., Stanton, M.E., Butenhoff J.L., and Stevenson,
L.A. 2003. Exposure to perfluorooctane sulfonate during pregnancy in rat and mouse. II: Postnatal evaluation.
Toxicol. Sci. 74(2): 382-392.

Lau, C., Thibodeaux, J.R., Das, K., Ehresman, D.J., Tanaka, S., Froehlich, J., and Butenhoff, J.L. 2006. Evaluation of
perfluorooctane sulfonate in the rat brain. Toxicol. Sci., 90(1-S): 118.

Lebel, D. 2012. Minister's Response: Transport Canada. Alleged perfluorocarbon contamination at the Hamilton
International Airport. Petition 332. Office of the Auditor General of Canada.

Lechner, M., and Knapp, H. 2011. Carryover of perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS)
from soil to plant and distribution to the different plant compartments studied in cultures of carrots (Daucus
carota ssp. Sativus), potatoes (Solanum tuberosum), and cucumbers (Cucumis Sativus). J. Agric. Food Chem.
59:11011-11018.

Lefebvre, D.E., Curran, 1., Armstrong, C., Coady, L., Parenteau, M., Liston, V., Barker, M., Aziz, S., Rutherford, K.,
Bellon-Gagnon, P., Shenton, J., Mehta, R., and Bondy, G.. 2008. Immunomodulatory effects of dietary
potassium perfluorooctane sulfonate (PFOS) exposure in adult Sprague-Dawley rats. J. Toxicol. Environ.
Health, Part A. 71(23): 1516-1525.

Letcher, R.J., and Chu, S. 2009. Response to correspondence on linear and branched perfluorooctane sulfonate isomers
in technical product and environmmental samples by in-port derivatization-gas chromatography-mass
spectrometry. Anal. Chem. 81: 7856-7857.

Li, M.-H. 2008. Toxicity of perfluorooctane sulfonate and perfluorooctanoic acid to plants and aquatic invertebrates.
Environ. Toxicol. 24(1): 95-101.

Li, Y., Oliver, D.P., and Kookana, R.S. 2018. A critical analysis of published data to discern the role of soil and
sediment properties in determining sorption of per an dpolyfluoroalkyl substances (PFASs). Sci. Tot. Environ.
628-629: 110-120.

Lin, C.Y., Lin, LY., Chiang, C.K., Wang, W.J., Su, Y.N., Hung, K.Y, and Chen, P.C. 2010. Investigation of the
associations between low-dose serum perfluorinated chemicals and liver enzymes in US adults. Am. J.
Gastroenterol. 105(6): 1354-1363.

Lindstrom, A.B., Strynar, M.J.. Delinsky, A.D., Nakayama, S.F., McMillan, L., Libelo, E.L., Neill, M., and Thomas,
L. 2011a. Application of WWTP Biosolids and Resulting Perfluorinated Compound Contamination of Surface
and Well Water in Decatur, Alabama, USA. Environ. Sci. Technol. 45(19): 8015—8021.

Lindstrom, A.B., Strynar, M.J., and Libelo, E.L. 20115. Polyfluorinated compounds: past, present, and future.
Environ. Sci. Technol. 45(19): 7954-7961. Comment in: 2011 Dec 1; 45(23):9821.

Liu, L., Jin, Y.H., Wang, L., Yu, H.Y., Liu, W., Yu, Q.L., Wang, K., Liu, B., and Wang, J. 2009a. Effects of
perfluorooctane sulfonate on learning and memory of rat pups. Zhonghua Yu Fang Yi Xue Za Zhi [Chinese
Journal of Preventive Medicine] 43(7): 622—-627. [Text in Chinese. Abstract only]

Liu, L., Liu, W., Song, J., Yu, H., Jin, Y., Oami, K., Sato, 1., Saito, N., and Tsuda, S. 20095. A comparative study on
oxidative damage and distributions of perfluorooctane sulfonate (PFOS) in mice at different postnatal
developmental stages. J. Toxicol. Sci. 34(3): 245-254.

Liu, X., Liu, W., Jin, Y., Yu, W., Liu, L., and Yu, H. 2010a. Effects of subchronic perfluorooctane sulfonate exposure
of rats on calcium-dependent signaling molecules in the brain tissue. Arch. Toxicol. 84(6): 471-479.

Liu, X., Liu, W., Jin, Y., Yu, W., Wang, F., and Liu, L. 2010b. Effect of gestational and lactational exposure to
perfluorooctanesulfonate on calcium-dependent signaling molecules gene expression in rats' hippocampus.
Arch. Toxicol. 84(1): 71-79.

Liu,J., Li, J., Liu, Y., Chan, H.M., Zhao, Y., Cai, Z., and Wu, Y. 2011. Comparison on gestation and lactation exposure
of perfluorinated compounds for newborns. Environ. Int. 37(7): 1206-1212.

Llorca, M., Farré, M., Pico, Y., Teijon, M.L., Alvarez, J.G., and Barcelo, D. 2010. Infant exposure of perfluorinated
compounds: Levels in breast milk and commercial baby food. Environ. Int. 36(6): 584-592.

Loccisano, A.E., Campbell, J.L., Jr., Andersen, M.E., and Clewell H.J., 3rd. 2011. Evaluation and prediction of
pharmacokinetics of PFOA and PFOS in the monkey and human using a PBPK model. Regul. Toxicol.
Pharmacol. 59(1): 157-175.

Loccisano, A.E., Campbell, J.L., Jr., Butenhoff, J.L., Andersen, M.E., and Clewell, H.J., 3rd. 2012a. Comparison and
evaluation of pharmacokinetics of PFOA and PFOS in the adult rat using a physiologically based
pharmacokinetic model. Reprod. Toxicol. 33(4): 452-467.

83



Loccisano, A.E., J.L. Campbell, J.L., Jr., Butenhoff, J.L., Andersen, M.E., and Clewell, H.J., 3rd . 2012b. Evaluation
of placental and lactational pharmacokinetics of PFOA and PFOS in the pregnant, lactating, fetal and neonatal
rat using a physiologically based pharmacokinetic model. Reprod. Toxicol. 33(4): 468—490.

Loccisano, A.E., Longnecker, M.P., Campbell, J.L., Jr., Andersen, M.E., and Clewell, H.J., 3rd. 2013. Development
of PBPK models for PFOA and PFOS for human pregnancy and lactation life stages. J. Toxicol. Environ.
Health, Part A. 76(1): 25-57.

Loewen, M., Halldorson, T., Wang, F., and Tomy, G. 2005. Fluorotelomer carboxylic acids and PFOS in rainwater
from an urban centre in Canada. Environ. Sci. Technol. 39(9): 2944-2951.

Loewen, M., Wania, F., Wang, F., and Tomy, G. 2008. Altitudinal transect of atmospheric and aqueous fluorinated
organic compounds in western Canada. Environ. Sci. Technol. 42(7): 2374-2379.

Long, Y., Wang, Y., Ji, G, Yan, L., Hu, F., and Gu, A. 2013. Neurotoxicity of perfluorooctane sulfonate to
hippocampal cells in adult mice. PLoS One. 8(1): e54176.

Longnecker, M.P., Smith, C.S., Kissling, G.E., Hoppin, J.A., Butenhoff, J.L., Decker, E., Ehresman, D.J., Ellefson,
M.E., Flaherty, J., Gardner, M.S., Langlois, E., Leblanc, A., Lindstrom, A.B., Reagen, W.K., Strynar, M.J.,
and Studabaker, W.B. 2008. An interlaboratory study of perfluorinated alkyl compound levels in human
plasma. Environ. Res. 107(2): 152—-159.

Loos, R., Wollgast, J., Huber, T., and Hanke, G. 2007. Polar herbicides, pharmaceutical products,
perfluorooctanesulfonate (PFOS), perfluorooctanoate (PFOA), and nonylphenol and its carboxylates and
ethoxylates in surface and tap waters around Lake Maggiore in Northern Italy. Anal. Bioanal. Chem. 387(4):
1469-1478.

Lopez-Espinosa, M.J., Fletcher, T., Armstrong, B., Genser, B., Dhatariya, K., Mondal, D., Ducatman, A., and
Leonardi, G. 2011. Association of perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) with
age of puberty among children living near a chemical plant. Environ. Sci. Technol. 45(19): 8160-8166.

Luebker, D.J., Hansen, K.J., Bass, N.M., Butenhoff, J.L., and Seacat, A.M. 2002. Interactions of fluorochemicals with
rat liver fatty acid-binding protein. Toxicology. 176(3): 175—185 [cited in EFSA (2008)].

Luebker, D.J., Case, M.T., York, R.G., Moore, J.A., Hansen, K.J., and Butenhoff, J.L. 20054. Two-generation
reproduction and cross-foster studies of perfluorooctanesulfonate (PFOS) in rats. Toxicology. 215(1-2): 126—
148.

Luebker, D.J., York, R.G., Hansen, K.J., Moore, J.A., and Butenhoff, J.L. 20055. Neonatal mortality from in utero
exposure to perfluorooctanesulfonate (PFOS) in Sprague-Dawley rats: dose-response, and biochemical and
pharamacokinetic parameters. Toxicology 215(1-2): 149—169 [cited in Loccisano (20125)].

Maestri, L., Negri, S., Ferrari, M., Ghittori, S., Fabris, F., Danesino, P., and Imbriani, M. 2006. Determination of
perfluorooctanoic acid and perfluorooctanesulfonate in human tissues by liquid chromatography/single
quadrupole mass spectrometry. Rapid Commun. Mass Spectrom. 20(18): 2728-2734.

Maclnnis, J.J., French, K., Muir, D.C.G., Spencer, C., Criscitiello, A., De Silva, A.O., and Young, C.J. 2017. Emerging
investigator series: a 14-year depositional ice record of perfluoralkyl substances in the High Arctic. Environ.
Sci. Processes Impacts 19: 22-30.

Maisonet, M., Terrell, M.L., McGeehin, M.A., Christensen, K.Y., Holmes, A., Calafat, A.M., and Marcus, M. 2012.
Maternal concentrations of polyfluoroalkyl compounds during pregnancy and fetal and postnatal growth in
British girls. Environ. Health Perspect. 120(10): 1432—-1437.

Mak, Y.L., Taniyasu, S., Yeung, L.W., Lu, G, Jin, L., Yang, Y., Lam, P.K.S., Kannan, K., and Yamashita, N. 2009.
Perfluorinated compounds in tap water from China and several other countries. Environ. Sci. Technol. 43(13):
4824-4829.

Martin, J.W., Muir, D.C.G., Moody, C.A., Ellis, D.A., Kwan, W.C., Solomon, K.R., and Mabury, S.A. 2002.
Collection of airborne fluorinated organics and analysis by gas chromatography/chemical ionization mass
spectrometry. Anal. Chem. 74(3): 584-590.

Martin, J.W., Smithwick, M.M., Braune, B.M., Hoekstra, P.F., Muir, D.C., and Mabury, S.A. 2004a. Identification of
long-chain perfluorinated acids in biota from the Canadian Arctic. Environ. Sci. Technol. 38(2): 373-380.

Martin, J.W., Whittle, D.M., Muir, D.C., and Mabury, S.A. 2004b. Perfluoroalkyl contaminants in a food web from
Lake Ontario. Environ. Sci. Technol. 38(20): 5379-5385.

Martin, J.W., Asher, B.J., Beesoon, S., Benskin, J.P., and Ross, M.S. 2010. PFOS or PreFOS? Are perfluorooctane
sulfonate precursors (PreFOS) important determinants of human and environmental perfluorooctane sulfonate
(PFOS) exposure? J. Environ. Monit. 12(11): 1979-2004.

Matscheko, N., Tysklind, M., de Witt, C., Bergek, S., Andersson, R., and Sellestrém U. 2002. Application of sewage
sludge to arable land-soil concentrations of polybrominated diphenyl ethers and polychlorinated dibenzo-p-

84



dioxin, dibenzofurans, and biphenyls, and their accumulation in earthworms. J. Environ. Chem. Ecotoxicol.
21(12): 2515-2525.

McKenzie, E.R., Siegrist, R.L., McCray, J.E., and Higgins, C.P. 2015. Effects of chemical oxidants on perfluoroalkyl
acid transport in one-dimensional porous media columns. Environ. Sci. Technol. 49(3): 1681-9. doi:
10.1021/es503676p. Epub 2015 Jan 26.

McNabb, F.M.A., Smith, L., and Clark, K. 2005. Effects of perfluorooctane sulfonate (PFOS) on thyroid function in
quail. Presentation at 26th Annual Meeting of SETAC, Baltimore, Maryland, November 13—17, 2005.

Meek, M.E., Palermo, C.M., Bachman, A.N., North, C.M., and Lewis, J.R. 2014. Mode of action human relevance
(species concordance) framework: evolution of the Bradford- Hill considerations and comparative analysis of
weight of evidence. J. Appl. Toxicol. 34(6): 595-606.

Meesters, R.J., and Schroder, H.F. 2004. Perfluorooctane sulfonate:a quite mobile anionic anthropogenic surfactant,
ubiquitously found in the environment. Water Sci. Technol. 50(5): 235-242.

Meyer, T., De Silva, A.O., Spencer, C., and Wania, F. 2011. Fate of perfluorinated carboxylates and sulfonates during
snowmelt within an urban watershed. Environ. Sci. Technol. 45: 8113-8119.

Midasch, O., Drexler, H., Hart, N., Beckmann, M.W., and Angerer, J. 2007. Transplacental exposure of neonates to
perfluorooctanesulfonate and perfluorooctanoate: a pilot study. Int. J. Hyg. Environ. Health. 80(7): 643—648.

Milinovic, J., Lacorte, S., Vidale, M., and Rigol, A. 2015. Sorption behaviour of perfluoroalkyl substances in soils.
Sci. Tot. Environ. 511: 63-71

Ministry of Environmental Protection of China. 2008. Comments on the revised draft risk profile for SCCP 7. Letter
to Donald Cooper, Secretariat of the Stockholm Convention, May 18, 2008.

Minnesota Pollution Control Agency. 2007. Surface water quality criterion for perfluorooctane sulfonic acid. STS
Project 200604796. Prepared by STS Consultants for Minnesota Pollution Control Agency, St. Paul, MN.

Minnesota Pollution Control Agency. 2009. Investigating PFCs in Minnesota: Current Status (March 2009) Minnesota
Pollution Control Agency, St. Paul, MN.

Mitro, S.D., Dodson, R.E., Singla, V., Adamkiewicz, G., Elmi, A.F., Tilly, M.K., and Zota, A.R. 2016. Consumer
product chemicals in indoor dust: A quantitative meta-analysis of U.S. studies. Environ. Sci. Technol. 50 (19):
10661-10672.

Moermond, C.T.A., Verbruggen, E.M.J., and Smit, C.E. 2010. Environmental risk limits for PFOS: A proposal for
water quality standards in accordance with the Water Framework Directive. Report 601714013. RIVM
(National Institute for Public Health and the Environment), Bilthoven, the Netherlands.

Molina, E.D., Balander, R., Fitzgerald, S.D., Giesy, J.P., Kannan, K., Mitchell, R., and Bursian, S.J. 2006. Effects of
air cell injection of perfluorooctane sulfonate before incubation on the development of the white leghorn
chicken (Gallus domesticus) embryo. Environ. Toxicol. Chem. 25: 227-232.

Mommaerts, V., Hagenaars, A., Meyer, J., De Coen, W., Swevers, L., Mosallanejad, H., and Smagghe, G. 2011.
Impact of a perfluorinated organic compound PFOS on the terrestrial pollinator Bombus terrestris (Insecta,
Hymenoptera). Ecotoxicology. 20: 447—456.

Mondal, D., Lopez-Espinosa, M.J., Armstrong, B., Stein, C.R., and Fletcher, T. 2012. Relationships of
perfluorooctanoate and perfluorooctane sulfonate serum concentrations between mother-child pairs in a
population with perfluorooctanoate exposure from drinking water. Environ. Health Perspect. 120(5): 752-757.

Monroy, R., Morrison, K., Teo, K., Atkinson, S., Kubwabo, C., Stewart, B., and Foster, W.H. 2008. Serum levels of
perfluoroalkyl compounds in human maternal and umbilical cord blood samples. Environ. Res. 108(1): 56—62.

Moriwaki, H., Takata, Y., and Arakawa, R. 2003. Concentrations of perfluorooctane sulfonate (PFOS) and
perfluorooctanoic acid (PFOA) in vacuum cleaner dust collected in Japanese homes. J. Environ. Monit. 5: 753—
57 [cited in EFSA (2008); Shoeib (2011)].

Miiller, C.E., De Silva, A.O., Small, J., Williamson, M., Wang, X., Morris, A., Katz, S., Gamberg, M., and Muir,
D.C.G. 2011. Biomagnification of perfluorinated compounds in a remote terrestrial food chain: lichen-caribou-
wolf. Environ. Sci. Technol. 45: 8665-8673. Plus supporting information provided at: http://pubs.acs.org.

Myers, A.L., Crozier, P.W., Helm, P.A., Brimacombe, C., Furdui, V. L., Renier, E.J., Burniston, D., and Marvin, C.H.
2012. Fate, distribution, and contrasting temporal trends of perfluoroalkyl substances (PFASs) in Lake Ontario,
Canada. Environ. Int. 44: 92-99.

Nakata, H., Kannan, K., Nasu, T., Cho, H., Sinclair, E., and Takemura, A. 2006. Perfluorinated contaminants in
sediments and aquatic organisms collected from shallow water and tidal flat areas of the Ariake Sea, Japan:
Environmental fate of perfluorooctane sulfonate in aquatic ecosystems. Environ. Sci. Technol. 40: 4916-4921.

Nakayama, S., Strynar, M.J., Helfant, L., Egeghy, P., Ye, X., and Lindstrom, A.B. 2007. Perfluorinated compounds
in the Cape Fear drainage basin in North Carolina. Environ. Sci. Technol. 41(15): 5271-5276.

85


http://pubs.acs.org/

Nakayama, S.F., Strynar, M.J., Reiner, J.L., Delinsky, A.D., and Lindstrom, A.B. 2010. Determination of
perfluorinated compounds in the upper Mississippi river basin. Environ. Sci. Technol. 44(11): 4103—4109.

Needham, L.L., Grandjean, P., Heinzow, B., Jirgensen, P.J., Nielsen, F., Patterson D.G., Jr., Sjodin, A., Turner, W.E.,
and Weihe, P. 2011. Partition of environmental chemicals between maternal and fetal blood and tissues.
Environ. Sci. Technol. 45(3): 1121-1126.

Nelson, J.W., Hatch, E.E., and Webster, T.F. 2010. Exposure to polyfluoroalkyl chemicals and cholesterol, body
weight, and insulin resistance in the general U.S. population. Environ. Health Perspect. 118(2): 197-202.

Newsted, J.L., Jones, P.D., Coady, K., and Giesy, J.P. 2005. Avian toxicity reference values for perfluorooctane
sulfonate. Environ. Sci. Technol. 39: 9357-9362.

Newsted, J.L., Coady, K.K., Beach, S.A., Butenhoff, J.L., Gallagher, S., and Giesy, J.P. 2007. Effects of
perfluorooctane sulfonate on mallard and northern bobwhite quail exposed chronically via the diet. Environ.
Toxicol. Pharmacol. 23: 1-9.

SFT (Norwegian Pollution Control Authority). 2008. Screening of polyfluorinated organic compounds at four fire
fighting training facilities in Norway. TA-2444. SFT, Oslo, Norway.

NOTOX. 1999. Exploratory 28-day oral toxicity study with telomer alcohol, telomer acrylate, [redacted confidential
business information], PFHS and PFOS (positive control) by daily gavage in the rat followed by a 14/28-day
recovery period. # 242933 [cited in HC (2006)].

O’Brien, J.M., Carew, A.C., Chu, S., Letcher, R.J., and Kennedy, S.W. 2009. Perfluorooctane sulfonate (PFOS)
toxicity in domestic chicken (Gallus gallus domesticus) embryos in the absence of effects on peroxisome
proliferator activated receptor alpha (PPARa)-regulated genes. Comp. Biochem. Physiol., Part C: Toxicol.
Pharmacol. 149: 524-30.

OECD (Organisation for Economic Co-operation and Development). 2002. Co-operation on existing chemicals hazard
assessment of perfluorooctane sulfonate (PFOS) and its salts. In: Environment Directorate Joint Meeting of the
Chemicals Committee and the Working Party on Chemicals, Pesticides and Biotechnology ENV/IM/RD
(2002)17/FINAL ~ November 21, Paris.  Available from  https://www.oecd.org/env/ehs/risk-
assessment/2382880.pdf [accessed 6 August 2015].

O’Malley, K.D., and Ebbens, K.L. 1981. 28-day percutaneous absorption study with FC-95 in albino rabbits. Safety
Evaluation Laboratory, Riker Laboratories, Inc., Experiment No. 0979AB0632 [cited in 3M (1999)].

Olsen, G.W., Burlew, M.M., Hocking, B.B., Skratt, J.C., Burris, J.M., and Mandel, J.H. 2001. An epidemiologic
analysis of episodes of care of 3M Decatur chemical and film plant employees, 1993-1998. Final Report May
18,2001 [cited in EFSA (2008)].

Olsen, G.W., Burris, J.M., Burlew, M.M., and Mandel, J.H. 2003a. Epidemiologic assessment of worker serum
perfluorooctanesulfonate (PFOS) and perfluorooctanoate (PFOA) concentrations and medical surveillance
examinations. J. Occup. Environ. Med. 45(3): 260-270 [cited in HC (2012a)].

Olsen, G.W., Butenhoff, J.L., and Mandel, J.N. 20035. Assessment of lipid, hepatic and thyroid function in relation
to an occupational biologic limit value for perfluorooctanoate. 3M Company. Final Report. June 9, 2003. US
EPA AR226-1351 [cited in EFSA (2008)].

Olsen, G.W., Church, T.R., Miller, J.P., Burris, J.M., Hansen, K.J., Lundberg, J.K., Armitage, J.B., Herron, R.M.,
Medhdizadehkashi, Z., Nobileti, J.B., O'Neill, E.M., Mandel, J.H., and Zobel, L.R. 2003c.
Perfluorooctanesulfonate and other fluorochemicals in the serum of American Red Cross adult blood donors.
Environ. Health Perspect. 111(16): 1892—-1901.

Olsen, G.W., Hansen, K.J., Stevenson, L.A., Burris, J.M., and Mandel, J.H. 20034. Human donor liver and serum
concentrations of perfluorooctanesulfonate and other perfluorochemicals. Environ. Sci. Technol. 37(5): 888—
891.

Olsen, G.W., Church, T.R., Hansen, K.J., Burris, J.M., Butenhoff, J.L., Mandel, J.H., and Zobel, L.R. 2004a.
Quantitative evaluation of perfluoroocatanesulfonate (PFOS) and other fluorochemicals in the serum of
children. Journal of Children's Health. 2(1): 53-76.

Olsen, G.W., Church, T.R., Larson, E.B., van Belle, G., Lundberg, J.K., Hansen, K.J., Burris, J.M, Mandel, J.H., and
Zobel, L.R. 2004b. Serum concentrations of perfluorooctansulfonate and other fluorochemicals in an elderly
population from Seattle, Washington. Chemosphere. 54(2004): 1599-1611.

Olsen, G.W., Huang, H.Y., Helzlsouer, K.J., Hansen, K.J., Butenhoff, J.L., and Mandel, J.H. 2005. Historical
comparison of perfluorooctanesulfonate, perfluorooctanoate, and other fluorochemicals in human blood.
Environ. Health Perspect. 113(5): 539-545.

86


https://www.oecd.org/env/ehs/risk-assessment/2382880.pdf
https://www.oecd.org/env/ehs/risk-assessment/2382880.pdf

Olsen, G.W., Mair, D.C,. Reagen, W.K., Ellefson, M.E., Ehresman, D.J., Butenhoff, J.L., and Zobel, L.R. 2007.
Preliminary evidence of a decline in perfluorooctanesulfonate (PFOS) and perfluorooctanoate (PFOA)
concentrations in American Red Cross blood donors. Chemosphere. 68(1): 105-111.

Olsen, G.W., Ehresman, D.J., Buehrer, B.D., Gibson, B.A., Butenhoff, J.L., and Zobel, L.R. 2012. Longitudinal
assessment of lipid and hepatic clinical parameters in workers involved with the demolition of perfluoroalkyl
manufacturing facilities. J. Occup. Environ. Med. 54(8): 974-983.

Olsen, G.W., Mair, D.C., Lange, C.C., Harrington, L.M., Church, T.R., Goldberg, C.L., Herron, R.M., Hanna, H.
Nobiletti, J.B., Rios, J.A., Reagen, W.K., and Ley, C.A. 2017. Per- and polyfluoroalkyl substances (PFAS) in
American Red Cross adult blood donors, 2000-2015. Environ. Res. 157: 87-95.

Onishchenko, N., Fischer, C., Wan Ibrahim, W.N., Negri, S., Spulber, S., Cottica, D., and Ceccatelli, S. 2011. Prenatal
exposure to PFOS or PFOA alters motor function in mice in a sex-related manner. Neurotoxic. Res. 19(3):
452-461.

Ontario Ministry of the Environment. 2010. Protocol of accepted drinking water testing methods. Version 2.0.
Laboratory Services Branch, Ministry of the Environment. Toronto, ON.

Ostertag, S.K., Chan, HM., Moisey, J., Dabeka, R., and Tittlemier, S.A. 2009a. Historic dietary exposure to
perfluorooctane sulfonate, perfluorinated carboxylates, and fluorotelomer unsaturated carboxylates from the
consumption of store-bought and restaurant foods for the Canadian population. J. Agric. Food Chem. 57(18):
8534-8544.

Ostertag, S.K., Tague, B.A., Humphries, M.M., Tittlemier, S.A., and Chan, H.M. 20095. Estimated dietary exposure
to fluorinated compounds from traditional foods among Inuit in Nunavut, Canada. Chemosphere. 75(9): 1165—
1172.

Paul, A.G., Jones, K.C., and Sweetman, A.J. 2009. A first global production, emission, and environmental inventory
for perfluorooctane sulfonate. Environ. Sci. Technol. 43(2): 386-392.

Peden-Adams, M.M., Keller, J.M., Eudaly, J.G., Berger, J., Gilkeson, G.S., and Keil, D.E. 2008. Suppression of
humoral immunity in mice following exposure to perfluorooctane sulfonate. Toxicol. Sci. 104(1): 144—-154.

Peden-Adams, M.M., Stuckey, J.E., Gaworecki, K.M., Berger-Ritchie, J., Bryant, K., Jodice, P.G., Scott, T.R.,
Ferrario, J.B., Guan, B., Vigo, C., Boone, J.S., McGuinn, W.D., DeWitt, J.C., and Keil, D.E. 2009.
Developmental toxicity in white leghorn chickens following in ovo exposure to perfluorooctane sulfonate
(PFOS). Reprod. Toxicol. 27: 307-318.

Pennington, D. 2013. Harvest index: A predictor of corn stover yield. Posted Jan 28, 2013. Michigan State University
Extension, East Lansing, Michigan. Available from
https://www.canr.msu.edu/news/harvest_index_a_predictor_of corn_stover yield [accessed 21 March 2018].

Plumlee, M.H., Larabee, J., and Reinhard, M. 2008. Perfluorochemicals in water reuse. Chemosphere 72(10): 1541—
1547.

Prevedouros K., Cousins, I.T., Buck, R.C., and Korzeniowski, S.H. 2006. Sources, Fate and Transport of
Perfluorocarboxylates. Environ.1 Sci. Technol. 40(1): 32-44.

Qazi, M.R., Xia, Z., Bogdanska, J., Chang, S.C., Ehresman, D.J., Butenhoff, J.L., Nelson, B.D., DePierre, J.W., and
Abedi-Valugerdi, M. 2009. The atrophy and changes in the cellular compositions of the thymus and spleen
observed in mice subjected to short-term exposure to perfluorooctanesulfonate are high-dose phenomena
mediated in part by peroxisome proliferator-activated receptor-alpha (PPARalpha). Toxicology. 260(1-3): 68—
76.

Qazi, M.R., Nelson, B.D., Depierre, J.W., and Abedi-Valugerdi, M. 2010a. 28-Day dietary exposure of mice to a low
total dose (7 mg/kg) of perfluorooctanesulfonate (PFOS) alters neither the cellular compositions of the thymus
and spleen nor humoral immune responses: Does the route of administration play a pivotal role in PFOS-
induced immunotoxicity? Toxicology. 267(1-3): 132—139.

Qazi, M.R., Abedi, M.R., Nelson, B.D., DePierre, J.W., and Abedi-Valugerdi, M. 2010b. Dietary exposure to
perfluorooctanoate or perfluorooctane sulfonate induces hypertrophy in centrilobular hepatocytes and alters
the hepatic immune status in mice. Int. Immunopharmacol. 10(11): 1420-1427.

Qu, B., Zhao, H., and Zhou, J. 2010. Toxic effects of perfluorooctane sulfonate (PFOS) on wheat plant (7riticum
aestivum L.). Chemosphere. 79: 555-560.

Quinones, O., and Snyder, S.A. 2009. Occurrence of perfluoroalkyl carboxylates and sulfonates in drinking water
utilities and related waters from the United States. Environ. Sci. Technol. 43(24): 9089-9095.

Rankin, K., Mabury, S., Jenkins, T., and Washington, J. 2016. A North American and Global Survey of Perfluoroalkyl
Substances in Surface Soils: Distribution Patterns and Mode of Occurrence. Chemosphere. 161: 333-341.

87


https://www.canr.msu.edu/news/harvest_index_a_predictor_of_corn_stover_yield

Ribes, D., Fuentes, S., Torrente, M., Colomina, M.T., and Domingo, J.L. 2010. Combined effects of perfluorooctane
sulfonate (PFOS) and maternal restraint stress on hypothalamus adrenal axis (HPA) function in the offspring
of mice. Toxicol. Appl. Pharmacol. 243(1): 13—18.

Riddell, N., Arsenault, G., Benskin, J.P., Chittim, B., Martin, J.W., McAlees, A., and McCrindle, R. 2009. Branched
perfluorooctane sulfonate isomer quantification and characterization in blood serum samples by HPLC/ESI-
MS(/MS). Environ. Sci. Technol. 43(20): 7902—7908.

RIVM (National Institute for Public Health and the Environment). 2010. Environmental risk limits for PFOS. A
proposal for water quality standards in accordance with the Water Framework Directive. Report
60171403/2010. 70.

Roosens, L., D'Hollander, W., Bervoets, L., Reynders, H., Van Campenhout, K., Cornelis, C., Van Den Heuvel, R.,
Koppen, G., and Covaci, A. 2010. Brominated flame retardants and perfluorinated chemicals, two groups of
persistent contaminants in Belgian human blood and milk. Environ. Pollut. 158(8): 2546-2552.

Rostkowski, P., Taniyasu, S., Yamashita, N., Falandysz, J.J., Zegarowski, L., Chojnacka, A., Pazdro, K., and
Falandysz, J. 2009. Survey of perfluorinated compounds (PFCs) in surface waters of Poland. J. Environ. Sci.
Health, Part A: Environ. Sci. Eng. 44(14): 1518-1527.

Rumsby, P.C., McLaughlin, C.L., and Hall, T. 2009. Perfluorooctane sulphonate and perfluorooctanoic acid in
drinking and environmental waters. Philos. Trans. R. Soc., A 367: 4119-4136.

Rusch, G. 1979. An acute inhalation study of T-2305 CoC in the rat. Bio/dynamics, Inc., Study No. 78-7184, May 3,
1979. U.S. Environmental Protection Agency Administrative Record 226-0417. US EPA, Washington, DC
[cited in EFSA (2008); OECD (2002)].

Rusch, G.M., Rinehart, W.E., and Bozak, C.A. 1979. An acute inhalation toxicity study of T-2306 CoC in the rat.
Study No. 78-7185. Bio/Dynamics, Inc. [cited in HC (2006)].

Sanderson, H., Boudreau, T.M., Mabury, S.A., Cheong, W.J., and Solomon, K.R. 2002. Ecological impact and
environmental fate of perfluorooctane sulfonate on the zooplankton community in indoor microcosms.
Environ. Toxicol. Chem 21(7): 1490-1496.

Sanexen. 2013. Review of toxicological information on perfluorooctane sulfonate (PFOS) to be used in the technical
document for drinking water guidelines. Presented to the Chemical Assessment Section of Health Canada on
October, 31, 2013.

Sasaki, K., Harada, K., Saito, N., Tsutsui, T., Nakanishi, S., Tsuzuki, H., and Koizumi, A. 2003. Impact of airborne
perfluorooctane sulfonate on the human body burden and the ecological system. Bull. Environ. Contam.
Toxicol. 71(2): 408-413.

Sato, 1., Kawamoto, K., Nishikawa, Y., Tsuda, S., Yoshida, M., Yaegashi, K., Saito, N., Liu, W., and Jin, Y. 2009.
Neurotoxicity of perfluorooctane sulfonate (PFOS) in rats and mice after single oral exposure. J. Toxicol. Sci.
34(5): 569-574.

Scott, B.F., Spencer, C., Lopez, E., and Muir, D.C.G. 2009. Perfluorinated alkyl acid concentrations in Canadian rivers
and creeks. Water Qual. Res. J. Can. 44(3): 263-277.

Scott, B.F., De Silva, A.O., Spencer, C., Lopez, E., Backus, S.M., and Muir, D.C.G. 2010. Perfluoroalkyl acids in
Lake Superior water: trends and sources. J. Great Lakes Res. 36(2): 277-784.

Seacat, A.M., Thomford, P.J., Hansen, K.J., Olsen, G.W., Case, M.T., and Butenhoff, J.L. 2002. Subchronic toxicity
studies on perfluorooctanesulfonate potassium salt in cynomolgus monkeys. Toxicol. Sci. 68(1): 249-264.

Seacat, A.M., Thomford, P.J., Hansen, K.J., Clemen, L.A., Eldridge, S.R., Elcombe, C.R., and Butenhoff, J.L.. 2003.
Sub-chronic dietary toxicity of potassium perfluorooctane sulfonate in rats. Toxicology. 183(1-3): 117-131.
Erratum in: Toxicology. 2003 Nov 5; 192(2-3): 263—64.

Seed. J. 2000. Hazard aAssessment of PFOS. US EPA, Office of Prevention, Pesticides and Toxic Substances. Memo
prepared for C. Auer, Chemical Control Division, US EPA OPPTS for Administrative Record AR 226. US
EPA, Washington, DC.

Sepulvado, J.G., Blaine, A.C., Hundal, L.S., and Higgins, C.P. 2011. Occurrence and Fate of Perfluorochemicals in
Soil Following the Land Application of Municipal Biosolids. Environ. Sci. Technol. 45(19): 8106-8112.

Shankar, A., Xiao, J., and Ducatman, A. 2011. Perfluoroalkyl chemicals and chronic kidney disease in US adults. Am.
J. Epidemiol. 174(8): 893-900.

Shoeib, M., Harner, T., Webster, G.M., and Lee, S.C. 2011. Indoor sources of poly- and perfluorinated compounds
(PFCS) in Vancouver, Canada: implications for human exposure. Environ. Sci. Technol. 45(19): 7999-8005.

Simcik, M.F., and Dorweiler, K.J. 2005. Ratio of perfluorochemical concentrations as a tracer of atmospheric
deposition to surface waters. Environ. Sci. Technol. 39(22): 8678-8683.

88



Sinclair, E., and Kannan, K. 2006. Mass loading and fate of perfluoroalkyl surfactants in wastewater treatment plants.
Environ. Sci. Technol. 40(5): 1408—1414.

Sinclair, E., Taniyasu, S., Yamashita, N., and Kannan, K. 2004. Perfluorooctanoic acid and perfluorooctane sulfonate
in Michigan and New York waters. Organohalogen Compd. 66: 4019-4023.

Sinclair, E., Mayack, D.T., Roblee, K., Yamashita, N., and Kannan, K. 2006. Occurrence of perfluoroalkyl surfactants
in water, fish, and birds from New York State. Arch. Environ. Contam. Toxicol. 50(3): 398—410.

Sindermann, A.B., Porch, J.R., Kreuger, H.O., and Van Hoven, R.L. 2002. PFOS: an acute toxicity study with the
earthworm in an artificial soil substrate. Project No. 454-111. EPA Docket AR226-1106. Wildlife International
Ltd., Easton, MD.

Skutlarek, D., Exner, M., and Farber, H. 2006. Perfluorinated surfactants in surface and drinking waters. Environ. Sci.
Pollut. Res. 13(5): 299-307.

SNC Lavalin. 2013. Ecological toxicity criteria derivation for perfluorinated compounds - London International
Airport, London, Ontario, Canada. Final report February 11, 2013. Prepared for Public Works and Government
Services, Ottawa, ON.

So, M.K., Yamashita, N., Taniyasu, S., Jiang, Q., Giesy, J.P., Chen, K., and Lam, P.K. 2006. Health risks in infants
associated with exposure to perfluorinated compounds in human breast milk from Zhoushan, China. Environ.
Sci. Technol. 40(9): 2924-2929 [cited in ATSDR (2015)].

Stahl, T., Heyn, J., Thiele, H., Huther, J., Failing, K., Georgii, S. and Brunn, H. 2009. Carryover of perfluorooctanoic
acid (PFOA) and perfluorooctane sulfonate (PFOS) from soil to plants. Arch. Environ. Contam. Toxicol.
57:289-298.

Stahl, T., Riebe, R.A., Falk, S., Failing, K., and Brunn, H. 2013. Long-term lysimeter experiment to investigate the
leaching of perfluoroalkyl substances (PFAS) and the carry-over from soil to plants: results of a pilot study. J.
Agric. Food Chem. 61(8): 1784-1793.

Stahl, L.L., Snyder, B.D., Olsen, A.R., Kincaid, T.M., Wathen, J.B., and McCarty, H.B. 2014. Perfluorinated
compounds in fish from U.S. urban rivers and the Great Lakes. Sci. Total Environ. 499(0): 185-195.

Statistics Canada. 2005. Population urban and rural by province and territory. Statistics Canada, Censuses of
Population, 1851-2001.]

Steenland, K., Tinker, S., Frisbee, S., Ducatman, A., and Vaccarino, V. 2009. Association of perfluorooctanoic acid
and perfluorooctane sulfonate with serum lipids among adults living near a chemical plant. Am. J. Epidemiol.
170(10): 1268-1278.

Steenland, K., Fletcher, T., and Savitz, D.A. 2010. Epidemiologic evidence on the health effects of perfluorooctanoic
acid (PFOA). Environ. Health Perspect. 118(8): 1100—1108.

Stein, C.R., and Savitz, D.A. 2011. Serum perfluorinated compound concentration and attention deficit/hyperactivity
disorder in children 5-18 years of age. Environ. Health Perspect. 119(10): 1466—1471.

Stein, C.R., Savitz, D.A., and Dougan, M. 2009. Serum levels of perfluorooctanoic acid and perfluorooctane sulfonate
and pregnancy outcome. Am. J. Epidemiol. 170(7): 837-846. Comment: 2010 Jan 1; 171(1): 131-32; author
reply 132-33 (medline /19923107).

Stevens, J.B., and Coryell, A. 2007. Surface water quality criterion for perfluorooctane sulfonic acid. STS Consultants
Ltd. and Minnesota Pollution Control Agency. St. Paul, Minnesota. Available from
https://www.pca.state.mn.us/sites/default/files/pfos-report.pdf [accessed 19 August 2016].

Stock, N.L., Furdui, V.I., Muir, D.C., and Mabury, S.A. 2007. Perfluoroalkyl contaminants in the Canadian Arctic:
evidence of atmospheric transport and local contamination. Environ. Sci. Technol. 41(10): 3529-3536.
Strynar, M.J., and Lindstrom, A.B. 2008. Perfluorinated compounds in house dust from Ohio and North Carolina,

USA. Environ. Sci. Technol. 42(10): 3751-3756.

Strynar, M.J., Lindstrom, A.B., Nakayama, S.F., Egeghy, P.P., and Helfant, L.J. 2012. Pilot scale application of a
method for the analysis of perfluorinated compounds in surface soils. Chemosphere 86: 252-257.

Stubberud, H. 2006. Ecotoxicological effects of PFOS, PFOA and 6:2 FTS on earthworms (Eisenia fetida) (TA-
2212/2006). Norwegian Pollution Control Authority (SFT), Oslo, Norway.

Suja. F., Pramanik, B.K., and Zain, S.M. 2009. Contamination, bioaccumulation and toxic effects of perfluorinated
chemicals (PFCs) in the water environment: a review paper. Water. Sci. Technol. 60:1533—-1544.

Sundstrom, M., Ehresman, D.J., Bignert, A., Butenhoff, J.L., Olsen, G.W., Chang, S.C., and Bergman. A. 2011. A
temporal trend study (1972-2008) of perfluorooctanesulfonate, perfluorohexanesulfonate, and
perfluorooctanoate in pooled human milk samples from Stockholm, Sweden. Environmental International
37(1): 178-183.

89


https://www.pca.state.mn.us/sites/default/files/pfos-report.pdf

Swedish KEMI. 2004. Perfluorooctane sulfonate (PFOS): Dossier prepared in support for a nomination of PFOS to
the UN-ECE LRTAP Protocol and the Stockholm Convention. Prepared by the Swedish Chemicals
Inspectorate (Keml) and the Swedish EPA, Sweden.

Takagi, S., Adachi, F., Miyano, K., Koizumi, Y., Tanaka, H., Mimura, M., Watanabe, 1., Tanabe, S., and Kannan, K.
2008. Perfluorooctanesulfonate and perfluorooctanoate in raw and treated tap water from Osaka, Japan.
Chemosphere. 72(10): 1409-1412.

Takagi, S., Adachi, F., Miyano, K., Koizumi, Y., Tanaka, H., Watanabe, 1., Tanabe, S., and Kannan, K. 2011. Fate of
perfluorooctanesulfonate and perfluorooctanoate in drinking water treatment processes. Water Research.
45(13): 3925-3932.

Tan, Y.M., Clewell, H.J., 3rd, and Andersen, M.E. 2008. Time dependencies in perfluorooctylacids disposition in rat
and monkeys: a kinetic analysis Toxicol. Lett. 177(1): 38—47.

Tang, C.Y., Fu, Q.S., Robertson, A.P., Criddle, C.S., and Leckie, J.O. 2006. Use of reverse osmosis membranes to
remove perfluorooctane sulfonate (PFOS) from semiconductor wastewater. Environ. Sci. Technol. 40(23):
7343-7349.

Taniyasu, S., Yamashita, N., Yamazaki, E., Petrick, G., and Kannan, K. 2013a. The environmental photolysis of
perfluorooctanesulfonate, perfluorooctanoate, and related fluorochemicals. Chemosphere 90(5): 1686—1692.

Taniyasu, S., Yamashita, N., Moon, H-B., Kwok, K.Y., Lam, P.K.S., Horii, Y., Petrick, G., and Kannan K. 20135.
Does wet precipitation represent local and regional atmospheric transportation by perfluorinated alkyl
substances? Environ. Int. 55: 25-32.

Tao, L., Kannan, K., Wong, C.M., Arcaro, K.F., and Butenhoff, J.L.. 2008a. Perfluorinated compounds in human milk
from Massachusetts, U.S.A. Environ. Sci. Technol. 42(8): 3096-3101.

Tao, L., Ma, J., Kunisue, T., Libelo, E.L., Tanabe, S., and Kannan, K. 20085. Perfluorinated compounds in human
breast milk from several Asian countries, and in infant formula and dairy milk from the United States. Environ.
Sci. Technol. 42(22): 8597-8602.

Thibodeaux, J.R., Hanson, R.G., Rogers, J.M., Grey, B.E., Barbee, B.D., Richards, J.H., Butenhoff, J.L., Stevenson,
L.A., and Lau, C. 2003. Exposure to perfluorooctane sulfonate during pregnancy in rat and mouse. I: Maternal
and prenatal evaluations. Toxicol. Sci. 74(2): 369-381.

Thomford, P.J. 2000. 4-week capsule toxicity study with perfluorooctane sulfonic acid potassium salt (PFOS; T-6295)
in cynomolgus monkeys. 6329-223. 3M Study No. T-6295.7. Covance Laboratories Inc., Princeton, NJ.
Thomford, P. 2002. Final report: 104 Week dietary chronic toxicity and carcinogenicity study with perfluorooctane

sulfonic acid potassium salt (PFOS: T-6295) in rats. [cited in EFSA (2008); HC (2012)].

Thomsen, C., Haug, L.S., Stigum, H., Frishaug, M., Broadwell, S.L., and Becher, G. 2010. Changes in concentrations
of perfluorinated compounds, polybrominated diphenyl ethers, and polychlorinated biphenyls in Norwegian
breast-milk during twelve months of lactation. Environ. Sci. Technol. 44(24): 9550-9556. Erratum in: 2011
Apr 1; 45(7): 3192.

Tittlemier, S.A., Pepper. K., Seymour, C., Moisey, J. Bronson, R., Cao, X.L., and Dabeka, R.W. 2007. Dietary
exposure of Canadians to perfluorinated carboxylates and perfluorooctane sulfonate via consumption of meat,
fish, fast foods, and food items prepared in their packaging. J. Agric. Food Chem. 55(8): 3203-3210.

Tominaga, N., Kohra, S., Iguchi, T., and Arizono, K. 2004. Effects of perfluoro organic compound toxicity on
nematode Caenorhabditis elegans fecundity. Journal of Health Sciences. 50(5): 545-550.

Tomy, G.T., Budakowski, W., Halldorson, T., Helm, P.A., Stern, G.A., Friesen, K., Pepper, K., Tittlemier, S.A., and
Fisk, A.T. 2004. Fluorinated organic compounds in an Eastern Arctic marine food web. Environ. Sci. Technol.
38(24): 6475-6481.

Turgeon O'Brien, H., Blanchet, R., Gagné, D., Lauziére, J., Vézina, C., Vaissiére, E., Ayotte, P., and Déry S. 2012.
Exposure to toxic metals and persistent organic pollutants in Inuit children attending childcare centers in
Nunavik, Canada. Environ. Sci. Technol. 46(8): 4614-4623. Erratum in: 2012 Jul 17; 46(14): 7926.

US EPA (United States Environmental Protection Agency). n.d. ECOTOX Knowledgebase. Available from
https://cfpub.epa.gov/ecotox [accessed 14 March 2018].

US EPA. 1993. Wildlife exposure factors handbook. Office of Health and Environmental Assessment and Office of
[N

US EPA. 2009. Soil screening levels for perfluorooctanaoic acid (PFOA) and perfluorooctyl sulfonate (PFOS).
Memorandum from Glenn Adams, Chief, Technical Services Section, Superfund Division, US EPA Region 4
to Randall Chaffins, Deputy Director, Superfund Division, US EPA Region 4 and Gail Mitchell, Deputy
Director, Water Protection Division, US EPA Region 4, Atlanta, GA.

90


https://cfpub.epa.gov/ecotox/

US EPA. 2013. Perfluoroalkyl sulfonates; Significant new use rule. Federal register of October 22, 2013. Final rules.
62443-62451. Available from https://www.regulations.gov/document/EPA-HQ-OPPT-2012-0268-0034
[accessed 3 May 2021].

US EPA. 2014. Emerging contaminants - Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA). Fact
Sheet. US EPA, Washington, DC.

US EPA. 2016. Fact sheet: PFOA & PFOS drinking water health advisories. EPA 800-F-16-003. Available from
https://www.epa.gov/sites/production/files/2016-06/documents/drinkingwaterhealthadvisories_pfoa pfos
_updated_5.31.16.pdf [accessed 3 May 2021].

US EPA. 2017. Technical fact sheet — Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA). Office
of Land and Emergency Management (5106P). EPA 505-F-17-001.

UK Environment Agency. 2009. Review of human health and environmental risks associated with land application of
mechanical biological treatment outputs (Revision 1). Report SC0300114/R5. SBN 978-84911-160-7.

UK Food Standards Agency. 2009. Measurement of the concentrations of metals and other elements from the 2006
UK Total Diet Study. UK Food Standards Agency, London, United Kingdom.

UK Health Protection Agency. 2012. The public health significance of perfluorooctane sulphonate (PFOS). Non
technical summary. UK Health Protection Agency, London, United Kingdom.

Unkovich, M., Baldock, J., and Forbes, M. 2010. Variability in harvest index of grain crops and potential significance
for carbon accounting: Examples from Australian agriculture. Adv. Agron. 105(5): 173-219.

Van Gossum, H., Audenaert, B., and De Bruyn, L. 2010. Perfluorooctane sulfonic acid contamination reduced fitness
in Drosophila hydei (Diptera: Drosophilidae). Ann. Entomol. Soc. Am. 103(2): 247-251.

Veillette, J., Muir, D.C.G., Antoniades, D., Small, J.M., Spencer, C., Loewen, T.N., Babaluk, J.A., Reist J.D., and
Vincent, W.F. 2012. Perfluorinated chemicals in meromictic lakes on the northern coast of Ellesmere Island,
High Arctic Canada. Arctic 65(3): 245-256.

Vestegren, R., Orata, F., Berger, U., and Cousins, I.T. 2013. Bioaccumulation of perfluoroalcyl acids in dairy cows in
a naturally contaminated environment. Environ. Sci. Pollut. Res. 20: 7959-7969.

Volkel, W., Genzelboroviczeny, O., Demmelmair, H., Gebauer, C., Koletzko, B., Twardella, D., Raab, U., and
Fromme, H. 2008. Perfluorooctane sulphonate (PFOS) and perfluorooctanoic acid (PFOA) in human breast
milk: results of a pilot study. Int. J. Hyg. Environ. Health. 211(3—4): 440—446.

Von Ehrenstein, O.S., Fenton, S.E., Kato, K., Kuklenyik, Z., Calafat, A.M., and Hines, E.P. 2009. Polyfluoroalkyl
chemicals in the serum and milk of breastfeeding women. Reprod. Toxicol. 27(3—4): 239-45.

Wan, H.T., Zhao, Y.G., Wong, M.H., Lee, K.F., Yeung, W.S., Giesy, J.P., and Wong, C.K. 2011. Testicular signaling
is the potential target of perfluorooctanesulfonate-mediated subfertility in male mice. Biology of Reproduction
84(5): 1016-1023.

Wang, F., Liu, W., Jin, Y., Dai, J., Yu, W, Liu, X., and Liu, L. 2010. Transcriptional effects of prenatal and neonatal
exposure to PFOS in developing rat brain. Environ. Sci. Technol. 44(5): 1847-1853.

Wang, F., Liu, W., Jin, Y., Dai, J., Zhao, H., Xie, Q., Liu, X., Yu, W., and Ma, J. 2011. Interaction of PFOS and BDE-
47 co-exposure on thyroid hormone levels and TH-related gene and protein expression in developing rat brains.
Toxicol. Sci. 121(2): 279-291.

Wang, F., Liu, W.,Ma, J., Yu, M., Jin, Y., and Dai, J. 2012. Prenatal and neonatal exposure to perfluorooctane sulfonic
acid results in changes in miRNA expression profiles and synapse associated proteins in developing rat brains.
Environ. Sci. Technol. 46(12): 6822—-6829.

Wania, F. 2007. A Global Mass Balance Analysis of the Source of Perfluorooctanoic Acids in the Artic. Environ. Sci.
Tech. 41(13): 4529-35.

Warf Institute Inc. 1975. Dermal and ocular irritation of PFOS (T-1166) in rabbits. # 5011023 [as cited in HC (2006)].

Washino, N., Saijo, Y., Sasaki, S., Kato, S., Ban, S., Konishi, K., Ito, R., Nakata, A., Iwasaki, Y., Saito, K., Nakazawa,
H., and Kishi, R. 2009. Correlations between prenatal exposure to perfluorinated chemicals and reduced fetal
growth. Environ. Health Perspect. 1117(4): 660—667.

Wei, C., Song, X., Wang, Q., and Zhihao, H. 2017. Sorption kinetics, isotherms and mechanisms of PFOS on soils
with different physicochemical properties. Ecotoxicol. Environ. Saf. 142: 40-50.

Weiss, J.M., Andersson, P.L., Lamoree, M.H., Leonards, P.E., van Leeuwen, S.P., and Hamers, T. 2009. Competitive
binding of poly- and perfluorinated compounds to the thyroid hormone transport protein transthyretin. Toxicol.
Sci. 109(2): 206-216.

Weremiuk, A.M., Gerstmann, S., and Frank, H. 2006. Quantitative determination of perfluorinated surfactants in water
by LC-ESI-MS/MS. J. Sep. Sci. 29(14): 2251-2255.

91


https://www.regulations.gov/document/EPA-HQ-OPPT-2012-0268-0034
https://www.epa.gov/sites/production/files/2016-06/documents/drinkingwaterhealthadvisories_pfoa_pfos_updated_5.31.16.pdf
https://www.epa.gov/sites/production/files/2016-06/documents/drinkingwaterhealthadvisories_pfoa_pfos_updated_5.31.16.pdf

Wetzel, L.T. 1983. Rat teratology study, T-3351. Final report. Hazleton Laboratories America, Inc. Project Number:
154-160, US EPA AR-226 226-0014 [cited in OECD (2002); EFSA (2008); HC (2012)].

Whitworth, K.W., Haug, L.S., Baird, D.D., Becher, G., Hoppin, J.A., Skjaerven, R., Thomsen, C., Eggesbo, M.,
Travlos, G., Wilson, R., Cupul-Uicab, L.A., Brantsaeter, A.L., and Longnecker, M.P. 2012. Perfluorinated
compounds in relation to birth weight in the Norwegian mother and child cohort study. Am. J. Epidemiol.
175(12): 1209-1216.

Wilhelm, M., Kraft, M., Rauchfuss, K., and Hdlzer, J. 2008. Assessment and management of the first German case of
a contamination with perfluorinated compounds (PFC) in the Region Sauerland, North Rhine-Westphalia. J.
Toxicol. Environ. Health, Part A. 71(11-12): 725-733.

Wilhelm, M., Bergmann, S., and Dieter, H.H. 2010. Occurrence of perfluorinated compounds (PFCs) in drinking
water of North Rhine-Westphalia, Germany and new approach to assess drinking water contamination by
shorter-chained C4-C7 PFCs. Int. J. Hyg. Environ. Health. 213(3): 224-232.

Wilson, S.R., Malerod, H., Holm, A., Molander, P., Lundanes, E., and Greibrokk, T. 2007. On-line SPE-Nano-LC-
Nanospray-MS for rapid and sensitive determination of perfluorooctanoic acid and perfluorooctane sulfonate
in river water. J. Chromatogr. Sci. 45(3): 146-152.

Wilson, R., Jones-Otazo, H., Petrovic, S., Mitchell, 1., Bonvalot, Y., Williams, D., and Richardson, G.M. 2012.
Revisiting dust and soil ingestion rates based on hand-to-mouth transfer. Hum. Ecol. Risk Assess. 19(1): 158—
188.

Xia, W., Wan, Y., Li, Y.Y., Zeng, H., Lv, Z., Li, G., Wei, Z., and Xu, S.Q. 2011. PFOS prenatal exposure induce
mitochondrial injury and gene expression change in hearts of weaned Sprague Dawley rats. Toxicology. 282(1—
2):23-29.

Xiao, F., Simcik, M.F., and Gulliver, J.S. 2012. Partitioning characteristics of perfluorooctane sulfonate between water
and foods. Arch. Environ. Contam. Toxicol. 62(1): 42—48.

Xu, D-M., Wen, Y-Z., Li, L., and Zhong, X-C. 2011. Effects of perfluorooctane sulfonate on acute lethality and
avoidance behavior of earthworm. Chinese J. Appl. Ecol. 22(1): 215-220.

Yahia, D., Tsukuba, C., Yoshida, M., Sato, L., and Tsuda, S. 2008. Neonatal death of mice treated with perfluorooctane
sulfonate. J. Toxicol. Sci. 33(2): 219-226.

Yamashita, N., Kannan, K., Taniyasu, S., Horri, Y., Okazawa, T., Gert, P., and Gamo, T. 2004. Analysis of
perfluorinated acids at parts-per-quadrillion levels in seawater using liquid chromatography-tandem mass
spectrometry. Environ. Sci. Technol. 38: 5522—-5528.

Yamashita, N., Kannan, K., Taniyasu, S., Horii, Y., Petrick, G., and Gamo, T. 2005. A global survey of perfluorinated
acids in oceans. Mar. Pollut. Bull. 51(8-12): 658—668.

Ye, L., Zhao, B., Yuan, K., Chu, Y., Li, C., Zhao, C., Lian, Q.Q., and Ge, R.S. 2012. Gene expression profiling in
fetal rat lung during gestational perfluorooctane sulfonate exposure. Toxicol. Lett. 209(3): 270-276.

Yeung, L.W., So, M.K., Jiang, G., Taniyasu, S., Yamashita, N., Song, M., Wu, Y., Li, J., Giesy, J-P., and Lam, P.K.S.
2006. Perfluorooctanesulfonate and related fluorochemicals in human blood samples from China. Environ. Sci.
Technol. 40(3): 715-720.

Yeung, L.W.Y., De Silva, A.O., Loi, E.ILH., Marvin, C.H., Taniyasu, S., Yamashita, N., Mabury, S.A., Muir, D.C.G.,
and Lam, P.K.S. 2013. Perfluoroalkyl substances and extractable organic fluorine in surface sediments and
cores from Lake Ontario. Environ. Int. 59: 389-97.

Yoo, H., Washington, J.W., Jenkins, T.M., and Ellington, J.J. 2011. Quantitative determination of perfluorochemicals
and fluorotelomer alcohols in plants from biosolid-amended fields using LC/MS/MS and GC/MS. Environ.
Sci. Technol. 45: 7985-7990.

York, R. 1999. PFOS rat two-generation reproduction study. Argus Research Laboratories, Inc. US EPA AR226-
0569. US EPA, Washington, DC.

Young, C.J., Furdui, V.I., Franklin, J., Koerner, R.M., Muir, D.C.G., and Mabury, S.A. 2007. Perfluorinated acids in
Arctic snow: new evidence for atmospheric formation. Environ. Sci. Technol. 41: 3455-3461.

Yu, W.G., Liu, W., and Jin, Y.H. 2009a. Effects of perfluorooctane sulfonate on rat thyroid hormone biosynthesis and
metabolism. Environ. Toxicol. Chem. 28(5): 990-996.

Yu, W.G., Liu, W., Jin, Y.H., Liu, X.H., Wang, F.Q., Liu, L., and Nakayama, S.F. 20095. Prenatal and postnatal
impact of perfluorooctane sulfonate (PFOS) on rat development: a cross-foster study on chemical burden and
thyroid hormone system. Environ. Sci. Technol. 43(21): 8416-8422.

Yu, W.G., Liu, W, Liu, L., and Jin, Y.H. 2011. Perfluorooctane sulfonate increased hepatic expression of OAPT2
and MRP2 in rats. Arch. Toxicol. 85(6): 613—621.

92



Zareitalabad, P., Siemens, J., Hamer, M., and Amelung, W. 2013. Perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonic acid (PFOS) in surface waters, sediments, soils and wastewater: a review on
concentrations and distribution coefficients. Chemosphere. 91(6): 725-732.

Zeng, H.C., Li, Y.Y., Zhang, L., Wang, Y.J., Chen, J., Xia, W., Lin, Y., Wei, J., Lv, Z.Q., Li, M., and Xu, S.Q. 2011.
Prenatal exposure to perfluorooctanesulfonate in rat resulted in long-lasting changes of expression of synapsins
and synaptophysin. Synapse. 65(3): 225-233.

Zhang, Y.H., Wang, J., Dong, G.H., Liu, M.M., Wang, D., Zheng, L., and Zheng, Y.H. 2013. Mechanism of
perfluorooctanesulfonate (PFOS)-induced apoptosis in the immunocyte. J. Immunotoxicol. 10(1): 49-58.

Zhao, X., Li, J., Shi, Y., Cai, Y., Mou, S., and Jiang, G. 2007. Determination of perfluorinated compounds in
wastewater and river water samples by mixed hemimicelle-based solid-phase extraction before liquid
chromatography—electrospray tandem mass spectrometry detection. J. Chromatogr. A. 1154(1-2): 52-59.

Zhao, H., Chen, C., Zhang, X., Chen, J., and Quan, X. 2011. Phytotoxicity of PFOS and PFOA to Brassica chinensis
in different Chinese soils. Ecotoxicol. Environ. Safety 74: 1343—1347.

Zheng, L., Dong, G.H., Jin, Y.H., and He, Q.C. 2009. Immunotoxic changes associated with a 7-day oral exposure to
perfluorooctanesulfonate (PFOS) in adult male C57BL/6 mice. Arch. Toxicol. 83(7): 679-689.

Zheng, L., Dong, G.H., Zhang, Y.H., Liang, Z.F., Jin, Y.H., and He, Q.C. 2011. Type 1 and Type 2 cytokines
imbalance in adult male C57BL/6 mice following a 7-day oral exposure to perfluorooctanesulfonate (PFOS).
J. Immunotoxicol. 8(1): 30-38.

93



APPENDIX A. SUMMARY OF PFOS
FLUIDS/TISSUES

Ambient/outdoor air (pg/m3)

CONCENTRATIONS IN ENVIRONMENTAL MEDIA,

FOOD

AND HUMAN

Location n Range Mean Median Geometric Year Analytical Comments Source
mean method
Vancouver, BC 6 <0.02 <0.02 <0.02 <0.02 2007-2008 HPLC- DL=0.40 ng/g Shoeib et al. (2011)
MS/MS
Cornwallis Island, 10 5.90 2004 LC-MS/MS sample DL=0.88 pg/m3; Stock et al. (2007)
NU particulate phase
Toronto, semi- 14 0.33- 1.06(0.63) 0.89 2010 LC-ESI- Annular diffusion denuder Ahrens et al. (2012)
urban 2.62 MS/MS; sampler — gas phase; %
LOD=0.001 recovery=70
14 n.d.- 0.5(0.64) 0.37 LC-ESI- Annular diffusion denuder
2.29 MS/MS; sampler — particle phase; %
LOD=3.232 recovery=69
14 n.d.- 0.23(0.18) 0.21 LC-ESI- High volume air sampler- gas
0.62 MS/MS; phase; % recovery=53
LOD=1.092
14 n.d.- 1.82(1.3) 1.85 LC-ESI- High volume air sampler- gas
4.08 MS/MS; phase; % recovery=69
LOD=1.866
Toronto, ON ? 1.5 High volume Gewurtz et al.
Toronto, ON 8 Passive (2013)
Saskatchewan, 5 Passive
agricultural
Whistler, BC 4 Passive
Alert, NU 2 Passive
Lake Erie & Lake ND Aug 2003 LC/MS Gas phase Boulanger et al.
Ontario, ON 8 <DL~ 6.4+3.3 Aug 2003 (2005a)
(4<DL) 8.10 Particulate phase
Lake Superior, 0.43 High volume Gewurtz et al.
ON sampler (2013)
Albany, NY 8 0.94— 1.70 May & Jul SPE; HPLC-  Gas phase; LOQ=0.07 pg/m?3 Kim & Kannan
3.0 2006 MS/MS Particulate phase (2007)

94



Geometric

Analytical

Location n Range Mean Median Year Comments Source
mean method
8 0.35- 0.64 May & Jul
1.16 2006
Hilo, HI 6.6 Passive Gewurtz et al.
Sydney, FL 3.4 Passive (2013)
Tudor Hill, 6.1 Passive Gewurtz et al.
Bermuda sampler (2013)
Marine 3 0.40- 1.36 Oct 2005 Jahnke et al. (2007)
air,northwest 2.50
Europe
Paris, France 150 Passive Gewurtz et al.
sampler (2013)
Kjeller, Norway 2 1 Nov-Dec LC-TOF-MS DL not reported; Particulate Barber et al. (2007)
2005 phase
Hazelrigg, United 10 1.60 Nov 2005- LC-TOF-MS DL not reported; Particulate Barber et al. (2007)
Kingdom Feb 2006 phase
Manchester, 2 46.00 Feb—Mar
United Kingdom 2005
Manchester, 1 7.10 Nov-Dec
United Kingdom 2005
Mace Head, 4 <1.8 Mar 2006
Ireland
Malin Head, 3.3 Passive Gewurtz et al.
Ireland sampler (2013)
Marine air, east 5 0.05— 0.54 Oct—Nov Jahnke et al. (2007)
coast of Africa 1.90 2005
Morioka 8 0.46— 0.70 July 2003 HPLC- LOD=0.091 ng/g; LOQ=0.302 Harada et al. (2005)
1.19 LC/MS ng/g
Oyamazaki 12 2.51- 52+143 Apr 2001-
9.80 Mar 2002
Oyamazaki 12 2.32- 5.31+1.20 Apr2001- HPLC- LOD=0.091 ng/g; LOQ=0.302 Sasaki et al. (2003)
21.80 Mar 2002 LC/MS ng/g
. 12 0.00- 0.61+1.30 Apr2001-
Fukuchiyama 2.12 Mar 2002

Note: Due to differences in analytical methods used in the various studies, reported concentrations should not be compared directly.
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ND = not detected

DL = detection limit

LC =liquid chromatography
LOD = limit of detection
LOQ = limit of quantification

Indoor air (pg/m?3)

HPLC = high-performance liquid chromatography
MS = mass spectrometry
SPE = solid-phase extraction
TOF = time of flight

Location Type of sample n Range Mean Median Geometric Year Analytical Comments Source
ean sampled method
Canada Indoor air 39 <0.02 <0.02 <0.02 <0.02 2007-2008 HPLC-MS/MS  DL=0.40 ng/g Shoeib et al. (2011)
Vancouver, BC
Norway Indoor air 4 <47.4 May—-Jun LC-TOF-MS DL not reported Barber et al. (2007)
Tromso (particulate 2005
phase)

Note: Due to differences in analytical methods used in the various studies, reported concentrations should not be compared directly.

DL = detection limit
LC =liquid chromatography

HPLC = high-performance liquid chromatography

Dust (ng/g)

MS = mass spectrometry
TOF = time of flight

Location Type of Range Mean Median Geometric  Year Analytical Comments Source
sample mean sampled method

Canada

Ottawa, ON Indoor dust 67 2.28*— 4436 37.80* 2002-2003 LC-MS/MS MDL=4.56 ng/g; 33% Kubwabo et al.
5,065 8* <MDL; (*ND replaced by %2 (2005)

MDL)

Toronto, ON Indoor dust 19 42— 290 140 2007-2009 triple quadrupole not reported Goosey & Harrad

1,300 MS, ES negative (2011)
ionization MS/MS

Vancouver, BC Indoor dust 132 1.50— 280 7 73 2007-2008 HPLC-MS/MS DL=0.40 ng/g Shoeib et al.
4,661 (2011)

United States

North Carolina  Indoor dust 112 <8.9- 761 201 2000-2001 LC-MS/MS LOQ=8.93; 94.6 % >LOQ; Strynar &

& Ohio 12,100 mean & median <LOQ

replaced by LOQ/\2

Lindstrom (2008)
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Type of

Geometric

Year

Analytical

Location n Range Mean Median Comments Source
sample mean sampled method
Wisconsin Indoor dust 39 8.7— 168 47 2008 HPLC-MS/MS residential vacuum cleaner  Knobeloch et al.
1,100 dust 2012
Boston, MA Indoor 31 6.80- 14.6 2009 UPLC/MS/MS LOQ=7 ng/g; GM & SD Fraser et al.
dust: 98.2 <LOQ replaced by LOQ/N2  (2012)
offices
Indoor 30 14.1- 26.9 LOQ=7 ng/g; GM & SD
dust: 280 <LOQ replaced by LOQ/N2
houses
Indoor 13 10.1- 15.8 LOQ=7 ng/g; GM & SD;
dust: cars 280 <LOQ replaced by LOQ/2
Sweden
Stockholm Indoor 38 8- 85 2006-2007 HPLC-MS/MS LOQ=12 ng/g Bjorklund et al.
dust: 1,100 (2009)
apartments
Indoor 5 8-33 12
dust: cars
Indoor 10 23-65 31
dust:
daycares
Indoor 10 15-120 39
dust:
houses
Indoor 10 29-490 110
dust:
offices
Japan
Japan Indoor dust 16 11— 200 24.50 - LC-ESI-MS/MS vacuum cleaner dust Moriwaki et al.
2,500 (2003)
Fukuchiyama Outdoor 12 37.99- 97.4+1.20 Apr2001- HPCL-LC/MS LOD=0.091 ng/g; Sasaki et al.
dust 427.41 Mar 2002 LOQ=0.302 ng/g (2003)
Oyamazaki 12 37.99- 97.4+1.20
427.41
Oyamazaki Outdoor 11 19.7- 722 +1.77 Apr2001- HPCL-LC/MS LOD=0.091 ng/g; Harada et al.
dust 168.0 Mar 2002 LOQ=0.302 ng/g (2005)
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Type of Geometric Year Analytical

Location n Range Mean Median Comments Source
sample mean sampled method
Worldwide Indoor dust 39 <2.6—- 479.60 2004 on-line SPE- LOQ=2 .6 ng/g Kato et al. (2009)
Europe, 18,071 HPLC-MS/MS
Australia,

United States

Note: Due to differences in analytical methods used in the various studies, reported concentrations should not be compared directly.

DL = detection limit LC = liquid chromatography ND = not detected
ES = electrospray LOD = limit of detection SPE = solid-phase extraction
ESI = electrospray ionization LOQ = limit of quantification UPLC = ultra-performance liquid
HPLC = high-performance liquid MDL = method detection limit chromatography
chromatography MS = mass spectrometry
Surface water (ng/L)
Location n Range Mean Median Year Analytical Comments Source
sampled method
Canada
Canada-wide (38 65 0.010-34.64 2.15 0.91 2001-2008 GC/MS 38 rivers & tributaries; MDL=0.004 Scott et al. (2009)
rivers & tributaries) ng/L
Canada: eastern 27 4.09 2001-2006 Eastern Canada: Atlantic Provinces
to MB/ON border
Canada: western 38 0.91 2005-2008 Western Canada: MB/ON border to
BC
Prince Edward Island 3 0.634-1.26 2006
Québec 6 0.356-7.819 2006
Ontario 18 <0.004-34.60 2001-2005
Manitoba 10 0.335-1.60 2005-2008
Saskatchewan 8 0.086-5.08 2005-2007
Alberta 7 <0.004-2.97 2005-2007
British Columbia 13 <0.004-1.51 2005
British Columbia 0.2-5.8 2009-2011 LC-MS/MS LOQ=0.5 ng/L. Detected in Puget Dinglasan-Panlilio et
(marine water) Sound, WA, & Clayoquot & Barkley  al. (2014)

Sounds, BC; not detected in Strait
of Juan de Fuca & Tofino, BC.
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Year

Analytical

Location n Range Mean Median Comments Source
sampled method

Cornwallis Island, 24 0.9-90 Aug 2003- LC-MS/MS LOQ=0.5 ng/L Stock et al. (2007)
NU Aug 2005
Amituk Lake, NU 3 0.9-1.50 1.2 Aug 2003
Char Lake, NU 3 1.1-2.30 1.8 Jul 2005

3 0.9-2.50 1.8 Aug 2003
Meretta Lake, NU 3 55-57 56 Jul 2005
Resolute Lake, NU 3 49-90 69 Aug 2003

3 23-24 23 Jul 2005

3 41-43 42 Aug 2005

3 44-46 46 Aug 2005
Hamilton, ON, 11 38.4-392 Oct 2010 LC-MS/MS impacted sites 1.61-52.36km de Solla et al. (2012)
near/downstream of 11 30.2-458 downstream
airport
Hamilton, ON: 1 60.8 Oct 2010 14.77 km downstream
Welland River, 1 46
downstream of 1 78.2
airport
Hamilton airport, ON, 4 6.1+15 Oct 2010
reference sites 4 72+32
Hamilton airport, ON, 2 9.7-29.40 19.55 Oct 2010
adjacent sites 2 7.0-22.20 14.6
Golden, BC: Cedar 4 0.04-0.10 Sep 2004 LC-MS 18L samples/site, split into duplicate  Loewen et al. (2008)
Lake, Emerald Lake,
Bow Lake, Lake #4
Kelowna, BC: Mill 10 Gewurtz et al. (2013)
Creek
Regina, SK: 7.8
Wascana Creek
Great Lakes (Canada or United States)
Lake Erie 8 11-39 2003 SPE; LC/MS  LOQ=0.7 ng/L Boulanger et al.

(2004)
Lake Erie 3 4.0-5.30 2004 HPLC- LOQ=0.5ng/L Furdui et al. (2008a)
MS/MS
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Year

Analytical

Location n Range Mean Median Comments Source
sampled method
Lake Ontario 8 15-121 2003 Boulanger et al.
(2004)
Lake Ontario 1 6.6 2002 HPLC- LOQ=0.5 ng/L Furdui et al. (2008a)
7 3.6-8.4 2004 MS/MS
3 3.6-37.6 2005
Lake Huron 3 2.0-3.2 2004 HPLC- LOQ=0.5 ng/L Furdui et al. (2008a)
3 1.2-1.8 2005 MS/MS
Lake Michigan 4 0.93-3.1 - LC/MS LOQ=0.28ng/L Simcik & Dorweiler
(2005)
Lake Superior 3 0.1-0.3 2005 HPLC- LOQ=0.5ng/L; concentrations below  Furdui et al. (2008a)
MS/MS LOQ by signal to noise >3
Lake Superior <0.147-0.996  0.29 2005 site 80, all depths Scott et al. (2010)
<0.147-0.701 0.349 2005 site 170, all depths
0.135 May 2005
0.234 Aug 2005
0.301 Sep-Oct surface water, 10 sites
2005
Lake Superior: Lake 0.277 Sep 2005 5 m depth Scott et al. (2010)
Siskiwit 0.289 15 m depth
Lake Superior <0.041-0.827 Scott et al. (2010)
tributaries
United States
Raisin River, Ml 1 3.5 Mar 2001 SPE;HPLCE Kannan et al.
St. Clair River, Ml 3 1.9-3.90 26 Apr 2001 S/IMS/MS (2005a)
Detroit, Ml 10 <0.08-6.13 3.48 2001 HPLC- Sinclair et al. (2004)
Flint, Ml 4 1.50-12.31 4.90 MS/MS
Lansing, Ml 3 1.04-4.96 2.68
Northeastern Ml 2 0.87-6.34 3.60
Northwestern MI 2 <0.8-4.48 4.48
Saginaw Bay, Ml 5 3.10-12.69 7.52
Southwestern Mi 5 7.22-29.26 16.10
Upper Peninsula, Ml 7 <0.8-3.09 1.84
Western Ml 6 <0.8-5.32 1.79
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Year

Analytical

Location n Range Mean Median Comments Source
sampled method

Mississippi & 173 <1.0-245 3.01 Mar & Aug SPE; UPLC-  (95% CI: 2.03-3.78) LOD=0.02 ng/L Nakayama et al.

Missouri river basins 2008 MS/MS (2010)

New York State 53 0.8-1,090 Jul 2004 SPE; HPLC- LOQ=0.8 ng/L Sinclair et al. (2006)

waters MS/MS

Erie Canal, NY 3 5.7-13 6.4

Finger Lakes, NY 13 1.3-2.6 1.6

Hudson River, NY 8 1.5-3.4 1.7

Lake Champlain, NY 4 0.8-7.7 2.7

Lake Erie, NY 3 2.8-55 3

Lake Ontario, NY 13 2.9-30 4.9

Niagara River, NY 3 3.3-6.7 5.5

Oneida Lake, NY 1 3.5

Lake Onondaga, NY 3 198-1,090 756

Albany, NY 1 <0.25-9.30 4.14 2.88 Feb—Nov SPE; HPLC- LOQ=2.5 ng/L; lake water, urban Kim & Kannan
2006 MS/MS area (2007)

14 <0.25-14.60 2.21 0.81 Jan—Mar LOQ=2.5 ng/L; surface water runoff

2007

Minneapolis, MN: 4 2.4-47 19.9 Undated single- urban surface waters; Simcik & Dorweiler

Lake of the Isles, quadrupole LOQ=0.28ng/L (2005)

Lake Calhoun, Lake LC/MS

Harriet & Minnesota

River

Minneapolis, MN: 1 47 LOQ=0.28ng/L

Lake Calhoun

Lake Harriet, MN 1 21 LOQ=0.28ng/L

Lake of the Isles, MN 1 2.4 LOQ=0.28ng/L

Minnesota River, MN 1 9 LOQ=0.28ng/L

Tettegouche & 4 <0.28-1.20 0.42 Undated remote lakes; LOQ=0.28ng/L

Nipisiquit,

Tettegouche State

Park, Loiten, Little

Trout, Voyageurs

National Park, MN

Little Trout, MN 1 1.2 LOQ=0.28ng/L
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Year

Analytical

Location n Range Mean Median Comments Source
sampled method
Loiten, MN 1 ND LOQ=0.28ng/L
Nipisiquit, MN 1 ND LOQ=0.28ng/L
Tettegouche, MN 1 0.2 LOQ=0.28ng/L
Cape Fear Basin, NC 100  30.0-132 28.9 Spring 2006  SPE; HPLC- LOQ=0.2ng/L Nakayama et al.
MS/MS (2007)
Tennessee River, AL 20 16.8-54.10 32 Nov 2000 SPE;HPLC- upstream of fluorochemical plant; Hansen et al. (2002)
MS/MS LOQ=10-25ng/L; LOD=5 ng/L
20 30.3-144 114 downstream of fluorochemical plant;
LOQ=10-25ng/L; LOD=5 ng/L
Clayton County, GA 5 18 2008 wetland in urbanized area (drinking ~ Quinones & Snyder
water study) (2009)
lowa City, IA 3 23+15 Triplicate SPE; LC- LOQ=3 Boulanger et al.
samples; MS/MS (2005b)
river water
samples;
potentially
high
background
concentratio
ns
San José, CA, 4 9.3-20 May 2006 LC-MS/MS DL=10 Plumlee et al. (2008)
Coyote Creek 4 4.8-25 Jun 2007 DL=2
San Jose, CA, Upper 4 27-38 May 2006 DL=10
Silver Creek 4 41-56 Jun 2007 DL=2
Pacific Ocean
Central to eastern 14 0.0011-0.020 2002-2004 SPE-HPLC- Yamashita et al.
surface water ES/MS/MS (2005)
Central to eastern 2 0.0032—-
deep water: 400— 0.0034
4,400 m
Western 2 0.054-0.078
Coastal China 14 0.023-9.68
Coastal Hong Kong 12 0.07-2.60
Coastal Korea 10 0.039-2.53
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Year

Analytical

Location n Range Mean Median Comments Source
sampled method

Offshore Japan 4 0.04-0.075

Sulu Sea ocean 5 <0.017-0.109

waters: surface water

Sulu Sea deep 2 <0.017-0.024

water: 1,000-3,000m

South China Sea 2 0.0080-0.113

Tokyo Bay 8 0.338-57.7

Atlantic Ocean

Mid Atlantic Ocean 7 0.037-0.073 2002-2004 SPE-HPLC- Yamashita et al.

waters ES/MS/MS (2005)

North Atlantic Ocean 9 0.0086-0.036

waters

Sweden

2 pristine catchment 19 <7-102 pg/L 2011-12 UPLC- 2 analytical batches Filipovic et al. 2015

area streams MS/MS

Austria

Danube River 9 <4.0-35 LLE-LC- river water Clara et al. (2009)

system MS/MS

Danube River 3 <4.0-<4.5

Liesing River 3 13-22 tributary of the Danube River

Schwechat 3 <5.1-35 tributary of the Danube River

Germany

Rhine River & 38 <2-26 Mar 2006 SPE; LC- Skutlarek et al.

tributaries ESI/MS/MS (2006)

Ruhr River 11 <2-22 May 2006

Moehne River & 4 <2-193 May 2006

Lake

Elpe River 1 <2 May 2006

Lenne River 3 <2-11 May 2006

Rhine River & 2 5-9 Mar 2006

tributaries

Volme River 1 <2 May 2006

Moehne River & 12 <2-3,160 May 2006 contaminated soils in agricultural

selected tributaries

area
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Year

Analytical

Location n Range Mean Median Comments Source
sampled method
Italy
Lake Maggiore 8 7.2-8.60 7.8+0.6 Feb—Apr SPE; RP- MDL=0.1ng/L; lake water Loos et al. (2007)
9 <0.1-38.5 2006 LC-MS/MS MDL=0.1ng/L; affected rivers
3 <0.1-0.30 MDL=0.1ng/L; mountain rivers
2 <0.1 <0.1 MDL=0.1ng/L; mountain springs
Netherlands
Amsterdam (Rhine 6 0.3-28 52+92 Spring 2008  SPE; HPLC- infiltrated river water Eschauzier et al.
River) MS/MS (2010)
Poland
Southern 11 1.10-153 Oct-Dec HPLC- inland sites Rostkowski et al.
2004 MS/MS (2009)
Northern 14 0.24-19 Oct-Dec inland sites
2004
Gulf of Gdansk 9 0.28-0.96 May 2005 brackish water
Spain
Tarragona, Catalonia 4 <0.24-5.88 Feb 2007 HPLC- river water Ericson et al. (2008)
MS/MS

Note: Due to differences in analytical methods used in the various studies, reported concentrations should not be compared directly.
95% CI =95% confidence interval

ES = electrospray

ESI = electrospray ionization

GC = gas chromatography

HPLC = high-performance liquid chromatography
LC =liquid chromatography
LLE = liquid liquid extraction

LOD = limit of detection

LOQ = limit of quantification
MDL = method detection limit

MS = mass spectrometry

RP =reverse phase
SPE = solid-phase extraction
UPLC = ultra-performance liquid chromatography
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Drinking water (ng/L)

Location n Range Mean Median Year Analytical Comments Source
sampled method
Canada
Canada-wide: raw water 1 0.001*-0.082 2009-2010 HPLC-MS/MS  one sample above MDL of 0.077 ng/L Kubwabo & Lalonde
2 (2010); C. Kubwabo
Canada-wide: finished 1 0.001*— all samples <MDL; 20 water distribution  (personal
water 2 0.047* centres communication, 2011)
Niagara-on-the-Lake, ON 5 3.3 2006-2008 LC-MS/MS tap water Mak et al. (2009)
United States
Lake Havasu City, AZ 6 94+ 2008 SPE; HPLC- finished DW; urban areas Quinones & Snyder
1.7 MS/MS (2009)
Orange County, CA 5 <1.0 indirect potable use
Los Angeles, CA 5 57 + indirect potable use
7.7
Aurora, CO 3 <1.0 finished DW; urban areas
Clayton County, GA 7 22 + finished DW; urban areas
5.4
Minneapolis, MN 7 <1.0 finished DW; urban areas
Las Vegas, NV 3 12+ finished DW; urban areas
3 0.9
Albany, NY 5 1.4 2006-2008 LC-MS/MS TW Mak et al. (2009)
Germany
Ruhr area 2 <2-22 May 2006 SPE; LC- Skutlarek et al. (2006)
1 ESI/MS/MS
Sites outside Ruhr area 1 <2-6
6
Ruhr River 6 <10-100 15 2008-2009 SPE; HPLC- DW. 26 waterworks; 37% <LOD; Wilhelm et al. (2010)
9 MS/MS LOQ=10 ng/L
2
Italy
Lake Maggiore 6 6.2-9.7 8.1% Feb & Apr  SPE; RP-LC- TW Loos et al. (2007)
1.2 2006 MS/MS
Spain
Tarragona, Catalonia 4 0.39-0.87 Feb 2007 HPLC-MS/MS  municipal DW (TW) Ericson et al. (2008)
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n Range

Mean Median Year

Analytical

Location sampled method Comments Source

4 <0.24 <0.24 bottled water

4 <0.12-58.12 3.72 % 0.51 Feb 2008 UPLC-MS/MS  municipal DW; 5 ND samples

0 10.73
United Kingdom <11-45 20 sites, DW; LOD=10ng/L Atkinson et al. (2008)
China 0.042-11 2006-2008 LC-MS/MS means range; TW for 10 cities Mak et al. (2009)
India 0.033-8.4 2006-2008 LC-MS/MS means range; TW for 4 cities Mak et al. (2009)
Japan
Japan, 6 cities 0.066-4.9 2006-2008 LC-MS/MS means range; TW for 6 cities Mak et al. (2009)
Osaka 2 0.26-22 36+ 2.7 2006-2007 SPE; HPLC- raw water from lakes, rivers, Takagi et al. (2008)

6 45 (winter & MS/MS groundwater; 14 treatment plants

summer) LOQ=0.1 ng/L
2 0.16-22 2.7+ 21 potable tap water
6 4.0

DW = drinking water
ESI = electrospray ionization

HPLC = high-performance liquid

LOD = limit of detection

LOQ = limit of quantification
MDL = method detection limit

SPE = solid-phase extraction
TW = tap water
UPLC = ultra-performance liquid

chromatography MS = mass spectrometry chromatography
LC = liquid chromatography RP =reverse phase
Precipitation
Location n Range Mean Year sampled Analytical method = Comments Source
Canada
Algoma, ON 9 0.025-0.825 0.32 ng/m?per  Jan—Jun 2005 HPLC-MS/MS monthly samples Scott et al. (2010)
ng/m? per event event
Sibley, ON 8 <DL-13.4 ng/m? 5.8 ng/m? per  May-Dec 2005 monthly samples; DL not
per event event stated.
Lake Superior, ON 7,151 glyear
Winnipeg, MB 3 0.59 +0.04 Jul 2004 HPLC-MS/MS one rainfall event Loewen et al.
ng/L (2005)
Sweden: 2 pristine 2011 Filipovic et al.
catchment basins 2015
Rain 6-10 7-110 pg/L % <DL=0
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Location n Range Mean Year sampled Analytical method Comments Source
Snow <3-63 pg/L % <DL=12
Italy 3.3-16.7 ng/L Feb-Apr 2006 LC-MS-MS 4 sites; 4 grab samples Loos et al. (2007)
Lake Maggiore
Netherlands <0.1-14 ng/L 1.8+4.0ng/L  Spring 2008 SPE; HPLC-MS/MS infiltrated rain water Eschauzier et al.
Amsterdam: Rhine (2010)
River
DL = detection limit LC = liquid chromatography MS = mass spectrometry
HPLC = high-performance liquid chromatography SPE = solid-phase extraction
Sediment (ng/g)
Location Min Max Mean Year Analytical Comments Source
sampled method
Canada
Arctic: Nunavut 0.022 85 Summer LC-MS/MS sediment core samples Stock et al. (2007)
Cornwallis Island— 24 85 47.3 2003 (0-1, 1-2,2-3 cm)
Resolute Lake, NU
Cornwallis Island—Char <0.35 1.1 (0-1, 1-2,2-3 cm)
Lake, NU
Cornwallis Island— 0.022 0.062 (0-1.5, 1.5-2.5, 2.5-3.5 cm)
Amituk Lake, NU
Ellesmere Island, NU <0.066 (0-2 cm) Veillette et al. (2012)
Toronto, ON, near AFFF releases in 2000, 2002, 2005 Awad et al. (2011)
Pearson Int'l Airport:
Spring Creek Pond 13.0 2003 LC-MS/MS stormwater management pond,
13.0 2009 <100 m from AFFF discharge
Spring Creek <01 1.3 2003 2 sampling sites, 2 km upstream;
<0.1 2006 100 m downstream of Spring Creek
0.3 0.8 2009 Pond, which received AFFF
discharge
Etobicoke Creek <0.1 2.7 2003 7 locations: 800 m; 5 km upstream,
<0.1 2.2 2006 1.7-16.5 km downstream of outfall
<0.2 1.4 2009
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Year

Analytical

Location n Min Max Mean Comments Source
sampled method
Lake Ontario 25 0.684 51.8 HPLC/MS/MS Niagara Basin, Mississauga Basin, Yeung et al. (2013)
Rochester Basin
1.2 49 HPLC/MS/MS Niagara Basin, Mississauga Basin, Myers et al. (2012)
Rochester Basin, Marsh Creek,
Central Hamilton Harbour
<0.1 >0.999 HPLC/MS/MS tributaries draining to lake Burniston et al.
(2012)
<1.2 2000 LC/MS/MS Helm et al. (2007)
22 10 LC/MS/MS Gewurtz et al. (2013)
28 LC/MS/MS Stock et al. (2007)
06 1.9 LC/MS/MS Hamilton Harbour & Toronto EC (2013b)
4 Harbour
Lake Erie <0. 2004 LC/MS/MS Helm et al. (2007)
47
<0. >0.999 LC/MS/MS Burniston et al.
1 (2012)
1 0.89 LC/MS/MS EC (2013b)
Lake Huron <1.7 LC/MS/MS Georgian Bay Helm et al. (2007)
<0.1 0.999 LC/MS/MS tributaries draining to lake Burniston et al.
(2012)
1 2.2 LC/MS/MS EC (2013b)
Lake Superior <0.0000 <0.1 LC/MS/MS Burniston et al.
6 (2012)
0.54 Thunder Bay
<0.44 LC/MS/MS PFOS detected in 38% of samples Helm et al. (2007)
0.54 14 LC/MS/MS open lake & Thunder Bay EC (2013b)
Great Lakes (Ontario, 10 <0.6 1,272 HPLC/MS/MS Great Lakes tributaries Burniston et al.
Erie, Huron, Superior) 3 (2006)
Lake Simcoe 22 0.21 2.0 LC/MS/MS Helm et al. (2011)
22 0.76 HPLC/MS/MS Gewurtz et al. (2013)
Lac St Pierre, QC 5 0.16 LC/MS/MS EC (2013)
Nappan River, NB 1 2 LC/MS/MS Gewurtz et al. (2013)
Kejimikujik Lake, NS 1 0.28 LC/MS/MS EC (2013b)
Little Sackville, NS 1 0.19 LC/MS/MS EC (2013b)
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Year Analytical

Location n Min Max Mean Comments Source
sampled method
Osoyoos Lake, BC 1 0.36 LC/MS/MS EC (2013b)
United States
Lake Michigan 27 ND 1.15 0.45 2010 LC-MS/MS Ponar-surface samples Codling et al. (2014b)
48 ND 12.78 2.70 sediment core samples (1900—
2010)
LC = liquid chromatography
MS = mass spectrometry
ND = not detected
Soil (ng/g)
Location n Range Mean Median Geometric Analytical Comments Source
mean method
Canadian 27 <LOQ- 0.322 0.00675 0.00869 UPLC-MS/MS Cornwallis Island Cabrerizo et al. 2018
Arctic 7.47 (£0.287)
North 33 0.018-  0.3925 0.226 0.220 Multi-stage North America including Puerto Rankin et al. 2016
America 1.956 (£0.463) extraction. Rico. Remote areas
Asia 6 0.074- 0.175 0.150 0.150 Xevo-TQ-S- Middle East + China and Japan.
0.406 (x0.1218) MS/MS. Remote areas
Europe 10 0.0071- 0.863 0.0837 0.167 LOQ=t>t0.001; Northern Europe + Germany and
3.130 (£1.161) LOD=t>to.05 Ireland. Remote areas
Australia 4 0.044- 0.138 0.125 0.110 compared to Including New Zealand. Remote
0.258 (£0.098) process blank areas
Africa 5 0.014- 0.066 0.072 0.046 Central West, East and South
0.135 (x0.051) Africa. Remote areas
South 3 0.0267- 0.036 0.036 0.035 Lower latitudes
America 0.048 (x0.011)
Antarctica 1 0.007 Scott Base/McMurdo region

(+0.00089)
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Geometric Analytical

Location n Range Mean Median Comments Source
mean method
Global 60 <LOQ- 0.001 0.00047 UPLC-MS/MS; 60 samples (10 each country) Strynar et al. 2012
values: 0.001 LOQ=0.51 randomly selected from fresh and
United States, archived soils, considered
China, Japan, indicators of background
Norway, concentrations in different soils
Greece, and and parts of the world. 52% <LOQ
Mexico

Note: Due to differences in analytical methods used in the various studies, reported concentrations should not be compared directly.
LOD = limit of detection UPLC-MS/MS = ultra high pressure liquid chromatography with tandem
LOQ = limit of quantification mass spectrometry

Xevo-TQ-S-MS/MS = tandem quadropole mass spectrometer.

Snow (pg/L)

Location Date n Min Max Mean or (Median) Comments Reference
Sweden 2009 24 2.6 253 (20.5) Codling et al. (2014a)
Canadian Arctic 1996-2005 30 2.6 86 (5.7) Young et al. (2007)

2008 28 69 680 280 Maclnnis et al. (2017)
Svalbard, Norway 2006 4 33.9 SD=13.1 Kwok et al. (2013)
Beaufort, US Arctic 2010 3 <20 <20 Cai et al. (2012)
Sweden 2012 <3 49 snowmelt Filipovic et al. (2015)

2009 2.6 253 snowmelt
Tibet 2010 25 64.2 snowmelt

Biota
Species Location Type of Units n Range Mean *SD Year Analytical Reference
sample method
Canada & Great Lakes
Invertebrates
Amphipod (fw) (Gammarus  Reference creeks, near whole-body;  ng/g ww 9 19.1+8 2010 LC-MS/MS de Solla et al.
or Hyalella sp.) Hamilton Airport composite (2012)
(Stn 12, 13, 14, 15)
Amphipod (fw) Adjacent Welland River whole-body;  ng/g ww 1 169.7
(St17) composite
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Type of

Analytical

Species Location Units n Range Mean *SD Year Reference
sample method
Amphipod (fw) Adjacent Welland River whole-body;  ng/g ww 2 65.7+0.4
(St 16) composite
Amphipod (fw) Welland River whole-body;  ng/g ww 2 721.35 %
downstream of airport composite 42.8
(Stn 5)
Damselfly (Zygoptera sp.) Welland River Stn 5 whole-body;  ng/g ww 2 170.32
composite
Freshwater shrimp (Caridea  Welland River Stn 5 whole-body;  ng/g ww 3 157.46
sp.) composite
Freshwater shrimp Welland River whole-body;  ng/g ww 3 75.51
downstream of airport composite
(other sites)
Amphipod (fw) Diporeia Lake Ontario, Niagara-on- whole-body;  ng/g ww 3 280 + 33 2001 LC-MS/MS Martin et al.
the-Lake, ON 1 composite; (2004b)
3
subsamples
Mysid shrimp (fw) Mysis Lake Ontario, Niagara-on- whole-body;  ng/g ww 3 13+1.8 2001
the-Lake, ON 1 composite;
3
subsamples
Amphibians & fish
Bullhead (juvenile) Stn 5 1 fish ng/g ww 1 350.83 LC-MS/MS de Solla et al.
(Ameiurus spp.) 2012)
Sunfish (juvenile) 1 fish ng/g ww 1 507.93
(Centrarchidae spp.)
Lake trout (Salvelinus Lake Ontario, eastern 4-5 whole ng/g ww 6 6-96 1979- LC-MS/MS Furdui et al.
namaycush) basin, ON fish per 2004 (2008b)
sample
Lake whitefish (Coregonus Lake Huron, MI liver ng/g ww 5 33-81 67 1999- HPLC- Kannan et al.
clupeaformis) 2000 ES/MS/MS (2005a)
Lake whitefish Lake Huron, Ml eggs ng/g ww 2 145- 263
381
Brown trout (Salmo trutta) Marquette, Lake Superior, eggs ng/g ww 3 49-75 64

USA
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Type of

Analytical

Species Location Units n Range Mean *SD Year Reference
sample method
Arctic sculpin Kuujjuarapik, QC liver ng/g ww 12 2002 LC-MS/MS Martin et al.
(Myoxocephalus (2004a)
scorpioides)
Brook trout (Salvelinus Kuujjuarapik, QC liver ng/g ww 29-50 39 2002
fontinalis)
Lake whitefish Kuujjuarapik, QC liver ng/g ww 12 12 2002
White sucker (Catostomus Kuujjuarapik, QC liver ng/g ww 6.5— 7.6 2002
commersoni) 8.6
Northern pike (Esox lucius)  Kuujjuarapik, QC liver ng/g ww 5.7 2002
Lake trout Lac Minto, QC liver ng/g ww 31 2002
Alewife (Alosa Niagara-on-the-Lake, ON  whole-body ng/g ww 46 + 15 2001 LC-MS/MS Martin et al.
pseudoharengus) composites (2004b)
(2
fish/composi
te)
Lake trout (Salvelinus Niagara-on-the-Lake, ON  whole-fish ng/g ww 8 170 £ 64 2001
namaycush) homogenate
(7
fish/homoge
nate)
Sculpin (Cottus Niagara-on-the-Lake, ON  whole-body ng/g ww 5 450 + 98
cognatus) composite (3
fish/composi
te)
Smelt (Osmerus mordax) Niagara-on-the-Lake, ON  whole-body ng/g ww 6 110+ 55 2001
composites
5
fish/composi
te)
Lake trout Lake Erie, ON ng/g ww 92 Gewurtz et al.
(2013)
Lake trout Lake Ontario, ON ng/g ww 51
Walleye (Sander vitreus) St. Lawrence River, ON ng/g ww 30
Walleye Codette Reservoir, SK ng/g ww 24
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Type of

Analytical

Species Location Units n Range Mean *SD Year Reference
sample method
Walleye Lake Diefenbaker, SK ng/g ww 23
Lake trout Peninsula Harbour, ON ng/g ww 24
Lake trout Lake Champlain, QC ng/g ww 17
Birds
Double-crested cormorant Lake Winnipeg, NB egg yolk ng/gww 4 130- 210 ES-MS/MS Giesy & Kannan
(Phalacrocorax auritus) 320 (2001)
Double-crested cormorant Lake Huron, Ml plasma ng/mL 6 1-270 170
Double-crested cormorant Lake Huron, Ml plasma ng/mL 3 110— 260
430
Herring gull (Larus Lake Huron, Ml plasma ng/mL 2 66-79 73
argentatus)
Herring gull Lake Huron, MI plasma ng/mL 2 280- 370
450
Ring-billed gull (Larus Lake Huron, MI egg yolk ng/g ww 3 <35-
delawarensis) 150
Double-crested cormorant Scarecrow lIsland, blood ng/mL 1 132 1990- HPLC-MS Kannan et al.
Canada 1998 (2001)
Double-crested cormorant Lake Winnipegosis, MB egg yolk ng/gww 4 21— 157
220
Double-crested cormorant Horrn Island, Lake blood ng/mL 1 36
Superior, Ml
Double-crested cormorant Lake Huron, Ml plasma ng/mL 2 209—
372
Herring gull Lake Huron, Ml blood ng/mL 2 57-68
Herring gull Lake Huron, Ml plasma ng/mL 2 239-
391
Ring-billed gull Lake Huron, MI egg yolk ng/g ww 3 30— 67
126
Double-crested cormorant Lake Superior plasma ng/mL 2 63-95
Double-crested cormorant Little Charity Island, Lake  blood ng/mL 2 164— 176
Huron, Ml 188
Double-crested cormorant Otter Island, Lake blood ng/mL 1 34

Superior, WI
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Analytical

Species Location Units n Range Mean *SD Year Reference
sample method
Common loon (Gavia Kuujjuarapik, QC liver ng/g ww 5 11-26 20 1992 LC-MS/MS Martin et al.
immer) (2004a)
Black guillemot (Cepphus Prince Leopold Island, liver ng/gww 5 ND 1993
grylle) NU
Northern fulmar (Fulmarus Prince Leopold Island, liver ng/g ww 5 1.0- 1.3 1993
glacialis) NU 1.5
European starling (Sturnus Brantford, ON, landfill egg ng/g ww 703 Gewurtz et al.
vulgaris) (2013)
European starling Calgary, AB, landfill egg ng/g ww 148
European starling Graves Island Provincial egg ng/g ww 11
Park, NS
European starling Abbotsford, BC egg ng/g ww 6.3
European starling Pointe-aux- Prairies, QC egg ng/g ww 13
European starling Indus, AB egg ng/g ww 199
European starling Delta, BC egg ng/g ww 75
European starling Hamilton, ON egg ng/g ww 41
European starling Langley, BC, landfill egg ng/g ww 5.6
European starling Halton, ON, landfill egyg ng/g ww 29
European starling Stoney Creek, ON, landfill egg ng/g ww 28
European starling Otter Lake, ON, landfill egg ng/g ww 18
Gull Lake Erie, ON egg (pooled) ng/g ww 676
Other animals
Snapping turtle (Chelydra Cootes Paradise, plasma from  ng/g ww 7 53 £ 171 LC-MS/MS de Solla et al.
serpentina) Hamilton, ON individual (2012)
Snapping turtle Credit River, turtles ng/g ww 10 171.4 £ 120
Mississauga, ON
Snapping turtle Humber River, Toronto, ng/lgww 7 121.4 £ 90.1
ON
Snapping turtle Island Lake, Orangeville, ng/gww 4 15.1+9
ON (reference site)
Snapping turtle Lake Niapenco E, ng/g ww 9 2,376.7 +
Hamilton ON 1,460.3
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Analytical

Species Location Units n Range Mean *SD Year Reference
sample method
Snapping turtle Lake Niapenco W ng/g ww 9 2,065.2 +
(downstream of airport), 649.6
Hamilton, ON
Snapping turtle Upper Welland River, ng/g ww 1 2,269.4
Hamilton, ON
Gray seal (Halichoerus Canadian Arctic plasma ng/mL 12 11-49 28 ES-MS/MS Giesy & Kannan
grypus) (2001)
Ringed seal (Pusa hispida)  Canadian Arctic plasma ng/mL 24 <3-12
Arctic fox (Vulpes lagopus) Arviat, NU liver ng/g ww 10 6.1- 250 2001 LC-MS/MS Martin et al.
1,400 (2004a)
Ringed seal Grise Fiord, NU liver ng/g ww 10 10-37 19 2001
Ringed seal Holman, NT liver ng/g ww 9 8.6-23 16 1998
Polar bear (Ursus Sanikiluaq, NU liver ng/g ww 7 1,700- 3,100 2002
maritimus) >4,000
Mink (Mustela vison) Watson Lake Area, YK liver ng/g ww 10 1.3-20 8.7 2001
United States & Great Lakes
Invertebrates
Eastern oyster (Crassostrea  Gulf of Mexico & soft tissue ng/g dw <42- 1996— HPLC-MS Kannan et al.
virginica) Chesapeake Bay homogenate 1,225 1998 (2002b)
]
Amphibians & fish
Brown trout Michigan waters eggs ng/gww 3 49-75 64 ES/MS/MS Giesy & Kannan
Brown trout Michigan waters liver ng/g ww 10 <17- (2001)
26
Brown trout Michigan waters muscle ng/g ww 10 <6-46
Brown trout Michigan waters eggs ng/g ww 3 49-75 64
Brown trout Michigan waters liver ng/g ww 10 <17-
26
Chinook salmon Michigan waters liver ng/gww 6 33— 110
(Oncorhynchus 170
tshawytscha)
Chinook salmon Michigan waters muscle ng/g ww 6 7-190 110
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Analytical

Species Location Units n Range Mean *SD Year Reference
sample method
Lake whitefish Michigan waters eggs ng/g ww 2 150—- 260
380
Lake whitefish Michigan waters liver ng/gww 5 33-81 67
Lake whitefish Michigan waters muscle ng/g ww 5 97— 130
170
Yellowfin tuna (Thunnus Northern North Pacific liver ng/g ww 12 <7
albacares) Ocean
Carp Saginaw Bay, Ml muscle ng/g ww 10 60— 120
300
Green frog (Rana Southwest Ml liver ng/gww 4 <35-
clamitans) 290
Chinook salmon Grand River, Ml liver ng/gww 6 32— 100 1999 HPLC- Kannan et al.
173 2000 ES/MS/MS (2005a)
Green frog, adult Kalamazoo, Ml liver ng/g ww 2 50— 168 1998
285
Green frog, adult Kalamazoo, Ml liver ng/g ww 2 <35 <35 1998
Carp Saginaw Bay, Ml muscle ng/g ww 10 59— 124 1999
297 2000
Smallmouth bass Canada Lake, NY liver ng/g ww 2 39-77 56 +19 2001- HPLC- Sinclair et al.
(Micropterus dolomieu) (3 2003 MS/MS (2006)
males)
Smallmouth bass ( (3 Canada Lake, NY liver ng/gww 3 58-95 76+15
males)
Largemouth bass Canadarago Lake, NY liver ng/g ww 3 14— 58 + 49
(Micropterus salmoides) (3 126
females)
large mouth bass (1 male) Cuba Lake, NY liver ng/g ww 1 16
Largemouth bass (2 Dunham Reservoir, NY liver ng/g ww 3 16-32 217
females, 1 male)
Smallmouth bass (3 males)  Dunham Reservoir, NY liver ng/g ww 3 33- 70 £ 29
104
Smallmouth bass (3 Effley Falls, NY (remote liver ng/g ww 3 42— 66 + 30
females) site) 109
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Species Location Type of Units Range Mean *SD Year Analytical Reference
sample method

Largemouth bass (3 Goodyear Lake, NY liver ng/g ww 9-71 38+25

females)

Largemouth bass (1 female, Lake Huntington, NY liver ng/g ww 79— 102 + 28

2 males) 142

Largemouth bass (3 Loch Sheldrake, NY liver ng/g ww 45-78 56 + 16

females)

Smallmouth bass (3 Meacham Lake, NY liver ng/g ww 16-47 32+12

females)

Smallmouth bass (2 Otsego Lake, NY liver ng/g ww 1029 22+8

females, 2 males)

Largemouth bass (2 Payne Lake, NY (remote liver ng/g ww 21-41 30+8

females; 1 male) site)

Smallmouth bass (3 Polliwog Pond, NY liver ng/g ww 32-57 40zx12

females)

Smallmouth bass (3 Rio Reservoir, NY liver ng/g ww 86-98 93+6

females)

Largemouth bass (3 Rock Pond, NY liver ng/g ww 32-58 46+ 11

females)

Smallmouth bass (3 Soft Maple Dam, NY liver ng/g ww 41— 79 £ 30

females) 114

Smallmouth bass (2 Star Lake, NY (remote liver ng/g ww 45-69 57 +12

females) site)

Largemouth bass (1 Star Lake, NY (remote liver ng/g ww 207

female) site)

Largemouth bass (4 males)  Swan Pond, NY liver ng/g ww 224— 282 + 35
315

Smallmouth bass (2 Sylvia Lake, NY liver ng/g ww 14-75 3827

females, 1 male)

Smallmouth bass (3 males)  Tupper Lake, NY liver ng/g ww 58— 98 + 28
120

Largemouth bass (1 Willis Lake, NY liver ng/g ww 23

female)
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Type of

Analytical

Species Location Units n Range Mean *SD Year Reference
sample method
“Birds
Bald eagle (Haliaeetus Midwestern plasma ng/mL 26 1- 360 ES/MS/MS Giesy & Kannan
leucocephalus) 2,570 (2001)
Brown pelican (Pelecanus Mississippi liver ng/g ww 2 290- 460
occidentalis) 620
Common loon North Carolina liver ng/gww 8 35— 290
690
Double-crested cormorant Gull Island, Ml blood ng/mL 1 78 1990- HPLC-MS Kannan et al.
Brandt’s cormorant San Diego, CA liver ng/g ww 2 46— 907 1998 (2001)
(Phalacrocorax penicillatus) 1,780
Double-crested cormorant Saint Martin Island blood ng/mL 2 124— 184
243
Bald eagle Upper Peninsula, Ml liver ng/g 6 26.5— 2000 LC-MS/MS Kannan et al.
1,740 (2005a)
Bald eagle kidney ng/g 4 35—
1,480
Bald eagle gall bladder ng/g 1 1,490
Bald eagle muscle ng/g 6 <7.5-
96.2
Bald eagle testes ng/g 1 183
Bald eagle ovary ng/g 1 68
Other animals
Polar bear Alaska liver ng/g ww 17 180- 350 ES-MS/MS Giesy & Kannan
680 (2001)
California sea lion Coastal California liver ng/g ww 6 <35-
(Zalophus californianus) 49
Elephant seal (Mirounga Coastal California liver ng/g ww 5 <35
sp.)
Harbour seal (Phoca Coastal California liver ng/g ww 3 <35-
vitulina) 57
Sea otter (Enhydra lutris) Coastal California liver ng/g ww 8 <35
Northern fur seal Coastal waters of Alaska liver ng/g ww 14 <35-
(Callorhinus ursinus) 120
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Type of

Analytical

Species Location Units n Range Mean *SD Year Reference
sample method
Snapping turtle Lake St. Clair, Ml plasma ng/mL 5 1-170 72
Mink (Mustela vison) Midwestern liver ng/g ww 18 970— 2,630
3,680
Yellow-blotched map turtle Mississippi liver ng/g ww 6 39— 190
(Graptemys flavimaculata) 700
River otter (Lontra Northwestern liver ng/g ww 5 34— 330
canadensis) 990
River otter (6 yr old) Bremerton, WA liver ng/g ww 1 288 1997—- ES-MS/MS Kannan et al.
1998 (2002a)
River otter (5 yr old) Eglon, WA liver ng/g ww 2 173- 297 £ 176 1997—-
422 1998
River otter (2—8 yr old) Fort Ward, WA liver ng/g ww 3 139- 156 1997—-
189 1998
Mink (adult female) lllinois liver ng/g ww 11 93— 1,610 1995
5,140 1996
Mink (juvenile female) lllinois liver ng/g ww 10 243— 1,450 1995—
3,650 1996
Mink (male adult) lllinois liver ng/gww 21 47— 680 1995—
1,990 1996
Mink (male juvenile) lllinois liver ng/g ww 21 64— 1,210 1995—
4,870 1996
Mink (unidentified) lllinois liver ng/lgww 2 1,900- 2,290 1995—
2,700 1996
Mink (male juvenile) Louisiana liver ng/g ww 7 40— 140 1995—-
320 1996
Mink (adult male) Massachusetts liver ng/g ww 12 20- 450 1995—
1,100 1996
Mink (juvenile male) Massachusetts liver ng/g ww 1 67 1995—-
1996
Mink (male) Massachusetts liver ng/g ww 1 74 1995—
1996
Mink (juvenile female) Massachusetts liver ng/g ww 2 70— 110 1995
140 1996
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Type of

Analytical

Species Location Units n Range Mean *SD Year Reference
sample method
Mink (female) Massachusetts liver ng/g ww 1 410 1995—
1996
Mink (adult female) Massachusetts liver ng/g ww 14 50— 220 1995—
620 1996
River otter (2 yr old) Nehalem River, OR liver ng/g ww 1 82.8 1997-
1998
River otter (2-3 yr old) Silverdale, WA liver ng/g ww 2 151- 199 1997—-
248 1998
River otter (3—4 yr old) Soleduck River, WA liver ng/g ww 2 25-62 43 1997-
1998
Mink (juvenile female) South Carolina liver ng/g ww 2 650— 1,070 1995—
1,500 1996
Mink (juvenile male) South Carolina liver ng/lgww 7 1,240- 2,370 1995—
3,110 1996
River otter (1-5 yr old) Willamette River, OR liver ng/g ww 7 97— 579 1997—-
994 1998
River otters (2—4 yr old) Yaquina River, OR liver ng/gww 2 34-45 39 1997—-
1998
Mink, females Kalamazoo, Ml liver ng/g ww 1 41 41 2000- LC-MS/MS Kannan et al.
2001 (2005a)
Mink, males (0.5-3 yr old) liver ng/g ww 7 1,280— 18 000 2000-
59 500 2001
Snapping turtle, adult liver ng/g ww 3 <1-8.8 6.13 1999-
female 2000
Snapping turtle, adult male liver ng/gww 2 105- 137 £45.3 1999—
169 2000
Polar bears, male, Beaufort  Alaska liver ng/g ww 7 502—- 755 + 179 1993—- HPLC- Kannan et al.
Sea subpopulation 1,130 2002 MS/MS (2005b)
Polar bears, male, Chukchi  Alaska liver ng/g ww 14 292— 592 + 219
Sea subpopulation 1,020
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Species Location Units n Range Mean *SD Year Reference
sample method
Other regions
Amphibians & fish
Bluefin tuna (Thunnus Mediterranean Sea liver ng/g ww 8 21-87 48 ES-MS/MS Giesy & Kannan
thynnus) (2001)
Herring Landsort, Baltic Sea whole-fish ng/g ww 10 1.7- 2.3 (median) 2005 HPLC- Holmstrom &
homogenates 2.8 MS/MS Berger (2008)
Birds
Common cormorant Italy liver ng/g ww 12 33- 96 ES-MS/MS Giesy & Kannan
(Phalacrocorax carbo) 470 (2001)
Black-tailed gull (Larus Hokkaido, Japan plasma ng/mL 24 2-12 6
crassirostris)
Black-tailed gull Korea liver ng/g ww 15 70— 170
500
Laysan albatross Midway Atoll, North liver ng/g ww 9 <35
(Phoebastria immutabilis) &  Pacific
black-footed albatross
(Phoebastria nigripes)
Laysan & black-footed Midway Atoll, North plasma ng/mL 3 9-26 18
albatross Pacific
Laysan & black-footed Midway Atoll, North plasma ng/mL 10 3-39 9
albatross Pacific
Polar skua (Stercorarius Terra Nova Bay, plasma ng/mL 2 <1-1.4
maccormicki) Antarctica
Common guillemot (Uria Stora Karlso, Baltic Sea muscle ng/g ww 8 9.8-17 14 (median) 1989 HPLC- Holmstrom &
aalge) MS/MS Berger (2008)
Common guillemot Stora Karlso, Baltic Sea kidney ng/g ww 10 92— 127 (median)
183
Common guillemot Stora Karlso, Baltic Sea adult liver ng/g ww 13 91— 121 (median)
150
Common guillemot Stora Karlso, Baltic Sea chick liver ng/g ww 10 185- 309 (median)
322
Common guillemot Stora Karlso, Baltic Sea eggs ng/gww 8 243— 325 (median)

432
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Species Location Units n Range Mean *SD Year Reference
sample method
Other animals
Gray seal Baltic Sea plasma ng/mL 26 14-76 37 ES-MS/MS Giesy & Kannan
Ringed seal Baltic Sea plasma ng/mL 18 16— 110 (2001)
230
Bottlenose dolphin Mediterranean Sea liver ng/g 5 170- 270
430
Striped dolphin (Stenella Mediterranean Sea liver ng/g 4 65— 100
coeruleoalba) 160
Ringed seal Norwegian Arctic plasma ng/mL 18 5-14 9
Ganges river dolphin Ganges River, India liver ng/g 2 <35-
(Platanista gangetica) 81
Weddell seal Terra Nova Bay, liver ng/g 1 <35
(Leptonychotes weddellii) Antarctica
ES = electrospray ND = not detected
HPLC = high-performance liquid chromatography SD = standard deviation
LC =liquid chromatography ww = wet weight
MS = mass spectrometry
Biota consumed as food (ng/g ww)
Organism (part & n Range Mean + SD Year Analytical method Comments Reference
preparation)
Canada: Nunavut
Aquatic traditional foods 1997-1998 HPLC-ESI-MS/MS Archived locally harvested  Ostertag et al.
Ringed seal (Pusa hispida) foods (2009b)
Liver, raw 2 3.8-7.6 5.7
Blood, raw 3 29+2A1
Meat, boiled 1 0.5
Blubber, raw 2 <0.1-0.1
Polar bear (Ursus maritimus)
Meat, frozen 1 4.0
Beluga whale (Delphinapterus
leucas)
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Organisr.n (part & n Range Mean + SD Year Analytical method Comments Reference
preparation)
Blubber, raw 1 15
Meat, dried 2 1.6-3.6
Muktuk, raw 1 0.4
Narwhal (Monodon monoceros)
Blubber, raw 1 0.2
Muktuk, raw 2 <04 <04
Muktuk, frozen 2 0.4-1.6
Bearded seal (Erignathus
barbatus)
Intestine, boiled 2 0.5-0.6
Meat, boiled 1 0.2
Walrus (Odobenus rosmarus)
Blubber, aged 1 <0.1
Kauk, raw 1 0.2
Meat, raw 2 <0.3 <0.3
Meat, aged 1 <0.2
Eider duck (Somateria
mollissima)
Whole, boiled 1 1.6
Black duck (Anas rubripes)
Meat, boiled 1 0.3
Arctic char (Salvelinus alpinus)
Whole, raw 3 <0.5
Lake trout (Salvelinus
namaycush)
Whole, raw 2 0.1-0.4
Seaweed
Whole, raw 1 <0.2
Clams
Whole, raw 1 <0.2
Terrestrial traditional foods
Caribou (Rangifer tarandus)
Liver, baked 1 5.0
Liver, raw 3 27123
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Organisr:n (part & n Range Mean + SD Year Analytical method Comments Reference
preparation)

Meat, boiled 2 <0.3-0.1
Meat, dried 2 <04
Meat, raw 2 <0.2
Meat, roasted 1 <0.2
Bone marrow, boiled 1 0.2
Heart, blood, raw 1 0.2
Fat, raw 1 <0.2
Kidneys, raw 2 0.1 0.1
Kidneys, boiled 1 <0.2
Stomach, raw 1 0.1
Tongue, raw 3 0.2+0.2
Ptarmigan (Lagopus muta)
Whole, raw 3 <0.2
Arctic hare (Lepus arcticus)
Meat, raw 2 <0.2
Snow goose (Chen
caerulescens)
Meat, raw 1 <0.2
Berries
Whole, raw 3 <0.1
ESI = electrospray ionization MS = mass spectrometry
HPLC = high-performance liquid chromatography SD = standard deviation

ww = wet weight
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Foods (ng/g ww)

Location & food . Year Analytical
. n Range Concentration Comment Reference
composite sampled/collected method
Canada
Toronto, Mississauga, LC-MS/MS composite sample LODs range: 0.03— Del Gobbo et
Ottawa, ON 10 ng/g ww al. (2008)
Catfish, fried 9 0.90
Catfish, raw 9 1.57
Cuttlefish, raw 9 ND
Grey mullet, fried 9 1.14
Grouper, fried 9 0.47
Grouper, raw 9 ND
Monkfish, boiled 9 0.22
Monkfish, raw 9 1.34
Octopus, boiled 9 0.23
Octopus, raw 9 ND
Red snapper, boiled 9 0.21
Red snapper, fried 9 0.78
Red snapper, raw 9 1.46
Sea squirt, boiled 9 ND
Sea squirt, raw 9 ND
Skate, boiled 9 0.88
Skate, raw 9 1.51
Whiting, raw 9 ND
Yellow croaker, boiled 9 0.89
Yellow croaker, fried 9 0.68
Yellow croaker, raw 9 1.68
Winnipeg, MB, Canadian TDS Tittlemier et al.
(2007)
Meat, poultry & eggs
Beef steak unknown 2.7 2004 HPLC-MS/MS  composite samples
Cold cuts unknown 0.5* composite (beef bologna & pastrami)
measured concentration >LOD but
<LOQ
Ground beef unknown 21 composite sample
Roast beef unknown <0.6 composite sample

125



Location & food

Year

Analytical

composite n Range Concentration sampled/collected  method Comment Reference
Luncheon meats, cold unknown 0.5* composite sample. measured
cuts concentration >LOD but <LOQ
Fish & seafood
Fish, freshwater unknown 1.3-1.5* 1998 HPLC-MS/MS  archived composite (smelt, perch)
measured concentration >LOD but
<LOQ
Fish, freshwater unknown 2 2004 HPLC-MS/MS  composite (trout, pickerel)
Fish, marine unknown 2.6 composite (haddock, cod, sole)
Prepared foods
Pizza unknown <1 1998 HPLC-MS/MS  archived composite
Breads & cereals
Microwave popcorn unknown 0.98* 1999 HPLC-MS/MS  measured concentration >LOD but
<LOQ; archived sample
Whitehorse, YT, Canadian TDS Ostertag et al.
Meat, poultry & eggs (2009a)
Cold cuts 4 <0.68 1998 HPLC-MS/MS  archived composite samples;
concentration blank corrected
Lunchmeats, canned 4 <0.37 archived composite samples;
concentration blank corrected
Dairy
Cheese 4 0.71 1998 HPLC-MS/MS  archived composite sample;
measured concentration blank
corrected, <LOQ of 0.95 ng/g ww
Cheese, processed 4 1.14 archived composite sample;
concentration blank corrected
Vegetables o TR e
Peppers 4 <0.15 1998 HPLC-MS/MS archived composite; concentrations
blank corrected
Prepared foods
Cookies 4 <0.15 1998 HPLC-MS/MS  archived composite; concentrations
blank corrected
Frozen dinner, beef 4 <0.17 archived composite; concentrations

blank corrected
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Location & food

Year

Analytical

composite n Range Concentration sampled/collected  method Comment Reference
Pizza 4 <0.20 archived composite; concentrations
blank corrected
United States
Freshwater fish
Great Lakes 157 max=80 15.2 (50th 2010 HPLC-MS/MS  MDL=0.13 ng/g; 157 composite Stahl et al.
percentile) samples (423 fish), 18 species; (2014)
detection=100%
Urban rivers 162 max=127 10.7 (50th 2010 MDL=5.35 ng/g; 162 composite
percentile) samples (682 fish), 25 species;
detection=73%
United Kingdom
Meat, poultry & eggs Clarke et al.
(2010)
Chicken liver 2 <1 2007-2008 SPE-HPLC- composite samples
Chicken liver paté 1 <1 MS/MS
Duck liver paté 1 <1
Lamb liver 7 <1-5 2.6
Ox liver 5 <1-5 1.8
Pig liver 5 <1-4 2.2
Venison liver 4 1-10 5.0
All livers 25 1-10 2.5
Ox kidney 4 <1-3 1.8
Pig kidney 4 <14 1.6
All kidney 12 1-3 1.4
Lamb heart 2 <1
Black pudding 2 <1
Meat (not offal) 16 <1
Egg 12 <1-1 <1
Fish & seafood
Eel (fresh) 3 <1-2 1.3 2007-2008 SPE; HPLC- composite samples
Eel (smoked) 3 <1-59 20 MS/MS
Herring 4 <1-1 1
Mackerel 4 <1-2 1.2
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Location & food Year Analytical

composite n Range Concentration sampled/collected  method Comment Reference
Atlantic salmon (farmed) 5 <1

Atlantic salmon (wild) 2 <1

Alaskan salmon (wild) 1 <1

Sardines 6 1-3 2.0

Sprats 3 1-4 3.0

Trout (farmed) 4 <1-1 1.0

Whitebait 6 <1-40 15

Carp 6 <1-8 5.5

All oily fish 47 <1-59 1.1

Cod 4 <1-2 1.5

Haddock 4 <1-1 1.0

Plaice 2 <1-1 1

Sole 2 <1-1 <1

All whitefish 12 <1-2 1.2

Crab 6 2-13 6.3

Crayfish 1 <1

Langoustine 1 <1

Pacific oysters 2 1-10 25

Prawns 2 <1-1 <1

All shellfish 12 1-13 4.4

Dairy

Cheese 10 <1-10 <1.9 2007-2008 SPE; HPLC- composite samples
Milk 11 <1 MS/MS

Breads & cereals

Bread 4 <1 2007-2008 SPE; HPLC- composite samples
Cereals 4 <1 MS/MS

Popcorn 4 <1 HPLC-MS/MS

Vegetables

Potatoes & products 21 <1 2007-2008 SPE; HPLC- composite samples
Vegetables 42 <1 MS/MS

Condiments, oils

Jams 6 <1 2007-2008 composite samples
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Location & food

Year Analytical

composite n Range Concentration sampled/collected  method Comment Reference
Fish oil supplements 4 <1 SPE; HPLC-
Vegetable oils 6 <1 MS/MS
LC =liquid chromatography MDL = method detection limit
MS = mass spectrometry ND = not detected
LOD = limit of detection SPE = solid-phase extraction
HPLC = high-performance liquid chromatography ww = wet weight
LOQ = limit of quantification
Human body fluids (ng/mL)
Location Body fluid n Range Geometric Mean £ SD Year Analytical Comments Reference
mean method
Canada
plasma 2,880 8.85; 95% ClI: 11.31 (95% CI: 2007—- UPLC-MS/MS  CHMS participants 20-79 yr HC (2010c)
7.97-9.82 10.02-12.60) 2009 old
plasma 1,017 6.9; 95% 6.8 (95% CI: 6.0— 2009- UPLC-MS/MS  CHMS participants 20-79 yr HC (2013b)
Cl:6.2-7.6 7.6) (median) 2011 old
Hamilton, serum 101 10.8-22.9 18.31 £10.95; 16.6  2004— HPLC-MS/MS  hospital-based, maternal Monroy et al.
ON (maternal) (median) 2005 serum: 24-28 wk gestation (2008)
serum 101 9.19-20.22 16.19 £ 10.43; 2004- HPLC-MS/MS  maternal serum: at delivery
(maternal) 14.54 (median) 2005
blood 105 3.92-9.11 7.19+£5.73; 6.08 2004- LC-MS/MS
(umbilical) (median) 2005
Nunavik, plasma 720 18.6; 95% CI: 25.7 (SE: 1.0) 2005 LC-MS/MS male & female Inuit 18-74 yr  Chéateau-
QC 17.8-19.5 old Degat et al.
(2010)
Nunavik, plasma 857 0.480-470 18.68 2005 LC-MS/MS male & female Inuit 18-74 yr  Dallaire et al.
QC old (2009a)
Nunavik, plasma 621 0.480-470 18.28 2005 LC-MS/MS male & female Inuit 18-74 yr Dallaire et al.
QcC old (2009b)
Nunavik, plasma 86 0.910-31 3.369; 95% 2006— HPLC-MS/MS  Inuit toddlers (11-54 mos Turgeon
QC Cl: 3.798- 2008 old) attending childcare O'Brien et al.
4.056 centres (2012)
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Geometric

Analytical

Location Body fluid n Range Mean * SD Year Comments Reference
mean method
Ottawa, serum 56 3.7-65.1 28.8+14.3 Jan HPLC-MS/MS  >20-yr-old volunteers (35 m; Kubwabo et
ON; (overall); 28.3 (m); 2002 21 f) MDL=1.1; LOQ=3.6 al. (2004)
Gatineau, 29.7 (f) ng/mL
QcC
Kingston breast milk 13 ND 2003- LC-MS/MS ND = 13 (LOD not provided) Kubwabo et
region, ON 2004 al. (2013)
United States
serum 1562 30.4; 95% Cl: 30.2 (median); 95%  1999- SPE; HPLC- NHANES; All age groups, CDC (2018)
27.1-33.9 Cl: 27.8-33.9 2000 MS/MS genders combined
2094 20.7; 95% CI: 21.2 (median); 95%  2003-
19.2-22.3 Cl: 19.8-22.4 2004
2120 17.1; 95% CI: 17.5 (median); 95%  2005-
16.0-18.2 Cl: 16.8-18.6 2006
2100 13.2; 95% CI: 13.6 (median); 95%  2007-
12.2-14.2 Cl: 12.8-14.7 2008
2233 9.32; 95% CI: 9.70 (median); 95%  2009-
8.13-10.7 Cl: 8.50-10.8 2010
1904 6.31; 95% CI: 6.53 (median); 95%  2011-
5.84-6.82 Cl: 5.99-7.13 2012
2165 4.99; 95% CI: 5.20 (median); 95%  2013-
4.50-5.52 Cl: 4.80-5.70 2014
serum 640 19.3; 95% CI: 19.9 (median); 95%  2003— SPE; HPLC- NHANES adolescents Calafat et al.
17.5-21.4 Cl: 17.8-22.0 2004 MS/MS (2007b); CDC
2094 20.7; 95% ClI: 21.2 (median); 95%  2003- NHANES LOD=0.4 ug/L (2012)
19.2-22.3 Cl 19.8-22.4 2004
640 19.3; 95% CI: 19.9 (median); 95%  2003- NHANES adolescents (12-19
17.5-21.4 Cl: 17.6-21.9 2004 yr old)
serum 23 30.0 ng/mL 31.1 2001- SPE; HPLC- residents Calafat et al.
2002 MS/MS (2006)
serum 1,562 30.4; 95% Cl: 30.2 (median); 95%  1999- SPE; HPLC- NHANES participants 212 yr  Calafat et al.
27.1-33.9 Cl: 27.8-33.8 2000 MS/MS old; LOD=0.2 pg/L (2007a)
543 29.1; 95% ClI: 29.4 (median); 95% NHANES participants 212 yr
26.2-32.4 Cl: 26.8-34.2 old; LOD=0.2 ug/L.
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Location Body fluid n Range Mean * SD Year Comments Reference
mean method
364 27.5; 95% Cl: 27.9 (median); 95% NHANES participants =20 yr
24.9-30.2 Cl: 24.8-29.7 old; LOD=0.2 pg/L
295 33.0; 95% ClI: 33.6 (median); 95% NHANES participants 240 yr
28.0-38.8 Cl: 28.0-38.7 old; LOD=0.2 pg/L
360 33.3; 95% ClI: 33.7 (median); 95% NHANES participants 260 yr
28.5-38.8 Cl: 27.4-39.9 old; LOD=0.2 pg/L
819 28.0; 95% Cl: 27.7 (median); 95% NHANES female participants.
24.6-31.8 Cl: 24.5-30.2 LOD=0.2 pyg/L
743 33.4; 95% ClI: 34.8 (median); 95% NHANES male participants.
29.6-37.6 Cl: 31.1-37.9 LOD=0.2 ug/L
584 22.7; 95% CI: 23.7 (median); 95% NHANES Mexican-American
19.8-25.9 Cl: 20.8-27.2 participants LOD=0.2 ug/L
309 33.0; 95% CI: 32.0 (median); 95% NHANES non-Hispanic black
26.2-41.6 Cl: 24.3-45.7 participants LOD=0.2 pg/L
529 32.0; 95% Cl: 32.4 (median); 95% NHANES non-Hispanic white
29.1-35.2 Cl: 29.3-35.5 participants LOD=0.2 pg/L
serum 645 <4.3- 34.9; 95% ClI: 35.8 (median) 2000- HPLC-ES- blood donors Olsen et al.
1,656 33.3-36.5 2001 MS/MS (2003c)
serum 24 <6.1-58.3 14.7; 95% CI: 17.7;, 95% CI: 13.0— HPLC-ES- deceased donors; 1/2 LOQ Olsen et al.
11.1-19.4 225 MS/MS used for concentrations (2003d)
<LOQ
serum 598 6.7-515 37.5; 95% CI: HPLC-MS/MS  children (2—12 years old) with  Olsen et al.
36.0-39.1 group A streptococcal (2004a)
infections
serum 616 4.30; 95% CI: 2015 Red Cross blood donors Olsen et al.
4.11-4.50 across the US. 2017
Atlanta, GA  serum 20 3.6-164 55.8 2003 SPE; HPLC- 50% men; 90% Caucasian; Kuklenyik et
MS/MS 42.3 £ 10.2 year mean age; al. (2004)
LOD=0.4 ng/mL
Baltimore, serum 299 <0.2-34.8 4.9 2004—- SPE; HPLC- Baltimore THREE study Apelberg et al.
MD (umbilical) 2005 MS/MS (20074,
2007b)
Washington  serum 178 30.1; 95% CI: 29.5 (median) 1974 LC-MS/MS 1,974 blood samples; Olsen et al.
County, MD 27.8-32.6 LLOQ=3.9 ng/mL (2005)
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mean method
178 33.3; 95% Cl: 34.7 (median) 1989 LC-MS/MS 1,989 blood samples;
31.1-35.6 (IQR 25.0-44.0) LLOQ=3.9 ng/mL
Massachus  breast milk 45 <0.032- 0.131 (mean) 2004 HPLC-ESI- women 22—43 yr old Tao et al.
etts 0.617 0.106 (median) MS/MS (2008a)
North breast milk 64 <LOQ <0.60 2004- SPE; HPLC- women 18-38 yr old von
Carolina 2005 MS/MS Ehrenstein et
serum n=34 visit 1: 21.9 SPE; HPLC- visit 1: 2—7 weeks postpartum  al. (2009)
(maternal) n=30 visit 2: 18.8 MS/MS visit 2: 3—4 months
postpartum
Midwest serum 16 not detected 2004—- GC-MS/MS pooled samples 210 De Silva &
2005 individuals/sample; 1 sample = Mabury
pooled from 1,000-1,500 (2006)
males
Minneapolis plasma 40 6.6-36.9 15.1; 95% CI: 16.3; 95% CIl: 14.0—- 2005 HPLC-MS/MS  blood donors Olsen et al.
-St. Paul, 13.3-171 18.2 (2007)
MN
California serum 93 max=39.4 8.51 11.02 2011- SPE; HPLC- CA women with PFOS in Hurley et al.
2013 MS/MS drinking water supply (2016)
1,240 max=99.8 6.76 8.42 CA women without PFOS in
drinking water supply
Seattle, WA  serum 238 <3.4-175 31; 95% ClI 30.2 (median) 2000- HPLC-MS/MS  elderly Olsen et al.
GM: 28.8— 2001 (2004b)
334
Belgium breast milk 22 <0.4-28.2 29 UPLC ES- women 18-30 yr old Roosens et al.
MS/MS (2010)
Denmark plasma 1,399 6.4-106.7 35.3+13.0 1996— SPE; HPLC- Danish National Birth Cohort Fei et al.
(maternal) 2002 MS/MS (1st-trimester women) (2007)
plasma 200 29.9+11.0 1996— SPE; HPLC- Danish National Birth Cohort
(maternal) 2002 MS/MS (2nd-trimester women)
plasma 50 11+47 1996— SPE; HPLC- Danish National Birth Cohort
(umbilical) 2002 MS/MS (male & female umbilical

blood)
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Geometric

Analytical

Location Body fluid n Range Mean * SD Year Comments Reference
mean method
Germany
Sauerland, breast milk 183 0.09L detected in samples; ND=84;  Wilhelm et al.
North DL not stated; means based (2008)
Rhine- on detects
Westphalia
Leipzig breast milk 38 0.033- 0.126 LC-MS/MS from breast milk bank Volkel et al.
0.309 (2008)
Munich 19 0.028—- 0.116 2006 LC-MS/MS fresh samples from healthy
0.239 donors
Germany, breast milk 70 0.028- 0.158 LC-MS/MS pooled data Volkel et al.
Hungary 0.639 (2008)
Hungary breast milk 13 0.96-0.639 0.317 1996— LC-MS/MS hospital supply Volkel et al.
1997 (2008)
Poland blood 15 5.2-24 12+57 2003 HPLC-ESI-MS  male dockers, 19-62 yr old Falandysz et
Gulf of (whole) 15 6.6—25 13+5.2 2003 HPLC-ESI-MS 2 female/13 male farmers, al. (2006)
Gdansk 19-62 yr old
15 14-84 41 %23 2003 HPLC-ESI-MS 4 female/11 male Baltic Sea
fish consumers, 19-62 yr old
15 6.7-84 16 £ 12 2003 HPLC-ESI-MS 5 female/10 male Gdansk
general population, 19-62 yr
old
Spain
Catalonia breast milk 10 0.07-0.22 0.12 2007 UPLC-ES- women 30-39 yr old Kérrman et al.
MS/MS (2010)
Barcelona breast milk 20 <LOQ-865 0.1-0.2 0.122 2008 LC-SPE- Llorca et al.
MS/MS (2010)
Norway
Oslo breast milk 68 0.028-0.36 0.11 (median) 2001- LC-MS median age: 29 yr Thomsen et
2009 al. (2010)
Sweden
Stockholm breast milk 75 0.023 1972 HPLC-MS/MS  average maternal age: 27-28  Sundstrom et

yr

al. (2011)
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Geometric Analytical

Location Body fluid n Range Mean * SD Year Comments Reference
mean method
78 0.059 1976 average maternal age: 27-28
yr
116 0.103 1980 average maternal age: 27-28
yr
102 0.172 1984— average maternal age: 27-28
1985 yr
20 0.211 1988 average maternal age: 30 yr
20 0.202 1990 average maternal age: 30 yr
20 0.222 1992 average maternal age: 29 yr
20 0.219 1994 average maternal age: 29 yr
20 0.214 1995 average maternal age: 30 yr
20 0.224 1996 average maternal age: 31 yr
20 0.237 1997 average maternal age: 31 yr
20 0.212 1998 average maternal age: 30 yr
20 0.234 1999 average maternal age: 31 yr
20 0.213 2000 average maternal age: 30 yr
20 0.198 2001 average maternal age: 30 yr
20 0.210 2002 average maternal age: 30 yr
15 0.179 2003 average maternal age: 31 yr
20 0.188 2004 average maternal age: 30 yr
20 0.122 2007 average maternal age: 27 yr
18 0.075 2008 average maternal age: 28 yr
breast milk 12 0.06-0.47 0.201 £0.117 2004 HPLC Swedish women 22-33 yr Karrman et al.
(mean); 0.166 (2007)
(median)
Uppsala serum 12 8.2-48 20.7 £ 10.5 (mean); 2004 HPLC-MS/MS  MDL=0.2 ng/mL Kéarrman et al.
(maternal) 18.7 (median) (2007)
Japan
Serum 15 1.6-5.3 8.9 maternal serum; 2003 LC-MS Inoue et al.
(umbilical) 2.9 cord blood 2004 cited in
ATSDR 2015
Serum 15 4.9-17.6 8.4 89+32 2003 LC-MS maternal blood collected from
(maternal) gestation weeks 38—41
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Geometric

Analytical

Location Body fluid n Range Mean * SD Year Comments Reference
mean method
China
Zhoushan breast milk 19 0.045-0.36 2004 HPLC-MS/MS  average maternal age: 25.8 So et al.
yr (2006) cited in
ATSDR 2015
95% CI = 95% confidence interval IQR = interquartile range NHANES = National Health and Nutrition
CHMS = Canadian Health Measure Survey LC = liquid chromatography Examination Survey
DL = detection limit LLOQ = lower limit of quantification SD = standard deviation
ES = electrospray LOD = limit of detection SE = standard error of the mean
ESI = electrospray ionization LOQ = limit of quantification SPE = solid-phase extraction
GC = gas chromatography MDL = method detection limit UPLC = ultra-performance liquid
HPLC = high-performance liquid MS = mass spectrometry chromatography
chromatography ND = not detected
Human tissue
Location Tissue n Geometric Mean * SD Year Analytical method = Comments Reference
mean ng/g
United liver 30 15.3; 95% 18.8; 95% CI: - HPLC-ES-MS/MS deceased donors; 15 <LOQ; 1/2 LOQ Olsen (2003c)
States Cl: 13.0- 11.9-19.6 used for statistics when <LOQ
225
Spain liver 12 22.3 26.6 ww + 14.4 2008 UPLC-ES-MS/MS 6 males & 6 females, 27-79 yr old Karrman et al.
(2010)

95% CI = 95% confidence interval

ES = electrospray

HPLC = high-performance liquid chromatography
LOQ = limit of quantification

MS = mass spectrometry

SD = standard deviation

UPLC = ultra-performance liquid chromatography
ww = wet weight
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APPENDIX B. LITERATURE SEARCH STRATEGY FOR PERFLUOROOCTANE
SULFONATE SOIL TOXICITY DATA

A search for relevant terrestrial and wildlife ecotoxicity data for perfluorooctane sulfonate (PFOS)
was performed in February of 2012 following a tiered approach. First, terrestrial data from
Environment Canada’s final screening assessment report (EC 2006a) and its supporting document
(EC 2006b), the UK Environment Agency’s environmental risk evaluation report for PFOS
(Brooke et al. 2004) and the UK Environment Agency report on PFOS (UK Environment Agency
2009) were collated. Further data were sought from the open literature from 2004 to 2012 using
the resources described below (the starting point was before the last date of literature consulted for
the screening assessment report, and was the last date of the literature search for the UK
Environment Agency report).

Published literature data were also obtained from searches on the following databases: Scopus,
Elton Bryson Stephens Company and US EPA EcoSSL (see US EPA n.d.).

Each database was searched with keywords related to PFOS and terrestrial ecotoxicity and
secondary poisoning. Abstracts of articles were screened for potentially relevant articles. Full

details of the search terms are found below.

All relevant studies were evaluated for acceptability for use by applying principles in CCME
(2006). Any relevant references cited in the studies above were also obtained and examined.

Table B-1. Search terms used for literature searching

Chemical keywords perfluorooctane sulphonate, perfluorooctane sulfonate, PFOS

Terrestrial ecotoxicity toxicity or terrestrial or soil or earthworm or worm or invertebrate or insect
keywords or arthropod or plant

Secondary poisoning Mammal or avian or bird or rat or mouse or dog or monkey or duck or
keywords mallard or bobwhite or quail or wildlife or livestock
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APPENDIX C. SOIL-WATER AND SEDIMENT-WATER PARTITION COEFFICIENTS

FOR PFOS
Soil type/soil source Aqueous Soil-water Organic Log Organic pH Reference
concentration partition carbon- Koc carbon
of PFOS coefficient water fraction, foc
Ka (L/kg) partition (%)
coefficient,
Koc (L/kg)
Jyndevad, Denmark: 0.2-1.0pg/L 15 1,500 3.18 1 6.1 Enevoldsen &
soil, agricultural Juhler (2010)
topsaoil, A horizon,
sandy soil
Sj. Odde, Denmark: 0.2-1.0 pg/L 17 4,048 3.61 0.425 7.6 Enevoldsen &
soil, agricultural soil, A Juhler (2010)
horizon, clayey soil
Minnesota aquifer 1,000 pg/L 1.23 3,514 3.55 0.035 7.2 Ferrey et al.
material from landfill (2012)
Minnesota aquifer 1,000 pg/L 0.08 229 2.36 0.035 8.1-8.8 Ferrey et al.
material from landfill at (2012)
end of 740 d study
Clay 500 pg/L 18.3 704 2.85 2.6 7.2 3M (2001)
Clay loam 500 pg/L 9.72 374 2.57 26 6 3M (2001)
Sandy loam 500 pg/L 35.3 1,260 3.10 2.8 7.8 3M (2001)
Clay 1,000 pg/L 18.3 610 2.8 3.0 NA Johnson et al.
approx. (2007)
Clay loam 1,000 pg/L 9.72 324 2.6 3.0 NA Johnson et al.
approx. (2007)
Sandy loam 1,000 pg/L 35.3 1,177 3.1 0.0 NA Johnson et al.
approx. (2007)
Ottawa sand 1,000 pg/L 2.81 NA NA 0.0 NA Johnson et al.
approx. (2007)
High-iron sand 1,000 pg/L 8.9 NA NA 3.0 NA Johnson et al.
approx. (2007)
Kaolinite clay NA 5.31 265.5 2.4 0.02-0.03 NA Johnson et al.
(2007)
River sediment 500 pg/L 7.42 571 2.76 1.3 7.7 3M (2001)
Marine sediment, S1, 10 pg/L 38.0 2,659 3.42 1.43 7.1-7.6 Chen et al.
Dalian coastal area, (2012a)
China
Marine sediment, S2, 10 pg/L 25.7 2,596 3.41 0.99 7.1-7.6 Chen et al.
Dalian coastal area, (2012a)
China
Marine sediment, S3, 10 ug/L 25.1 3,101 3.49 0.81 7.1-7.6 Chen et al.
Dalian coastal area, (2012a)
China
Marine sediment, S4, 10 pg/L 20.0 2,660 3.42 0.75 71-7.6 Chen et al.
Dalian coastal area, (2012a)

China
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Soil type/soil source Aqueous Soil-water Organic Log Organic pH Reference

concentration partition carbon- Koc carbon

of PFOS coefficient water fraction, foc

Ka (L/kg) partition (%)
coefficient,
Koc (L/kg)
Marine sediment, S5, 10 pg/L 15.8 3,774 3.58 0.42 7.1-7.6 Chen et al.
Dalian coastal area, (2012a)
China
Soil from paddy field, 5 ug/L 12.3 1,349 3.13 0.91 NA Chen et al.
Panijin, China (2009)
5 freshwater sediments | 0.5-100 pg/L 16 372 2.57 4.3 average | 5.7-7.5 Higgins & Luthy
(rivers, lakes), USA (2006)
Sandy river sediment, Up to 300 1.5 5,012 3.7 0.03 8-8.3 Ahrens et al.
Kogaigawa, Japan pmoles/L (2011)
Muddy river sediment, Up to 300 50.6 3,162 3.5 1.6 8-8.3 Ahrens et al.
Sakuragawa, Japan pmoles/L (2011)
Muddy marine Up to 300 27.6 2,512 3.4 1.1 8-8.3 Ahrens et al.
sediment, Tokyo Bay, pmoles/L (2011)
Japan
Marine sediment NA 126 6,310 3.8 1.5-1.7 8-8.3 Ahrens et al.
cores, Tokyo Bay, (2010)
Japan
19 sediment samples, 0.0047-0.32 224 1,445 3.16 NA NA Kwadjik et al.
rivers, lakes & canals, pg/L (2010)
The Netherlands
Sediment, Orge River, 0.0174 ug/L 251 5,012 3.7 NA NA Labadie &
France (near Paris) Chevreuil
(2011)

Lake Michigan 1,000 pg/L 7.52 376 2.4 0.00 NA. Johnson et al.
sediment approx. (2007)
River sediment 1,000 pg/L 7.42 NA 28 NA NA Johnson et al.

approx. (2007)
Goethite (iron 1,000 pg/L 7.88 NA NA NA Johnson et al.
oxyhydroxide) approx. (2007)
Minimum to maximum 0.08-251 229-6,310 2.36—

3.8

Geometric mean 13.58 1,378 3.09
Median 15.99 1,445 3.16
Average (arithmetic 34.70 2,112 3.32
mean)
n= 30 26 27

Source: Franz (2012, 2014).

NA = not available; cells with NA were not included in the calculation of GM, median & average K.
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APPENDIX D. BIOCONCENTRATION OF PFOS IN PLANTS

Soil-plant BCFs for PFOS in three crops (from Lechner and Knapp 2011)

Plant Concen | Concentration of PFOS in BCF ((mg PFOS/kg plant | Harvest index Weighted | Average Average
tration plant (mg/kg) material)/(mg PFOS/kg (Proportion of plant BCF weighted weighted
of PFOS dw soil)) compartment relative to based on BCF for BCF for
in soil whole harvest weight)? harvest plant plant
(mg/kg index species species
soil) (dry/dry) (US

EPA 1993)°
peeled peel shoot peeled peel shoot peeled peel shoot
edible edible edible
parts parts parts

Cucumber 0.010 0.000075 | NA 0.0012 | 0.008 NA 0.120 0.449 NA 0.551 0.07 0.088 0.59

(Cucumis

sativus var. 0.556 0.0013 NA 0.119 0.002 NA 0.214 0.482 NA 0.518 0.11

Pepinova)

Potato 0.015 0.000075 | 0.0002 | 0.0041 | 0.005 0.013 | 0.273 0.589 0.091 0.32 0.09 0.12 0.82

(Solanum

tuberosum) 0.317 0.0007 0.015 0.141 0.002 0.047 | 0.445 0.556 0.083 0.361 0.17

Carrot 0.010 0.0005 0.0003 | 0.0032 | 0.050 0.030 | 0.320 0.436 0.144 0.420 0.16 0.19 1.24

(Daucus

carota subsp.

Sativus var. 0.458 0.0184 0.0164 | 0.195 0.040 0.036 | 0.426 0.391 0.150 0.459 0.22

Flyaway)

NA = not analyzed
2 Harvest indices for cucumber, potato and carrot are based on data provided by Lechner and Knapp (2011).
® Conversion to dw basis = (ww plant/dw soil) x 6.67, following US EPA (1993).
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Soil-plant BCFs for PFOS in 3 plant species grown in sludge-amended soil (from
Yoo et al. 2011)

Plant Concentration in soil Concentration in plant Calculated soil-plant
(ng/g dry soil) (ng/g dry plant) BCF
(dry/dry basis)
Tall fescue (Festuca 35 1.2 0.034
arundinacea)
Tall fescue 158 20.4 0.129
Tall fescue 203 131 0.065
Tall fescue (GM) 0.066
Bermuda grass 118 41 0.035
(Cynodon dactylon)
Kentucky bluegrass 203 16.8 0.083
(Poa pratensis)

Note: No harvest index was applied to these plant species, since Yoo et a/ (2011) did not report relative accumulation
in grain and straw separately.

Soil to plant BCFs for PFOS in five crops (from Stahl et al. 2009)

Concentration of PFOS | - 1 10 25 50 Average BCF
in soil (mg/kg soil)
BCF
(mg/kg plant dw/mg/kg soil)?
Ryegrass
(Lolium istcutting | 0.044 | 0119 | 0.0759 | 0.161 0.234
perenne)
: 0.538be

2 cutting | 0.188 | 0.200 | 0.653 0.827 0.601

39cutting | -0.076 | 0.032 | 0.256 0.408 0.364

4fcutting | —0.008 | 0.380 | 4.19 1.56 0.558
Wheat
(Triticum Straw 0120 | 0250 | 0.993 0.863 1.54 075
Spp.)

grain 0.000 | 0000 | 0.002 0.002 0.007 0.0002
Oat (Avena | 0.040 | 0104 | 0265 0.762 0.827 0.40
sativa)

grain 0.000 | 0015 | 0012 0.004 0.002 0.007
Maize (Zea | o 0120 | 0.101 0.206 0.202 0.158 0.157
mays)

car 0.002 | 0.003 | 0.004 0.008 0.006 0.005
Potato
(Solanum | tuber 0.000 | 0000 | 00006 | 00006 | 0.0007 0.0004
tuberosum)

peels 0.0180 | 0.012 | 0.0085 | 0.0068 | 0118 0.015
Average BCF by test 0.04 0.10 0.56 0.40 0.37 0.293
concentration

2 Study provided concentration of PFOS in plants on dry weight basis for maize, oat, wheat and ryegrass and on wet
weight basis for potato.
®GM of all the average values for each cutting.
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¢ When the BCF value (4.19) for ryegrass (4th cutting at 10 mg PFOS/kg soil) is considered an outlier and removed
from the calculations, then the BCF for ryegrass would range from negligible to 1.56; the average BCF for the 4th
cutting of ryegrass would be 0.246, and the overall grand mean BCF for ryegrass would be 0.285. Since the BCF
for ryegrass would continue to lie within the range for the other crops, the values derived from the full data set were

maintained.

Soil to plant BCFs for PFOS in seven crops (from Brignole et al. 2003 in Beach et

al. 2006).
Plant Tissue Soil PFOS concentration BCF (dry plant/dry soil basis)

(mg/kg dw)

3.6 111 50.8 278 Range Average BCF
across available
test concentrations

Onion (Allium cepa) | vegetative NR 0.95 NR NR 0.95 0.95
(67 days) fruit 0.87 |20 NR NR | 0.87-2.0 1.44
average 1.20
Ryegrass (Lolium vegetative 23 2.8 0.96 0.24 0.24-2.8 1.58
perenne) (205
days)
Alfalfa (Medicago vegetative 1.7 0.38 0.22 0.06 0.06-1.7 0.59
sativa) (141 days)
Flax (Linum vegetative 1.4 1.69 1.1 NR 1.1-1.69 1.40
usitatissimum) (94 it 0.06 | 0.12 | 0.05 NR | 0.05-0.12 0.077
days) average 0.74
Lettuce (Lactuca vegetative 24 0.95 0.83 NR 0.83-2.4 1.39
sativa) (67 days)
Soybean (Glycine vegetative 4.3 3.2 1.2 0.41 0.41-4.3 2.28
max) (67 days)
fruit 0.39 | 0.08 0.02 0.01 0.01-0.39 0.13
average 1.20
Tomato vegetative NR 3.05 0.99 NR 0.99-3.05 2.02
(Lycopersicon fruit NR | 0.09 | 0.04 NR | 0.04-0.09 0.065
esculentum) (94
average 1.06
days)

NR = not reported
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APPENDIX E. TOXICITY DATA OF PFOS TO TERRESTRIAL PLANTS AND INVERTEBRATES
ACCEPTABLE/SELECTED FOR USE FOR SOIL QUALITY GUIDELINE DERIVATION
Effect Effect Soil OM
Organism Effect Endpoint magnitude concentration Soil pH % Test substrate Reference
(%) (mglkg)
Lettuce growth (plant height, 21 LOEC 23 3.91 7.79 210 artificial soil (sand 49%, Brignole et al.
(Lactuca days) silt 30%, clay 21%) (2003)
sativa)
growth (shoot weight) LOEC 35 3.91
growth (plant height, 21 ICa2s 25 6.79
days)
growth (shoot weight, IC25 25 8.92
21 days)
growth (shoot weight, 21 ICso 50 20.1
days)
growth (plant height, 21 ICso 50 39.9
days)
mortality (21 days) NOEC 62.5
emergence (21 days) NOEC 250
mortality (21 days) LOEC 23 250
LCazs 25 257
LCso 50 386
emergence (21 days) EC2s 25 393
ECso 50 564
LOEC 86 1,000
Alfalfa growth (shoot weight, IC2s 25 53.3 7.79 2.10 artificial soil (sand 49%, Brignole et al.
(Medicago 21 days) silt 30%, clay 21%) (2003)
sativa)
growth (plant height, 21 NOEC 6 62.5
days)
growth (shoot weight, 21 NOEC 11 62.5

days)
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Effect Effect Soil OM
Organism Effect Endpoint magnitude concentration Soil pH % Test substrate Reference
(%) (mg/kg) ’

mortality (21 days) NOEC 9 62.5

growth (plant height, 21 IC2s 25 102

days)

growth (shoot weight, 21 ICso 50 146

days)

growth (plant height, 21 ICso 50 249

days)

emergence (21 days) NOEC 19 250

mortality (21 days) LOEC 29 250

growth (plant height, 21 LOEC 57 250

days)

growth (shoot weight, 21 LOEC 78 250

days)

mortality (21 days) LC25 25 251

emergence (21 days) EC25 25 372

mortality (21 days) LC50 50 452

emergence (21 days) EC50 50 745

emergence (21 days) LOEC 64 1,000
Flax (Linum growth (plant height, 21 NOEC 8 62.5 7.79 2.10 artificial soil (sand 49%, Brignole et al.
usitatissimum)  days) silt 30%, clay 21%) (2003)

growth (shoot weight, 21 NOEC 18 62.5

days)

Emergence NOEC 0 62.5

mortality of emerged NOEC -17 62.5

seedlings (21 days)

growth (shoot weight, IC25 25 81.6

21 days)

growth (plant height, 21 IC2s 25 97.6

days)
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Effect Effect Soil OM
Organism Effect Endpoint magnitude concentration Soil pH % Test substrate Reference
(%) (mglkg)

growth (shoot weight, 21 ICso 50 119

days)

growth (plant height, 21 ICso 50 140

days)

growth (plant height, 21 LOEC 86 250

days)

growth (shoot weight, 21 LOEC 9 250

days)

mortality of emerged LOEC 45 250

seedlings (21 days)

mortality of emerged LCazs 25 251

seedlings (21 days)

mortality of emerged LCso 50 452

seedlings (21 days)

Emergence LOEC 100 1,000
Onion (Allium growth (shoot weight, 21 NOEC 15 3.91 7.79 2.10 artificial soil (sand 49%, Brignole et al.,
cepa) days) silt 30%, clay 21%) (2003)

shoot weight (21 days) IC2s 25 12.9

growth (shoot weight, 21 LOEC 31 15.6

days)

growth (plant height, 21 NOEC 10 15.6

days)

mortality (21 days) NOEC 6 15.6

growth (shoot weight, 21 ICso 50 28.1

days)

growth (plant height, 21  IC2s 25 291

days)

growth (plant height, 21 ICs0 50 46.5

days)

mortality of emerged LCas 471

seedlings (21 days)
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Effect Effect Soil OM
Organism Effect Endpoint magnitude concentration Soil pH % Test substrate Reference
(%) (mglkg)

emergence (21 days) EC2s 25 50.8

mortality (21 days) LCso 50 57.3

mortality (21 days) LOEC 62 62.5

growth (plant height, 21 LOEC 68 62.5

days)

emergence (21 days) NOEC 19 62.5

ECso 50 208
LOEC 53 250

Ryegrass growth (plant height, 21 NOEC 9 3.91 7.79 2.10 artificial soil (sand 49%, Brignole et al.
(Lolium days) silt 30%, clay 21%) (2003)
perenne)

growth (shoot weight, 21 NOEC 12 3.91

days)

shoot weight (21 days) IC25 25 7.51

growth (plant height, 21 LOEC 19 15.6

days)

growth (shoot weight, 21 LOEC 39 15.6

days)

growth (plant height, 21 IC2s 25 46.3

days)

shoot weight (21 days) ICso 50 53.8

emergence (21 days) NOEC -6 62.5

mortality of emerged NOEC -3 62.5

seedlings (21 days)

growth (plant height, 21 ICso 50 131

days)

mortality of emerged LCazs 25 174

seedlings (21 days)

emergence (21 days) EC2s 25 203
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Effect Effect Soil OM
Organism Effect Endpoint magnitude concentration Soil pH % Test substrate Reference
(%) (mglkg)

emergence (21 days) LOEC 28 250

mortality (21 days) LOEC 34 250

mortality of emerged LCso 50 310

seedlings (21 days)

emergence (21 days) ECso 50 344
Soybean growth (plant height, 21 NOEC -8 65.5 7.79 2.10 artificial soil (sand 49%, Brignole et al.
(Glycine max)  days) silt 30%, clay 21%) (2003)

growth (shoot weight, 21 NOEC -10 62.5

days)

growth (shoot weight, IC 25 160

21 days)

growth (plant height, 21 LOEC 21 250

days)

growth (shoot weight, 21 LOEC 43 250

days)

growth (plant height, 21  IC2s 25 284

days)

growth (shoot weight, 21 ICso 50 326

days)

growth (plant height, 21 ICs0 50 464

days)

emergence (21 days) NOEC 1,000

mortality (21 days) NOEC 1,000
Tomato growth (shoot weight, IC25 25 1.7 7.79 210 artificial soil (sand 49%, Brignole et al.
(Lycopersicon 21 days) silt 30%, clay 21%) (2003)
esculentum)

growth (plant height, 21 NOEC 9 15.6

days)

growth (shoot weight, 21 NOEC 19 15.6

days)
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Effect

Effect

Organism Effect Endpoint magnitude concentration Soil pH 30" oM Test substrate Reference
(%) (mg/kg) ’
mortality (21 days) NOEC 14 15.6
growth (plant height, 21 IC2s 25 221
days)
growth (shoot weight, 21 ICso 50 28.5
days)
mortality (21 days) LOEC 27 62.5
growth (plant height, 21 LOEC 50 62.5
days)
growth (shoot weight, 21 LOEC 79 62.5
days)
mortality (21 days) LCas 25 68.7
growth (plant height, 21 ICso 50 93.9
days)
mortality (21 days) LCso 50 105
emergence (21 days) NOEC 22 250
emergence (21 days) EC2s 25 311
emergence (21 days) ECso 50 474
Emergence (21 days) LOEC 89 1,000
Pak choi growth (root elongation, IC10 10 40 4.73 0.50 Jiangxi soil (sand Zhao et al.
(Brassica 7 days) 53.85%, silt 18.04%, (2011)
chinensis) clay 8.12%)
NOEC NR 50
ICs0 50 95
growth (root elongation, NOEC NR 50 5.43 0.70 Hainan soil (sand
7 days) 38.2%, silt 26.9%, clay
34.9%)
IC10 10 58
ICs0 50 107
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Effect

Effect

Organism Effect Endpoint magnitude concentration Soil pH OSA)OII oM Test substrate Reference
(%) (mg/kg)
growth (root elongation, NOEC NR 50 6.60 0.97 Jiangsu soil (sand
7 days) 57.4%, silt 28%, clay
14.6%)
IC10 10 72
ICso 50 122
growth (root elongation, IC10 10 83 7.69 1.05 Sichuan soil (sand
7 days) 47.6%, silt 37.4%, clay
14.9%)
NOEC NR 100
ICs0 50 119
growth (root elongation, IC10 10 90 7.40 2.00 Liaoning soil (sand
7 days) 61.4%, silt 25.0%, clay
13.6%)
NOEC NR 150
ICso 50 178
Earthworm number of cocoons (28 NOEC NR 40 55-6.5 10 artificial soil (sand 70%, Stubberud
(Eisenia days) silt 10%, clay 20%) (2006)
fetida)
IC10 10 43
IC2s 25 67
LOEC NR 80
ICs0 50 103
NOEC NR 40
NOEC NR 10
average weight per
juvenile (56 days)
IC2s 25 12
LOEC NR 20
ICs0 50 131
ICa2s 25 <10
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Effect

Effect

Organism Effect Endpoint magnitude concentration Soil pH OSA)OII oM Test substrate Reference
(%) (mglkg)
total weight of
juveniles (56 days)
NOEC NR 20
ICso 50 29
LOEC NR 40
IC10 10 25
number of juveniles (56
days)
NOEC NR 40
IC2s 25 48
ICs0 50 80
LOEC NR 80
Earthworm mortality (7 days) NOEC NR 160 6.26— 10 artificial soil (sand 70%, Joung et al.
(Eisenia 6.41 silt 10%, clay 20%) (2010)
fetida)
mortality (14 days) LC2o 20 256
mortality (14 days) LCso 50 365.4
mortality (7 days) LCso 50 405.3
body weight (14 days) NOEC NR 410
Earthworm growth (14 days) NOEC 7.5 289 6.00 NR artificial soil (sand 70%, Sindermann et
(Eisenia silt 10%, clay 20%) al. (2002)
fetida)
mortality (14 days) LCso 7.5 373 6.00
Earthworm mortality (14 days) LCso 50 5421 6.50 natural soil (sand Xu et al.
(Eisenia 31.3%, silt 46.3%, clay  (2011)
fetida) 22.4%)
mortality (14 days) LCso 50 955.3 artificial soil (sand 70%,
silt 10%, clay 20%)
Earthworm mortality (14 days) LCso 50 515.4 6-6.5 various various Joung et al.
(Eisenia (2010),
fetida) Sindermann et
al. (2002) &
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Effect Effect Soil OM
Organism Effect Endpoint magnitude concentration Soil pH % Test substrate Reference
(%) (mg/kg)
Xu et al.
(2011)

Springtail number of live IC2s 25 61 (41-91) 6 26 coarse soil (sand EC (2015)
(Folsomia juveniles produced (28 75.2%, silt 16.2%, clay
candida) days) 8.6%)
Springtail number of live juveniles ICs0 50 78 (59-103) 6 26 coarse soil (sand EC (2015)
(Folsomia produced (28 days) 75.2%, silt 16.2%, clay
candida) 8.6%)
Springtail number of live IC25 25 177 (114-275) 6.8 15.2 fine soil (sand 36.1%, EC (2015)
(Folsomia juveniles produced (28 silt 28.3%, clay 31.9%)
candida) days)
Springtail number of live juveniles ICs0 50 227 (168-307) 6.8 15.2 fine soil (sand 36.1%, EC (2015)
(Folsomia produced (28 days) silt 28.3%, clay 31.9%)
candida)
Springtail mortality (28 day) LCso 50 111 (87-142) 6 26 coarse soil (sand EC (2015)
(Folsomia 75.2%, silt 16.2%, clay
candida) 8.6%)
Springtail mortality (28 day) LCso 50 >350 6.8 15.2 fine soil (sand 36.1%, EC (2015)
(Folsomia silt 28.3%, clay 31.9%)
candida)
Mite (Oppia number of live IC25 25 13 (8-21) 6 2.6 coarse soil (sand EC (2015)
nitens) juveniles produced (28 75.2%, silt 16.2%, clay

days) 8.6%)
Mite (Oppia number of live juveniles ICs0 50 23(18-31) 6 26 coarse soil (sand EC (2015)
nitens) produced (28 days) 75.2%, silt 16.2%, clay

8.6%)

Mite (Oppia number of live IC2s 25 33(19-59) 6.8 15.2 fine soil (sand 36.1%, EC (2015)
nitens) juveniles produced (28 silt 28.3%, clay 31.9%)

days)
Mite (Oppia number of live juveniles ICs0 50 96 (66—139) 6.8 15.2 fine soil (sand 36.1%, EC (2015)
nitens) produced (28 days) silt 28.3%, clay 31.9%)
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Effect Effect Soil OM
Organism Effect Endpoint magnitude concentration Soil pH % Test substrate Reference

(%) (mg/kg)
Mite (Oppia mortality (28 day) LCso 50 63 (57_—70) 6 26 coarse soil (sand EC (2015)
nitens) 75.2%, silt 16.2%, clay

8.6%)

Mite (Oppia mortality (28 day) LCso 50 >180 6.8 15.2 fine soil (sand 36.1%, EC (2015)
nitens) silt 28.3%, clay 31.9%)

Note: Values highlighted in bold indicate ECss, IC»s or LCy values used in the species sensitivity distribution used to calculate the TEC and the ECL.

OM = organic matter
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APPENDIX F. TOXICITY DATA OF PFOS TO TERRESTRIAL PLANTS AND INVERTEBRATES CONSULTED BUT

NOT USED FOR SOIL QUALITY GUIDELINE DERIVATION

juveniles (56
days)

Effect
concentration Soil
Organism Effect Endpoint (mg/kg, unless  Soil pH OM Test substrate Comments Reference
otherwise (%)
stated)
Lettuce height (21 days) NOEC <3.91 7.2 2.1 Artificial soil: No numeric NOEC value. Brignole et al.
(Lactuca shoot weight (21 NOEC <3.91 sand 49%, silt Protocol advises not to use  (2003)
sativa) days) 30%, clay 21% <X for NOEC. LOEC was
lowest concentration
tested.
Flax (Linum emergence (21 EC2s 372 No or poor dose-response
usitatissimum) days) relationship.
ECso 745 No or poor dose-response
relationship.
Soybean emergence NOEC >1,000 No effect at max test
(Glycine max) concentration, therefore no
corresponding LOEC.
Protocol guidance is to use
paired NOEC/LOEC,
therefore not considered
acceptable for guideline
derivation.
Pak choi root elongation (7 NOEC 150 Soll 80% organic matter in soil;  Zhao et al. (2011)
(Brassica days) (Heilongjiang) not considered acceptable
chinensis) IC10 115 55-6.5 10 for generic guideline
ICs0 >200 derivation.
Earthworm average weight IC10 0.9 Artificial soil: Authors recommended not ~ Stubberud (2006)
(Eisenia fetida)  per juvenile (56 70% sand, 20%  using EC10, as was
days) clay, 10% OM extrapolated beyond tested
total weight of IC10 4 range.
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Effect

concentration Soil
Organism Effect Endpoint (mg/kg, unless  Soil pH OM Test substrate Comments Reference
otherwise (%)
stated)
Earthworm mortality (14 NOEC 77 Artificial soil Study implied measured Sindermann et al.
(Eisenia fetida)  days) effect on burrowing (2003)
behaviour, clinical signs of
toxicity & body weight, but
only reported burrowing
that was not considered an
acceptable endpoint.
LOEC 141 6.2-6.4 Reported lethality LOEC =
141 mg/kg (7.5%
mortality), but tables show
body weight LOEC = 488
mg/kg (75% mortality),
which was considered too
high for a LOEC.
Earthworm mortality (7 days) NOEC 160 artificial soil The NOEC from the longer  Joung et al.
(Eisenia fetida) (14 days) NOEC 160 10% OM, 10% exposure study (14-day) (2010)
clay, 70% sand was used.
Earthworm effect not NOEC 289 Artificial soil Effect was not reported. 3M (2002), cited
(Eisenia fetida)  reported (7 days) in Brooke et al.
mortality (14 LCso 398 (2004)
days)
Non-soil test substrate
Lettuce root length (120 IC10 24 mg/L filter paper Li (2008)
(Lactuca hours)
sativa) ICso 99
NOEC 50
seed germination  ICso >200
(120 hours)
NOEC >200
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Effect
concentration Soil

Organism Effect Endpoint (mg/kg, unless  Soil pH OM Test substrate Comments Reference
otherwise (%)
stated)
Pak choi root length (120 IC10 71 mg/L filter paper
(Brassica rapa hours)
chinensis) ICs0 130
NOEC 50
seed germination  LCso >200
(120 hours)
LOEC >200
Cucumber root length (120 IC10 not calculated filter paper
(Cucumis hours)
sativus)
ECso >200 mg/L
NOEC >200
seed germination  LCso >200
(120 hours)
NOEC >200
Wheat decreased total NOEC 10 mg/L solution Qu et al. (2010)
(Triticum chlorophyll
aestivum L.) concentration (7
days)
ECso 100
decreased NOEC 10
protein content in
leaf (7 days)
EC20 100
NOEC 100
EC20 200
root length (7 NOEC 10
days)
ECis 200
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Effect
concentration Soil

Organism Effect Endpoint (mg/kg, unless  Soil pH OM Test substrate Comments Reference
otherwise (%)
stated)
dry weight root (7 NOEC 10
days)
EC1s 200
Earthworm (not  mortality (14 LCso 13.64 pL/cm2 filter paper Xu et al. (2011)
specified) days)
Nematode fecundity & ECso 10 pM—100 nM agar nematode No dose-response Tominaga et al.
(Caenorhabditi  reproduction range growth medium relationship. (2004)
s elegans)
Fruit fly number of ICs0 5 ng/mL sugar water Van Gossum et
(Drosophila offspring (4 days) al. (2010)
hydei)
IC100 5,000
Bumblebee mortality (14 LC1o00 5 mg/L sugar water Mommaerts et al.
(Bombus days) (2011)
terrestris L.) LCso 2
mortality (11 LCso 1.01
weeks)
ovary length (11 ICs0 1
weeks)
egg degeneration  [C1o0 1
(11 weeks)
accumulation in accumulati 100 2,184 ng/g accumulated in
body (5 weeks) onin worker bee (BAF = 27.9)
worker
bees
decreased ICa2s 1

mitochondrial
electron transport
activity (5 weeks)
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Effect

concentration Soil
Organism Effect Endpoint (mg/kg, unless  Soil pH OM Test substrate Comments Reference
otherwise (%)
stated)
Honey bee mortality (72 LDso 0.4 yg/bee oral test, not soil OECD (2002)
(Apis mellifera)  hours)
effect not NOEC 0.21
reported (72
hours)
mortality (96 LDso 4.78 contact test
hours)
effect not NOEL 1.93
reported (96
hours)

OM = organic matter
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APPENDIX G. ACCEPTABLE/SELECTED MAMMALIAN AND AVIAN TOXICITY DATA FOR PFOS

Organism Effect Exposure Exposure | Endpoint Concentration or Ranking Reference
duration route dose
Rat (Sprague development toxicity gavage NOAEL 1 mg/kg/day diet selected OECD
Dawley) maternal toxicity considered to be GD 6-15 gavage NOAEL 1 mg/kg/day diet selected (2002)
treatment-related, consisted of hunched
posture, anorexia, bloody vaginal
discharge, uterine stains, alopecia, rough
haircoat
maternal toxicity-reduced body weight GD 6-15 gavage NOAEL 5 mg/kg/day diet selected
eye abnormalities, development toxicity gavage LOAEL 1 mg/kg/day diet selected
decreased maternal body weight, food gavage LOAEL 5 mg/kg/day diet selected
consumption, uterine weight & increased
gastrointestinal lesions, decreased fetal
weight
decreased fetal body weight, increased gavage LOAEL 5 mg/kg/day diet selected
external & visceral anomalies &
variations, development toxicity
mean body weight reduced, maternal gavage LOAEL 10 mg/kg/day diet selected
body weight
maternal toxicity (FO) 6 weeks; prior to | gavage NOAEL 0.1 mg/kg/day feed | selected
& during mating
development toxicity (F1) gavage NOAEL 0.1 mg/kg/day feed | selected
F1 generation offspring gavage NOAEL 0.1 mg/kg/day feed | selected
developmental toxicity (F2) 9.5 weeks for gavage NOAEL 0.1 mg/kg/day feed | selected
F1
reduced body weight & food gavage LOAEL 04o0r1.6 selected
consumption, maternal toxicity (FO) mg/kg/day feed
reduction in implantation sites, litter size, gavage LOAEL 1.6 mg/kg/day feed | selected
pup viability, growth & survival (F1); 26%
of pups found dead
reductions in pup growth &statistically gavage LOAEL 0.4 mg/kg/day feed | selected OECD
significant mean pup weights, (2002)

development toxicity (F2)
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Organism Effect Exposure Exposure | Endpoint Concentration or Ranking Reference
duration route dose
(Christian et
al. 1999)
loss of mean body weight in females at 28 days gavage NOAEL 1.25 mg/kg/day selected Kim et al.
10 mg/kg PFOS; greater relative liver (2011a)
weight when compared to control
reduced body weight in females; relative 28 days gavage LOAEL 10 mg/kg/day selected
liver weight much higher for 10 mg/kg
than the control
Rat (CD) reduced liver weight 90 days diet LOAEL 2 mg/kg/day diet selected OECD
decreased body weight 90 days diet ECs 2 mg/kg/day (mean | selected (2002)
body weight
reduced by 8.7 &
8%)
mortality 90 days diet LC1o00 18 mg/kg/day selected
Rat (male increased liver weight; increased relative 13 weeks; diet: ad LOAEL 32 mg/kg diet selected Kawamoto et
Wistar) brain weight; decreased food effects seen at 2 | libitum al. (2011)
consumption & body weight weeks
reduced pup body weight (2nd-generation gavage NOAEL 1 mg/kg/day selected Seed (2000)
offspring) LOAEL 0.4 mg/kg/day
Rat? anatomic pathology findings in the 104 weeks diet LOAEL 2 ppm (0.1086 selected Covance
liver mg/kg bw/day. Labs Inc.
(hepatocellular degeneration) Based on mean (2002);
achieved dose Thomford
level for M & F at 2 (2000)

ppm diet). Used to
calculate TDI for
federal wildlife
diet guideline to
protect mammals.
Range of mean
achieved doses:
M: 0.064-0.226; F:
0.073-0.213
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Organism Effect Exposure Exposure | Endpoint Concentration or Ranking Reference
duration route dose
Mice (Adult decreased uterus weight 28 days oral 5 mg/kg dose selected Fair et al.
female B6C3F1) (2011)
White rabbits maternal toxicity GD 7-20 gavage NOAEL 0.1 mg/kg/day diet selected OECD
(New Zealand; development toxicity gavage NOAEL 1 mg/kg/day diet selected (2002)
Oryctolagus abortions & decreased body weight gains gavage LOAEL 1 mg/kg/day diet selected
cuniculus) & food consumption, maternal body
weight, maternal toxicity
decreased fetal body weight & increased gavage LOAEL 2.5 mg/kg/day diet selected
fetal alterations, development toxicity
Mallard duck body weight 21 weeks diet NOAEL 10 mg/kg feed selected Newsted et
(Anas body weight, reproduction 21 weeks diet LOAEL 50 mg/kg feed selected al. (2005)
platyrhynchos) signs of toxicity (one hen), body weight 6 weeks diet NOEC 6.2 mg/kg ww diet, selected Gallagher et
(male & females), histopathology in feed al. (2003b)
(testicular regression, adipose tissue
microvesiculation for adult males)
mortality (adult) 20 weeks diet NOAEC 7.6 mg/kg a.i. — selected
ww diet, in feed
body weight (adult female) 20 weeks diet NOAEC 217.6 mg/kg a.i. — selected
ww diet, in feed
reproduction (adult) 20 weeks diet NOAEC 217.6 mg/kg a.i. — selected
ww diet, in feed
14-day survivability (offspring) 20 weeks diet NOAEC 217.6 mg/kg a.i. — selected
(parent) ww diet, in feed
hatchling/juvenile body weight (offspring) | 20 weeks diet NOAEC 217.6 mg/kg a.i. — selected
(parent) ww diet, in feed
body weight 6-20 weeks diet NOEL 6.2 mg/kg feed selected
LOEL 17.6 mg/kg feed
signs of toxicity (one hen), body weight 20 weeks diet LOEC 17.6 mg/kg a.i. — selected
(male & females), histopathology ww diet, in feed
(testicular regression, adipose tissue
microvesiculation for adult males)
reduced body weight 8 days diet NOAEL 35.1 mg/kg feed selected Newsted et
LOAEL 70.3 mg/kg feed (short-term) al. (2005)
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Organism Effect Exposure Exposure | Endpoint Concentration or Ranking Reference
duration route dose
mortality based on ADI 8 days diet LDso 150 mg/kg feed selected
(short-term)
mortality 8 days diet LCso 603 mg/kg feed selected
(short-term)
body weight, feed consumption diet NOEC 36.6 mg/kg feed selected OECD
(short-term) (2002)
mortality post-exposure diet NOEC 146 mg/kg feed selected
observation 3— (short-term)
17 days
mortality 5 days diet LCso 628 mg/kg feed selected
(Cl=448-958) (short-term)
Northern body weight, no treatment-related effects | 21 weeks diet NOAEL 10 mg/kg feed selected Newsted et
bobwhite quail on reproduction or liver weight for males. al. (2005)
(Colinus
virginianus)
Northern reduced survivability of 14-day-old 21 weeks diet LOAEL 10 mg/kg feed selected Newsted et
bobwhite chicks (0.772 mg/kg al. (2007)
quail® bw/day)
Northern body weight (adult) diet NOAEL 0.579 mg/kg bw/day | selected Gallagher et
bobwhite quail feed intake diet NOAEL 0.579 mg/kg bw/day | selected al. (2003a)
body weight (adult male) diet NOAEC 6.2 mg/kg ww diet, selected
in feed

(adult female) NOAEC 217.6 mg/kg ww
diet, in feed

mortality (adult) 20 weeks diet NOAEC 17.6 mg/kg ww diet, | selected
in feed

reproduction (adult) 20 weeks diet NOAEC 217.6 mg/kg ww selected
diet, in feed

14-day survivability (offspring) 20 weeks diet NOAEC 217.6 mg/kg ww selected
diet, in feed

body weight (adult male) 20 weeks diet LOAEC 17.6 mg/kg ww diet, | selected
in feed

body weight (adult) diet LOAEL 2 mg/kg/ bw/day selected
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Organism Effect Exposure Exposure | Endpoint Concentration or Ranking Reference
duration route dose
feed intake diet LOAEL 2 mg/kg bw/day selected
mortality, signs of toxicity, body weight, diet NOEC <10 mg/kg diet selected
feed consumption, reproductive phase
mortality (adult) 21 weeks diet NOAEC 10 mg/kg ww diet, selected
in feed
body weight (adult) 21 weeks diet NOAEC 10 mg/kg ww diet, selected
in feed
reproductive (adult) 21 weeks diet LOAEC 10 mg/kg ww diet, selected
in feed
14-day survivability (offspring) 21 weeks diet LOAEC 10 mg/kg ww diet, selected
in feed
mortality (adult) 7 weeks diet LOAEC 50 mg/kg ww diet, selected
in feed
body weight (adult) 7 weeks diet LOAEC 50 mg/kg ww diet, selected
in feed
mortality, body weight post-exposure diet NOEC 73.2 mg/kg feed selected OECD
observation 3— (short-term) (2002)
17 days
mortality 5 days diet LCso 220 mg/kg feed selected
(short-term)
11% mortality, reduced body weight diet LOEC 146 mg/kg feed selected
(short-term)
mortality 8 days diet LCso 212 mg/kg feed selected Newsted et
(short-term) al. (2005)
statistically significant reduction in body 8 days diet LOAEL 141 mg/kg feed selected
weight (short-term)
mortality, body weight (decrease), no 8 days diet NOAEL 70.3 mg/kg feed selected
apparent toxic effects (short-term)
mortality based on ADI 8 days diet LDso 61 mg/kg feed selected

(short-term)

Consulted (not considered suitable for guideline derivation)
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Organism Effect Exposure Exposure | Endpoint Concentration or Ranking Reference
duration route dose
Cynomolgus death, liver effects, effect on cholesterol 26 weeks + 52 oral NOEL 0.15 mg/kg/day diet | consulted Seacat et al.
monkey weeks recovery | capsule (2002)
(Macaca period
fascicularis) death, liver effects, effect on cholesterol 26 weeks + 52 oral LOAEL 0.75 mg/kg/day consulted
weeks recovery | capsule
period
Female Wistar liver weight 5 days gavage 12% 3.0 mg/kg bw consulted Yu et al.
rats (180-200 g increase (2011)
bw)
Rhesus monkey | gastrointestinal tract 90 days gavage LOAEL 0.5 mg/kg/day diet consulted OECD
(Macaca Mortality 90 days (all died | gavage LC1o00 4.5 mg/kg/day consulted (2002)
mulatta) between weeks
5&7)
Rat (Sprague development toxicity On GD 6-15 gavage NOAEL <1 mg/kg/day diet consulted
Dawley) tumours found in liver & thyroid gland 14 weeks gavage NOAEL 0.5 mg/kg consulted Seacat et al.
(males) LOAEL 2 mg/kg (2003)
tumours found in liver & thyroid gland 14 weeks gavage NOAEL 2 mg/kg consulted
(females) LOAEL 5 mg/kg
(F2 generation offspring) pup mortality & 42 days prior to | gavage NOAEL 0.4 mg/kg/day diet consulted Luebker et
decrease weight gain mating to GD 20 al. (2005a)
Rat reduced survival & body weight gain in 42 days priorto | gavage LOAEL 1.6 mg/kg/day diet consulted
neonatal rats mating to GD 20
gestation length 42 days priorto | gavage 0.8 mg/kg diet consulted
mating to GD 20
decreased viability 42 days priorto | Gavage 1.6 mg/kg diet Consulted
mating to GD20
maternal body weight at term on GD 2-20 gavage (1 BMDs 0.224 mg/kg consulted Thibodeaux
mL/kg-day) | BMDLs 0.150 mg/kg et al. (2003)
fetal sternal defects on GD 2-20 gavage (1 BMDs 0.313 mg/kg consulted
mL/kg-day) | BMDLs 0.122 mg/kg
fetal cleft palate on GD 2-20 gavage (1 BMDs 8.85 mg/kg consulted
mL/kg-day) | BMDLs 3.33 mg/kg
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Organism Effect Exposure Exposure | Endpoint Concentration or Ranking Reference
duration route dose
Mouse maternal body weight at term on GD 2-20 gavage (1 BMDs 15.5 mg/kg consulted
mL/kg-day) | BMDLs 3.14 mg/kg
fetal sternal defects on GD 2-20 gavage (1 BMDs 0.055 mg/kg consulted
mL/kg-day) | BMDLs 0.016 mg/kg
fetal cleft palate on GD 2-20 gavage (1 BMDs 7.03mg/kg consulted
mL/kg-day) | BMDLs 3.53 mg/kg
Rat (pregnant postnatal survival postnatal day 8 gavage BMDs 1.07 mg/kg consulted Lau et al.
Sprague (parent) (1 | BMDLs 0.58 mg/kg (2003)
Dawley) mL/kg-day)
Mouse postnatal survival postnatal day 7 gavage (1 BMDs 7.02 mg/kg consulted
mL/kg-day) | BMDLs 3.88 mg/kg
Rat (Sprague fatty change in liver of male rats 28 days gavage LOAEL 5 mg/kg/day consulted Kim et al.
Dawley) (2011a)
Cynomolgus clinical & pathological findings 26 weeks gelatin NOAEL 0.03 mg/kg/day consulted Thomford
monkey capsule (2000)
Chicken hatchability 1 injection injection of | LOAEL 100 ng/g egg (= 0.1 | consulted Molina et al.
(Gallus gallus 0.1 uL Ma/g) (2006)
domesticus) treatment LCso 4.9 ug/g egg
White leghorn hatching success Post-hatch 14 injection in | NOEL 4.6 pug/g egg [PFOS | consulted Peden-
chicken days; length of ovo ion] Adams et al.
study 5 weeks (2009)
egg viability post-hatch 14 injection in | NOEL 4.6 ug/g egg [PFOS | consulted
days; length of ovo ion]
study 5 weeks
gross pathology post-hatch 14 injection in | NOEL <0.93 pg/g egg consulted
days; length of ovo LOEL 0.93 ug/g egg
study 5 weeks
pippability 3 weeks injection in | NOEL 5 pg/g egg consulted O’Brien et al.
ovo LOEL 100 pg/g egg (2009)
increased hepatic concentration 3 weeks injection in | NOEL <0.1 ug/g egg consulted
ovo LOEL 0.1 pug/g egg

Selected = considered acceptable for use in guideline derivation

Consulted = reviewed but considered unsuitable for guideline derivation

a.i. = active ingredient
GD = gestation day
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LOEL = lowest-observed-effect level NOEC = no-observed-effect concentration
NOEL = no-observed-effect level

2 Bolded entry for rat is the lowest-observed-adverse-effects dose (EDic) for mammals and was used as the basis for the S0QG; for mammals.

®Bolded entry for Northern bobwhite quail is the lowest-observed-adverse-effects dose (ED)c) for avian species and was used as the basis for the SoQG; for
avian species.
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APPENDIX H. EC25, IC25 AND LC20 DATA USED FOR SPECIES SENSITIVITY DISTRIBUTION USED TO DERIVE SOIL
CONTACT VALUE FOR AGRICULTURAL, RESIDENTIAL/PARKLAND AND COMMERCIAL AND INDUSTRIAL
LAND USES FOR PFOS

Species name Ezfa:is:r:e Exposure concentration Endpoint | Effect Concentra'tion Magnitude of Reference
(mg/kg) (mg/kg soil) effect (%)
(days)

Lettuce 21 3.91, 15.6, 62.5, 250, 1,000 LOEC height 3.91 23% reduction | Brignole et al.
(Lactuca in height (2003)
sativa)
Ryegrass 21 3.91, 15.6, 62.5, 250, 1,000 IC25 shoot weight 7.51 25 Brignole et al.
(Lolium (2003)
perenne)
Lettuce 21 3.91, 15.6, 62.5, 250, 1,000 IC25 shoot weight 8.92 25 Brignole et al.
(Lactuca (2003)
sativa)
Tomato 21 3.91, 15.6, 62.5, 250, 1,000 IC25 shoot weight 1.7 25 Brignole et al.
(Lycopersicon (2003)
esculentum)
Earthworm 56 0, 10, 20, 40, 80, 150, 250, 500 ICa2s avg weight per 12 25 Stubberud (2006)
(Eisenia fetida) juvenile
Onion (Allium 21 3.91, 15.6, 62.5, 250, 1,000 IC25 shoot weight 12.9 25 Brignole et al.
cepa) (2003)
Soil mite 28 0, 21, 46, 84, 160, 340, 680 ICa2s number of live 13 25 EC (2015)
(Oppia nitens) juveniles

produced

(coarse soil)
Tomato 21 3.91, 15.6, 62.5, 250, 1,000 IC25 height 221 25 Brignole et al.
(Lycopersicon (2003)
esculentum)
Onion (Allium 21 3.91, 15.6, 62.5, 250, 1,000 IC25 height 29.1 25 Brignole et al.
cepa) (2003)
Soil mite 28 0, 18, 24, 41, 54, 85, 180 ICa2s number of live 33 25 EC (2015)
(Oppia nitens) juveniles
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Exposure

Exposure concentration

Concentration

Magnitude of

Species name | duration (mg/kg) Endpoint | Effect (mg/kg soil) effect (%) Reference
(days)

produced (fine

soil)
Earthworm 56 0, 10, 20, 40, 80, 150, 250, 500 LOEC total weight of 40 Stubberud (2006)
(Eisenia fetida) juveniles
Ryegrass 21 3.91, 15.6, 62.5, 250, 1,000 IC25 height 46.3 25 Brignole et al.
(Lolium (2003)
perenne)
Earthworm 56 0, 10, 20, 40, 80, 150, 250, 500 IC25 number of 48 25 Stubberud (2006)
(Eisenia fetida) juveniles
Onion (Allium 21 3.91, 15.6, 62.5, 250, 1,000 EC2s emergence 50.8 25 Brignole et al.
cepa) (2003)
Alfalfa 21 3.91, 15.6, 62.5, 250, 1,000 IC25 shoot weight 53.3 25 Brignole et al.
(Medicago (2003)
sativa)
Springtail 28 0, 16, 27, 48, 85, 140, 230, 320 IC2s number of live 61 25 EC (2015)
(Folsomia juveniles
candida) produced

(coarse soil)
Tomato 21 3.91, 15.6, 62.5, 250, 1,000 LOEC survival of 62.5 27% reduction | Brignole et al.
(Lycopersicon emerged in seedling (2003)
esculentum) seedlings survival
Earthworm 28 0, 10, 20, 40, 80, 150, 250, 500 IC25 number of 67 25 Stubberud (2006)
(Eisenia fetida) cocoons
Flax (Linum 21 3.91, 15.6, 62.5, 250, 1,000 IC25 shoot weight 81.6 Brignole et al.
usitatissimum) (2003)
Flax (Linum 21 3.91, 15.6, 62.5, 250, 1,000 IC25 height 97.6 25 Brignole et al.
usitatissimum) (2003)
Alfalfa 21 3.91, 15.6, 62.5, 250, 1,000 ICa2s height 102 25 Brignole et al.
(Medicago (2003)
sativa)
Soybean 21 3.91, 15.6, 62.5, 250, 1,000 IC25 shoot weight 160 25 Brignole et al.

(Glycine max)

(2003)
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Exposure

Exposure concentration

Concentration

Magnitude of

Species name | duration (mg/kg) Endpoint | Effect (mg/kg soil) effect (%) Reference

(days)
Springtail 28 0, 14, 29, 59, 82, 130, 220, 350 IC25 number of live 177 25 EC (2015)
(Folsomia juveniles
candida) produced (fine

soil)

Ryegrass 21 3.91, 15.6, 62.5, 250, 1,000 EC2s emergence 203 25 Brignole et al.
(Lolium (2003)
perenne)
Ryegrass 21 3.91, 15.6, 62.5, 250, 1,000 LOEC survival of 250 34% reduction | Brignole et al.
(Lolium emerged in seedling (2003)
perenne) seedlings survival
Alfalfa 21 3.91, 15.6, 62.5, 250, 1,000 LOEC survival of 250 29% reduction | Brignole et al.
(Medicago emerged in survival (2003)
sativa) seedlings
Lettuce 21 3.91, 15.6, 62.5, 250, 1,000 LOEC survival 250 23% reduction | Brignole et al.
(Lactuca in seedling (2003)
sativa) survival
Earthworm 14 100, 160, 256, 410, 655, 1,050 LOEC survival 256 20% reduced Joung et al. (2010)
(Eisenia fetida) (dry weight) survival
Soybean 21 3.91, 15.6, 62.5, 250, 1,000 ICa2s height 284 25 Brignole et al.
(Glycine max) (2003)
Tomato 21 3.91, 15.6, 62.5, 250, 1,000 EC2s emergence 311 25 Brignole et al.
(Lycopersicon (2003)
esculentum)
Alfalfa 21 3.91, 15.6, 62.5, 250, 1,000 EC2s emergence 372 25 Brignole et al.
(Medicago (2003)
sativa)
Lettuce 21 3.91, 15.6, 62.5, 250, 1,000 EC2s emergence 393 25 Brignole et al.
(Lactuca (2003)
sativa)
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APPENDIX I. TYPICAL VALUES FOR PHYSIOLOGICAL PARAMETERS AND INTAKES OF AIR, WATER, SOIL AND

DUST USED IN THE CALCULATION OF THE EDIS FOR THE CANADIAN GENERAL POPULATION

Receptor characteristic a;:ijt:gfs mo) ;cf’:r":)::i:t::) Ic;:)d ler (7 mo- Child (5-11yr) | Teen (12-19 yr) Adult (20+ yr)
Body weight? (kg) 8.2 8.2 16,5 32.9 59.7 70.7
Inhalation rate®® (m3/day) 2.2 2.2 8.3 14.5 15.6 16.6
Water ingestion rate? (L/day) 0.3 0.3 0.6 0.8 1.0 15

Soil ingestion rate? (g/day) 0.02 0.02 0.08 0.02 0.02 0.02
Indoor dust ingestion rate® (g/day) 0.036 0.036 0.041 0.032 0.0022 0.0026
Skin surface area? (cm?)

Hands 320 320 430 590 800 890

Arms 550 550 890 1,480 2,230 2,510
Legs 910 910 1,690 3,070 4,970 5,720

Soil loading to exposed skin?

(kg/cm?/event)

Hands 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107
Surfaces other than hands (arms, legs) | 1.0 x 108 1.0 x 108 1.0 x 108 1.0 x 108 1.0 x 108 8.0x10

2Based on Allan ef al. (2008) inhalation rate and 7.6 x 107'° m3/day concentration of airborne suspended soil particles.
®The time spent outdoors is assumed to be 1.5 hours/day for all age groups. Time spent outdoors by infant, toddler or child is assumed to be equivalent to that of
an adult if child or infant is assumed to be accompanied by an adult.

¢Wilson et al. (2012).
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APPENDIX J. ESTIMATED TOTAL AVERAGE DAILY INTAKES (NG/KG BW/DAY) OF PFOS BY AGE CLASS FOR
THE CANADIAN GENERAL POPULATION

Daily PFOS intake (ng/kg bw/day)
. Non-
Medium of exposure Typical Breastfed breastfed Toddler Child (5- Teen (12-
concentration infant (0- . Adult (20+ yr)
6 mo) infant (0-6 (7 mo—4 yr) 11 yr) 19 yr)
mo)
Air
Ambient air (inhalation) 6.4 pg/m3a 1.1 x 104 1.1 x 104 2.0x10* 1.8 x 10 1.0 x 10 9.4 x 10
Indoor air (inhalation) 6.4 pg/m3 b 1.6 x 1073 1.6 x 1073 3.0x 103 2.6 x 103 1.6 x 1073 1.4 x 107
Drinking water 3.3 ng/L®
Drinking water (ingestion) NA 0.121 0.120 0.080 0.055 0.070
Indoor settled dustd 71 ngl/g®
Settled dust (ingestion) 0.312 0.312 0.176 0.069 0.003 0.003
Settled dust (dermal)’ 0.40 0.40 0.30 0.23 0.18 0.17
Soil?
Soil (ingestion) NC NC NC NC NC NC
Soil (dermal) NC NC NC NC NC NC
Food"
Food (ingestion) NA 0.88 3.25 3.42 2.58 2.04
Total EDI NC 1.7 3.8 3.8 2.3 23

NA = not available

NC = not calculated

Intake rates are provided in Appendix 1.

# Mean concentration (n=8) in particulate phase collected in the Great Lakes regions (Lakes Erie and Ontario) (Boulanger ef al. 20054), which is the highest mean
Canadian concentration reported. See Section 2.4.1.

® By default, the indoor air PFOS concentration was set equal to the outdoor air concentration (Section 2.4.2).

¢ Mean concentration in tap water (n=5) collected at Niagara-on-the-Lake in 2006-2008 (Mak et al. 2009), which is the highest published Canadian mean drinking
water concentration (Section 2.4.6).

4 Not taken into account inCCME (2006).

¢ GM concentration for indoor dust collected in Vancouver, BC, in 2007-2008 (median = 71 ng/g) (Shoeib et al. 2011), which is from the Canadian study with the
largest sample size (n=132) and with the lower MDL (0.40 ng/g) (Section 2.4.3).

f Using a frequency event of 1 per day.

¢ As PFOS does not naturally exist in soils and as no Canadian data are available, its Canadian background soil concentration was set to 0.

" The food EDIs were provided by Health Canada. They are based on the 2008 TDS (Tittlemeier et al. 2007); (Section 2.4.10).
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APPENDIX K. DATA REQUIREMENTS TO CALCULATE THE SOIL CONTACT SoQG USING CCME PREFERRED

WEIGHT OF EVIDENCE METHOD

Weight of evidence method 1a: IC25/EC2s data distribution

PFOS

Number of Number of Total Total Soil contact guideline based on
invertebrate data terrestrial plant | number of | number of weight of evidence method
points data points studies data points

Minimum data set 2 2 3 10

required for SoQG

Available data for 9 23 4 32

References

Stubberud (2006);
Joung et al. (2010); EC
(2015)

Brignole et al.
(2003)

agricultural & residential/parkland
land uses=11 mg/kg (10 mg/kg,
rounded)

commercial & industrial land
uses=61 mg/kg (60 mg/kg, rounded)
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assumed)

APPENDIX L. SUMMARY OF INPUT PARAMETERS FOR GUIDELINE
CALCULATION
Human health input parameters
Land use?
Acronym  Description Agr. and
Res./Park. Commercial Industrial

TDI tolerable daily intake (mg/kg bw/day) per 6 x 10° 6 x 10 6 x 10
oral route of exposure (HC 2018a)

EDI estimated daily intake (ng/kg bw/day) 3.8 3.8 2.3
(Section 7.2)

SF soil allocation factor (default — unitless; 0.2 0.2 0.2
CCME 2006)

BW body weight (kg; CCME 2006) 16.5 16.5 70.7

AFc relative absorption factor for PFOS across 1 1 1
the gut (unitless)

SIR soil ingestion rate (kg/day; CCME 2006) 8 x 10°° 8 x10° 2 x 10

AFs relative absorption factor for PFOS across 0.1 0.1 0.1
the skin (unitless)

SR soil dermal contact rate (kg/day; CCME 6.9 x 10°° 6.9 x 10° 1.14 x 10*
2006)°

AFL relative absorption factor for PFOS across 1 1 1
the lung (unitless)

IRs soil inhalation rate (kg/day)° 6.3 x 10° 6.3 x 10° 1.3x 108

ET4 exposure term 1 (default — unitless; CCME 1 0.66 0.66
2006)

ET2 exposure term 2 (default — unitless; CCME 1 0.42 0.42
2006)

BSC background soil concentration (mg/kg — 0 0 0

2 Agr. = agricultural, res./park.= residential/parkland.

b Soil dermal contact rate = (hands surface area x soil loading to exposed skin of the hands) + (arms surface area x
soil loading to exposed skin of the arms) + ([toddler only] legs surface area x soil loading to exposed skin of legs).

¢ Value derived from the daily inhalation rate (Allan et al. 2008) for the critical receptor, assuming the airborne
concentration of suspended soil particulate above a contaminated site is 7.6 x 10-1° kg/m?.
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Soil and hydrological input parameters

Symbol Parameter Fine Soil __ Coarse Soil

P8 Soil Bulk Density (kg/L, CCME 2006) 1.4 1.7

O Soil Total Porosity (cm%cm?®, CCME 2006) 0.47 0.36

Bw Soil Moisture-Filled Porosity (cm%cm?, CCME 2006) 0.168 0.119

0a Soil Vapour-Filled Porosity (cmcm?, CCME 2006) 0.302 0.241

foc Fraction of Organic Carbon (mass/mass, CCME 2006) 0.005 0.005

K Saturated Hydraulic Conductivity (m/y, CCME 2006 32 320

i Hydraulic Gradient (m/m, CCME 2006) 0.028 0.028

I Recharge (Infiltration) Rate (m/y, CCME 2006) 0.2 0.28
Site input parameters

Symbol Parameter Value

Y Contaminant Source Width (m, CCME 2006) 10

X Contaminant Source Length (m, CCME 2006) 10

VA Contaminant Source Depth (m, CCME 2006) 3

X Distance to Surface Water (m, CCME 2006) 10

X Distance to Potable Water User (m, CCME 2006) 0

X Distance to Agricultural Water User (m, CCME 2006) 0

d Depth to Groundwater (water table) (m, CCME 2006) 3

da Depth of unconfined aquifer (m, CCME 2006) 5

t Time since contaminant release (y, CCME 2006) 500
Chemical and physical properties

Symbol Symbol Parameter

Koc Soil Organic Carbon/Water Partition Coefficient 1445

(L/kg, Franz Environmental 2012, 2014)
HL Henry's law coefficient ((mg/L)/(mg/L), EC 2006a) 1.44 x 10”7

Degradation

t12

Degradation half-life

Does not degrade

Water Quality Guidelines

Symbol Water Quality Guideline Value
Cew Canadian Drinking Water Guideline (HC 2018a, mg/L) 0.0006
Cw Protection of Freshwater Aquatic Life (ECCC 2018, mg/L) 0.0068
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SoQG: input parameters for primary, secondary, and tertiary consumer

Trophic Feeding Representative species BW?2  FIRP Diet® BCF¢ SIR® Soil BFf DTED?® SoQG
level guild (kg) (kg or BAF¢ (kg (unitless) (mg/kg (mg/kg
dw/day) (unitless) dw/day) bw/day) soil)
Primary herbivorous meadow vole (Microtus 0.035 0.00173 plants 0.35 0.000041 1 0.054 2.2
consumer mammal pennsylvanicus)
(1C) herbivorous rock dove (Columba livia) 0.31 0.039 plants 0.35 0.00078 1 0.386 6.2
bird
Secondary  insectivorous common (masked) shrew 0.004 0.0013 2.5% plants 0.35 0.000032 1 0.054 0.011
consumer mammal (Sorex araneus)
(2C) 95% invertebrates  10.9
2.5% small 297
mammals
omnivorous deer mouse 0.02 0.0009 50% plants 0.35 0.000018 1 0.054 0.17
mammal (Peromyscus
maniculatus) 50% invertebrates  10.9
omnivorous American robin (Turdus 0.08 0.015 60% plants 0.35 0.00059 1 0.386 0.33
bird migratorius) .
40% invertebrates  10.9
Tertiary carnivorous wolf (Canis lupus) 80 0.42 mammals 297 0.0118 1 0.054 2.6
consumer mammal
(3C) omnivorous red fox (Vulpes vulpes) 3.8 0.05 15% plants 0.35 0.0015 1 0.054 0.63
mammal

25% invertebrates  10.9

60% mammals 2.97
and birds

2BW = body weight, from FCSAP (2012), BC MOE (2001), and Gibbs et al (2001).

® FIR = food ingestion rate. Diet and FIR from FCSAP (2012), BC MOE (2001), and Gibbs et al (2001). Converted from fresh weight, except rock dove and
common shrew, using moisture content of 85% for plants and small mammals, 84% for invertebrates. Rock dove diet assumed to be dry weight in Gibbs et al
(2001).

¢ BCF = bioconcentration factor, see Sections 3.6.1 to 3.6.2. 4 BAF = bioaccumulation factor, see Sections 3.6.1 to 3.6.3.

¢ SIR = soil ingestion rate, from Beyer et al (1994) and FCSAP (2012).  f BF = bioavailability factor

Common shrew SIR assumed to be the same as meadow vole, and grey & DTED = daily threshold effects dose, see Section 6.1.2.1.

wolf the same as red fox.
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