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Important note:
This practitioner guide is based on work carried out from 2015 to 2017 by CRC CARE in association
with stakeholders.
In 2017, the Heads of EPAs Australia and New Zealand (HEPA) proposed the development of a
PFAS National Environmental Management Plan (NEMP). CRC CARE made a submission to the
NEMP development process in September 2017. The NEMP was published in February 2018.
This practitioner guide is a version of the submission made by CRC CARE to the NEMP process. It
has been slightly modified to ensure complementarity with the published NEMP. This guide provides
information on assessment and remediation that is more detailed than is possible in a high-level plan
and to that extent will assist practitioners when dealing with PFAS contamination.
Disclaimer:
This publication is provided for the purpose of disseminating information relating to scientific and
technical matters. Participating organisations of CRC CARE do not accept liability for any loss and/or
damage, including financial loss, resulting from the reliance upon any information, advice or
recommendations contained in this publication. The contents of this publication should not necessarily
be taken to represent the views of the participating organisations.
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Foreword
CRC CARE has milestones in its Agreement with the Commonwealth Government
relating to the development of guidance for contaminants of emerging concern.
Priority contaminants were identified for CRC CARE through a forum attended by
regulators and end-users in 2012. These priority contaminants included
perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA), which belong to
a large group of compounds called per- and polyfluoroalkyl substances (PFAS).
CRC CARE commenced development of guidance for the assessment, remediation
and management of PFAS in February 2015. At that time there were no recognised
PFAS screening levels in Australia for protecting human health and ecological systems,
making it difficult for regulators and practitioners to determine the level of risk that may
be posed by contamination. This work was carried out in consultation with a Project
Advisory Group comprising stakeholders from governments and industry, together with
health expertise.
During 2016 and 2017, while the CRC CARE project was underway, considerable
PFAS-related policy activity by governments occurred, which impinged both directly
and indirectly on the CRC CARE work. A timeline of the outcomes relevant to the
development of the CRC CARE project has been included in this document.
In particular, in August 2017, the Heads of EPAs Australia and New Zealand (HEPA)
released a consultation draft of the PFAS National Environmental Management Plan
(NEMP). The NEMP fits within an overarching management framework for PFAS being
developed by all governments, and seeks to provide a nationally consistent approach
to environmental regulation of PFAS. The NEMP was published in February 2018, and
it incorporates inter alia outcomes of some prior governmental PFAS policy related
activities.
Recognising the primacy of the NEMP, CRC CARE provided a consolidated version of
its work as a submission to the NEMP development process, and indicated that once
the NEMP was published it would update its work to ensure compatibility with the
NEMP. As indicated above, the NEMP has since been published and is the key
reference document for PFAS in Australia.
The NEMP deals with a broader range of topics than the CRC CARE work (e.g. the
NEMP addresses trade waste disposal, and the storage and transport of PFAS
contaminated material). This practitioner guide includes considerable detail on the
assessment remediation and management of contaminated sites which will be of
assistance to practitioners and regulators. This practitioner guide has been edited to
ensure that it is compatible with the NEMP, particularly with regard to screening
criteria.
As the numerical values of internationally published health based screening values for
PFOS and PFOA have decreased over the past few years, the importance of risk
based site-specific risk assessment has increased, emphasising the utility of detailed
practical advice.
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This practitioner guide provides practical (how to) advice on approaches to matters
such as:








risk based assessment, remediation and management of PFAS
interpretation of criteria/screening levels (e.g. context and uncertainties)
application of criteria/screening levels
development of conceptual site models
preliminary and detailed site investigations
remediation technologies, and
management of residual contamination.

It should be noted that the enHealth Guidelines for Assessing Human Health Risks
from Environmental Hazards and the Australian Water Quality Guidelines provide
overarching frameworks for the conduct of risk-based environmental health
assessments.
In addition to compatibility with the NEMP, the content of this practitioner guide is also
compatible with the requirements of the National Environment Protection (Assessment
of Site Contamination) Measure 1999 (as updated in 2013) which flow through to
remediation. This content of the practitioner guide is also designed to be consistent
with the National Remediation Framework (NRF) currently being developed via CRC
CARE with the assistance of stakeholders.
This practitioner guide is a resource for site owners, proponents of works,
contaminated land professionals, and regulators involved with PFAS contaminated
sites – particularly for those who actually assess, remediate and manage sites and
groundwater contaminated with PFAS. As the content of this practitioner guide was
developed in collaboration with a range of stakeholders, it is both scientifically robust
and pragmatic.
The volume of research underway for PFAS means that, prior to the commencement of
site investigations, practitioners should refer to the most up-to-date information, and
should have discussions with regulators to ensure that all jurisdictional requirements for
assessment remediation and management are met.
This practitioner guide:




aims to provide a resource that can be used for PFAS-contaminated sites across
Australia, it does not replace specific laws, regulations or jurisdictional guidance,
and
is compatible with the NEMP, but it is not part of the NEMP nor does it have any
connection, formal or otherwise, with the NEMP. The NEMP has been endorsed by
HEPA.
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Executive summary
This CRC CARE practitioner guide on the assessment, remediation and management
of PFAS site contamination has been developed with reference to site contamination
practice in Australia. Most importantly, this document is compatible with those
requirements of the National Environment Protection (Assessment of Site
Contamination) Measure 1999 (ASC NEPM) which flow through to remediation. It is
designed to also be consistent with the National Remediation Framework (NRF)
currently being developed by CRC CARE. In addition to these documents, which are
specific to site contamination, relevant documents include the enHealth Guidelines for
Assessing Human Health Risks from Environmental Hazards and the Australian Water
Quality Guidelines, both of which provide overarching frameworks for conducting riskbased assessments for environmental health. The Environment Protection and
Biodiversity Conservation Act 1999 (Commonwealth) may also be applicable in cases
of potential significant impact on the environment.
The PFAS National Environmental Management Plan (NEMP) was released by the
Heads of EPAs Australia and New Zealand in February 2018. The NEMP is the key
reference document for PFAS in Australia, and covers a range of matters relevant to
the identification and management of PFAS from the perspective of regulators.
This practitioner guide deals specifically with PFOS and PFOA, given their known
physical and chemical properties, toxicity, and behaviour, fate and transport in the
environment. These factors are considered in terms of their relevance to risk-based site
contamination. This document also provides an overview of the application of
Australian approaches, which in turn provides the background for site-specific risk
assessments, as well as the basis for the development and application of screening
levels.
This document is thus a technical resource for the application of risk-based approaches
to the assessment, remediation and management of PFAS site contamination, and
complements the ASC NEPM and the NEMP.
The ASC NEPM emphasises the importance of formulating a conceptual site model on
which to base the assessment of soil and groundwater contamination, in keeping with
current site contamination practice (e.g. importance of identifying source-pathwayreceptor linkages). This document provides information on the development of a
conceptual site model for PFOS and PFOA, which may be extended to other PFAS
where relevant. Where the outcomes of preliminary and detailed site investigations
indicate there are potential risks to receptors at and surrounding a site, these risks may
need to be further investigated using a site-specific risk assessment (Tier 3) process.




The derivations of screening levels for PFAS are subject to numerous
assumptions, uncertainties and limitations, which have been outlined in this
document. The nature of assumptions used in the derivation of screening levels
may mean that detailed investigations would be required in most cases where
there is potentially unacceptable risk to human health or the environment.
The NEMP refers to screening levels which have been derived for specific
exposure settings and should not be applied to sites where there are multiple
exposure pathways – in this case, further evaluation will be required.

CRC CARE Technical Report no. 43
Practitioner guide to risk-based assessment, remediation and management of PFAS site contamination

iii











CRC CARE has derived draft ESLs for marine water which the NEMP
acknowledges. The NEMP, however, recommends other interim criteria while the
CRC CARE-derived screening levels are reviewed. Aquatic toxicant guideline
values for PFOS and PFOA are in draft form (i.e. fresh and marine), and may
change following the revision of the water quality guidelines process being
undertaken by the Commonwealth. CRC CARE has submitted the marine
guideline values into the Commonwealth review process.
NEMP provides interim soil ESLs based on Canadian soil quality guidelines.
CRC CARE has derived soil ESLs which are acknowledged in the NEMP. These
are outlined in this document, together with the limitations and assumptions in their
derivation.
For specific situations for which no guidance is provided in national guidance
documents, some states may provide advice on additional draft screening levels
for PFAS.
It is emphasised that exceedance of the screening levels does not necessarily
imply that contamination poses an unacceptable risk. Screening levels should not
be used as remediation targets, as this could result in unnecessary remediation.
Practitioners should refer to the NEMP and the relevant jurisdiction for advice on
appropriate screening levels.

This document is intended for users within the contaminated sites industry, including
site owners, proponents of works, contaminated land professionals, and regulators. It is
assumed that readers are familiar with the requirements of the ASC NEPM, as updated
in 2013.
Prior to the commencement of site investigations practitioners should refer to the most
up to date information, and should have discussions with the relevant regulator to
ensure that all jurisdictional requirements for assessment remediation and
management can be met.
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The NEMP and the CRC CARE practitioner guide
The Commonwealth, and state and territory governments have finalised an
Intergovernmental Agreement on a National Framework for Responding to PFAS
Contamination (IGA), and the PFAS National Environmental Management
Plan (NEMP) is a central document developed to implement the IGA. The NEMP was
developed by the heads of EPAs of Australia and New Zealand, and released in
February 2018. The NEMP is the key PFAS reference document in Australia.
By its very nature, the NEMP is a high level document which indicates what should be
done, but not necessarily how to do so. In addition the NEMP has a broad remit,
addressing a range of topics on the management of PFAS relevant to government
agencies, not all of which are directly related to the clean-up of contaminated sites.
The scope of the content of the CRC CARE practitioner guide was determined by a
stakeholder group, which included state and territory regulators as well as industry
representatives. CRC CARE documents are user-oriented, concentrating on
information and guidance relevant to the practitioner who actually assesses,
remediates and manages contaminated sites. This orientation is complementary to that
of the approach adopted in the NEMP. The CRC CARE Practitioner guide to risk-based
assessment, remediation and management of PFAS site contamination covers the
following topics:






literature review of PFOS and PFOA (up to late 2016)
properties of PFAS: physical, chemical, toxicity, environmental fate and transport
assessment of PFAS site contamination – screening criteria, preliminary site
investigation (PSI), conceptual site model (CSM), detailed site investigation (DSI),
site-specific risk assessment, and
remediation and management.

The NEMP includes coverage of:





properties of PFAS
assessment of PFAS site contamination
treatment and remediation, but
not to the level of detail in the CRC CARE practitioner guide.

The NEMP also covers the following topics:












PFAS monitoring
PFAS inventory
site prioritisation
on-site storage and containment
transport
reuse
landfill disposal
trade waste discharge
data sharing
notification, and
sampling and analysis.
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Many of these topics relate to information highly pertinent to regulators, but are not
directly relevant for practitioners carrying out assessment remediation and
management of specific contaminated sites.
The NEMP also covers communication and engagement. The NRF being developed by
CRC CARE includes a guideline on stakeholder engagement which has been available
on the CRC CARE website for some years.
Even though the NEMP was published in February 2018, it is recognised that further
work is already underway to update the NEMP. This practitioner guide may provide
further background for that process.
The literature review in the practitioner guide includes references to research published
up to late 2016. Although it is recognised that further information has become available
since then, and that the research effort is ongoing, there is no intention at this stage to
update the literature review.
Both the NEMP and the practitioner guide focus on PFOS (and PFHxS) and PFOA,
and both recognise that further research is being undertaken on other PFAS
compounds, many of which occur in the commercial PFAS products increasingly
subject to regulation. The outcomes of this research may well enable the scope of
guidance to be extended in the future.
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Abbreviations
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Airport (Environment Protection) Regulations

AFFF

Aqueous film forming foam
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Contamination) Measure 1999, as revised in 2013
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response
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Environment and Climate Change Canada
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Ecological screening level
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Food Standards Australia New Zealand
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Heads of EPAs
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Health investigation level
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Health risk assessment

HSL

Health screening level
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Limit of detection
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Level of reporting

MPC

Maximum permissible concentration

NEMP

National Environmental Management Plan
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National Measurement Institute

NOEC

No observable effect concentration

NRF

National Remediation Framework

PFAS

Per- and polyfluoroalkyl substances

PFC

Perfluorinated compounds
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PFCA

Perfluorocarboxylic acid

PFHxS

Perfluorohexane sulfonate

PFOA

Perfluorooctanoic acid

PFOS

Perfluorooctane sulfonate

PFSA

Perfluoroalkane sulfonic acid

PNEC

Predicted no effect concentration

PSI

Preliminary site investigation

RfD

Reference dose

RIVM

Rijksinstituut voor Volksgezondheid en Milieu (Netherlands)

SSD

Species sensitivity distribution

TDI

Tolerable daily intake

TEQ

Toxic equivalent

TOC

Total organic carbon

TOFA

Total oxidisable precursor assay

TOPA

Total organic fluorine assay

TRV

Toxicity reference value

ww

wet weight

WWTP

Wastewater treatment plant
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1. Introduction
The chemicals perfluorooctanesulfonate (PFOS) and perfluorooctanoic acid (PFOA)
have been identified as contaminants of emerging concern in Australia
(CRC CARE 2014a; 2014b). They belong to a large group of compounds called perand polyfluoroalkyl substances (PFAS).
All PFAS are highly persistent, bioaccumulative and potentially toxic to humans and the
environment (CONCAWE 2016). PFOS and PFOA have been detected widely in the
Australian environment. They have been found at concentrations of potential concern
at a number of sites, particularly where firefighting foams have been used. Industry and
public awareness both in Australia and internationally is growing rapidly (Seow 2013).
There is frequent reporting of PFOS contamination in the media, with particular
concerns being raised regarding the possible health risks to humans who may have
been exposed. In April 2017, the Department of Health released a factsheet amongst
other documents to assist in keeping concerned community members informed. 1
Measurable levels have been detected in human blood, tissues and breast milk
(Du et al 2013). Humans are primarily exposed to PFAS, such as PFOS, through food
consumption, contaminated drinking water, and a positive relationship between levels
in human blood and fish consumption has been established (Shi et al 2012).
Consumption of fish and fish products can be one of the primary sources of human
exposure to PFOS, with other potential pathways being ingestion of soil, food and
water, inhalation of contaminated air or contaminated dust, exposure to carpets treated
with perfluoroalkyls (children), or use of commercial products (ATSDR 2015).
Toxicology studies show that PFOS and PFOA have a half-life of approximately two to
nine years in humans (refer to section 2.2.1). PFHxS has relatively longer half-lives in
biota and humans than PFOS (OECD 2013). Edible aquatic organisms that have been
studied have half-lives that are much shorter than humans. For example, a recent
study showed that half-lives for PFOS in mud crabs and school prawns are 50 hours
and 158.5 hours, respectively (Taylor et al 2017).
In general, there is limited and incomplete information surrounding the occurrence, fate
and toxicity of PFAS in the Australian context. Because of the persistence and difficulty
of treating PFAS contamination, there is also considerable uncertainty about how such
contamination can be managed and remediated.
This practitioner guide is compatible with the requirements of the National Environment
Protection (Assessment of Site Contamination) Measure 1999 (ASC NEPM) (as
updated in 2013) which flow through to remediation. This document is designed to be
consistent also with the National Remediation Framework (NRF) currently being
developed by CRC CARE. Apart from these documents, which are specific to site
contamination, the enHealth Guidelines for Assessing Human Health Risks from
Environmental Hazards and the Australian Water Quality Guidelines are also critical
overarching frameworks for conducting risk-based assessments of environmental
health. The Environment Protection and Biodiversity Conservation Act 1999
(Commonwealth) may also be applicable, such as in cases of potential significant
impact on the environment.

1

Refer to www.health.gov.au/internet/main/publishing.nsf/Content/ohp-pfas.htm
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This document is consistent with the NEMP. The physical and chemical properties,
toxicity, and behaviour, fate and transport in the environment of PFOS and PFOA are
discussed in detail in this document in terms of their application to site contamination
issues.
This document provides technical information on how to apply a risk-based approach in
the assessment and remediation of PFAS site contamination. This is achieved by
outlining the technical considerations and options for PFOS and PFOA during site
contamination assessment, remediation and management. Practitioners must refer to
up-to-date jurisdictional and national guidelines, and should have discussions with
regulators to ensure that all jurisdictional requirements are met, including applicable
guideline values, at the commencement of site investigations. An updated chronology
of the development of the guideline and additional regulatory developments are
provided in section 1.5.

1.1 PFAS overview
1.1.1 Terminology
The terminology used internationally and in Australia to describe various fluorinated
substances, including PFOS and PFOA, varies widely, and has evolved over time. The
terms fluorinated substances, fluorochemicals and fluorinated chemicals which refer to
compounds containing at least one fluorine atom are frequently used, but these include
a very large range of organic and inorganic substances with very different properties
(Buck et al 2011).
The initialism PFC (perfluorinated compounds) has also been used widely in literature
to include PFOS and PFOA, but definitions have varied widely to include both per- and
poly-fluorinated compounds, and to describe perfluorocarbons (a family of greenhouse
gases) which have very different properties and do not include compounds such as
PFOS and PFOA.
The most widely cited and increasingly common terminology to describe the group of
compounds that includes PFOS and PFOA is that described by Buck et al (2011).
Fluorinated substances in which the H substituents have been replaced by F atoms
contain the perfluoroalkyl moiety CnF2n+1- – or the polyfluoroalkyl moiety CnHxF2n-x+1
are referred to as perfluoroalkyl and polyfluoroalkyl substances, or PFAS. This
terminology is adopted in this document.
1.1.2 Why focus on PFOS and PFOA? What about precursors?
The majority of PFAS research internationally and in Australia has been focused on
PFOS and PFOA due to their frequent occurrence in the environment, known
persistence, and bioaccumulative properties. PFOS and PFOA are recognised in the
NEMP as the PFAS of the greatest concern in Australia (HEPA 2018). Additionally,
PFOS and PFOA are the breakdown endpoint of many precursor products
(Norstrӧm et al 2015).
PFOS and PFOA are manufactured chemicals that are chemically and biologically
stable and hence are persistent in the environment, resistant to biodegradation,
atmospheric photooxidation, direct photolysis, and hydrolysis (US EPA 2014). PFOS
and PFOA can also be formed from related substances or precursor compounds by
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microbial degradation or larger organism metabolism (e.g. rainbow trout transform
perfluorinated acids to PFOS) (CRC CARE 2014a). Although the ultimate net
contribution to environmental loadings of PFOS from individual PFOS-related
substances cannot be easily predicted, potentially any molecule containing the PFOS
moiety could be a precursor to PFOS (UNEP 2006). It is possible that as PFAS are
gradually phased out, precursor transformation may continue to contribute to the
potential for PFAS exposure (CRC CARE 2014a).
PFOS and PFOA, which are the most commonly encountered PFAS in the
environment and wildlife (Giesy et al 2010), are the most well understood PFAS.
Limited information is available regarding other PFAS, of which there several hundred
known to directly enter the environment from firefighting foams, and several other
become transformation compounds (Buck et al 2011). It is understood that precursors
may still exist in aqueous film forming foam (AFFF) formulations. Oxidation and aerobic
conditions may convert precursors into other more persistent PFAS.
There are currently insufficient data available to derive screening levels for other PFAS,
though it is likely this will change given the substantial focus on PFAS contamination
globally. In addition, Australian commercial laboratories are able to measure about
28 PFAS compounds.
Since 2002 long chain PFAS such as PFOS and their precursors have been gradually
replaced with shorter perfluoroalkyl chains, or with non-fluoroalkyl products
(OECD 2013). These alternatives are generally considered to be less toxic and have
reduced bioaccumulative properties, though many are just as persistent as PFOS
(Norstrӧm et al 2015). Concerns have been raised about the transformation products,
PFOS and PFOA homologues and precursors becoming ubiquitously present in the
global environment (Scheringer et al 2014; HEPA 2018). So while this practitioner
guide focuses on PFOS and PFOA, it is recognised that there is the potential that the
introduction of fluorinated alternatives may eventually lead to similar problems as have
occurred with PFOS and long-chain perfluorocarboxylic acids (PFCAs). It will be
important to determine whether the continued focus on PFOS and PFOA is warranted,
and whether there are other PFAS (or other compounds) with possible environmental
or human health impacts. This document includes reference to perfluorohexane
sulfonate (PFHxS) which has been likened to PFOS in terms of relative toxicity to
humans. Refer to the NEMP Appendix A for further information on classification of
PFAS.

1.2 Sources of PFAS contamination
PFOS and PFOS-related substances have been used globally in a diverse range of
products, including AFFFs, semiconductors, hydraulic fluids, photolithography,
Scotchgard tape, grease repellents for packaging, surface treatments for rugs and
carpets, paper and packaging, coatings and coating additives, industrial and household
cleaning products, foodstuffs, pesticides and insecticides (UNEP 2006, Seow 2013,
OECD 2013, CRC CARE 2014a). It is recognised that sources of PFOS and PFOA
contamination include firefighting training grounds, combustible and flammable liquid
storage facilities, electroplating, landfills, sewage treatment facilities, and where there
are fire suppression systems installed, but little information is readily available
regarding several of these sources or the extent of PFAS contamination across the
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broader environment in Australia. Greater than approximately 95% of the global PFAS
production is for uses other than in AFFF. It is expected that information will become
available regarding these other potential sources as awareness of PFAS issues grow.
PFOA in the form of its salts is used to make fluoropolymers, which are fire resistant,
and oil, stain, grease and water repellent (US EPA 2014). PFOA is contained in trace
amounts in Teflon™ (polytetrafluoroethylene) used on non-stick cookware, waterproof
and breathable membranes for clothing, and in the aerospace, automotive, building
and construction, chemical processing, electronics, semiconductors and textile
industries (Seow 2013; CRC CARE 2014a). PFOA is also produced by the breakdown
of some fluorotelomers such as 8:2FtS which can be used in stain, grease and water
resistant surface treatment products, paints, coatings, cleaning products, engineering
coatings and AFFF firefighting foams (Seow 2013; Backe, Day & Field 2013).
Wastewater treatment plants (WWTPs) are one of the mechanisms by which organic
contaminants enter aquatic and terrestrial environments (Bossi et al 2008;
Hu et al 2011). Disposal of PFAS to sewer can result in the accumulation of PFAS in
wastewater effluent as they may not be removed during the standard treatment
process (Thomson et al 2010), and in the biosolids of sewage treatment plants
(Gallen et al 2014a; NICNAS 2015). Landfilling of products containing PFAS may have
resulted in the generation of PFOS and/or PFOA-contaminated leachate, and
contamination of groundwater in the vicinity of the landfills (Gallen et al 2014a;
ALS 2015a).
Although the use of PFOS and PFOA in Australia has been largely phased out, some
old stocks remain, and historical legacy contamination issues are also present due to
the persistent nature of the chemicals. It is expected that most of the sources of PFOS
and PFOA contamination noted above have existed in Australia, with the use of AFFF
(depending on the specific product used) at fire training grounds being the most well
understood.

1.3 PFAS in the Australian environment
PFOS and PFOA have been detected widely in the Australian environment, and there
have been increasing detections of site contamination at fire training grounds (refer to
section 1.2). It is likely that information may become available regarding other potential
sources over time.
Table 1 shows typical ranges of PFOS and PFOA detected in soil, groundwater,
surface water, sediment, and landfills (leachate and biosolids) across Australia. This is
based on a limited data set, and may not be representative of the concentrations and
extent that will be found in different environments, but it does provide a snapshot of the
ranges of concentrations that might be encountered. The data in table 1 (as in 2015)
indicates:
•

•

Fire training grounds appear to have higher concentrations of PFAS compared
with other sources. It is expected that fire training grounds and areas where AFFF
was stored or used (such as petroleum storage/handling facilities) over many
years will continue to be of interest.
Concentrations of PFOS in soil, surface water and groundwater are substantially
higher than the concentrations of PFOA, although for some landfill leachate

CRC CARE Technical Report no. 43
Practitioner guide to risk-based assessment, remediation and management of PFAS site contamination

10

•

samples, PFOA was found to be higher than PFOS. This may be the result of the
formulation of products present in the landfills, and breakdown of precursor PFAS
to PFOA.
In the case of contamination of receiving waters where fishing and the
consumption of fish may occur, the reported groundwater and surface water
concentrations for both PFOS and PFOA are potentially of concern with respect to
PFAS accumulating in edible fish exceeding acceptable levels.
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Table 1. Example contamination concentration ranges of PFOS and PFOA in Australia in a range of matrices in 2015.

Soil/sediment/biosolids (mg/kg)

Waters (µg/L)

Site/location

Comments
PFOS

PFOA

PFOS

PFOA

Fire training grounds
Soil:
Soil:
Groundwater:
Groundwater:
Sites included active and former fire training
(groundwater)
<0.01–460
<LOR–3.2
<LOR–160
grounds.
0.07–2100
Landfills (leachates/
PFOS and PFOA were detected in every sample.
evaporation/aeration
NA
NA
>LOR–1.87
>LOR–0.88
6:2: FTS and 8:2FTS detected in 10 of 15
pond)
samples. Other PFAS also detected. (ALS 2015a)
Untreated landfill
PFOS and PFOA most frequently detected and
leachate (six
NA
NA
Median 0.446
Median 0.306
abundant PFAS (Gallen et al 2014a).
states/territories)
Brisbane – Moreton Bay
and four influent rivers
Surface water:
Surface water:
Sampling conducted post-significant flood event in
(background regional
NA
NA
0.00018–0.015
0.00013–0.0062
2011. PFOS concentrations dominated out of a
data following flood
(mean)
(mean)
range of PFAS (Gallen et al 2014b).
event)
Sydney Harbour:
Sediment:
Sediment:
Surface water:
Surface water:
PFOS concentrations were highest of a range of
Homebush Bay
0.0008–0.0062
<LOR–0.00016
PFAS analysed (Thompson et al 2011).
0.0075–0.021
0.0042–0.0064
(regional data)
Sewage treatment
Biosolids:
Biosolids:
Leachate:
Leachate:
PFOA in leachate typically exceeded PFOS
plants (leachate and
<LOR–0.19
<LOR–0.016
<LOR–1.10
0.016–2.1
concentrations (Gallen et al 2014a).
biosolids)
Notes: bold: indicates concentration can exceed international screening levels, no international screening levels available for biosolids or leachate.
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1.3.1 PFOS and PFOA in Australian waterways
PFOS and PFOA have been detected in water, sediments and wildlife associated with
urban areas in Australia (Thompson et al 2011; Gallen et al 2014a). Concentrations of
PFOS and PFOA in Sydney Harbour sampled in 2009 ranged between 7.5 and
21 ng/L, and 4.2 and 6.4 ng/L respectively. The concentrations of PFOS and PFOA
detected in Sydney Harbour were substantially higher than those detected in Moreton
Bay (Brisbane) which were measured following a major flood event, ranging from
0.69 to 2.6 ng/L (PFOS) and 0.08 to 0.66 ng/L (PFOA) (Gallen et al 2014b). The
relatively high concentrations in Sydney Harbour may be the result of the larger
population and greater industrialisation of Sydney (with a population approximately four
times that of Brisbane). The concentrations of PFOS and PFOA measured in Moreton
Bay were below the concentrations measured in water samples from urbanised
international coastal waters as shown in table 2. The relatively low concentrations
observed in Moreton Bay may have been the result of dilution of the flows occurring
during the flood event.
Table 2. Summary of PFOS and PFOA concentrations in international and Australian coastal waters

Location

PFOS (ng/L)

PFOA (ng/L)

Reference

Moreton Bay

0.64–2.3

0.13–0.63

Gallen et al 2014b

Sydney Harbour

7.5–21

4.2–6.4

Thompson et al 2011

South Korea

0.04–730

0.24–320

So et al 2004

South China Sea

0.02–12

0.24–16

So et al 2004

Hong Kong

0.09–3.1

0.73–5.5

So et al 2004

Tokyo Bay, Japan

13–25

154–192

Yamashita et al 2004

Baltic Sea

nd–0.35

0.25–4.55

Ahrens et al 2010

German Coast

nd–2.26

0.08–3.02

Ahrens et al 2010

North Sea

0.25–1.4

nd–1.2

Moller et al 2010

Not detected (ND).

Sediment concentrations of PFOS and PFOA in samples from Sydney Harbour ranged
from 0.8 to 6.2 µg/kg and <0.02 to 0.16 µg/kg respectively (Thompson et al 2011).
Sediment was not sampled in Moreton Bay in the Gallen et al (2014b) study. Based on
the volume of floodwater and the concentrations detected, Gallen et al (2014)
calculated that over one million tonnes of sediment were washed into the Bay during
the flood event from 13 January 2011 to 18 March 2011, and 12 kg of PFOS and 5.6 kg
of PFOA would have been delivered to Moreton Bay during this time. Much of the
PFOS associated with particulate matter can be expected to have an ultimate fate in
the sediments of the bay. PFOA, which is less strongly partitioned to sediments, has
the potential to remain in the water column (Baudel et al 2014). Refer to section 3.9.3.
1.3.2 PFOS and PFOA in Australian wildlife
Oysters, fish muscle and fish liver were sampled in Sydney Harbour for PFOS, which
was detected at ranges of 0.60 to 2.3 ng/g, 0.8 to 4.9 ng/g and 44 to 107 ng/g
respectively (Thompson et al 2011). PFOA was not detected in marine organisms
sampled from Sydney Harbour (Thompson et al 2011).
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PFOS and PFOA were detected in Australian white ibis and silver gull eggs with
concentrations being similar for both species collected from the Homebush site –
PFOS 12 to 82 ng/g and 19 to 80 ng/g respectively, and PFOA <0.6 and <0.6 to
2.6 ng/g respectively (Thompson et al 2011). Both species live around water bodies
and have similar opportunistic scavenging habits. Again, PFOA showed less
bioaccumulation than PFOS – this has been linked with the lower number of fluorinated
carbons in PFOA and sulfonate head-group (Thompson et al 2011).
Baduel et al (2014) sampled six species of stingrays from the Moreton Bay area in
September 2012 to assess the concentrations of PFAS in the livers of the rays. All
species tested hunt for prey in soft benthos, feeding primarily on crustaceans, molluscs
and small fish. Concentrations of PFOS and PFOA in stingray livers ranged from
0.72 to 116.1 ng/g and <0.03 to 18.7 ng/g respectively.
It can be concluded that Australian organisms are exposed to waterborne PFAS in
urban areas and bioaccumulation of PFOS does occur. None of the Australian studies
correlated observed PFAS concentrations within the organisms with adverse biological
effects.

1.4 International recognition of PFAS issues
There has been growing international concern about the environmental behaviour and
potential toxicity of PFOS and PFOA, driven by the identification of these man-made
substances in air, soil, river water, dust and remote polar regions (Shi et al 2012;
Du et al 2013). Due to its environmental persistence and ability to bioaccumulate,
PFOS has been classified as a persistent organic pollutant (POP) and was added to
Annex B of the Stockholm Convention in May 2009 (Sharpe et al 2010;
CONCAWE 2016). Australia has not yet ratified the listing of PFOS under the
Convention.
The principal global producer of PFOS, 3M, ceased production of PFOS and PFOA by
the end of 2002 (Seow 2013), although production of PFOS and PFOA still occurs in
some parts of the world. Subsequently, the US EPA launched a global 2010/2015
PFOA Stewardship program to phase out PFOA and related chemicals by 2015.
Internationally there has been a gradual increase in regulation of PFOS and PFOA,
with key milestones as follows:
•
•

•
•
•

•

In 2009 PFOS was added to Annex B (for restriction, not elimination) of the
Stockholm Convention for POPs.
Manufacture and importation of PFOS based surfactants are not permitted in the
USA and the firefighting industry has fully transitioned to non-PFOS alternatives
(Seow 2013).
In 2008 Canada also began to regulate and prohibit the manufacture, use, sales
and import of PFOS (Seow 2013).
Germany has banned the importation, use and manufacture of PFOS, and PFOA
is not used in German or European firefighting foams.
The United Kingdom has not placed specific ban or restrictions on the use of
PFOA containing foams; however, the fluorosurfactants must not enter
groundwater.
Norway has a national goal to eliminate any discharges of PFOA by 2020. Norway
banned PFOS in firefighting foams and textiles in 2007 and has proposed a ban on
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•
•

•

PFOA in consumer products with an upper limit of 1 ppm and 1 µg/m2 in textiles
and coated material.
Since 27 June 2011, the use of firefighting foams containing more than
0.0001 wt% PFOS has been prohibited in the EU.
In the EU, PFOS may only be used for the exempted uses under the directive
2006/122/EC as repealed by COM Regulation (EC) No 552/2009
(Norstrӧm et al 2015).
In 2013 PFOS was included in the EU Water Framework Directive (Directive
2013/39/EU), with environmental quality standards specified for surface water
(fresh and marine), and biota (Norstrӧm et al 2015).

1.5 Australian recognition of PFAS issues
There is increasing recognition across Australia regarding the potential issues
surrounding PFAS and the need to develop formal guidance and management
strategies. Some examples of policies and documents available to date are provided in
Appendix A. A chronology of the development of key guidelines is outlined in table 3.
Whilst this practitioner guide does not consider the management of foams, it should be
noted that in 2010, Airservices transitioned to a fluorosurfactant and fluoropolymer-free
firefighting foam at all airports which provide firefighting services (except Darwin and
Townsville due to Defence requirements). In July 2016, Queensland’s Department of
Environment and Heritage Protection released guidelines on the Environmental
Management of Firefighting Foam.
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Table 3. Chronology of the development of CRC CARE documentation and key guidelines for site contamination in Australia

Year
2012
2013–14

2015

2016

Key outcomes during the development of the CRC CARE guidance
CRC CARE end-users identified PFOS and PFOA among priority contaminants of concern (CECs).
CRC CARE Technical Report No 24: Analytical methods for priority and emerging contaminants: A literature review
CRC CARE Technical Report no 29: Environmental impact of priority contaminants: A literature review
CRC CARE Technical Report no 32: Development of guidance to manage contaminants of emerging concern
Commencement of CRC CARE project on risk-based assessment and remediation of PFOS and PFOA:
•
preparation of discussion paper from PFAS consultation forum
•
first meeting of consultation forum, and
•
commencement of development of draft guidance.
Department of Defence released the Defence contamination directive #8 – interim screening criteria (Amendments 1 and 2 issued in Sept 2016 and
May 2017)
Department of Industry and Regional Development, and Airservices released revised Managing PFC contamination at airports (June 2015)
NMI/CRC CARE proficiency study AQA 15-03: PFOS/PFOA in Soil and Water
CRC CARE draft guidance:
•
January–February – CRC CARE draft guidance document circulated to the consultation forum for consideration
•
March – second meeting of the consultation forum and endorsement of draft guidance for consideration by the Project Advisory Group.
•
April – meeting of CRC CARE, Commonwealth Department of Environment and Energy (DoEE) and other Commonwealth agencies. Outcome
was that DoEE would develop freshwater guideline values and CRC CARE would continue developing marine guideline values. (All aquatic
toxicant guideline values are in draft form, and may change as a part of the revision of the water quality guidelines process)
•
June –
 Draft guidelines provided to the CRC CARE Project Advisory Group (PAG) (refer to page iv) TDI values derived by Dong et al (CRC CARE
2016)
 Release of interim TDIs by enHealth
•
July – PAG advised CRC CARE to amend the guidelines using enHealth TDI values.
•
September – Bartholomaeus review report of enHealth TDI values.
February:
•
WA DER released Interim Guidelines on the assessment and management of PFAS (revised guideline released in January 2017)
•
Department of Industry and Regional Development, and Airservices released revised Managing PFC contamination at airports
July: Queensland DEHP released Environmental Management of Firefighting Foam
August: Vic EPA released Incoming water standards for aquatic ecosystem protection: PFOS and PFOA
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2017

2018

Commencement of review of the enHealth TDIs by FSANZ.
September: Department of Defence released Amendment #1 of the Defence contamination directive #8 – interim screening criteria
November: NMI/EPA Victoria Second Proficiency Test Report AQA 16-06 PFOS/PFOA in Fish, Soil and Water
December: DoEE released draft Commonwealth Environmental Management Guidance on PFOS and PFOA
January: Release of revised WA DER’s Interim Guidelines on the assessment and management of PFAS
March: Revised CRC CARE guidance published as draft and interim, pending FSANZ work on TDIs
April: Release of new TDI values by FSANZ and water quality guidelines and food trigger levels.
May:
•
update of the CRC CARE guidance using FSANZ TDI values
•
release of the updated CRC CARE guidance to the Project Advisory Group, and
•
release of NSW OEH screening criteria.
May: Release of Amendment 2 of the Department of Defence contamination directive #8– interim screening criteria
August: Release of the PFAS National Environmental Management Plan: Consultation Draft by Heads of EPAs. The endorsed version of this
document is expected to be the prime overarching document for the national management of PFAS.
Release of the final PFAS National Environmental Management Plan

CRC CARE Technical Report no. 43
Practitioner guide to risk-based assessment, remediation and management of PFAS site contamination

17

1.6 Purpose of this practitioner guide
The aim of this document is to provide a technical resource on how to apply a riskbased approach in the assessment and remediation of PFAS site contamination,
consistent with the ASC NEPM and the NEMP. This is achieved by outlining the
technical considerations and options for PFOS and PFOA during site contamination
assessment, remediation and management.
This document outlines the physical and chemical properties, toxicity, and behaviour,
fate and transport in the environment of PFOS and PFOA, which are considered in
terms of their relevance to risk-based site contamination decision-making.
Given the extent of information available, any (draft) screening values for PFAS are
subject to numerous assumptions, uncertainties and limitations. These have been
outlined where they are available. The nature of assumptions used in their derivation
may mean that detailed investigations would be required in most cases where there is
potentially unacceptable risk to human health or the environment. This document also
describes specific aspects that should be considered in the application of screening
levels depending on the site setting.
As part of the preliminary and detailed site investigations, the ASC NEPM emphasises
the importance of formulating a conceptual site model on which to base the
assessment of site contamination, in keeping with current site contamination practice
(e.g. importance of identifying source-pathway-receptor linkages). This document
provides information on the development of a conceptual site model for PFOS and
PFOA, which may be extended to other PFAS where relevant. Strategies to avoid offsite migration of PFAS are critically important.
Where the outcomes of preliminary and detailed site investigations indicate there are
potential risks identified to receptors at and surrounding a site, these risks may need to
be further investigated using a site-specific risk assessment (Tier 3) process.
During the period 2015–17 CRC CARE derived draft ecological screening levels
(ESLs) for soil and marine water (soil health screening levels (HSLs) were also derived
by CRC CARE but these have been removed from this document, noting that the
NEMP has recommended a set of soil HSLs. Useful general information on the
application of HSLs are retained in this document as a guide). The draft ecological
screening values in this document will provide a useful guide until the national
processes are finalised. These have been derived for specific exposure settings and
should not be applied to sites where there are multiple exposure pathways – in this
case, further evaluation will be required. Practitioners should refer to the most up-todate information, and should have discussions with regulators to ensure that all
jurisdictional requirements are met, including applicable guideline values, at the
commencement of site investigations.
It is emphasised that exceedances of draft screening levels do not necessarily imply
that contamination poses an unacceptable risk, and that screening levels should not be
used as remediation targets, as this could result in unnecessary remediation.
This document provides a collective view of the available science and application of
Australian approaches, and these are also used as a basis for the development and
application of screening levels, and as background information to assist site-specific
risk assessments.
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This document is intended for users within the contaminated sites industry, including
site owners, proponents of works, contaminated land professionals, and regulators. It is
assumed that readers are familiar with the requirements of the ASC NEPM, as updated
in 2013. Further, the NEMP aims to provide a nationally consistent approach to
environmental regulation of PFAS. While this practitioner guide aims to provide a
resource that can be used for PFAS-contaminated sites across Australia, it does not
replace specific laws, regulations and guidance provided at a local level. It is intended
to complement existing government-mandated guidance.

1.7 Limitations
The following limitations should be noted:
•

•

•

The assessment and management of PFAS contamination in soil and groundwater
is an emerging science in Australia and internationally and significant work
continues to be undertaken. It is recommended that when undertaking assessment
and remediation, the most recent information is considered.
Uncertainties and limitations in the screening levels and their application are noted
in this document, and these should be considered when using the values. Some of
the screening levels have assumed the occurrence of bioaccumulation and
biomagnification based on international work  there is uncertainty as to the levels
that occur in Australian organisms. Where significant exceedances of
screening/investigation levels occur, consideration should be given to direct
monitoring of potentially affected organisms to determine if there are effects that
can be distinguished. Further assessment would be would be required where
unacceptable risk from bioaccumulation is a potential consideration.
This review has focussed on PFOS and PFOA. PFAS include a large number of
compounds and analytical methods are reporting an increasing number of PFAS
compounds. The use of guideline values for PFOS and PFOA should recognise
that other PFAS may contribute to potential effects and where present, these will
need to be evaluated for potential cumulative risks in accordance with available
information.

1.8 Structure of this practitioner guide
This practitioner guide is divided into four key sections and appendices.
Section 1 Introduction provides an overview of PFAS site contamination, and the
purpose of this document.
Section 2 Properties of PFAS provides a comprehensive discussion of the properties
of PFAS (especially PFOS and PFOA) in relation to site contamination issues and sitespecific risk assessments. It includes an outline of:
•
•
•

physical and chemical properties,
toxicity (human health and ecological), and
behaviour, fate and transport in the environment
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Section 3 Assessment of PFAS site contamination refers to the ASC NEPM
approach for site assessment to provide PFAS-related guidance on:
•

•
•
•

guideline values and their application
 CRC CARE derivation of draft ESLs
 overview of other government-mandated criteria
site investigations and tiered risk assessments
conceptual site model, and
sampling and laboratory analysis (limited - refer to NEMP (HEPA 2018) for PFAS
sampling and analysis).

Section 4 Remediation and management applies the NRF approaches for risk-based
decision-making and options for remediation of sites, and provides useful information
on the management of contaminated soil and groundwater.
Appendices include supplementary information to assist in a better understanding of
the derivation process and associated assumptions and limitations for the draft
screening values.
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2. Properties of PFAS
2.1 Physical and chemical properties
PFOS is a perfluoroalkane sulfonic acid (PFSA), with a fully fluorinated 8-carbon chain.
The term PFOS generally refers to a mixture of linear and branched isomers, the ratio
of which depends on the production process (CONCAWE 2016).
PFOA has an 8-chain carbon length, of which 7 carbons are perfluorinated. The most
common PFOA derivative is the ammonium salt APFO
(ammoniumpentadecafluorootanoate or ammonium perfluorooctanoate) (DEPA 2015).
PFOS and PFOA are chemically and biologically stable and hence are persistent in the
environment, resistant to biodegradation, atmospheric photooxidation, direct photolysis,
and hydrolysis (US EPA 2014). PFOS and PFOA can also be formed from related
substances or precursor compounds by microbial degradation or larger organism
metabolism (e.g. rainbow trout transform perfluorinated acids to PFOS)
(CRC CARE 2014a). Potentially any molecule containing the PFOS moiety could be a
precursor to PFOS (UNEP 2006). It is possible that as PFAS are gradually phased out,
precursor transformation may continue to contribute to the potential for PFAS exposure
(CRC CARE 2014a).
The stability of PFOS and PFOA is due to the strength of the carbon-fluorine bonds.
Each fluorine atom is shielded by three electron pairs, and the carbon atoms are
shielded by the fluorine atoms (CRC CARE 2014a). PFOS and PFOA are moderately
soluble in water, and are stable to hydrolysis in the environment based on their long
half-lives in water (PFOA half-life reported as 92 years; PFOS half-life >41 years on the
basis that over the length of the study, no change in concentration was identified)
(DEPA 2015). They are persistent in groundwater and surface waters, though they
have been found to partition from the groundwater column into organic matter rich
sediments and soil particles due to their propensity to sorb to natural organic matter.
PFOS and PFOA have low volatility; however, they can be transported long distances
in air because of their high atmospheric half-lives (114 days and 90 days respectively)
(US EPA 2014).
Table 4 provides a summary of key physical and chemical properties of PFOS and
PFOA. Properties of PFHxS (C6F13SO3-) are less known. PFHxS has a shorter carbon
chain and is recognised to be persistent in the environment, as well as having longer
half-lives in biota and humans than PFOS and PFOA (OECD 2013).
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Table 4. Properties of PFOS and PFOA

Property

PFOS

PFOA

Appearance at normal
temperature and pressure

White powder

White powder/waxy white
solid

Molar weight (g/mol)

538

414

Vapour pressure

3.31 x 10-4 Pa (20 °C)

0.1 kPa (20 °C)
10 mmHg (25 °C)
4.2 Pa (25 °C)

Water solubility at 25 °C
(mg/L)

550 to 570 (purified)
370 (freshwater)
25 (filtered sea water)

9.5 x 103 (purified)

Melting point (°C)

>400

45–50

Octanol-water partition
coefficient (log Kow)

Not Measureable

6.30

Organic-carbon partition
coefficient (log Koc)

2.57–4.2

2.06–3.7

Henry’s Law constant
(atm-m3/mol)

3.05 x 10-9

Not measurable

Air-water partition
coefficient

<2 x 10-6

Not available

Molecular structure

Source Zareitalabad et al 2013a; USEPA 2014; DEPA 2015.

2.2 Toxicity
2.2.1 Human health
This section provides an overview of the toxicity of PFOS and PFOA to humans. A
detailed literature review of the effects of human exposure to PFOS and PFOA was
completed in 2015 and is presented in CRC CARE Technical Report no. 42 – Expert
health review: Health criteria for PFOS/PFOA (CRC CARE 2016), with key findings
summarised below (CRC CARE 2016). FSANZ (2017) provide updated information on
toxicity of PFOS, PFOA and PFHxS, including the development of tolerable daily
intakes (TDI) values (refer to section 3.2).
A range of studies has been undertaken into the possible health effects of PFOS and
PFOA in humans. Most human studies have looked for a relationship between levels of
PFAS in the blood and a health effect, but results have been inconsistent, with some
studies finding associations, but others investigating the same health effect finding no
association. Additional difficulties arise when seeking to extrapolate from animal to
human studies, as humans and animals have been found to react differently to PFOS
and PFOA, with profound differences in the toxicokinetics observed (ATSDR 2015).
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Toxicology studies show that PFOS and PFOA are readily absorbed after oral
exposure and accumulate primarily in the blood serum, kidney and liver and have a
half-life of approximately two to nine years in humans (US EPA 2014). PFOS and
PFOA bind to proteins (β-lipoproteins and liver fatty acid binding protein), preferentially
partitioning to liver, blood and kidney tissue, and can interfere with fatty acid
metabolism, and deregulate lipid and lipoprotein metabolism. They do not accumulate
in fatty tissues because they exhibit both hydrophobic and lipophobic properties.
The toxic effect on humans from acute exposure is not known, and the long term
adverse effects on humans are not yet well understood due to limited information.
There is concern that due to the long half-life of PFOS and PFOA, continued exposure
could increase body concentrations to levels that could have adverse outcomes
(Seow 2013).
Acute toxicity
The limited data available for humans indicate that acute toxicity is not observed
following high exposure to PFOS or PFOA through inhalation, ingestion, dermal or
ocular contact (ATSDR 2015). Animal studies have found a moderate acute oral
toxicity, with effects on the liver and gastrointestinal tract (PHE 2009) and PFOS being
more toxic than PFOA in fresh water organisms (Ji et al 2008; Li 2009).
Chronic exposure
Animal studies have indicated that chronic exposure of mice, rats and monkeys to
PFOS can result in increased liver weight, liver cell hypertrophy, histopathological
changes to lungs, decreased hormone level, decreased reproductive outcome, and
development delays. Chronic exposure to PFOA resulted in increased liver weight, and
reduced immunoglobulin M antibody titres. A summary of these studies and findings is
presented in table 6 and table 7 in CRC CARE (2017a).
The Food Standards Australia New Zealand (FSANZ) (2017a) review indicates that:
‘fetal and neonatal toxicity were observed in reproductive and
developmental studies with PFOS and PFOA at doses which were similar
to, or below those producing maternal toxicity. Adverse effects included
early embryonic loss, reduced ossification, increased incidence of
microcardia, decreased postnatal body weight gain, liver hypertrophy and
reduced fecundity of prenatally exposed females. One research team
published a number of studies describing microscopic effects of PFOA on
mammogenesis, but these did not appear to affect lactation’
(FSANZ 2017a, p. 23).
Prior to 2014, limited information was available regarding the effects of chronic
exposure to PFOS or PFOA in humans, with epidemiological studies having focused on
people occupationally exposed to PFOS/PFOA. However, the number of human
studies addressing potential PFOS/PFOA toxicity has been growing recently, with more
than 50 epidemiological studies published from 201516 onwards. A number of
epidemiological studies have also been conducted as cross-sectional or longitudinal
analyses of routine medical surveillance at PFOS/PFOA production facilities, focused
on occupational exposure. More recently epidemiological studies have also been
conducted on general populations, attempting to assess the possible correlations
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between PFAS concentrations in the human body and various health endpoints. Based
on these studies the following observations have been made (see CRC CARE 2016):
•
•

•

Modest positive associations of PFOS/PFOA concentrations in serum with
cholesterol (Frisbee et al 2010).
Higher serum levels of PFOA are associated with elevated levels of uric acid in the
blood (which can be a risk factor for hypertension). For PFOS similar but less
pronounced trends are found (Steenland et al 2010).
No significant association was observed with blood cell counts or thyroid hormones
(Olsen et al 2003).

There is some, but much less consistent, evidence of a modest positive correlation with
increased liver enzymes in the blood (Butenhoff et al 2002, Lau et al 2006).
Mixed information is available regarding the carcinogenicity of PFOS and PFOA. No
significant correlation between PFOS exposure and increased risk of cancer has been
reported. However, higher PFOA serum levels have been associated with kidney and
testicular cancer, and PFOA is classified by the IARC Monographs as possibly
carcinogenic to humans (Group 2B) (IARC 2015).
The FSANZ (2017a) review concluded that:
‘epidemiological studies have not provided convincing evidence of a
correlation between PFOS and PFHxS and any cancer type in human
beings. Although associations between PFOA and some human cancers
have been suggested from some epidemiological studies, results have
often been contradictory, and a causal relationship cannot be established
with reasonable confidence’ (IARC 2015, p. 40).
The US EPA does not currently classify PFOS or PFOA as carcinogenic to humans
(US EPA 2016a, b). Neither PFOS nor PFOA have been found to exhibit mutagenic
properties, though high doses may induce carcinogenicity in animals
(US EPA 2016a, b).
The Danish EPA considers PFOS and four precursors and homologues to have a
harmonised classification as carcinogenic, toxic to reproduction and acutely toxic
(DEPA 2015). DEPA (2015) has also recommended that PFOA be classified for
carcinogenicity, target organ toxicity, acute toxicity and eye irritation.
No significant associations reported between serum PFOS/PFOA concentrations and
reproductive or developmental outcomes, with the exception of one study by
Fei et al (2009) which found that plasma levels of PFOS/PFOA may reduce fecundity in
the general population. PFOS and PFOA are not considered genotoxic (EFSA 2008).
Toxicokinetics
PFOS and PFOA uptake occurs through oral, inhalation and dermal exposure.
Ingestion of food or contaminated drinking water is considered the primary route of
human exposure, with inhalation also an exposure pathway of concern (ATSDR 2015;
US EPA 2016a; 2016b). Uptake via dermal exposure generally appears to be less of a
concern, though information is limited (Kudo & Kawashima 2003; ATSDR 2015).
Infants may be exposed through breast milk, and young children through hand-tomouth activities from treated carpets (ATSDR 2015).
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PFOS and PFOA preferentially bind to proteins and accumulate primarily in the liver,
blood, serum and kidneys (Stahl et al 2011). They are not metabolised in mammals,
and are therefore removed only by excretion (Stahl et al 2011). In mammals, biological
half-lives differ among species and between genders due to differences in renal
clearance rates (Kudo & Kawashima 2003). More recently, excretion via milk in
lactating mammals has also been indicated to be a major elimination pathway. For
humans the reported mean half-lives for PFOS and PFOA are 5.5 years and 3.2 years
respectively, with the following ranges reported:
•

•

•

PFOS
 Animals – 100 days in male and female rats (Gibson & Johnson 1979;
Chang et al 2008) to 150 days in male and female monkeys
(Perkins et al 2004).
 Humans – 4.3 years in US cross-sectional study (age 10 to 69)
(Olsen et al 2012) to 8.7 years for primiparous (giving, or having given birth for
the first time) Swedish women (Gebbink et al 2015).
PFOA
 Animals – 2 to 4 hours in female rats (Gibson & Johnson 1979;
Chang et al 2008) to 30 days in female monkeys (Perkins et al 2004).
 Humans – 2.1 years in Chinese adults (Olsen et al 2007) to 4.1 years in US
infants (Spliethoff et al 2008).
PFHxS
 Humans – 8.2 years (OECD 2013)
 Animals – rats and monkeys are 7 and 100 days, respectively (OECD 2013).
2.2.2 Background blood levels in Australia (background contribution)

Background blood levels are important inputs for developing screening levels, and in
informing multi-pathway and multi-media risk assessments. A national survey in
Australia showed PFOS and PFOA detected in drinking water at levels of 0–15.6 ng/L
and 0–9.6 ng/L with corresponding uptake rates estimated to be 0–11 ng PFOS/day
and 0–13 ng PFOA/day (Thompson et al 2011). Limited information regarding other
uptake pathways, such as consumption of fish and aquatic species is available in
Australia. A study conducted in 2002–03 across Australia of 3802 serum samples
collected from both genders, in five age groups found mean blood concentrations of
20.8 ng/mL and 7.6 ng/mL for PFOS and PFOA respectively (Kärrman et al 2006). A
further three Australian studies were identified encompassing 2006–07, 2008–09 and
2010–11 (Toms et al 2009; 2014) (refer to table 1 in CRC CARE 2016 for details). Data
from these studies show that serum PFOS and PFOA concentrations in the general
Australian population appear to have decreased from 2002 to 2011, with mean serum
levels in the 2010–11 study of 10.2 ng/mL PFOS and 4.5 ng/mL PFOA. Mean serum
levels in the 2010–11 study for PFHxS were even lower (3.3 ng/L). The general
decrease in the concentrations of PFOS and PFOA in blood serum is consistent with
trends observed the USA (ATSDR 2015), reflecting the reduction in production and use
of products containing PFOS and PFOA.
2.2.3 Ecological systems
PFAS toxicity differs in fresh and marine aquatic environments
PFAS are extremely thermally, biologically and chemically stable, and they exhibit
hydrophobic and lipophilic characteristics (Konwick et al 2008). The carbon-fluorine
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bond in PFAS is the strongest halogen-carbon bond, and shields the carbon chain
bonds from reactive species, therefore the fluorinated surfactants are persistent in the
environment (Boudreau et al 2003a; 2003b; Hazelton et al 2012). PFOS and PFOA
have been shown to be metabolically and chemically inert, resisting both biotic and
chemical degradation (Boudreau et al 2003a; 2003b). Also PFAS are known to
bioaccumulate and biomagnify in food webs as evidenced by PFOS detection in
humans and wildlife (Konwick et al 2008). PFOS and PFOA have also been found to
bioaccumulate in edible aquatic species such has molluscs, crustaceans and fish
(Yang et al 2014). Ecotoxicological results from freshwater environments cannot be
directly applied to the marine environment (Kong et al 2008).
The toxicological effects of exposure of aquatic organisms to PFOS and PFOA are
reasonably well understood. Exposure of aquatic organisms to PFOS and PFOA can
result in adverse effects to reproduction, immunology and development in exposed
organisms as determined in many studies (see below). Waterborne PFOS exposure
can result in developmental toxicity in oviparous and viviparous freshwater fish from
multiple pathways involved in embryo and larval development, reproduction and stress
response (Oakes et al 2005; Wang et al 2011). Chronic PFOS exposure has been
found to result in decreased body length and weight, altered sex ratio and impaired
gamete function in exposed adult zebrafish (Wang et al 2011). Decreased reproduction
and growth of individuals was observed in an intertidal copepod exposed to PFOS of
concentrations up to 1 mg/L (Han et al 2015).
Fewer studies have been undertaken on the effects of PFOS and PFOA exposure to
marine organisms, compared to freshwater systems. As salinity can influence the fate
and transport of PFOS and PFOA in the environment, it is important to consider toxicity
to marine organisms separately to that of freshwater ecosystems (Jeon et al 2010).
Moreover, PFOS/PFOA toxicity in marine organisms will not necessarily be comparable
to that observed in freshwater organisms, and vice versa, and this can have important
ramifications in development of tolerance thresholds. For example, in a study of
blackrock fish (Sebastes schlegeli), it was shown that both the uptake and elimination
of PFAS (including PFOS and PFOA) decreased with decreasing salinity, possibly
associated with osmolality gradients (Jeon et al 2010). However, it was noted that
salinity had no effect on the kinetics of PFAS accumulation in blood serum and the liver
after uptake
There is a paucity of information that can be useful for providing consistent advice on
the potential impact on gene expression from PFAS in fresh and marine environments.
Changes to gene expressions have been observed in freshwater green mussels (Perna
viridis) exposed to PFOA and PFOS at 1, 4 and 16 mg/L PFOS (Liu et al 2014). A
marine medaka (Oryzias melastigma) which is a small teleost fish from brackish
environments2 (closely related to the freshwater zebrafish) showed potential for toxic
effects on cardiac development when embryos were exposed to 4 and 16 mg/L PFOS,
but not at 1 mg/L (Huang et al 2011). It is evident that potential for adverse effects
increased in a dosage-dependent manner and depending on the duration of exposure.
DNA damage and alteration of gene expression investigated in marine blue mussels
(Mytilus edulis) exposed in vivo to PFOA (Haukenes 2013) but found it difficult to

2

Note that lack of genome and transcriptome reference has largely restricted the use of O. melastigma in
the assessment of in vivo molecular responses to environmental stresses and the analysis of biological
toxicity in the marine environment (Lai et al 2015).
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conclusively attribute DNA damage to PFOA given that the same adverse effects were
also attributed to ethanol exposure in the control set-up.
Freshwater ecosystems
Toxicity data for freshwater organisms show that fish are the most sensitive to PFOS,
with zebrafish showing a lowest observed effect concentration value of 0.294 µg/L for
growth after a 90 day exposure (Keiter et al 2012). Waterborne PFOS exposure can
result in developmental toxicity in oviparous and viviparous freshwater fish from
multiple pathways involved in embryo and larval development, reproduction and stress
response (Oakes et al 2005; Wang et al 2011; Keiter et al 2012). In particular, oxidative
stress has been suspected as being one of the main causes of the observed toxicity in
zebrafish embryo development (Oakes et al 2005; Wang et al 2011).
Zebrafish exposed to 500 µg/L PFOS showed a reduction in fecundity of 34% after a
two-week exposure and a reduction of 47% after three weeks of exposure
(Sharpe et al 2010). Wang et al (2011) stated that chronic PFOS exposure (>50 µg/L)
resulted in decreased body length, decreased body weight, altered sex ratio and
impaired male gamete function in exposed adult zebrafish. The offspring of these fish
had a decreased embryo development and larval survival at concentration of PFOS
>50 µg/L.
Midges were the most sensitive of all freshwater aquatic macroinvertebrates as they
use surface tension to facilitate successful transfer across the air-water interface during
emergence (Phillips et al 2010). Therefore, a reduction in surface tension due to the
presence of surfactants could decrease emergence success as shown by
MacDonald et al (2004) when a concentration of <2.3 µg/L reduced emergence. PFOS
may also interfere with the function of haemoglobin in midges as emergent midges
were showing behaviour relating to oxygen stress (Phillips et al 2010).
Marine ecosystems
PFAS have been detected in the marine environment at concentrations up to 730 ng/L
in onshore waters (So et al 2004) and 0.113 ng/L in offshore waters
(Mhadhbi et al 2012). However, comparatively fewer studies have been undertaken
which specifically investigate the toxicity of PFOS and PFOA in the marine environment
when compared to those conducted on freshwater systems.
Latala et al (2009) showed that a relationship between hydrophobic properties and
toxicity was demonstrated using several species of marine algae, where, for each extra
perfluoromethylene group in the alkyl chain, the toxicity increases twofold. Further the
number of carbon atoms in the perfluoroalkyl chain and the partition coefficients are
linearly correlated with the log EC50 results. These results indicate that long chain
PFAS are possibly able to adsorb to the algal cell wall-water interface with both ionic
and hydrophobic interactions. This adsorption may increase PFAS accumulation by
causing cell wall/membrane disruption. This mode of action will produce different
toxicities in different species of algae due to the various cell wall structures.
An intertidal copepod (Tigriopus japonicas) was exposed to PFOS at concentrations up
to 1 mg/L it was found that there was a decrease in reproduction and growth of
individuals at 0.25 mg/L (Han et al 2015).
In an acute toxicity study of microalgae (Isochrysis galbana), sea urchin (Paracentrotus
lividus), mysid shrimp (Siriella armata) and turbot (Psetta maxima),
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Mhadhbi et al (2012) calculated the predicted no effect concentration (PNEC) for PFOS
and PFOA in marine water to be 1.1 and 119 µg/L respectively. In a study of
representative microalgae from the Baltic Sea (green algae (Chlorella vulgaris), the
diatom (Skeletonema marinoi) and blue-green algae (Geitlerinema amphibium)),
Latała et al (2009) determined EC50 values for PFOA of 977, 368 and 248 mg/L
respectively.
Huang et al (2011) reported the impaired expression of genes relating to cardiac
development, which resulted in changes in both the formation of the heart and the
heart rate in a small marine teleost fish (Oryzias melastigma) exposed to PFOS.
Abnormalities in heart development were observed at 4 mg/L (at a minimum of eight
days post fertilisation). An increase in heart rate was observed at 8 days post
fertilisation at higher doses (4 mg/L and 16 mg/L). After 10 days post fertilisation, all
embryos exposed to PFOS (including those exposed to low concentrations of 1 mg/L)
had a significantly reduced heart rate (Huang et al 2011). Changes in cardiac-specific
gene expression was observed at concentrations of 1 mg/L.
The results obtained by Huang et al (2011) were similar to those results from the
research conducted on the freshwater zebrafish (Sharpe et al 2010). These results
indicate that PFOS has a similar mode of action in freshwater and marine fish. Larval
fish exposed to similar concentrations (1–4 mg/L) of PFOS by Fang et al (2013)
showed alterations to immunoregulation functions that may lead to immunosuppression
increasing the susceptibility of the larvae to infectious agents. Krøvel et al (2008) also
found that Atlantic salmon (Salmo salar) experienced genetic transcription errors and
associated cellular stress (including changes in gene expression) when exposed to
concentrations of PFOS as low as 2.1 mg/L.
Research into the toxicity of PFAS to humans have indicated that PFAS are not
genotoxic to human cells, however, ecotoxicity research suggests that disturbances in
DNA metabolism do occur after exposure to PFAS (Liu et al 2014). Changes to gene
expressions can alter and decrease important metabolic functions such as energy
consumption, reproduction and immunity. Green mussels (Perna viridis) exposed to
concentrations of PFOS and PFOA up to 1 mg/L exhibited an increase in DNA
fragmentation, with PFOS showing a higher toxicity than PFOA. Lui et al (2014)
suggested that PFAS induce excessive production of reactive oxygen species which
can interfere with DNA molecules by attacking the base and deoxyribosyl backbone
leading to strand breaks which may result in irreversible genotoxic damage.
Apart from toxicity in aquatic ecosystems, it is particularly important to also consider
bioavailability (refer to section 2.3.2), and the partitioning of PFOS and PFOA between
sediment and water (refer to sections 3.6.1 and 3.9.3).
Toxicity in the terrestrial environment
There is limited information on the impacts of PFOS and PFOA exposure on terrestrial
organisms. As discussed above, many studies have shown that exposure of aquatic
organisms to PFOS and PFOA can result in adverse effects on reproduction,
immunology and development in exposed organisms. However, information on the
potential impact from PFOS and PFOA exposure to terrestrial organisms is less well
researched. The impacts on terrestrial organisms are important as land application of
biosolids can result in contamination of soils with PFOS and PFOA (Xu et al 2013). The
chemical and physical properties of the soils may alter the bioavailability and toxicity of
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PFOS and PFOA, with high carbon and clay content (and type of clay) reducing
bioavailability. This effect should be taken into account when assessing toxicity data
(Das et al 2013).
Earthworms play a large role in maintaining the ecological functions of soils and are
sensitive to contaminants. Xu et al (2013) exposed earthworms (Eisenia fetida) to
PFOS in soil at concentrations ranging from <0.2 mg/kg to 120 mg/kg. Reduced growth
was observed in the worms after 42 days of exposure at 120 mg/kg when compared to
the controls and all other treatments. This observed effect was statistically significant
(p<0.05). No mortalities were observed in neutral and alkaline soil with 300 and
200 mg/kg respectively; however, DNA damage was detected in exposed worms at
concentrations of 10 mg/kg in neutral pH soil (Mayilswami et al 2014).
Zhao et al (2014) showed that earthworms (Eisenia fetida) bioaccumulated PFOS and
PFOA with uptake through exposure to pore water and ingestion of soil through the gut.
Zhao et al (2014) also showed that wheat bioaccumulated PFAS from the soil through
the roots then translocated to the shoots. However, earthworms and wheat exposed to
PFOS and PFOA at concentrations of 1 mg/kg showed no toxic effects on growth and
biomass after a 30 day exposure. Research conducted by Zareitalabad et al (2013b)
also showed no toxic effects to an earthworm (Aporrectodea caliginosa) at 1 mg/kg
PFOS and PFOA. This research indicated that dermal exposure through pore water
was the main exposure route for uptake of PFOS and PFOA.
Chinese cabbage seeds grown in a range of concentrations of PFOS for 15 days
showed inhibition of germination rate, growth processes and various physiological
indicators (Zhang et al 2011). Exposure of the seeds to 85 mg/L PFOS resulted in an
87% inhibition of germination with a no observable effect concentration (NOEC) of
51 mg/L for growth and survival. Chlorophyll content, dissolvable protein content,
catalase activity and peroxidase were inhibited at concentrations above 51 mg/L.
Research by Li (2008) showed no inhibition of germination of lettuce, cucumber and
pakchoi seeds exposed to PFOS and PFOA at concentrations >200 mg/L, whereas
root elongation was inhibited in all species with EC50 values ranging from 99 to
>200 mg/L for PFOS and 170 to 1254 mg/L for PFOA.
Research conducted by Qu et al (2010) on the effects of PFOS on wheat (Triticum
aestivum) showed that concentrations of 10 mg/L of PFOS in the nutrient solution
resulted in a significant decrease in biomass when compared to the controls. However,
at concentrations lower than 1 mg/L a slight stimulatory effect on growth was observed.
This is possibly related to the enhancement of chlorophyll biosynthesis at the lower
concentrations. In contrast, this study also showed that high concentrations of PFOS
(200 mg/L) significantly inhibited chlorophyll accumulation and concentration, which
had the potential to reduce growth. Qu et al (2010) also showed that antioxidant
enzyme activity was inhibited at PFOS concentrations of 200 mg/L and this
concentration also increased the permeability of root cells. The permeability of the root
cells may be related to the surfactant activity which may increase the permeability of
the plant cell membrane and promote electrolyte leakage from the cells.
Honeybees exposed to dietary PFOS resulted in a 72-hour oral LD503 of 2 mg/mL
which was categorised as highly toxic by the International Commission for Bee Botany
(Wilkins 2001; Xu et al 2013). However, as discussed by Van Gossum et al (2010),
3

LD50 = lethal dose that causes 50% mortality in exposed organisms
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short-term exposures do not reflect the long-term impact of exposure to low
environmentally relevant concentrations of PFOS. Van Gossum et al (2010) showed
that reproduction in Drosophila hydei was reduced in a 14 day exposure to PFOS at
5 ng/mL in the diet. Larval survival was also reduced when exposed to this higher
concentration. Second generation offspring reared in a PFOS free environment also
showed a reduction in reproduction, indicating that effects of PFOS exposure may be
carried over from the larval to the adult stage (Van Gossum et al 2010).

2.3 Behaviour, fate and transport in the environment
PFOS and PFOA are widely distributed in the environment, and are detected in soil,
sediment, surface waters and groundwater both near point sources and in remote
locations. Their persistence in the environment and moderate solubility means they can
be transported long distances and transfer between different media. PFOS and PFOA
can be transported to surface waters and subsurface waters (i.e. groundwater) as a
result of runoff and leaching. Atmospheric transport of precursor compounds and long
range transport via ocean currents may also occur, as demonstrated by the detection
of PFOS in remote regions of the Arctic caps (US EPA 2014).
PFOS and PFOA have also been shown to be persistent in the aquatic environment
with potential to adsorb to particulate matter and bioaccumulate in aquatic organisms
(OECD 2002; Hazelton et al 2012). PFOS has a very low Henry’s Law Constant which
indicates that volatilisation from water to air is unlikely, and aquatic environments may
be a significant potential sink for PFOS (US EPA 2002), particularly marine systems
because of the lower solubility of PFOS and PFOA in seawater (Ahrens et al 2009).
This is supported by the detection of PFOS in groundwater and surface water systems
near PFOS production plants and firefighting training facilities in the USA
(Boudreau et al 2003a; Konwick et al 2008). Further, particulate matter will ultimately
be deposited in sediments, forming a sink for PFOS. However, Environment
Canada (2013) suggests that sediments, while a sink for PFOS, are unlikely to be a
sink for PFOA as aqueous concentrations of PFOA are higher than that of PFOS, and
PFOA is less strongly adsorbed than PFOS.
Mobility of PFAS in water is partially influenced by the degree of sorption to sediments
or soils during transport. Sorption can remove a portion of the PFAS from aqueous
solution, and hence reduce the total contaminant mass migration velocity relative to
water velocity (CONCAWE 2016).
PFAS also enter the environment through WWTPs, with discharges both to aquatic and
terrestrial environments (Bossi et al 2008; Hu et al 2011). Concentrations of PFOS and
PFOA may increase in wastewater treatment plant effluent as a result of the
wastewater treatment process, possibly through the transformation of precursor
products (Chen et al 2012; Becker et al 2008). PFOS and PFOA readily adsorb to
sludge in wastewater treatment plants and become concentrated in biosolids due to the
high organic content (Zareitalabad et al 2013a). PFOS is thought to sorb more readily
to biosolids than PFOA (Becker et al 2008; Guo et al 2010; Chen et al 2012). Precursor
products present in biosolids can also act as long-term sources of PFOS and PFOA
into the environment (Venkatesan & Halden 2014).
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2.3.1 Groundwater migration potential and characteristics
PFOS and PFOA are moderately soluble, and are stable in the environment as
evidenced by their long half-lives in water (PFOA half-life reported as 92 years; PFOS
half-life >41 years on the basis that no change in concentration was detected over the
length of the study) (DEPA 2015). Although persistent in groundwater and surface
waters, they have been found to partition from the groundwater column to organic
matter rich sediments and soil particles due to their propensity to sorb to natural
organic matter and soil surfaces.
2.3.2 Bioaccumulation and persistence
PFAS are extremely thermally, biologically and chemically stable, and exhibit
hydrophobic characteristics (Konwick et al 2008). The carbon-fluorine bond in PFAS is
the strongest halogen-carbon bond, shielding the carbon chain bonds from reactive
species resulting in PFAS being highly persistent in the environment
(Boudreau et al 2003a; 2003b; Hazelton et al 2012). PFOS and PFOA have been
shown to be metabolically and chemically inert, resisting both biotic and chemical
degradation (Boudreau et al 2003a; 2003b).
Similarities and differences in bioaccumulation of PFOS and PFOA in food webs
PFOS and PFOA exhibit tendencies to bind to blood serum proteins, alter fatty acid
metabolism, and adversely affect cellular membranes and intercellular communication
(Konwick et al 2008). The following is known from published bioaccumulation studies:
•

•
•

•

•

•

PFOS has the potential for biomagnification in aquatic food webs
(Sharpe et al 2010; Hazelton et al 2012). However, Yang et al (2012) state that
PFOS and PFOA may have different bioaccumulation trends in the marine food
chain, with PFOS having the potential to biomagnify along the food chain whereas
PFOA does not have this potential.
PFOS accumulates in hepatic tissues, and tissue-specific accumulation in
freshwater and marine fish has been observed.
There is a potential for PFOA to bioaccumulate in benthic organisms (e.g. in intertidal flats) through direct ingestion of particles (Yang et al 2012). In relation to
biomagnification (and bioaccumulation) in marine food chains, however, the high
water solubility of PFOA enables fish to quickly excrete this substance via gill
permeation.
Because of their persistence and accumulative affects, PFAS have been detected
in higher trophic level animals such as fish, dolphins, seals, polar bears and birds
(Butt et al 2008; Fair et al 2013; Greaves et al 2013; Leat et al 2013;
Lucia et al 2015).
There is some evidence of PFAS bioaccumulation in fish varying according to
carbon chain length (Martin et al 2003; Thompson et al 2011). PFOS has a higher
tendency for bioaccumulation compared to PFOA due to its longer perfluoroalkyl
chain length (eight fluorinated carbon chain compared to seven)
(Thompson et al 2011).
PFOS has been shown to bioaccumulate and biomagnify in fish and piscivorous
birds in higher concentrations than PFOA (Ahrens & Bundschuh 2014;
Lucia et al 2015). The biomagnification factor ranges from 1.4 to 17 in predatory
birds and mammals (US EPA 2014).
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•

•

•

•

•

The European Food Safety Authority (2008) reported that PFOS has been shown
to accumulate in fish tissue, with an estimated kinetic bioconcentration factor in
fish ranging from 1,000 to 4,000 – the time to reach 50% clearance in fish was
estimated to be around 100 days.
Yang et al (2012) showed that fish and squid at higher trophic levels accumulated
more PFOS than benthic invertebrates, possibly due to their longer life spans.
However, higher PFOS concentrations were detected in omnivorous fish species
than carnivorous species, possibly due to the ingestion of particulate matter in the
detritus.
The ingestion of particulate matter does represent an important pathway for
accumulation of PFOS as evidenced by concentrations detected in benthic
invertebrates and filter-feeding bivalves (table 6) in tidal areas. This is supported
by research by Sakurai et al (2013) which showed that ingestion of sediment
particulate matter by flounder may contribute up to 25% of the body burden of
PFOS, although a contribution of 2.5% was deemed to be more likely.
Yang et al (2012) also showed that PFOS, in particular, accumulated preferentially
within the liver and viscera of seafood species. This has implications for increased
exposure to PFOS for those species which are eaten in their entirety by humans.
Zhao et al (2014) showed that earthworms bioaccumulated PFOS and PFOA with
uptake through exposure to pore water and ingestion of soil through the gut.
Zhao et al (2014) also showed that wheat bioaccumulated PFAS from the soil
through the roots, and then the PFAS translocated to the shoots.

In a study on PFAS bioaccumulation, Martin et al (2003) found that the extent of
accumulation of PFAS in juvenile rainbow trout decreased in the order of blood,
kidney, liver, gall bladder.
Bioaccumulation in plants
Edible plants can uptake PFOS and PFOA from soil, irrigation water and the
atmosphere, such as in the vegetative (e.g. leaves, roots, leaf buds and stems but not
fruits, seeds flowers and buds) portions of carrots, cucumbers, maize, wheat, potato
and oats, with higher concentrations of PFOA observed than PFOS (Stahl et al 2008;
Lechner & Knapp 2011; Zhang et al 2015).
Blaine (2014) and Blaine et al (2014) also found differences in the uptake of long and
short chained PFAS, including PFHxS. Short-chain PFAS have greater
bioaccumulation potential in plants than long-chain PFAS. Plant studies included
celery, celery, tomato and sugar snap pea. Research showed that edible plants grown
in soil amended with industrially-contaminated biosolids accumulate fewer long-chain
PFAS, and fruit crops accumulate less PFOA than do shoot or root crops. PFAS
bioaccumulation potential is highly dependent on analyte concentration in the
reclaimed water, and organic carbon content of the soil (Blaine et al 2014).
The amount of PFOA accumulated by plants shows a negative correlation to the
organic carbon content of the soil and carbon tail length. Irrigation of food crops using
reclaimed water will also result in the accumulation of PFOS and PFOA, with the
amount accumulated dependent on the concentration in the irrigation water
(Blaine 2014). Using irrigation water containing 0.2 to 40 µg/L of PFOS, Blaine (2014)
detected 1.4 ng/kg to 279 ng/kg of PFOS in lettuce leaves and 5.2 ng/kg to <0.3 ng/kg
in strawberry fruit. Using irrigation water containing 0.2 µg/L to 40 µg/L of PFOA
resulted in lettuce leaf concentrations of PFOA of 27 ng/kg to 1256 ng/kg and
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concentrations of 32 ng/kg to 35 ng/kg in strawberry fruits. The research conducted by
Blaine (2014) supports that of Lechner and Knapp (2011) and Stahl et al (2008), which
found that PFOS and PFOA were detected in the vegetative portions of carrots,
cucumbers, maize, wheat, potato and oats. All the studies discussed here reported that
concentrations of PFOA were higher in the plants than PFOS.
Research by Blaine (2014) and Krippner et al (2014) shows that bioaccumulation
potential is related to the chain length of the PFAS. Krippner et al (2014) reported that
shorter chain PFAS were transferred to the maize plant shoot, whereas longer chain
length PFAS (including PFOS and PFOA) accumulated in higher concentrations in the
maize roots.
Krippner et al (2014) showed that the pH value of the nutrient solution had no
significant effects on uptake of PFOS and PFOA by maize plants. This is in contrast to
Zhao et al (2013) who found that pH values between 4 and 6 increased the uptake of
PFOS by wheat roots and subsequent translocation to the leaves, and then the uptake
decreased with increasing pH to 10. Zhao et al (2013) also found that salinity of the
nutrient solution increased the uptake of PFOS in wheat roots and that uptake was
concentration dependent.
In addition to bioaccumulation of PFAS through soil and irrigation water, plants have
been shown to bioaccumulate PFAS from the atmosphere (Lechner & Knapp 2011;
Blaine 2014; Zhang et al 2015b). Atmospheric PFAS, both in the gas and particulate
phases, can be directly adsorbed on leaf surfaces or via wet and dry deposition where
the PFAS is absorbed by the leaf epidermis and taken in through the pores then
transported into the leaves (Zhang et al 2015b). In addition to direct uptake through the
leaves, uptake of PFAS through the roots from soil concentrations can migrate through
the xylem and ultimately accumulate in the leaves of coniferous and broad-leaf trees
(Zhang et al 2015b). Zhang et al (2015b) also showed that PFOA accumulated in
leaves at higher concentrations than PFOS, thus supporting the findings of
Blaine (2014) that shorter carbon chain PFAS are preferentially taken up by plants.
Blaine et al (2014) showed relatively high transfer factors for PFBA, PFPeA and PFHxA
(which are important biotransformation products from Ansulite and other fluorotelomer
based AFFF). In case of a 3M Light water, it is important to note that PFHxS seems to
accumulate more than PFOS in shoots and fruit compartments.
Bioaccumulation in edible aquatic species
Research conducted by Yang et al (2012) showed that PFOS and PFOA
bioaccumulated in molluscs, crustaceans and fish with concentrations shown in table 6.
In contrast, PFOA was not detected in fish or oysters by Thompson et al (2011) in
Sydney Harbour (table 6). Yang et al (2012) concluded that, based on the tolerable
daily intake for PFOS and PFOA of 150 ng/kg body weight/day and 1,500 ng/kg body
weight/day respectively recommended by the European Food Safety Authority
(EFSA 2008), the concentrations of PFOS and PFOA detected in the seafood in Bohai
Bay do not pose a threat to the population from consumption of the seafood. Based on
this tolerable daily intake, it is unlikely that consumption of fish and oysters from
Sydney Harbour would exceed the intake limits for PFOS and PFOA, based on EFSA
(Thompson et al 2011). However, this may not be the case for particular areas with
high contamination (and given the lower tolerable daily intakes published by FSANZ).
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Taylor (2016) studied the presence of PFAS in fish and crustaceans in two
contaminated estuaries located near firefighting training grounds in Williamtown, NSW.
PFOS concentrations were highest in school prawn followed by dusky flathead and
mud crab, with sand whiting and yellowﬁn bream equal. Concentrations of PFOS varied
depending on species and tissue type (e.g. liver contained much higher levels than
muscle in dusky flathead and yellowfin bream). This study identified that level of
reporting (LOR) and baseline data were important considerations in reporting findings.
Table 5. Maximum concentrations detected in seafood in Bohai Bay, China and Sydney Harbour
(Thompson et al 2011, Yang et al 2012)

Species

Bohai Bay
PFOS (ng/g) PFOA (ng/g)
11.9
0.87

Fish flesh
Bivalves (mussels, oysters
0.94
and clams)
Mollusc (gastropods, squid
10.2
and octopus)
Crab
1.17
Shrimp
1.67
Not tested (NT), below detection limits (BDL).

Sydney Harbour
PFOS (ng/g) PFOA (ng/g)
2.2 ± 1.2
BDL

2.1

1.2 ± 0.54

BDL

4.37

NT

NT

1.15
0.28

NT
NT

NT
NT

Relationship between PFAS concentrations in water/sediment and aquatic
organisms
PFAS in water and sediments have the potential to accumulate in aquatic organisms.
The partitioning of PFOS and PFOA between water, soils and sediments is complex,
with various factors influencing partitioning such as the strength of bonds, solubility
(PFOS solubility decreases in seawater), solution ionic composition, organic content,
pH and presence of other contaminants such as hydrocarbons (Lasier 2011).
The bioaccumulation factor is a factor that represents exposure via the surrounding
environment and the diet, and in summary, is influenced by the following factors:












water concentration
sediment concentration
species
tissue sampled (PFOS mainly binds to proteins)
sex
age
duration of exposure
habitat
feeding habits
trophic level, and
elimination of PFAS.

Potentially PFAS carbon chain length and functional group may also influence
bioaccumulation.
Bioavailability
There is limited information regarding the effects of aging and soil properties on
bioavailability, with toxicity studies focusing on exposure of organisms to fresh PFOS
and PFOA. The binding affinity and hence bioavailability of PFOS in soils and
sediments are determined by the composition and properties of the soil/sediment
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matrix (Chen et al 2012; Das et al 2013). Determining these could provide some
indication of the bioavailability of PFOS. PFOA does not show the same binding affinity
to soils and soil composition may not influence the bioavailability and toxicity of PFOA
to the same degree. In the absence of sufficient information to allow bioavailability of
PFOS and PFOA to be established, it is typically assumed that the contamination is
100% bioavailable. The significance of PFAS bioavailability is discussed below in terms
of soil/sediment sorption and desorption.
Sorption
As PFOS and PFOA repel both oil and water, the sorption of PFOS and PFOA by
sediment is driven by both electrostatic and hydrophobic interactions
(Johnson et al 2007; Chen et al 2012; Zhang et al 2015a). Specifically, the sorption
affinity of sediments is governed by the organic carbon content of the sediment, pH and
ionic characteristics.
PFOS adsorption to soils is strongly related to higher pH, organic carbon and clay
content, as indicated by variations in the bioaccumulation factor (BAF) determined by
earthworm exposure (Das et al 2013). The lower BAF values with higher
concentrations of organic matter and clay content could be the result of more sites for
PFOS sorption, therefore reducing its bioavailability to exposed worms. Further, the
mineral lattice and micropores in soil aggregates may also capture and fix organic
chemicals, reducing their accessibility to soil organisms (Hongjian 2009).
Research conducted by Zhang et al (2015a) into the contributions of soil/sediment
components to PFOS adsorption showed that PFOS affinity to humin/kerogen
dominated PFOS adsorption due to the aliphatic and non-polar parts of the PFOS
molecule which facilitate phase transfer and hydrophobic effects. The inorganic
component of soils and sediments showed a large contribution to PFOS adsorption
possibly due to the formation of chemical bonds. Humic acid/fulvic acid showed the
lowest contribution to adsorption, perhaps because its hydrophilic and polar features
may increase electrostatic repulsion and weaken the hydrophobic effect. This supports
the conclusion that the binding affinity and bioavailability of PFOS in soils and
sediments will be determined by the composition and properties of the soil/sediment
matrix, and these should be determined when assessing the bioavailability of PFOS.
Numerous studies have shown the influence of organic carbon content in sorption of
perfluorinated compounds to sediments (e.g. Higgins & Luthy 2006;
Johnson et al 2007; Chen et al 2012; Zhang et al 2015a). The sorption affinity is
correlated to the sediment organic carbon content which in itself is indicative of the
influence of hydrophobic interactions (Johnson et al 2007; Chen et al 2012). Zhi and
Liu (2015) report that sorption of PFOS and PFOA to carbon media was strongly
influenced by the surface chemistry (rather than the physical surface properties such
as pore size). However, contrary to previous research, they found that hydrophobicity
did not determine sorption affinity (i.e. carbon polarity or hydrophobicity has
insignificant impact on the extent of adsorption), and they argued that acid-base
interactions were more important in the sorption of PFOS and PFOA to carbons
assessed in the study (Zhi & Liu 2015).
The sorption of PFOS onto marine sediments is influenced by the solution ionic
composition and sediment-specific parameters (Chen et al 2012), and adsorption
affinity has been found to positively correlate to carbon surface basicity
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(Zhi & Liu 2015). This finding suggests that an acid-neutralising or anion-exchange
capacity strongly determines the sorption of PFOS and PFOA (Zhi & Liu 2015). PFOS
sorption from seawater to marine sediments was approximately 10 times stronger than
that in freshwater environments. Metal cations in solution were also suggested to
increase the adsorption of PFOS on sediments (Chen et al 2012).
Desorption
The process of sorption and desorption are fundamental elements in understanding
how PFOS and PFOA are transported in the environment. Understanding desorption is
particularly important in determining the requirements for remediation and management
(Pan et al 2009).
In a study of how surfactants impact the desorption of PFOS from natural sediments,
You et al (2010) found that by increasing the salinity of water, PFOS transferred from
the water to the sediment medium, with no desorption from the sediments. This result
was attributed to salt-aided precipitation and the bridging effect of calcium, in
conjunction with the physicochemical properties of the sediment medium
(You et al 2010). Pan et al (2009) reported that desorption of PFOS in the presence of
an anionic surfactant and a cationic surfactant could be determined by two opposing
factors – the cationic surfactant enhanced sorption of the surfactant itself to sediments,
thereby increasing sorption of PFOS or the addition of the anionic surfactant increased
solubility of PFOS, thereby increasing desorption.
Fate of PFAS in wastewater treatment
Wastewater treatment plants (WWTPs) are one of the mechanisms by which organic
contaminants enter aquatic and terrestrial environments (Bossi et al 2008;
Hu et al 2011), and it is important to understand both the physical and chemical factors
that influence the pathways of transport into and out of wastewater treatment plants.
Chen et al (2012) found that concentrations of PFOS and PFOA increased in the
wastewater treatment plant effluent, as a result of the wastewater treatment process.
Specifically, higher concentrations of PFOS and PFOA were found in effluent
compared with the influent in treatment plants which utilised an anaerobic/anoxic/oxic
treatment method (Chen et al 2012). This suggests that this type of wastewater
treatment process converts other fluorinated compounds into PFOS and PFOA.
Houtz et al (2012) found that aerobic sewage treatment can result in an increase in
liquid chromatography/mass spectrometry identifiable PFAS due to oxidation of
precursor substances. Ma and Shih (2010) also found that the concentration of shortchain PFAS were at higher concentrations in the effluent than in the influent. In the
same study, the presence of PFAS at WWTPs was primarily attributed to industrial
influent, with urban sources a minor contributor of PFOA. Notwithstanding this, they
also observed that PFAS will accumulate in WWTP sludge with the dominant PFAS
found in sewage sludge being PFOS, and sewerage infrastructure may itself be a
secondary source of PFOS (Ma & Shih 2010). In German WWTPs Becker et al (2008)
found that PFOS and PFOA concentrations were three and twenty times higher in the
effluent than in the influent for PFOS and PFOA respectively. A study of 22 wastewater
treatment plants in Korea found that PFOS decreased after treatment and only PFOA
levels increased (Guo et al 2010).
The marine sediment environment can act as a sink for PFOS and PFOA sourced from
the direct release of treated wastewater, because of the lower solubility of these
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compounds in seawater (Ahrens et al 2009). This can result in PFOS and PFOA
accumulating in sediments, with potential for marine, intertidal and sediment dwelling
organisms to be exposed to PFOS and PFOA. In terms of relative accumulation, Ma
and Shih (2010) concluded that on a global scale, sewage sludge is a greater sink for
PFAS than marine sediments.
Thompson et al (2010a) detected PFAS in Australian secondary wastewater with
PFOS concentrations ranging from 2.2 to 38.6 ng/L from two sources, and PFOA
ranging from 6.7 ng/L to 27 ng/L, indicating that standard waste water treatment
processes do not completely remove PFOS and PFOA. At the time of sampling these
treated wastewaters were sent to two water treatment plants for reclamation via
different treatments, one of which included ozonation and the other reverse osmosis. In
both cases a reduction in PFOS and PFOA concentration was observed posttreatment, more so in the reverse osmosis plant. However, in the case of the reverse
osmosis plant, PFOS and PFOA were detected in the waste stream which was being
discharged into a river. Thompson et al (2010a) concluded the outputs of both
reclamation facilities formed a source of PFAS to the environment. With respect to
human and environmental health, the concentrations of PFAS going into and out of the
reclamation facilities (including the waste streams) were below levels of immediate
concern.
With respect to WWTPs being a source of PFOS and/or PFOA in the environment, it is
necessary to consider the following:
•
•
•

the concentrations and mass loadings of PFAS (including PFOS and PFOA
precursors) in the influent and effluent
the potential for PFOS and PFOA to be generated in the treatment plant process,
and
the potential for biosolids from wastewater treatment plants to be a sink for PFAS.

Accumulation in sewage sludge
As a result of the physicochemical properties of PFOS and PFOA, these compounds
readily adsorb to solid matter in wastewater from WWTPs and become concentrated in
biosolids byproducts (Zareitalabad et al 2013a). By way of example, PFOS and PFOA
have been detected in biosolids at concentrations of 0.99 and 0.24 mg/kg respectively
(Venkatesan & Halden 2014).
Chen et al (2012) investigated sorption potential and factors influencing the sorption of
PFAS to sewage sludge, and partition coefficients (KOC) were estimated for PFAS. Log
KOC values for sludge and sediments are shown in table 6. Sludge had a higher log KOC
than sediments, indicating a higher sorption to sludge, and various factors were
suggested that might account for this: the heterogeneity of the sludge organic carbon,
and differing solution composition, including protein composition, pH and ionic strength,
all of which are known to influence PFAS sorption (Victor et al 2015).
Table 6. Log Koc results for sludge and sediments (Chen et al. 2012)

Analyte
PFOS
PFOA

Log KOC sludge
3.54
2.50

Log KOC sediment
2.57
2.06
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It has been found that in WWTPs, PFOS sorbs more readily to the biosolids than PFOA
(Becker et al 2008; Guo et al 2010; Chen et al 2012). As PFOS and PFOA have
differing sorption behaviours in wastewater treatment plants, this can be an important
consideration for processing and effluent contaminant concentrations. Further, the
precursor compounds have the potential to breakdown within the sludge and
subsequent dewatered biosolids, thus increasing the concentrations of PFOS and
PFOA in the system.
A study of a WWTP servicing 1.3 million people found that significant amounts of
precursor compounds also partition onto biosolids, and can be transferred to soil
through land application of biosolids (Venkatesan & Halden 2014). These precursors
can act as a long-term continuous release of PFAS into the environment. The short
chain PFAS compounds were lost from the soil within 100 days of biosolids application
(average temperature 14 °C) (Venkatesan & Halden 2014). This research also showed
that longer chain PFAS persisted in soil over a three-year period and repeated
application of biosolids to land may result in a significant accumulation of PFAS in soils.
Further, land application of contaminated biosolids has the potential to give rise to
contaminated leachate, which has the potential to enter groundwater and surface water
(Gallen et al 2014a).
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3. Assessment of PFAS site contamination
The framework for the risk-based assessment of contaminated sites in Australia is set
out in the ASC NEPM, which is recognised as the primary national guidance document
for the assessment of site contamination in Australia:
•
•

Schedule A provides a general process for assessment of site contamination, and
Schedule B comprises 10 technical guidelines about site assessment, screening
levels, site investigations, laboratory analyses, human health and ecological risk
assessment, groundwater assessment, community consultation, consultants and
auditors, and health and safety.

Schedule A is of particular importance for decision-making of the appropriate
investigation and management of PFAS-contaminated sites (note that the ASC NEPM
does not contain specific reference to PFAS).
Schedule B provides detailed guidelines on how to assess contaminated sites to assist
decision-making, and includes important references to other national frameworks such
as the Guidelines for Assessing Human Health Risks from Environmental Hazards
(enHealth 2012 a; b) and the Australian Water Quality Guidelines (NHMRC 2016;
NHMRC 2008; ANZECC/ARMCANZ 2000; Warne et al 2015; 2017). It is important that
risk assessments are conducted by persons with a thorough understanding of site
contamination frameworks and practices, preferably with respect to PFAS.
The NRF will provide a package of 26 guidelines for the remediation and management
of contaminated sites (in preparation). The NRF builds on existing best practice and
regulation of contaminated sites in Australia to harmonise guidance. The NRF
Guideline on establishing site-specific remediation objectives, for example, provides
guidance on the interface between assessment and remediation requirements in the
development site-specific remediation objectives (CRC CARE 2017). Thus, for
example, the development of remediation objectives should begin during the
assessment stage, and they can be refined and revised should further site information
become available after the initial assessment, leading to the development of a
remediation action plan and/or a site management plan.
Apart from the ASC NEPM (and the NRF), there are also additional requirements under
the:
•

•

Environment Protection and Biodiversity Conservation Act 1999 (Commonwealth)
in relation to activities that may potentially cause significant impact on a matter
protected under national environment law. Refer to the Significant Impact
Guidelines 1.1 – Matters of National Environment Significance (DSEWPaC 2013).
Their implementation is managed by the Commonwealth Department of
Environment and Energy (DoEE).
Airports (Environment Protection) Regulations 1997 (AEPR) in relation to the
environmental management of a number of federally leased airports. These
regulations are implemented by the Commonwealth Department of Infrastructure
and Regional Development (DoIRD).
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Practitioners should have discussions with relevant regulators to ensure that all
jurisdictional requirements are met, including those that may be applicable under the
Significant Impact Guidelines 1.1 – Matters of National Environment Significance and
the AEPR 1997.

3.1 Overview of the assessment framework
The risk assessment process (and objectives developed to address site contamination)
needs to incorporate the primary intention that unacceptable risks to human health, the
environment and environmental values both on-site and off-site (as well as residual
risks) will be eliminated or controlled (CRC CARE 2017). Each jurisdiction has
guidelines which assist proponents to meet regulatory requirements. For example,
jurisdictional guidelines specify beneficial uses or environmental values that must be
considered in risk assessments. The suitability of soil and water for specified uses at a
contamination site, and relevant issues for the surrounding environment, are important
considerations in all jurisdictions (CRC CARE 2017).
The ASC NEPM provides a risk-based approach to the assessment of contaminated
sites and includes:
•

Preliminary site investigation (PSI): if the preliminary site investigation and
conceptual site model show that there is no risk to human health or the
environment posed by contamination at the site, then a detailed site assessment
and risk assessment may not be required. A PSI may not be required or
necessary, depending on jurisdictional requirements. Preliminary risk assessments
for PFAS include the collation of information useful when engaging with the
community.

•

Development of conceptual site model (CSM): the CSM should be refined as
more site-specific data and information become available. Refer to section 3.7 on
how to develop generic and site-specific CSMs for PFAS.

•

Detailed site investigation (DSI): refer to section 3.8.

•

Site-specific risk assessment: refer to section 3.9.

Where the outcomes of the PSI and DSI identify potential risks to receptors at and/or
surrounding a site, these risks may need to be quantitatively assessed using a sitespecific risk assessment process. Users of this practitioner guide should be familiar
with the ASC NEPM.
3.1.1 Tiered risk assessment
Tiered risk assessment, as described in the ASC NEPM, outlines the development of
concentration-based criteria or other acceptable conditions that are protective of
relevant environmental values. A tiered approach is intended to ‘provide a process for
addressing site contamination methodically, with the level of complexity and cost
proportional to the significance of the risk’ (ASC NEPM Sch B4, p14).
Tier 1 screening levels developed using the ASC NEPM process are used to determine
if further assessment is required. Tier 1 risk assessment is a simple and inherently
conservative basis for decision-making, as it does not consider the actual risk at the
site posed by contamination to human health or the environment, taking into account
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site-specific considerations such as bioavailability, and whether complete exposure
pathways exist between the contamination and potential receptors. Therefore, these
generic screening levels are not intended to be remediation goals or triggers for
remediation. The screening/investigation levels and the information used in their
derivation can assist in undertaking this more detailed investigation. The ASC NEPM,
which was revised in 2013, does not contain screening/investigation levels for PFAS.
Current PFAS site contamination practice indicates that preliminary site investigations
based only on Tier 1 screening levels may not be accepted by regulators as being
sufficiently robust, depending on the complexity of site contamination. Instead, robust
CSMs as a component of site-specific risk assessment may lead to the identification of
additional risks which may be associated, for example, with:
•
•
•
•
•

other PFAS (in particular, biotransformation of PFAS into PFOS and PFOA)
information gaps related to PFAS behaviour, fate and transport (in particular,
bioaccumulation)
the FSANZ food trigger points, which provide additional criteria for consideration
additional exposure pathways, if applicable (e.g. stormwater runoff, meat ingestion,
swimming pools, surface runoff), and
significant impact on matters of environmental significance under the Environment
Protection and Biodiversity Conservation Act.

The NEMP provides guideline values for PFOS, PFOA and PFHxS (HEPA 2018). The
NEMP also provides guidance notes on PFAS sampling and analysis (HEPA 2018),
which will impact on the utility and application of available screening levels.
FSANZ have released some human health guideline values for PFOS and PFOA,
which also include reference to PFHxS. The FSANZ work replaces guidance previously
issued by enHealth. The Commonwealth Department of Environment and Energy
released draft guideline values for freshwater ecosystems, and it was agreed that CRC
CARE would develop guideline values for marine ecosystems. This document
incorporates all nationally agreed guideline values, including those in the NEMP. It is
understood that all aquatic guideline values are in draft form, and may change as a part
of the revision of the water quality guidelines process. The NEMP remains the key
reference document for guideline values in Australia.
Summaries of draft screening levels recommended in the NEMP (including those
derived by CRC CARE) are outlined in sections 3.2 and 3.3. It is important to discuss
acceptable risk-based criteria with jurisdictions during the assessment and remediation
objectives-setting stages. Some states may have published additional numerical
screening criteria and guidelines for PFOS and PFOA. In general, the ASC NEPM
states that international guideline values may be used in the absence of Tier 1, 2 and 3
approaches, if relevant.
In general, at Tier 2 risk assessment, numerical screening/investigation levels can be
modified using site-specific factors.
Tier 3 risk assessments include the development of detailed site-specific probabilistic
risk assessments which lead to the development of acceptable conditions
corresponding to an acceptable risk to human and ecological receptors (e.g. by the use
of multiple lines of evidence approach) (CRC CARE 2017). The ASC NEPM provides
guiding processes for conducting health risk assessments (HRA) and ecological risk
assessments (ERA):
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•

•

Schedule B4 on site-specific HRAs provides a step-wise approach to assessing
contaminated sites. The methods described in the ASC NEPM are intended to be
consistent with enHealth (2012a) which is a critical resource in human health risk
assessments. FSANZ (2017a–e) also provides additional guidance specific to
PFAS.
Schedule B5 on ERAs refers to the formulation of assessment end-points as a
possible outcome of Tier 3 risk assessment (refer to section 3.9.3).

In addition, Australian and New Zealand Guidelines for Fresh and Marine Water Quality
(ANZECC/ARMCANZ 2000) provides guidance on risk-based assessments of aquatic
ecosystems to meet acceptable water quality objectives.
The properties of PFAS discussed in section 2 need to be incorporated into the risk
assessment. Section 3.9 provides additional considerations for inclusion in site
investigations if there is potential for unacceptable risk levels.
3.1.2 About CRC CARE-derived draft screening levels
CRC CARE has derived draft ESLs for soil and marine water (refer to section 3.3).
These draft screening levels provide a useful guide, until guideline values are finalised
in the NEMP. Practitioners should refer to the most up-to-date information, and should
have discussions with regulators to ensure that all jurisdictional requirements are met,
at the commencement of site investigations. For example, many of PFAS contaminated
sites contain multiple exposure pathways in agricultural, rural and residential settings.
Therefore, soil screening levels should only be applied where the exposure pathways
are consistent with the generic exposure model for the relevant screening level for that
land use setting. Apart from soil, sediment, surface water bodies and groundwater
considerations, potential exposure routes may need to include surface water
flows/runoffs given the potential for off-site migration.
At this stage, some of the screening levels outlined in the NEMP are interim. In the
case of marine and soil ESLs, the NEMP also acknowledges guideline values
developed by CRC CARE. Should there be further developments in screening values in
a future versions of the NEMP, practitioners should refer to those.
The derivation of draft screening values has followed the methodologies outlined in the
ASC NEPM and should be considered similarly to the ASC NEPM health investigation
levels (HILs)/HSLs and ecological investigation levels/ESLs in that, if exceeded, would
indicate that further more detailed investigation is required. Prior to applying the
screening levels, it is nonetheless important to develop an appropriate CSM. It is
particularly important to understand the transport mechanisms (leaching, runoff,
groundwater migration and surface water discharge, bioaccumulation in food chain),
and to follow the source-pathway-receptor linkages. Screening levels may not
adequately represent all potential risks at a site, and therefore detailed risk
assessments become essential.
In April 2016, there was agreement between CRC CARE and DoEE that the
assumptions and methodologies used in the development of marine ESLs were
consistent with the Australian methodologies, similar to the derivation process
undertaken for freshwater ESLs via DoEE. In December 2016, the Commonwealth
Department of Environment and Energy released draft Commonwealth Environmental
Management Guidance on PFOS and PFOA, which aimed to provide Commonwealth
agencies with a framework for the assessment and management of PFOS and PFOA
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contamination on and potentially originating from Commonwealth sites (including
airports subject to the Airports Act 1996) (DoEE, 2016). The DoEE draft guidance
included draft ecological guideline values for fresh and marine water. Aquatic guideline
values are in draft form (see DoEE 2015a; 2015b), and may change as part of the
revision of the water quality guidelines that is currently underway by the
Commonwealth.
3.1.3 Background contamination
Definitions for background contamination differ among jurisdictions. In the ASC NEPM,
background contamination includes both natural background contaminant levels as well
as ambient background contamination from diffuse sources caused by human
activities. Practitioners should consult with regulators in relation to background PFAS
contamination. It is important to note that, as these chemicals do not occur naturally
and are only present due to human activity, it is not appropriate to designate
concentrations found in the environment as natural background – but rather levels of
ubiquitous environmental contamination of persistent pollutants, as with some
organochlorine pesticides. In addition, the PFAS concentrations in human and biota
blood serums continue to decline given the global phase-out of PFAS.
The following general scenarios may be considered:
•

•

•

The ability to restrict the use of the site should environmental levels pose a risk to
receptors is an important consideration in determining environmental
values/beneficial uses.
It may be that the environmental contamination will restrict the range of
environmental values that can be protected in the region; in such cases this
restricted range of environmental values may then be adopted as the objectives for
the site in question.
If the environmental levels of a contaminant are higher than the criteria set to
protect the identified environmental value(s) established for the site, then it may be
that managing the use of the site to minimise risk is the only practicable way
forward.

Environmental monitoring data may be useful for assessing the effectiveness of site
management. For example, Taylor (2016) provides some environmental monitoring
data for a number of commercial and recreationally exploited fish species in NSW.
Apart from background contamination, LOR for PFAS is also an important
consideration where screening levels are lower than LOR (refer to section 3.8.2).

3.2 Human health screening levels
TDI values provide the basis for the derivation of human health-based screening levels
and site-specific risk assessments.
In April 2017, FSANZ published their hazard assessment report – Perfluorooctane
sulfonate (PFOS), Perfluorooctanoic Acid (PFOA), Perfluorohexane sulfonate (PFHxS).
FSANZ recommended toxicity values, 20 ng/kg/day PFOS + PFHxS and 160 ng/kg/day
PFOA, should be used in site investigations (FSANZ 2017a).
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The FSANZ TDI value for PFOS also includes PFHxS. FSANZ have derived trigger
points for investigation based on PFAS concentrations in food, including seafood, meat
and animal products and plants (table 7). The TDIs also form the basis of screening
levels derived for water and soil by various agencies. These are described in the
following sections in terms of risk assessments (see enHealth 2012a).
Schedule B(4) of the ASC NEPM and enHealth (2012a) specify that when assessing
the risk of combined exposure, all relevant exposure routes must be included. This is
important in the context of PFAS investigations, as exposure to PFAS contamination
can occur through soil, groundwater and the food chain, and through more than one
mechanism due to its persistence, mobility and its bioaccumulation properties.
3.2.1 Food
In April 2017, FSANZ published guidance which includes recommendations for TDIs,
drinking water quality values, and trigger points for food. The detail of the derivation of
the food trigger points is presenting in the FSANZ document, Perfluorinated chemicals
in food (FSANZ 2017).
In summary, FSANZ (2017b) considered the following in the derivation/application of
food trigger values:
•
•
•

100% of the recommended TDI
use the most recent data on food consumption rates, and
use data on concentrations of PFAS in food from sources near contaminated sites.

FSANZ notes that it is extremely unlikely that the contaminated site would be the only
source of PFAS for a specific food (FSANZ 2017c). It should be noted that the food
consumption rates are based on children (2 years old) and 90th percentile levels,
based on the national nutrition survey undertaken during 2011–12.
The derived trigger points assume that all of the food of a given type is sourced from
the PFAS contaminated area (e.g. all of the fruit and vegetables are home-grown),
which is highly conservative. Likewise, seafood consumed is unlikely to be sourced
from the same area contaminated with PFAS. Such considerations should be taken
into account when applying these trigger points, and when undertaking site-specific risk
assessments. If, for example, one assumes that 10% of consumed food is home-grown
(as per the assumption for HIL-A of the ASC NEPM) then intake levels would be
equivalent to 10% of the TDI. If more than one exposure pathway is relevant, it is
standard practice that in such situations that a cumulative assessment of all relevant
exposures must be made (refer to section 3.2.3).
The proposed trigger points for food are summarised in table 7 and may be used as
screening values for undertaking additional investigations. Note that some jurisdictions
may vary their application of the FSANZ trigger values – for example, NSW Office of
Environment and Heritage (OEH) in May 2017 recommended using the FSANZ trigger
values for finfish for both finfish and crustaceans/molluscs.
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Table 7. Proposed trigger points for investigation (FSANZ 2017b)

Proposed trigger point (µg/kg)
PFOS+PFHxS
PFOA
Crustaceans*
65
520
Fish and Seafood
Finfish
5.2
41
Fish liver
280
2240
Mean mammalian
3.5
28
Milk
0.4 or LOD if higher
2.8
Animal Products
Honey
33
264
Offal mammalian
96
765
Poultry eggs
11
85
Fruit
0.6 or LOD if higher
5.1
Fruits and
vegetables
Vegetables
1.1 or LOD if higher
8.8
*
occasionally consumed food, trigger points for investigation for crustaceans applied to
molluscs due to the small number of consumers of molluscs (FSANZ 2017b)
Food

Food classification

3.2.2 Groundwater
In consultation with FSANZ, the Department of Health (DoH) published Health Based
Guidance Values for PFAS for Use in Site Investigations in Australia (DoH 2017). The
guideline includes the FSANZ TDIs and also presents drinking water and recreational
water quality guidelines using the approaches presented by NHMRC (2008; 2011). The
water quality guidelines are based on a relative source attribution of 10% of
recommended TDI. These are summarised in table 8.
Table 8. Water quality guideline values for PFAS based on 10% of the TDI (DoH 2017)

Guideline value
Drinking water quality guideline (µg/L)
Recreational water quality guidelines (µg/L)

PFOS/PFHxS
0.07
0.7

PFOA
0.56
5.6

Potential beneficial uses of groundwater and HSLs and considerations for their
application are provided in table 9. Note that the relevant beneficial uses of
groundwater requiring consideration differ between jurisdictions and local regulations
and guidelines should be consulted.
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Table 9. Groundwater HSLs for PFOS and PFOA and considerations for their application

Groundwater
beneficial use

PFOS (+PFHxS)

PFOA

Considerations

Drinking water

0.07 µg/L

0.56 µg/L

Drinking water quality guidelines apply to all sources of drinking water, including
extracted groundwater (DoH 2017).

5.6 µg/L

NHMRC 2008 specifies that it may be appropriate to apply a factor for 10 to drinking
water standards to account for limited ingestion of recreational waters during swimming
activities. The recreational water quality guideline presented by DoH (2017) has adopted
this approach.

Trigger points for
food are presented in
table 7
(FSANZ 2017b).

PFOS and PFOA can biomagnify in the food chain to varying extents. Limited data and
information on this issue makes the derivation of a screening level that will avoid
contamination of food products difficult. Drinking water guideline values do not apply (an
important consideration is that water ingestion rates differ for animals).
Where PFAS concentrations are measured in soils or water used for stock water at
residential properties higher than laboratory LOR, and domestic stock and animal
products are identified at the property, it is recommended that direct sampling of animal
products, especially poultry eggs, be undertaken, and compared to the FSANZ (2017b)
trigger points.
The practicalities of direct sampling need to be considered, especially where rapid
management decisions are required.

Primary contact
recreation

Stock water

0.7 µg/L

Trigger points for
food are presented in
table 7
(FSANZ 2017b).
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Groundwater
beneficial use

Irrigation/
agriculture

Aquaculture (fresh
water)

PFOS (+PFHxS)

Trigger points for
food are presented in
table 7
(FSANZ 2017b).

Not derived

PFOA

Considerations

Trigger points for
food are presented in
table 7
(FSANZ 2017b).

Uptake of PFOS and PFOA by plants is possible, however this is highly variable and a
screening level for water for irrigation and protection of agricultural products has not
been derived. Drinking water guideline values do not apply in this case.
Where PFAS concentrations are measured in soils or water used for irrigation at
residential properties higher than laboratory LOR, and home-grown produce are
identified at the property, it is recommended that direct sampling of produce, be
undertaken, and compared to the FSANZ (2017b) trigger points.
The practicalities of direct sampling need to be considered, especially where rapid
management decisions are required.

Not derived

The main uncertainties relating to the derivation of HSLs for fresh and marine water for
protection consumption of edible fish and their application relate to the level of
bioaccumulation that will result in edible fish and crustaceans, and the dependence of
this level on the extent to which these species will be exposed to the contamination. This
level of uncertainty may be in the order of several orders of magnitude.
Note that there are currently insufficient data for deriving a biota-sediment accumulation
factor (BSAF) for crustaceans and molluscs. FSANZ has published trigger points for food
which can be used when directly measuring PFAS in edible fish and crustaceans.
FSANZ have published trigger points for food and these should be referred to when
measuring PFAS in seafood.
NSW OEH advise directly sampling/analysing biota to assess the risk of bioaccumulation
and exposure via consumption of contaminated seafood. NSW OEH deviate from
FSANZ in that they recommend applying FSANZ trigger points for finfish for both finfish
and crustaceans/molluscs.
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Further considerations for groundwater:
•

Domestic exposure from irrigation/agriculture – use of groundwater for
irrigation may lead to direct exposure during watering activities, and indirect
exposure through uptake of contaminants in plants that are then consumed.
Agricultural soil may be contaminated by PFAS, for example, if PFAS affected
biosolids have been applied.
With respect to direct exposure during watering activities, adults may be exposed
minimally whereas children may receive greater exposure during play under
sprinklers. The exposure by children playing under sprinklers is likely to be less
than exposure experienced during swimming (primary contact recreation). As an
indication of risk during watering activities, the recreational water quality criteria
may be considered protective of this exposure.
Indirect exposure through accumulation of PFOS and PFOA in soil and uptake by
plants that are to be consumed is possible, and requires consideration. The
variable uptake of PFOS and PFOA by plants means that it is difficult to derive
health screening levels for soil or water for protection of irrigation and agriculture
has not been derived. Where detectable PFAS is measured in soil or water used
for irrigation, direct measurement of fruit and vegetables should be undertaken.
FSANZ have published trigger points for food which should be used as screening
criteria. In addition, the possibility of multi-media exposure should also be
considered. In addition the practicalities of direct sampling need to be taken into
account, especially where rapid management decisions are required.

•

Stock water – exposure of stock to contaminated water can lead to increased
concentrations of PFOS and PFOA in products derived from stock, such as in
meat, milk, and eggs.
The Australian and New Zealand Guidelines for Fresh and Marine Water Quality
advise that for pesticides and other organic contaminants the drinking water
guidelines are recommended to be used for stock water in the absence of
adequate information derived specifically for livestock under Australia and New
Zealand conditions. Generally, this would be protective of stock health. Despite
there being an increase of up to five times the consumption rate of water to body
weight ratio, compared to average human intake, there is enough conservatism
built into the other parameters, including toxicology, for the drinking water
screening levels to be considered appropriate for stock health.
However, the majority of chemicals considered by the Australian Water Quality
Guideline are not bioaccumulative in the way PFAS is. Whereas pesticides like
DDT tend to be lipophilic and bind strongly to fatty tissue, PFAS strongly binds to
proteins. There have also been numerous studies on the bioaccumulation potential
of pesticides in birds and stock animals, and their products (i.e. milk, meat and
eggs). In this regard, the Australian Water Quality Guideline has identified that for
pesticides the drinking water criteria is protective of stock health, but also for
human consumption of animal products. The same cannot be said for PFAS.
There is currently significant uncertainty whether the drinking water screening
levels for PFAS would adequately protect human health from consumption of
animal products and as there is limited information on the relationship between
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intake rates by animals and measurable PFAS in animal products, a health
screening levels for stock water has not been derived.
This beneficial use may require assessment on a site-specific basis and, where
relevant (and feasible), consideration should be given to direct sampling of PFOS
and PFOA in products from animals that have been drinking contaminated water.
FSANZ have published trigger points for food (presented in table 7) which could be
used when measuring PFAS in stock and animal products. In the case of domestic
poultry eggs, where detectable PFAS is measured in soil or water used for stock
watering, direct measurement of poultry eggs should be undertaken and compared
with the FSANZ trigger points (if feasible). In addition, multi-media exposure
should be considered.
3.2.3 Soil
This section provides a brief summary of land and groundwater use scenarios,
potential receptors, and the HSLs available in the NEMP (HEPA 2018).
Consistent with the ASC NEPM, draft HSLs for PFOS and PFOA for soils have been
developed for four land use scenarios, and are summarised in table 10. They are
primarily based on direct contact exposure to contaminated soil. These have been
derived for specific exposure settings and should not be applied to sites where there
are multiple exposure pathways – in this case, further evaluation will be required.
As with HILs in the ASC NEPM, screening levels developed for metals and organic
substances apply generally to a depth of 3 m below the surface for residential use.
Site-specific conditions should determine the depth to which HSLs apply for other land
uses, if there is a potential for unacceptable risk.
The limitations of the HSLs and receptor populations for which HSLs have not been
developed but which require consideration are also discussed (tables 10 and 11). Refer
to section 2.3.2 on the limitations in studies relating to plant uptake.
When assessing both PFOS and PFOA the combined contribution of risk needs to be
assessed. Recent toxicological information suggests an additive effect between PFAS
and their precursors and homologues, and therefore assessment should be made for
cumulative risks of the chemicals.
In relation to PFHxS the FSANZ statement (FSANZ 2017a) states:
‘for PFHxS there was not enough toxicological and epidemiological
information to justify establishing a TDI. However, as a precaution, and for
the purposes of site investigations, the PFOS TDI should apply to PFHxS.
In practice, this means that the level of PFHxS exposure should be added
to the level of PFOS exposure; and this combined level be compared to the
TDI for PFOS’ (FSANZ 2017a, p. 83).
Given that the TDI value relates to the sum of PFOS and PFHxS, the soil HSLs for
PFOS should apply to the sum of PFOS and PFHxS. The Drinking Water Quality
Guideline for PFOS also applies to the sum of PFOS and PFHxS.

CRC CARE Technical Report no. 43
Practitioner guide to risk-based assessment, remediation and management of PFAS site contamination

49

Table 10. Summary of soil draft HSLs for PFOS and PFOA (mg/kg) in the NEMP (HEPA 2018), with further explanation. All HSLs are based on 20% of the TDI i.e. 80% of
exposure is assumed from other pathways
Land use

i. Low density residential (HSL-A):
Residential scenario with garden/accessible
soil (home-grown produce <10% fruit and
vegetable intake), (no poultry/egg), includes
childcare centres, preschools, primary
schools

PFOS +PFHxS

PFOA

Considerations
(Refer to NEMP Schedule B1)
If there is a potential risk as a result of consumption of home-grown poultry, eggs
or other animal products may occur at the property:
• PFAS concentrations are measured in soils or water used for irrigation/animal
use are higher than laboratory LOR, it is recommended that direct sampling of
the food products be undertaken, and compared to the FSANZ (2017c) trigger
points. Should any media exceed their respective criterion, then a detailed risk
assessment that considers the cumulative exposure of all relevant pathways is
recommended to determine if the TDI is exceeded.
The practicalities of direct sampling need to be considered, especially where rapid
management decisions are required.

0.009

0.1

ii. High density residential (HSL-B):
Residential scenario with minimal
opportunities for soil access

2

20

Includes dwellings with fully and permanently paved yard space such as high rise
buildings and flats.

iii. Public open space, recreation (HSL-C)
Public open space such as parks,
playgrounds, playing fields (e.g. ovals),
secondary schools and footpaths. It does not
include undeveloped public open space
(such as bushland and reserves) which
should be subject to site-specific
assessment, where appropriate.

1

10

If assumptions differ for a site, a site-specific assessment could incorporate the
current and potential future risks ensuring that jurisdictional requirements are met.

iv. Commercial/industrial (HSL-D)
Commercial/industrial such as shops,
offices, factories and industrial sites.

20

50

Ecological direct exposure for PFOA has been set as 50 mg/kg in anticipation of
the Stockholm Convention low content limit of 50 mg/kg

NOTE: medium density land use must be assessed on a case by case basis, HSL A or HSL B selected based on whether direct access to soil is possible.
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Table 11.Considerations in the application of soil HSLs
Aspect

Considerations
Due to the persistence and solubility of PFOS and PFOA, leaching into groundwater systems is often observed in areas where PFAS
contamination of soil has occurred. Where groundwater contamination is identified, the significance of contamination can be assessed by
comparison with the relevant water screening level (human health and/or ecological). If it is proposed that PFOS and PFOA contaminated
soil will remain onsite and assessment of the potential for leaching is required, this may be best indicated by direct measurement of the
concentrations observed in groundwater (rather than attempting to predict the groundwater concentrations that will result from soil
contamination). However, this does not apply where there is a fresh PFAS spill on the soil (in which case the likely response would be
related to preventing PFAS entering water bodies).

Protection of groundwater/surface
water quality
(Leaching)

Additionally, leaching potential of PFAS from soil samples may be determined using the Australian Standard Leaching Procedure (ASLP)
(AS 1997). This test measures how much of a chemical can move from soil into water using conditions similar to rain events. Note that such
leaching tests generally have a very limited application as they only provide information about the leaching potential of solid materials under
the specific chemical conditions (WA DER 2015). Other types of leaching tests are available which are designed to be used to evaluate
leaching in landfills, under more extreme conditions, and are less relevant for the initial screening of these sites. The trigger points in
leachate as measured in an ASLP test should consider the dilution that will occur as the leachate moves from the soil into the underlying
groundwater; this will depend on the relative rates of rainfall and groundwater movement, absorption in the soil, and the depth of
groundwater into which the leachate mixes. Note that US EPA recommends a default factor of 20.4 (Reference should be made to the
relevant jurisdiction which may have specific requirements for the protection of groundwater/surface water quality).
Generic leaching equations such as the dilution attenuation factor are too simplistic for chemicals such as PFAS, which have shown to
strongly bind to organic matter in soil. The majority of PFAS sources of contamination are historic sources from firefighting foam previously
manufactured with high levels of PFAS. As such leaching potential of PFAS would be directly related to measured groundwater beneath the
source. Actual measurement of PFAS in groundwater removes uncertainties associated with predictive leachate modelling, and is
considered the preferred approach.
Stormwater runoff quality also needs to be considered (based on jurisdictional requirements).

4

Note that NSW EPA recommends a dilution factor of 10 (which is more conservative than US EPA) to be used in conjunction with draft trigger points derived by NSW EPA for
prioritising potentially contaminated sites (NSW EPA 2016a, refer also to NSW OEH 2017). Additional draft landfill criteria for leachates can be referred to in the Addendum to the
Waste Classification Guidelines 2014 – Part 1: Classifying Wastes, October 2016 (NSW EPA 2016b).
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Sensitive receptors in commercial
properties

For commercial properties an adult worker has been identified as the primary receptor. It is assumed that the public, including children would
visit commercial properties for short periods only, and hence the risk to the public would be less than for workers present at the site on a fulltime basis. The commercial/industrial HSLs may not adequately protective of more sensitive land uses that may be permissible under
commercial/industrial zoning in some jurisdictions (e.g. schools, childcare centres, health care facilities, nursing homes, hospitals). If such
developments are present or proposed, consideration should be given to more conservative screening levels (e.g. HSL-A) or a site-specific
risk assessment. Occupational exposures may be best addressed separately.

Open grounds

Given that PFAS chemicals are non-volatile, exposure is limited to direct contact with soil contamination. Vapour intrusion is not a significant
factor in exposure and therefore the presence of buildings is not a limitation in the use of industrial/commercial HSLs. Industrial properties
such as fire training grounds should still be based on commercial/industrial screening levels (HSL-D) provided access by the general public
is prohibited.

Agriculture and grazing

The information on plant update is too limited to derive a relationship between PFAS concentration in water and/or soil and PFAS
concentration in plants. A site-specific assessment may be required which could include sampling of crops and biota. FSANZ has published
trigger points for food and these are presented in table 7.

Multi-pathway and multi-media
exposure

Refer to section 3.2.3

Cumulative risk

If all measured media concentrations were below their respective criteria it would be reasonable to conclude that the cumulative intake
would be less than 100% of the TDI, and it may then be concluded that health risks are low and acceptable. In addition, the recent
toxicological information suggests an additive effect between PFAS and their precursors and homologues, and therefore assessment should
be made for cumulative risks of the chemicals. A specific example of this is the FSANZ statement that no TDI was derived for PFHxS, but in
taking a precautionary approach the TDI for PFOS should apply to the sum of PFOS and PFHxS, and the derived Drinking Water Quality
Guideline should apply to the sum of PFOS and PFHxS.

Historical exposure

The ASC NEPM advises that the screening levels are conservative and derived to be protective of the majority of the general population, but
do not necessarily infer protection of the most sensitive members of the community. With regard to PFAS exposure, where a person is
exposed currently or historically to a separate significant source of PFAS (for example firefighters), then it is possible that the HSLs may not
be protective for this individual. Such situations should be addressed for sites on a case by case basis.
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A note about background sources – the derivation of site-specific HSLs may consider
the contribution from other (background) sources based on PFOS [+PFHxS] and PFOA
i.e. the total non-background contribution of the TDI can be used to derive the
screening values. The daily intake levels for PFOS and PFOA of 0.89 ng/kg/day and
0.50 ng/kg/day (CRC CARE 2016), and hazard quotients of 0.044 and 0.003 for PFOS
and PFOA are based on FSANZ (2017a) TDIs.
There are insufficient data to calculate a reliable background contribution for PFHxS. It
is understood that background blood serum levels for PFHxS in the Australian
population is less that PFOS and PFOA (refer to section 2.2.2), but it has relatively
longer half-life than humans than PFOS and PFOA (refer to section 2.2.1). Based on
this limited information5, and using the approach described in Thompson (2010b), the
total daily intake for PFHxS is estimated to be 0.17 ng/kg. This much lower than the
total daily intakes for both PFOS and PFOA, and does not have a significant effect on
the HSLs. A background exposure contribution for PFOS [+ PFHxS] of 5% may be
used.
The soil HSLs for PFOS and PFOA do not directly cover the aspects outlined in
table 11. The relevance of these aspects should be reviewed on a case-by-case basis.
Deriving more specific scenarios to cover chemicals which are known to bioaccumulate
is not possible as sufficient information is currently not available. This document relies
on the methodologies as per ASC NEPM, and cautions that their application is just as
important as their derivation. Note also that FSANZ (2017b) provides further guidance
on food (e.g. fruits and vegetables, fish, crustaceans, meat, honey, milk and poultry
eggs), and including these would go above and beyond the considerations customarily
used in deriving HIL-A, and so these should also be assessed separately where
multiple pathway exposures exist (refer to section 3.2.3).
Dermal contact with soil and dust inhalation are generally included in the derivation
of soil criteria as outlined in the ASC NEPM. In the case of PFAS, dermal absorption at
neutral pH conditions is low, and inhalation of dust is usually insignificant in comparison
to oral ingestion (less than 1% contribution to risk).
Comparison of human health guideline values with international guideline values
The Australian human health guideline values are compared with international levels in
table 12.
Multi-pathway and multi-media exposure
In some circumstances (e.g. low density residential setting) PFAS exposure is likely to
occur through multiple pathways and through multiple media (i.e. soil, water and food),
including fruits and vegetables, fish, milk and poultry eggs. In fact, the nature and
occurrence of PFAS is such that PFAS can be found in a variety of environmental
media (soil, groundwater, food and water), and this can give rise to multiple exposure
pathways. ASC NEPM Schedule B7, Appendix B provides useful equations for
inclusion of multiple pathways (also refer to enHealth (2012a) chapter 12 for assessing
multiple routes and sources of exposure).

5

Using volume of distribution (Vd) data for PFOS – refer to CRC CARE 2017.
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Table 12 Examples of international human health-based values for PFOS and PFOA
Drinking water µg/L

Soil – human health mg/kg

Region
PFOS

PFOA

Denmark (DEPA 2015)

0.1 (inc. other PFAS)

Germany (MoH 2006)

0.3 (inc. other PFAS)

Sweden (NFA 2015)

0.09 (inc. other PFAS)

UK (UK EA 2007)

0.3

Minnesota
(MDH 2011; MPCA 2015)

0.3

New Jersey (NJDEP 2017)

-

0.3
0.3

0.07

Canada (Health Canada
2016, ECCC 2017)

0.6

Netherlands (RIVM 2010)

0.53

Australia
(FSANZ 2017; NEMP 2018)

0.07
(inc. PFHxS)

PFOA

0.39 (inc. other PFAS)

PFOS only: 39 μg/kg ww
(46 μg/kg dw) – agriculture top soil
1.1 (res/rec)
14 (com/ind)

1 (res/rec)
14 (com/ind)

6 (agric)

16 (agric)

0.014

US EPA (2009)
US EPA (2016)

PFOS

0.2

See table 19.

0.56

0.009 – 2 (res)
1 (public space)
20 (com/ind)

0.01 – 20 (res)
10 (public space)
50 (com/ind)

Human exposure to PFOS and PFOA primarily occurs through oral ingestion of
contaminated soil, food (including biomagnification through the food chain) and water,
and through inhalation (US EPA 2014; ATSDR 2015). Uptake via dermal exposure
generally appears to be less of a concern, though information is limited (ATSDR 2015;
Kudo & Kawashima 2003). Infants may be exposed through breast milk, and young
children through hand-to-mouth activities from treated carpets (ATSDR 2015). PFOS
has been widely detected in human blood serum, though a decreasing trend in
concentrations has been observed since 2002 (refer to section 2.2.2).
The normal approach taken in the ASC NEPM in the development of HILs is to take
into account direct exposure to soil, and to include an estimate of the uptake that will
occur through consumption garden produce grown in the contaminated soil (assuming
this constitutes 10% of the diet). Other exposures that may occur such as through
extraction and use of groundwater, perhaps for irrigation of garden produce, are
referred to, but are dealt with separately through a detailed risk assessment where this
is necessary. Increased uptake associated with poultry are considered separately in
the ASC NEPM as a more sensitive land use setting.
The ASC NEPM HILs use chemical specific background exposure levels in the
derivation. The balance of the TDI from background exposure is typically used to derive
HILs. For some chemicals where background exposure is insignificant, the HILs are
effectively based on 100% of the TDI. For PFAS this is the case with background levels
measured in Australian population studies indicating less than 5% of TDI (refer to
Section 2.2.2, CRC CARE 2016). If more than one of these sources is relevant, use of
the screening levels would underestimate risks.
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In the case of PFAS there are difficulties in applying this approach. There is insufficient
information to develop a reliable estimate of the uptake that will occur through
consumption of garden produce grown in contaminated soil in a residential setting.
Additionally, there is the potential for multiple exposure routes to occur (direct soil
ingestion, ingestion of garden produce grown in contaminated soil or irrigated with
contaminated water, and animal products such as poultry and eggs where
contaminated soil and water is involved). The derivation of the soil HSL-A value in the
NEMP included assumptions on plant consumption based on limited plant uptake
studies. The approach suggested may be modified if sufficient information is available
to derive reliable estimates of plant uptake that are likely to occur, in addition to actual
levels of consumption of garden produce.
Plant uptake studies referred to in section 2.3.2 are based on PFAS containing
biosolid-amended soils. These studies also provide important information for the use of
biosolids in agriculture and garden compost. However, data from these studies should
be applied with care, taking into account the extent to which these are representative of
soils found in residential/urban/parkland settings, where organic soil content (and
source of compost) will vary. Note also that the use of dry weight (instead of
recommended wet weight) of plants in considering plant uptake factors produce
significantly different results for vegetables, most of which have high water content
(e.g. tomatoes have >94% water content).
There is variability in the bioaccumulation of PFAS. Shorter carbon chain PFAS are
preferentially taken up by plants compared to long-chain PFAS - compared to PFOS
and PFOA, Blaine et al (2014) showed relatively high transfer factors for PFBA, PFPeA
and PFHxA (which are important biotransformation products from Ansulite and other
fluorotelomer based AFFF). Further, PFHxS (which may be present where 3M light
water has been used) seems to accumulate more than PFOS in shoots and fruit
compartments.
If the plant consumption exposure route is significant, the risk from plants may also be
assessed separately (if feasible and acceptable to the relevant jurisdiction) by referring
to the FSANZ trigger points for plants which can be used in conjunction with site
investigations. It is expected that further information on plant uptake may become
available from research activities currently underway at (potentially) contaminated sites
in Australia.
HSLs in the NEMP do not allow for uptake via consumption of domestic poultry eggs,
poultry or other stock animals. If this exposure route is considered significant, it will
require further consideration. FSANZ have published trigger points for animal products
including eggs which can be used in site investigations.
The ASC NEPM derivation of HILs includes multiple pathways, and combines the
pathways to derive a single HIL. The relevant equation may be represented as follows:

In cases where the consumption of home grown produce is identified at a particular
property, and PFAS concentrations are measured in soils or water used for irrigation
higher than laboratory LOR, it is recommended that direct sampling of the garden
produce be undertaken, and compared to the FSANZ (2017c) trigger points. Should
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any media exceed their respective criterion, then a detailed risk assessment that
considers the cumulative exposure of all relevant pathways is recommended to
determine if the TDI is exceeded.
3.2.4 Water and sediment (human consumption of seafood) HSLs
Draft HSLs for surface waters (fresh and marine waters) and sediment for the
protection of human consumption of seafood, may provide an additional consideration
in risk assessment. BAFs provide a measure of the bioaccumulation (which includes
bioconcentration and biomagnification) in lower organisms relative to the exposure
concentration in water. Sediment-biota bioaccumulation factors (BSAF) is similarly
defined, except BSAF incorporates the relationship between the concentrations in
sediment and organisms i.e. how sediment samples reflect the actual organism’s
recent exposure (Burkhard et al 2003).
Note that a site-specific BAF and BSAF would be ideal as this would incorporate all
processes and conditions influencing bioaccumulation for a given site. A site-specific
BAF/BSAF is not always available however, especially at the initial stages of risk
assessment, and therefore BAFs/BSAFs from different ecosystems may be used
assuming that there are similarities in the underlying conditions and parameters
affecting bioaccumulation (Burkhard et al 2003). For example, Burkhard et al (2003)
outlines the conditions and parameters affecting BSAF – distribution of the chemical
between sediment and water column; relationship of food web to water and sediment;
length of food web (or trophic level); bioavailability of the chemical due to amounts and
types of organic carbon and metabolic transformation rates of the chemical within the
food web. The latter varies little across ecosystems.
For PFOS the BAFs for freshwater fish vary from 2,500 L/kg to 95,000 L/kg and the
BAF for marine fish range from 1,580 to 9,780 L/kg (RIVM 2010). Table 13 shows
PFOS bioaccumulation factors in the marine species eel, perch and pike from water
and sediment varied between 2008 after a PFOS spill and 2011 when the water
concentration returned to pre-spill levels (Kwadijk et al 2014). Concentrations in fish
and sediments were still elevated at the spill site after three years. The BAFs and
BSAFs for the Netherlands data in table 13 show the variability between species and
concentrations in the sediment and water. Lasier et al (2011) assessed the
bioaccumulation of PFAS from contaminated sediments in the USA by an oligochaete
(worm) with bioaccumulation related to chain length, the presence of CF2 groups and
sediment concentrations. The concentrations detected in Sydney Harbour biota have
greater similarity to the Netherlands reference7 sites than the USA or Netherlands
contaminated sites (Thompson et al 2011, Kwadijk et al 2014).

7

Naming convention as published in Kwadijk et al (2014)
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Table 13. Field PFOS concentration data
Study
USA contaminated site 2011
(Lasier et al 2011)
freshwater

The Netherlands
contaminated site
(Kwadijk et al 2014)

freshwater

The Netherlands reference
site
(Kwadijk et al 2014)

freshwater

Water (µg/L)

KD

0.32

63

Sediment (µg/kg)

20

Oligochaete (whole) (ng/g)

650

Water 2008 (µg/L)

1.04

13

Water 2011 (µg/L)

0.034

382

BAF

BSAF

2,030

33

29

Sediment 2008 (µg/kg)

14

Sediment 2011 (µg/kg)

13

Eel 2008 (ng/g)

400

385

Eel 2011 (ng/g)

69

2,030

5.3

Perch 2008 (whole) (ng/g)

1,500

1,440

107

Perch 2011 (whole) (ng/g)

250

7,350

19

Water 2008 (µg/L)

0.04

163

Water 2011 (µg/L)

0.02

45

Sediment 2008 (µg/kg)

6.5

Sediment 2011 (µg/kg)

0.9

Eel 2008 (ng/g)

30

750

4.6

Eel 2011 (ng/g)

22

1,100

24

Perch 2008 (whole) (ng/g)

110

2,750

17

Perch 2011 (whole) (ng/g)

110

5,500

122

Water (µg/L)
Sydney Harbour 2011
(Thompson et al 2011)
marine

Conc.

0.014

150

Sediment (µg/kg)

2.1

Fish (fillet) (ng/g)

2.2

157

1

Oyster (whole) (ng/g)

1.2

86

0.57

Additional data for PFOS accumulation in the food web from Lake Ontario is provided
in Martin et al (2004). Highest concentrations of PFAS were found in Diporeia which
occupies the lowest trophic level, indicating that sediments were a more important
contributor of PFAS in the food web, not water (Martin et al 2004). Table 13 shows that
the environmental concentrations have a major effect on the accumulation of PFOS in
the exposed organisms with the BAF and BSAF for the Netherlands contaminated site
orders of magnitude different from the Netherlands reference sites and Australian sites.
Other factors that will influence the accumulation may include sediment concentrations,
porewater concentrations and inter-species differences. The results also show different
uptakes between species, with fish having a higher accumulation rate than oysters in
Sydney Harbour and oligochaetes having a greater uptake from the sediments. Data
from Kwadijk et al (2014) show that even though PFOS was present in the sediment at
the spill site three years after the spill, the bioaccumulation was noticeably lower,
indicating that the uptake of PFOS was mainly through the water column and ingestion
rather than from the sediments.
HSLs for water and sediment protective of human consumption of fish can be
calculated using the following equations:
HSLwater, fish consumption (mg/L) = MPCfish/BAF, or
HSLsediment, fish consumption (mg/kg) = MPCfish/BSAF.
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Due to the uncertainties associated with bioaccumulation, where possible it is preferred
that biota sampling of fish be undertaken and compared to the MPCfish. These should
be compared to the FSANZ (2017c) trigger points for food as presented in table 7.
Concentrations of PFOA detected in fresh and marine environments are more limited –
data for Sydney Harbour and a contaminated site in the USA are available
(Lasier et al 2011; Thompson et al 2011). Low environmental concentrations of PFOA
in Sydney Harbour did not result in bioaccumulation in fish fillets or oysters. However, a
sediment-dwelling oligochaete may accumulate PFOA through the sediment if PFOA is
present in high concentrations in sediments. These studies indicate that uptake of
PFOA is species-specific, dependent on the environmental concentrations, duration of
exposure, diet and excretion processes.
Limited information is available on bioaccumulation of PFOA in seafood. One report
from the USA published a bioaccumulation factor of 2,680 L/kg in oligochaete (worms)
(Laiser et al 2011). Compared to the BAFfreshwater species of 14,000 L/kg (RIVM 2010), this
suggests that PFOA is bioaccumulative in seafood, but to a lesser degree than PFOS.
This is consistent with observations of bioaccumulation in humans based on the
estimated half-lives. Assessment of the PFAS sediment and pore water concentrations,
together with body burdens in benthic biota will provide important information in
assessing the impacts on aquatic biota and the potential for human health impacts.
Table 14. Considerations in application of surface water screening values for PFOS and PFOA

Aspect

Consideration

Groundwater–
sediment–surface
water interactions

Estimates of the mass flux discharge to the receiving water that will
occur may provide a useful indicator of the receiving water
concentration should suitable site-specific environmental HSLs be
available to estimate concentrations in seafood. Given the
considerations outlined above, these will be challenging to
derive/apply.
Because of the potential for magnification along the food web,
accumulation within organisms that are in contact with the sediments
and are then consumed by other edible fish may be of interest (note
that PFOA biomagnification in marine food chains has not usually
been found to be a significant issue). Refer to section 3.9.3 regarding
considerations for pore water. Where there is uncertainty as to the
situation that applies, sampling and direct measurement of
contamination in the fish or crustaceans of interest may provide a
more direct measure of the situation. PFOS and PFOA
concentrations measured in fish and crustaceans should be
compared to the FSANZ published trigger points for food and these
are presented in table 7. Direct measurement applies to edible
portions, typically muscle flesh although there exceptions such as roe
and small fish such as sardines where the whole fish is eaten.

FSANZ (2017b) trigger
points for food

The FZANZ food trigger points are based on 100% of the TDI,
however, they are based on total diet consumption rates. If
considering 10% of consumed food is home-grown (as per
assumption for HIL-A of ASC NEPM) then intake levels would be
equivalent to 10% of the TDI.
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Groundwater-surface water interactions: The assessment of groundwater, drainage
lines, and runoff impacts on surface water bodies with regard to bioaccumulation and
biomagnification should be undertaken on a site-specific basis (refer to section 2.3.2).
Where HSLs for surface waters are applied to groundwater, additional considerations
such as groundwater-surface water interactions, benthic-biota bioaccumulation factors
(section 3.2.4), discharge flux from groundwater to surface water, and the flow rate of
surface water, may assist site-specific assessments. Where contamination of seafood
is possible, direct measurement of seafood to determine whether contamination is
present is recommended. Where possible, this should be accompanied by surface
water and sediment sampling, in preference to groundwater sampling. Refer to NEMP
for PFAS sampling and analysis (HEPA 2018). Pore water may also be considered as
a line of evidence in site investigations for sediment and groundwater interactions.
FSANZ has published trigger points for food which can be used when directly
measuring PFAS in edible fish and crustaceans.

3.3 Ecological screening levels
The Australian and New Zealand Guidelines for Fresh and Marine Water Quality
approach for deriving guideline values using specific sensitivity distribution (SSD)
values based on chronic toxicity data provides guidelines that protect exposed
organisms from a 10% decrease in a chronic sub-lethal endpoint (growth,
reproduction). For example a 95% species protection level will protect 95% of the
species from a 10% decrease in reproduction or growth. To take into account the
potential for bioaccumulation, Heemsbergen et al (2009) and Warne et al (2015; 2017)
recommend the application of a bioaccumulation correction factor. For chemicals with
the potential to bioaccumulate, Heemsbergen et al (2009) and Warne et al (2015;
2017) recommend increasing the species protection level by 5%. That is, a site that
would normally have a 95% species protection level would have the 99% species
protection level guideline value applied.
It is important to note that the SSD approach is not designed to protect exposed
organisms or higher order predators from bioaccumulation of a chemical. However, at
present, there are insufficient data to derive an application factor based on toxicity data
that can be applied to the derived guideline values for the protection of higher order
consumers. Site-specific investigations are recommended to assess bioaccumulation
within contaminated areas and the use of ecological risk assessments following the
ASC NEPM approach to assess potential impacts on higher order consumers.
There is always uncertainty regarding guideline values, be they for terrestrial or aquatic
environments. The derivation of draft ESLs and their application using the ASC NEPM
and Australian Water Quality Guideline methodologies is detailed in Appendix B, and is
intended to assist in detailed risk assessments. Refer to section 3.3.5 regarding the
application of these ESLs.
All aquatic guideline values are in draft form, and may change as a part of the
revision of the Commonwealth-led Australian and New Zealand Guidelines for
Fresh and Marine Water Quality process. Aquatic ESLs provided in this
document should not be used as final screening levels until the revision of the
water quality guidelines process has been completed.
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3.3.1 Draft freshwater ecosystem ESLs
Draft screening levels (or guideline values) for PFOS and PFOA for freshwater have
been derived for the Australian and New Zealand Guidelines for Fresh and Marine
Water Quality, which is managed by the Commonwealth Department of Agriculture and
Water Resources. At the time of preparation of this document, these values are in draft
form.
Table 15 shows the draft PFOS default guideline for each percent species protection
value.8 The NEMP (HEPA 2018) adopts these guideline values. The derivation of ESLs
and their application using the ASC NEPM and Australian Water Quality Guideline
methodologies is detailed in Appendix B, and is intended to assist in detailed risk
assessments.
The use of the 99% species protection PFOS default screening level (guideline value)
is recommended for application to natural waterways where the 95% species protection
level would normally apply, as PFOS does bioaccumulate in aquatic food chains. The
use of the 99% species protection value is also recommended for PFOA as the chronic
data used to derive the screening level may not adequately characterise the adverse
effects at low concentrations. The use of the 99% species protection level similarly
applies to the marine screening levels.
Table 15. Draft freshwater ESLs for fresh PFOS and PFOA (Commonwealth)

% Species protection

PFOS µg/L

PFOA µg/L

99

0.00023*

19*

95

0.13

220

90

2.0

632

80

31

1,824

*Because of the potential for bioaccumulation and the limited range of test data, the 99% species
protection is value is recommended for slightly to moderately disturbed systems.

Appendix B provides additional information in relation to the derivation of freshwater
guideline values and uncertainties. It is understood that a review of the derivation of the
PFOS value has been undertaken, and it is understood that while the review
considered the derivation process to be appropriate, modifications to the process are to
be recommended to the states and territories by the Commonwealth. Should changes
to the methodology be approved then a review of all guideline toxicant values (not just
for PFOS) thus derived may occur (Warne 2015; 2017).
It is also understood that the current draft default guideline values, including
those for PFOS and PFOA, are expected to be released in 2018 by the
Commonwealth for consultation, and this process will afford an opportunity to
examine the derivation process in more detail. As with many other screening
values in this document, they remain draft until appropriate processes have been
completed, and this is expected to affect the timing of their implementation.
In general, if the screening levels are or might be exceeded, it is recommended that
further consideration be given to the extent of effect and whether effects are likely to be
Perfluorooctanoic Acid (PFOA) – Fresh. Default guideline values for toxicants. Australian and New
Zealand Guidelines for Fresh and Marine Water Quality. November 2015. Final Draft
Perfluorooctane Sulphonate (PFOS) – Fresh. Default guideline values for toxicants. Australian and New
Zealand Guidelines for Fresh and Marine Water Quality. August 2015. Final Draft
8
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significant, and the practical response that is able to made when deciding on the
requirements for management and remediation.
Site-specific assessments based on water-quality objectives specific to the site (e.g. in
accordance with the Australian and New Zealand Guidelines for Fresh and Marine
Water Quality) are recommended. For some sites it may be that particular biota are of
interest and require protection; reference to toxicity studies for related biota may be
useful in determining the potential for effect.
Refer to section 3.3.5 regarding the application of these ESLs. It is important to refer to
any jurisdictional requirements or other government-mandated criteria protective of
marine ecosystems.
3.3.2 Draft marine ecosystem ESLs
The NEMP (2018) adopts the freshwater guideline values for use in marine
environments in the interim – acknowledging that, the CRC CARE-derived marine
guideline values have been submitted for consideration as part of the revision of the
Australian and New Zealand Guidelines for Fresh and Marine Water Quality which is
managed by the Commonwealth Department of Agriculture and Water Resources.
The Commonwealth are currently reviewing the process for revision of guideline values
(e.g. on the basis of any changes to the methodology by Warne et al. (2015; 2017)),
and once this has been completed, the marine values may change (as with the draft
freshwater values).
A summary of draft ESLs for PFOS and PFOA in marine environments derived by
CRC CARE is provided in table 16. Refer to Appendix B in relation to detailed
derivation of marine ESLs and uncertainties. The draft marine screening levels shown
in table 16 are protective for direct toxicity of exposed organisms, and allow for
bioaccumulation as per the ANZECC/ARMCANZ recommendations for using the 99%
species protection for slightly to moderately disturbed sites. Refer to section 3.3.5
regarding the application of these draft ESLs. Further site-specific investigations can
include assessments for the potential for bioaccumulation through the food chain.
Table 16. Draft marine ESLs for fresh PFOS and PFOA (CRC CARE)

% Species protection

PFOS µg/L

PFOA mg/L

99

0.29*

3*

95

7.8

8.5

90

32

14

80

130

22

*Because of the potential for bioaccumulation and the limited range of test data, the 99% species
protection is value is recommended for slightly to moderately disturbed systems.

Appendix B provides additional information in relation to the derivation of marine water
guideline values and uncertainties. If the screening values are exceeded, further
consideration should be given to the extent of effect and whether effects are likely to be
significant, and the practical response that is able to be made when determining the
requirements for management and remediation.
Site-specific assessments based on water-quality objectives specific to the site (e.g. in
accordance with the Australian and New Zealand Guidelines for Fresh and Marine
Water Quality are recommended. For some sites it may be that particular biota are of
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interest and require protection; reference to toxicity studies for related biota may be
useful in determining the potential for effect.
International screening levels typically range from <1.0 µg/L to 36 µg/L for freshwater
systems and 2.5 µg/L to 7.2 µg/L for marine waters (UK EA 2007; RIVM 2010). Marine
ESLs derived by CRC CARE (at 99% specific protection, for comparison) are well
below those recommended in international jurisdictions. It is important to adopt aquatic
ESLs in consultation with the relevant jurisdiction.
Bioaccumulation may be considered the main driving factor in risk assessments.
Where secondary effects in Australian organisms are of concern, it is recommended
that a site-specific ecological risk assessment be carried out following ASC NEPM
guidelines. Additional research may be needed where there is a potential for
unacceptable risk to ecological receptors.
ESLs have not been derived specifically for estuaries, which experience a range of
salinities. The Australian and New Zealand Guidelines for Fresh and Marine Water
Quality provide some guidance in section 8.8.4.4. In summary, it should be recognised
that estuarine organisms may be more sensitive to chemical stressors than marine and
fresh water organisms, and a risk-based approach should be used to understand the
level of protection required. Using the more sensitive screening level may be
appropriate – the NEMP (2018) adopts this approach.
3.3.3 Draft terrestrial ecosystem ESLs
As an interim approach, the NEMP (HEPA 2018) adopts the draft Canadian guideline
values for terrestrial biota (Environment and Climate Change Canada 2017):
•
•
•

Mammalian diet biota ww food – 4.6 ug/kg
Avian diet biota ww food – 8.2 ug/kg
Birds – 1.9 ug/kg

As interim soil ESLs for residential and commercial land use scenarios for PFOS, the
NEMP (2018) adopts the draft Canadian guideline values (Environment and Climate
Change Canada 2017) – see comparison/explanation below. The basis for selection of
these values is that it includes a range of exposure pathways scenarios and the PFOS
criteria were based on the most sensitive of those pathways:
•
•

Residential/parkland – 0.01 mg/kg
Commercial/Industrial – 0.14 mg/kg

As interim soil ESLs for open public space for PFOS and PFOA, the NEMP (2018)
adopts the Canadian human health soil guideline values:
•
•

PFOS – 1 mg/kg
PFOA – 10 mg/kg

The only ESL for PFOA provided by the NEMP is also the HSL, applicable to open
public space.
For PFOS and PFOA, the NEMP (2018) notes that future work will be needed to review
available soil guideline values such as those derived by CRC CARE.
The moderate reliability ESLs for protection of terrestrial ecosystems derived by
CRC CARE are summarised in table 17.
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The draft ESLs shown in table 17 provide protection for chronic toxicity from direct
exposure. These draft ESLs do not take into account bioaccumulation through the food
chain. The standard species protection for each use (i.e. 60%, 80%) has been adjusted
by 5% to take into account bioaccumulation of PFOS and PFOA following NEPM 2013,
Schedule B5b – the species sensitivity distribution approach (Heemsbergen et al 2009)
has been updated (Warne et al 2015; 2017) and provides information on the basis for
determining the reliability of screening levels. Refer to Appendix B in relation to detailed
derivation of draft terrestrial ecosystem ESLs.
Refer to section 3.3.5 regarding the application of these ESLs.
Table 17. Draft moderate reliability ESL values for fresh PFOS and PFOA in soils (CRC CARE)

Land use

% Species
protection

PFOS (mg/kg)

PFOA (mg/kg)

Commercial and industrial

65

60

38

85

32

12

99

6.6

0.65

Urban residential and public
open space
National parks/areas with high
ecological values

Differences in CRC CARE and Canadian approaches for ecological soil guideline
values
Environment and Climate Change Canada (2017) published draft Federal Environment
Quality Guidelines for PFOS, including soil quality guidelines, in February 2017:





Agricultural – 0.01 mg/kg
Residential/parkland – 0.01 mg/kg (adopted in NEMP (HEPA 2018))
Commercial – 0.14 mg/kg (coarse soil) (adopted in NEMP (HEPA 2018))
– 0.21 mg/kg (fine soil)
Industrial – 0.14 mg/kg (coarse soil) (as per above)
– 0.21 mg/kg (fine soil)

The derivation of the Canadian soil quality guideline values is based on the Canadian
Council of Ministers of the Environment (CCME) protocol for deriving soil quality
guidelines, which differs from the ASC NEPM methodology. Some of the key
differences are that the Canadian values are protective of organisms in all trophic
levels, protective of freshwater life, protective of livestock and irrigation water, and of
sensitive uses from adjacent sites (e.g. agricultural land) exposed via off-site migration
(e.g. soil erosion) (CCME 2006). These are highly conservative and applicable to
residential and parkland use as well as aquatic organisms. ASC NEPM Schedule B5b
(including the Appendix) contains a review of Australian approaches and assumptions,
and comparison with overseas methods, which can be helpful. This can be helpful in
understanding the relevance of the Canadian guidance.
There was insufficient information for CRC CARE to develop soil criteria protective of
livestock and plants grown for human consumption (refer to table 9 in section 3.2.2).
The trigger levels for food published by FSANZ are relevant, and directly measuring the
uptake that results in livestock and plants that are in contact with contaminated soil can
provide an understanding of the acceptability of soil at a site (if feasible). Requirements
for protection of aquatic ecosystems are included in earlier sections (sections 2.2.3 and
3.3), and should be referred to when evaluating impacts of contamination that might
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derive from soil contamination on surface water. In relation to the inclusion of all
potential onsite and offsite risks, refer to the detailed discussion about developing
CSMs in section 3.7, and the application of ESLs/HSLs in section 3.2 and 3.3. Refer to
section 3.7 on developing CSMs for contaminated sites (and in relation to HSL/ESL
application in tables 9 and 18).
International ecological screening levels for soil and water have sometimes been
derived using approaches which incorporate bioaccumulation considerations to a
greater extent than used in deriving Australian terrestrial screening levels. The
ASC NEPM makes an allowance for bioaccumulation by arbitrarily adjusting the
standard species protection. This has been applied in the derived aquatic and
terrestrial ESLs.
The UK Environment Agency advises that the key concern with PFOS is its role in
bioaccumulation in wildlife rather than toxicity. The UK Environment Agency (2009)
states:
‘PFOS is a very persistent, bio-accumulative and toxic substance. PFOS
is the perfluorooctane sulfonate anion, and is not a substance as such.
PNEC for soil has been derived at 46 μg kg-1 based on plant data and
the use of equilibrium partition theory (Environment Agency 2004).
However, the key environmental concern associated with PFOS is in
secondary poisoning for both the terrestrial and especially the aquatic
compartments. For the terrestrial compartment a soil concentration that
would lead to secondary effects for birds and mammals consuming
earthworms would be 0.0106 mg kg-1 (based on a PNEC oral of 0.067
mg kg-1 wwt in food)’ (UK Environment Agency 2009, p. 9).
According to the ASC NEPM, terrestrial ESLs are derived on the basis of the impacts
of soil on organisms. Risk assessments should also consider impacts of contaminants
on secondary consumers in risk assessments where these are relevant. Site-specific
aspects of hazard and exposure including receptors and risk levels are to be
considered in the CSM. Often, data are not readily available to take into consideration
the movement of PFAS from soil into food chains. Australian soil types and climates
vary significantly within Australia (and compared with overseas jurisdictions) and these,
for example, would affect the fate, transport and behaviour of contaminants. For
example, the USA has a strong focus on freshwater environments (given it has inland
cities dependent on fresh water/groundwater) but Australia’s focus is more on marine
environments (coastal cities).
There are alternative screening approaches that have been developed elsewhere and
can be referred to when undertaking ecological risk assessments for particular
situations. For example, it is important that ecological assessments consider risks to
higher level avian predators (e.g. cormorants, birds of prey), where the extent of
contamination and the range of these predators might put them at risk. An approach by
Canada involved developing dietary tissue residue guidelines (Environment
Canada 2017). These guideline values are based on studies that seek to directly link
laboratory exposure to adverse effects in animals. Values to protect mammalian and
avian predators are 4.6 and 8.2 ng/g wet weight in food, respectively. These values are
intended as benchmarks for the quality of the ambient environment and are based
solely on toxicological effects data (Environment and Climate Change Canada 2017).
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Giesy et al (2010) have also derived criteria for PFOS to protect avian wildlife based on
bioaccumulation and adverse impact concentrations on higher level avian consumers.
The screening level derived by Giesy et al. (2010) to protect avian wildlife is
47 ng/L PFOS.
Where secondary effects in Australian organisms are of concern, it is recommended
that a site-specific ecological risk assessment be carried out following ASC NEPM
guidelines. Additional research may be needed where there is a potential for
unacceptable risk to ecological receptors.
3.3.4 Sediment ecosystems
Sediment criteria have been developed for marine sediments in Norway with a PNEC
of 0.017 to 0.22 µg/kg based on no toxic effects (Bakke et al 2010). However, no data
or references were provided to support the derivation of these values. There is limited
information available in the published literature on the toxicity and bioavailability of
PFOS and PFOA in sediments. Therefore, sediment criteria have not been developed.
Sediments are an important source of persistent chemicals to the water column and
aquatic organisms (refer to 2.3.2). The type of system (static, flowing or tidal) will have
a large impact on the equilibrium of the chemical between the water column and the
sediment. Boudreau et al (2003b) showed that concentrations of PFOS in the water
column in a static system did not appreciably decrease over time. However, the toxicity
did reduce as populations recovered within 35 days from the initial impacts. The
exceptions were the cladoceran and copepods which were sensitive to PFOS in
freshwater and populations were reduced to such a level that recovery at 30 mg/L did
not occur. All other species recovered at this concentration. Boudreau et al (2003b)
described this recovery as resilience however, it may be an indication that the PFOS
was no longer bioavailable, even though the concentration measured had changed
minimally over time. These results have implications for the measurement of PFOS in
the laboratory where the bioavailability of the chemical is potentially overestimated due
to the extraction process used. Unfortunately, to date there has been no research
conducted to assess this issue.
Chemical concentrations in the water column in flowing and tidal systems would be
expected to decrease within a short period of time with the sediments becoming a sink
for PFOS and PFOA, and this has been demonstrated in many studies as noted in
section 2. The amount of organic carbon and other factors may impact on the
bioavailability of the chemicals to sediment dwelling organisms, however, limited
research has been identified that determines how environmental factors modify the
toxicity of PFOS and PFOA in sediments or the water column.
In the absence of well validated sediment criteria, the following options are
recommended for application to freshwater and marine sediments:


Pore water – currently there is limited understanding of the interaction of PFAS
between sediments and sediment dwelling organisms and the impact of pore water
PFAS concentrations on these organisms is unknown. Therefore, the application of
freshwater or marine guideline values to pore water is not appropriate. In addition,
the application of standard methods of analysis of PFAS in pore water has not
been demonstrated. However, risk assessments may benefit from including any
information on pore water, where this is an important consideration in risk
assessments (refer to section 3.9.3 regarding considerations for pore water).
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Water column – where the system involves a water column in equilibrium with the
sediments adopt the concentrations of PFOS and PFOA in the water column that
is in contact with the sediments. These concentrations need to be assessed
against the guidelines for aquatic systems the water column (e.g. guideline values
for freshwater ecosystem protection for PFOS based on toxicological
considerations, or where seafood is consumed, the maximum permissible
concentration based on protection of human health via consumption of seafood
(i.e. the bioaccumulation in food chain) (e.g. 0.65 ng/L for PFOS (RIVM 2010)).
This method assumes that representative concentrations of PFOS and PFOA in
the water column can be determined; as noted above this can be dependent on
whether the system is at equilibrium (or a quasi-equilibrium flow regime) and
laboratory detection limits.

Assessment of the PFAS sediment, pore water and overlying water concentrations,
together with body burdens in benthic biota will provide important information in
assessing the impacts on aquatic biota and the potential for human health impacts.
The Australian and New Zealand Guidelines for Fresh and Marine Water Quality
recognise that there will be some cases in which there is an absence of an adequate
data set for a particular contaminant. The interim approach discussed in the Australian
and New Zealand Guidelines for Fresh and Marine Water Quality considers a
screening value on the basis of background (or reference) concentration multiplied by
an appropriateness factor. A factor of 2 is recommended, although highly disturbed
systems may need a higher factor (no more than 3). An important consideration is that
PFOS and PFOA are known to be ubiquitous in the environment.
Refer to section 3.9.3 regarding considerations for PFAS in benthic biota, water
partitioning, and pore water. The ANZECC Guidelines on Toxicants in Sediments may
be a useful resource for screening sediments in risk assessments.
3.3.5 Considerations in the application of draft ESLs
Aspects that should be considered in the application of the draft ESLs are summarised
in table 18. Section 3.4 provides further information in relation to bioaccumulation and
leaching.
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Table 18. Considerations in the application of ESLs
Aspect

Considerations

Contaminant aging
and soil properties

At present there is insufficient information to predict the influence of contaminant aging or soil properties on PFOS and PFOA bioavailability. The terrestrial
ESLs assume 100% bioavailability, and are appropriate for non-aged PFOS and PFOA contamination. Studies suggest that the toxicity of PFOS and PFOA
reduces with time (although there is insufficient information to quantify this), and a line of evidence approach could be adopted whereby consideration may
be given to soil properties (e.g. TOC, pH, CEC, particle size, clay content, meso-pore fractions, organic carbon to total nitrogen ratio). Soil results are then
compared with the ESLs following the ASC NEPM ecological risk assessment procedure. This can be expected to provide a conservative assessment of the
bioavailable fraction of PFOS and PFOA for use in an ecological risk assessment, and avoids the need to determine either an aging factor or a factor based
on soil property effects. Refer to section 3.9.3.

Sample extraction
methods for
evaluating impact
on terrestrial and
aquatic organisms

The concentrations of PFOS and PFOA determined in sediment samples can vary depending on the type of desorbant used, with methanol extraction
resulting in significantly higher concentrations than water extraction for PFOS, but similar concentrations for PFOA (Victor et al 2015). It is possible that the
use of a methanol desorbant may overestimate the amount of PFOS that is bioavailable to aquatic organisms. Similar considerations apply when determining
the bioavailability of PFOS in soil. Refer to the NEMP for PFAS sampling and analysis (HEPA 2018).

Location and extent
of potentially
affected area

The ESLs apply to soil where the soil interacts with ecological systems, or may interact in the future. If soil is permanently contained under a structure or
building, for example, the ESLs may have less relevance if the leaching potential is limited. Local regulator guidance on the application of the ESLs should be
referred to.
Australian regulatory agencies generally require that, where groundwater discharges through a shoreline or bed of a river, that the benthic organisms at the
point of discharge (prior to dilution in the bulk receiving water) be protected. Aquatic ecosystem protection is prescribed for groundwater dependent
ecosystems (e.g. stygofauna) as a protected environmental value of groundwater.
Because of the potential for PFAS to bioaccumulate, concentrations within the sediments at the point of discharge may be elevated. When evaluating such
areas, the environmental values of the receiving environment must be taken into consideration. The extent of shoreline or sediment that is potentially affected
and its significance with respect to the whole of the water body and associated sediment may be considered. If the area of effect and contaminant loading
are small and the environmental values are not affected to any significant degree, it may be appropriate to conclude that it is a low risk situation (this
excludes the consideration of intentional release of pollutants which would be unacceptable and subject to jurisdictional legislation). However, such a
conclusion would need to consider local regulatory requirements and it may be necessary to consult with the relevant agency or auditor in finalising a
conclusion relating to such areas. For example, the ESLs do not consider other environmental values such as public amenity and cultural and spiritual values
that may apply.

Bioaccumulation

PFOS is bioaccumulative, and the ESLs for protection of ecosystems take this into account as follows (refer to Appendix B):
•
For aquatic ecosystems, in the case of moderately modified freshwater and marine ecosystems, the guideline for 99% protection of species for PFOS is
recommended to be applied rather than the criterion for protection of 95% of species.
•
For terrestrial ecosystems, an increase of 5% species protection is added to the standard species protection levels for PFOS and PFOA.
Given the variability of ecosystems, it may be appropriate to conduct site-specific assessments using suitable data (see considerations for bioaccumulating
chemicals in the Australian and New Zealand Guidelines for Fresh and Marine Water Quality).

CRC CARE Technical Report no. 43
Practitioner guide to risk-based assessment, remediation and management of PFAS site contamination

67

3.3.6 Challenges in applying toxicity data from laboratory-based bioassays
to ecosystems
Toxicity data used to derive protective threshold concentrations to be applied to
freshwater and marine ecosystems are generally calculated from laboratory bioassays.
These laboratory-based bioassays represent a worst-case scenario with an absence of
environmental factors which have the potential to ameliorate toxicity.
Many studies have been conducted on the toxicity of PFOS to aquatic organisms and
some of these results have been reviewed by Qi et al (2011) and used to calculate an
aquatic PNEC for surface water (i.e. for both marine and freshwater organisms).
Several methods were used to derive a PNEC for PFOS using the chronic data listed in
section 3.3.1 (Qi et al 2011). One method used was the SSD method using only
chronic data (Qi et al 2011). This method is the closest to the Australian and New
Zealand Guidelines for Fresh and Marine Water Quality method used to calculate
toxicity trigger values for contaminants entering Australian ecosystems. Qi et al (2011)
calculated a PNEC for PFOS of 6.66 µg/L based on freshwater species sensitivity
distribution for 95% species protection for aquatic ecosystem.
The differences between environmental and laboratory exposures were discussed by
Qi et al (2011). A 35-day NOEC for a mesocosm (12,000 L) with freshwater
zooplankton communities was reported as 3.0 mg/L (Boudreau et al 2003b), a 450 fold
increase on the Qi et al (2011) PNEC and an 83 fold increase when compared to the
RIVM maximum allowable concentration for freshwater ecosystems of 36 µg/L.
However, on the basis of environmental ameliorating factors, the lower concentrations
calculated from laboratory bioassays will provide a conservative protection level for
aquatic organisms.
Limited research has been identified that determines how environmental factors modify
the toxicity of PFOS and PFOA, even though the mesocosm results showed a
significant decrease in toxicity to zooplankton communities when compared to
laboratory studies. The mesocosm studies showed that PFOS concentrations did
decrease over 8.8% over 35 days and did not decrease further after 285 days.
However, even though concentrations in the mesocosm did not decrease significantly
over the duration of the study and zooplankton populations reduced immediately
following application of PFOS at 10 mg/L and 30 mg/L, resilience was observed in all
species at 10 mg/L with subsequent increases in population growth observed.
Sensitive species, cladocerans and copepods, showed no signs of resilience in the
30 mg/L treatment.
Similar results were obtained for an earthworm to PFOS exposure in soil over 42 days
where reduced growth at lower concentrations was observed up to a 28-day exposure,
however, after 42 days, reduced growth was only observed in the worms exposed to
the highest concentration (Xu et al 2013). These results may indicate that, even though
concentrations of PFOS remain in the soil, the PFOS may be less bioavailable to
exposed organisms due to binding with the soil components.
Refer to the NEMP for PFAS sampling and analysis (HEPA 2018).
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3.4 Other screening criteria
Available national guideline values have been discussed earlier. Other human health
and ecological investigation levels have been proposed internationally, with new
information being released on a frequent basis. Some of the international guidelines
have been discussed in earlier sections, such as the Canadian ecological guidelines.
This section is summary of those already discussed, and some additional international
criteria.
Table 19 provides a summary of some well recognised international PFOS and PFOA
screening levels from a range of jurisdictions. It is not intended to capture all available
screening levels, but rather to provide a snapshot of the ranges of concentrations
considered acceptable internationally. The focus is generally on PFOS and PFOA,
though some countries have provided screening levels for other PFAS, including taking
a summation approach to certain PFAS, such as in Denmark.
Also consider:






The Dutch National Institute for Public Health and the Environment (RIVM) has
derived maximum permissible concentrations for avoiding secondary poisoning by
PFOS in fresh and marine surface waters (RIVM 2010). This approach uses biomagnification and bio-concentration factors to avoid adverse effects in high level
mammalian predators. For the marine environment, RIVM has derived a maximum
permissible concentration of 0.00053 μg/L or 0.53 ng/L. For freshwater, the
corresponding value is 0.0026 μg/L or 2.6 ng/L.
The investigation levels for aquatic environments vary considerably internationally.
International screening levels typically range from <1.0 µg/L to 36 µg/L for
freshwater systems and 2.5 µg/L to 7.2 µg/L for marine waters (UK EA 2007;
RIVM 2010).
There is also an absence of accepted screening levels for sewer and landfill
disposal – this may be due to the system-specific nature and complexity of
establishing acceptance screening levels for PFOS and PFOA in such systems.

Guidelines and supporting information are available for potable water, groundwater and
aquatic ecosystems in some international jurisdictions. Little information was identified
regarding acceptable levels for the protection of terrestrial ecosystems – this may be
because it is generally of lesser priority, and perhaps not being considered to be a
limiting exposure pathway.
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Table 19. Examples of international ecological guideline values

Region

Soil – ecological, irrigation,
agriculture etc. mg/kg

Aquatic µg/L

PFOS/PFOA

PFOS
<1 (fresh)
2.5 (marine)

UK (UK EA 2007)
Canada
(Health Canada 2016; ECCC 2017)

Other

PFOS only:
0.01 (agric/res/park)
0.14 (com/ind – coarse soil)
0.21 (com/ind – fine soil)

PFOS – mammalian and avian
predators – 4.6 and 8.2 ng/g ww in
food

Netherlands (RIVM 2010)

Short term:
36 (fresh); 7.2 (marine)
Chronic:
0.023 (fresh); 0.00053 (marine)

Secondary poisoning:
0.0026 ug/L (fresh)
0.00053 ug/L (marine)

Denmark
(Soil quality guidelines, March
2018)

General:
0.00065 (fresh); 0.00013 (marine)
Maximum conc:
36 (fresh); 7.2 (marine)

Biota:
9.1 ww ug/kg

Freshwater
PFOS 0.00023–31
PFOA 19–1824
Marine
Interim – adopt freshwater values.
CRC CARE guidelines under review.

Adopts Canadian PFOS values for
mammalian and avian predators
Landfill criteria also developed
based on a factor of human health
criteria, and in accordance with
landfill type.

Australia
(NEMP 2018;
Commonwealth 2017)

Interim:
Public open space
PFOS 1mg/kg
PFOA 10 mg/kg
Other
PFOS: Adopts Canadian values for:
• agric /res/park – 0.01
• com/ind – 0.14
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3.5 Preliminary site investigation (PSI)
The purpose of a PSI is to identify the potential sources of contamination and
contaminants of concern, the receptors that may be exposed to contamination and the
relevant exposure pathways. The process for conducting a PSI is established in the
ASC NEPM. The scope of work should be sufficient to provide an initial indication of a
site’s contamination status, the nature and location of likely sources and receptors, and
to determine whether DSI is warranted. In ecological risk assessments, PSI may be
referred to as preliminary risk assessment and DSI may be referred to as definitive risk
assessments.
A review of the site history, activities that have potential for causing contamination,
physical setting including local geology and hydrogeology, and site conditions must be
undertaken. The information collected should be used to develop an initial CSM for the
site.
A site inspection should be undertaken to complement the findings of the desktop study
and site history and to identify any additional relevant site information. It is
recommended to conduct interviews with current site owners and occupiers and, where
practicable, previous site owners and occupiers.
It is essential that the location of the site, its environmental setting (e.g. proximity to
aquifers) and the significant features involved in its history be accurately and clearly
identified. The PSI report should clearly identify any significant data gaps and include
an assessment of the accuracy of the information collected. The possibility of PFAS
contamination from industrial use or re-use, transport, disposal and storage of PFAScontaining materials (including firefighting foams) should be considered.
Where it is identified that PFAS may have been present at the site and may have been
released, more detailed investigation may be required to verify the nature and extent of
contamination. Investigations may extend beyond PFAS, if required (this document
focuses only on PFAS).
The ASC NEPM states that:
‘if the preliminary investigation shows a history of non-contaminating
activities and there is no evidence or suspicion of contamination, further
investigation is not required’ (ASC NEPM, Sch B2, p. 3).
Where there is sufficient site history information available to rule out the potential for
PFAS to have been present at the site, no further consideration of PFAS contamination
is required. However, if some uncertainty remains further investigation may need to be
conducted.
PFAS will migrate rapidly from a source, through the soil profile, to groundwater and/or
surface water. It is recommended that where a release is identified to have occurred,
where possible interim source removal activities be conducted (e.g. excavation of
impacted soils) to prevent PFAS from migrating to groundwater; or to reduce the mass
of PFAS which may migrate to groundwater over time. Depending on the extent of soil
contamination and site conditions, the extent and rate of leaching to groundwater and
timeframes may also be an important consideration in decision-making.
Understanding the behaviour of PFOS and PFOA in the environment is also essential
in evaluating risks posed to potential receptors. Because of their persistence and ability
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to bioaccumulate, the effects of PFOS and PFOA released into the environment can be
far reaching. For this reason, it is likely that detailed investigations will be required in
most cases of PFAS contamination where there is a potentially unacceptable risk to
human and the environment.
Prior to applying the HSLs for PFOS and PFOA it is important to develop an
appropriate CSM in accordance with Schedule B2 (site characterisation) of the ASC
NEPM (for PFAS CSMs, refer to section 3.7). It is particularly important to understand
the transport mechanisms (leaching, runoff, groundwater migration and surface water
discharge, bioaccumulation in food chain), and to follow the source-pathway-receptor
linkages. Preliminary risk assessments can assist in any stakeholder engagement/risk
communication processes.
3.5.1 Behaviour, fate and transport in the environment
An understanding of the behaviour, fate and transport of PFAS and how this can be
applied in site investigations is described in earlier sections. PFOS and PFOA are
widely distributed in the environment, and are detected in soil, sediment, surface
waters and groundwater both near point sources and in remote locations. Their
persistence in the environment and moderate solubility means they can be transported
long distances and transfer between different media.
Brooke et al (2004) undertook modelling using the European Union system for the
evaluation of substances software tool to calculate the partitioning of PFOS within the
environment, and the movement of PFOS between different media from the point of
release (table 20). However, it is important to recognise that these relationships are
only indicative, as they are based on modelling, and are not necessarily an accurate or
realistic representation of real world scenarios. Time can also be a factor, with
discharges in the short term being held in soil or sediment, with release to water in the
long term. Overall, the information in table 21 suggests that:




PFOS releases in the atmosphere will almost completely be adsorbed by soils
PFOS releases in water will generally stay within the freshwater and marine
environments, with some adsorption by soils and sediments, and
PFOS releases in agricultural soils will generally stay within the soils
(Brooke et al 2004).

Table 20. Partitioning (percent) of PFOS in the environment (Brooke et al 2004)

Adsorbing medium
Freshwater
Marine water
Atmosphere
Soil
Freshwater sediment
Marine sediment

Atmosphere
0.38
0.04
<0.01
99.6
0.02
<0.01

Holding medium
Water
83.2
9.06
<0.01
3.42
4.2
0.14

Agricultural soils
0.26
0.03
<0.01
99.7
0.01
<0.01

PFOS and PFOA can be transported to surface waters and subsurface waters
(i.e. groundwater) as a result of runoff containing particulate matter and possible
leaching. Atmospheric transport of precursor compounds and long-range transport via
ocean currents may also occur, as demonstrated by the detection of PFOS in remote
regions of the Arctic caps (US EPA 2014).
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PFOS and PFOA have also been shown to be persistent in the aquatic environment
with potential to adsorb to particulate matter and bioaccumulate in aquatic organisms
(OECD 2002; Hazelton et al 2012). The USEPA (2002) reported that PFOS has a very
low Henry’s Law constant which indicates that volatilisation from water to air is unlikely
and, therefore, aquatic environments may be a significant potential sink for PFOS. This
is supported by the detection of PFOS in groundwater and surface water systems near
PFOS production plants and firefighting training facilities in the USA
(Boudreau et al 2003a; Konwick et al 2008). Further, particulate matter will ultimately
be deposited in sediments, forming a sink for PFOS, particularly in marine systems.
However, Environment Canada (2013) suggests that sediments, while a sink for PFOS,
are unlikely to be a sink for PFOA as PFOA is less strongly adsorbed than PFOS, and
so aqueous concentrations of PFOA are higher than that of PFOS.
As noted above, international and Australian studies have detected PFOS and PFOA in
a range of ecological receptors including molluscs, fish, birds and mammals. Studies
have found that PFOS and PFOA concentrations in freshwater environments are often
one to two orders of magnitude lower than the NOEC values from toxicity testing
(CRC CARE 2014a), and bioaccumulation and the resulting concentration in organisms
can be the limiting factor in determining the allowable concentrations, particularly for
PFOS.
3.5.2 Consideration of other PFAS compounds
An issue arising in the assessment of PFAS is how the effects of PFAS other than
PFOS, PFOA and PFHxS should be assessed – for example, where fish sampling
shows that there are material concentrations of precursors and several longer chain
PFAS, in addition to PFOS. One approach is to focus only on PFOS, PFOA and
PFHxS, however this may not be sufficiently protective. Hence, it is important to
measure all detectable PFAS, including precusors.
The challenges with regard to precursors include:
 little quantitative data on precursors in the environment
 little or no toxicity data
 analytical challenges
 absence of discharge criteria/screening levels, and
 lack of knowledge to define treatment goals.
A conservative approach is to include consideration of precursors and substances
whose physicochemical, toxicological and ecotoxicological properties are likely to be
similar, based on structural considerations. Where these substances are present, then
their concentrations may be added to the concentrations of PFOS or PFOA similar to
the approach taken for PFHxS. Refer to the NEMP Appendix A for further information
on classification of PFAS.
For example, PFOS precursors are thought to include perfluoralkyl sulfonamides and
sulfonamidoethanols (FOSAs/FOSEs). These are thought to be metabolised to PFOS
internally (Yu et al 2016). As another example, 8:2 fluorotelomer alcohol (8:2 FTOH) is
considered a precursor of PFOA. Additional information on transformation of
fluorotelomer alcohols (FTOHs) and perfluorooctane sulfonamido ethanols (xFOSEs)
into PFCAs and/or PFSAs precursors can be found in Young and Maubury (2010) and
Fromel and Knepper (2010).
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Another approach which may be useful is the read-across approach used by the
European Chemicals Agency under the REACH Regulation. This states that:
‘Substances whose physicochemical, toxicological and ecotoxicological
properties are likely to be similar or follow a regular pattern as a result of
structural similarity may be considered as a group, or "category" of
substances. Application of the group concept requires that physicochemical
properties, human health effects and environmental effects or
environmental fate may be predicted from data for reference substance(s)
within the group by interpolation to other substances in the group (readacross approach)’ (REACH, ANNEX XI, section 1.5).
The European Chemical Agency considers, using the read-across evaluation, that
C9-C14 PFCA are equivalent in likely properties to PFOA. These include PFNA, PFDA,
PFuDA and PFDoDA (ECA 2012a; 2012b; 2012c; 2014; 2015a; 2015b; 2015c).
Minnesota has a toxic equivalent (TEQ)-like process for PFOA, PFOS, PFBA, PFBS
and PFHxS, handling them as mixtures.
Section 8.3.4.5 of the Australian and New Zealand Guidelines for Fresh and Marine
Water Quality provides some guidance on deriving working levels for contaminants for
which screening levels are not available (including considerations for chemicals for
which very limited toxicity data points are unavailable). This may be applicable to other
PFAS.
In the absence of specific toxicological information on the other PFAS of concern, it is
recommended that consideration be given to these various approaches.
When taking an additive approach, it is probably most appropriate to sum compounds
on a molar basis, rather than on an equivalent mass basis.
Overall, future developments in the measurement and analyses of PFAS may include
evaluating PFAS as a group such as through high through-put bioassays and a
TEQ-like process, but the challenge that remains is the determination of the specific
PFAS compounds to be included (and precursors, if these are also to be included).

3.6 Developing a conceptual site model (CSM)
A critical step in understanding risks is the development of a CSM. The CSM should
describe the nature of the source of the contamination, and the pathways by which
receptors (humans and ecosystems) might be affected by the contamination.
ASC NEPM, Schedule B2 provides an outline of how to develop a CSM.
The process typically involves:




development of a generic CSM based on the physical and chemical characteristics
of PFOS (PFHxS) and PFOA (and any other associated contaminants of concern),
and
development of a site-specific CSM, noting that the geological, hydrogeological
and receptor conditions will differ from site to site.

The CSM describes the environmental setting, identifies contaminant sources (potential
areas of concern and associated contaminants), modes of contaminant movement
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(migration pathways), the person/ecosystem components/environmental values
potentially affected by the contamination (potential receptors) and how exposure may
occur (exposure routes).
The development of a CSM is a dynamic process and it is important that all the
information and data from each stage of an assessment are reviewed in an integrated
manner (using a multiple-lines-of-evidence approach where appropriate) to refine the
CSM and used to inform subsequent decisions on whether further investigation or
management is necessary.
The initial CSM is constructed from the results of the PSI and is used to identify data
gaps and inform a decision on whether detailed investigation is required. The CSM
should be continually challenged and updated throughout the assessment process.
The essential elements of a CSM are outlined in section 4.3 of Schedule B2 of the
ASC NEPM. Briefly these include:











Known and potential sources of contamination and contaminants of concern and
precursors, including the mechanism of contamination (e.g. surface spill top down
which is most commonly the case for PFAS-contaminated sites, or a subsurface
release such as from a corroded pipe).
The media contaminated (e.g. soil, groundwater, surface water, sediments, and
air).
Potential human and ecological receptors, such as site works or the general public,
users of groundwater at or removed from the site, and terrestrial and surface water
ecological receptors.
Potential exposure pathways, how humans or ecological receptors may become
exposed to PFAS (e.g. direct contact through handling contaminated soil, ingestion
of contaminated soil/dust, surface water runoff or contaminated groundwater
discharge to surface water bodies). Once current and potential future exposure
pathways have been identified it needs to be determined whether the pathways
are complete (refer to ASC NEPM schedule B6). If a pathway is incomplete the
risk to receptors may be low despite the presence of contamination.
In developing and refining the CSM it is important to ensure that the available data
are representative (i.e. provides an accurate picture of the contamination, without
biasing high or low), and to understand where variability and uncertainty may lie (is
the extent and magnitude of contamination sufficiently well defined), and the
significance of data gaps.
A brief summary of aspects to consider is provided in figure 1, and an example of a
PFAS site contamination CSM is provided in figure 2. Figure 1 illustrates some of
the complexity that is associated with PFOS and PFOA in the environment. This is
a simplistic view and does not attempt to cover all exposure pathways or
receptors. It is limited to scenarios where there is existing soil and groundwater
contamination, and does not consider scenarios whereby site workers may be
directly exposed to PFAS products (e.g. fire fighters, electroplaters).

In some situations, there may be other non-PFAS contaminants of concern that may
also be considered in risk assessments (including CSMs) – for example, cleaning
solvents and/or petroleum hydrocarbons from accelerants used to start fires.
Information about the nature of PFAS that have affected the sites may provide an
indication of potential PFAS transformations that could have occurred in the
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environment – for example, fluorotelomers may transform into PFOS and PFOA.
Information on PFAS may be discovered from effluent testing, bioaccumulation studies,
and sampling contaminated material.
Due to the persistence and bioaccumulative properties of PFOS and PFOA, the CSM
will need to consider scenarios and pathways that may not be normally considered for
other contaminants. Example pathways that may need to be examined include:











leaching from soil to groundwater (and surface water)
groundwater discharge into surface water bodies
adsorption to, and leaching from, sediments
bioaccumulation in seafood
accumulation in the biosolids of a sewage treatment plant, and discharge in the
effluent of a sewage treatment plant to surface water body
uptake by plants and accumulation in soil from irrigation of contaminated water
uptake in plants and bioaccumulation in livestock that consume the plant material
and soil
human exposure to meat and animal products (e.g. milk and eggs)
infant exposure to human breast milk and animal milk, and
uptake/intake by flora and fauna via contaminated soil, water, sediment and
potential for risk (e.g. relative to background levels).

This list is by no means exhaustive, and each site will need to be evaluated on a case
by case basis (e.g. stormwater runoff, urban erosion, if there is a potential for
unacceptable risk). A discussion on how these aspects should be considered in the
application of the screening/investigation levels is provided throughout this document.
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Figure 1. Inputs to a site-specific CSM
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Figure 2. Example CSM for PFAS-contaminated media

3.6.1 Generic CSM
The main aspects to be considered in developing a generic CSM include identification
of the:






Source(s) of contaminants – this might include former use of a site for fire training
purposes and at plane crash sites, or transfer and storage of aqueous film forming
foams (AFFFs) (including fire-fighting systems), older municipal landfills where
PFOS/PFOA containing materials such as carpets might have been disposed of,
areas where biosolids have been distributed, electroplating facilities, and so on.
The different type of sources will also influence the range and ratio of PFAS in the
environment.
Release mechanisms – PFOS and PFOA were historically released to the
environment in more concentrated form from the use of AFFF, typically at fire
training grounds or fire stations. They may also enter the environment through
deposition of fill material, leaching from landfills, or at low levels through
atmospheric deposition (primarily adsorbed to particulates).
Impacted media and transport mechanisms – PFOS and PFOA can impact all
elements of the environment, including the atmosphere, soils, sediments,
groundwater and surface water. Vapour phase migration is minimal due to the low
vapour pressure of PFOS and PFOA, though low concentrations have been
measured both in the vapour phase and bound to particulates (DEPA 2015).
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Beneficial uses (or environmental values) and potential receptors – the beneficial
uses or environmental values that can be impacted by the contamination, and the
corresponding human and ecological (terrestrial and aquatic) receptors that can
potentially be affected. Note jurisdictional legislation may define what beneficial
uses of land and groundwater require consideration.
Exposure pathways – mechanisms by which receptors can be exposed include, for
example, ingestion, dermal contact, and inhalation (predominantly in particulate
form).

Development of the CSM is an iterative process, initially developed from a preliminary
site investigation, and continually refined and updated as further assessment is
undertaken.
An example generic CSM for PFOS and PFOA is provided in figure 2, which shows
potential linkages between the source, pathways and receptors for PFOS- and PFOAcontaminated media. Other pathways and receptors that are subsets of the above may
also be present. The CSM presented in figure 3 should be considered as a baseline
and added to or amended as dictated by the specific characteristics of the site.

Figure 3. Example conceptual site model
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3.6.2 Site-specific CSM
Development of a site-specific CSM adapts the generic CSM to include site data (as
outlined in table 21), to develop a greater understanding of contaminant fate and
transport, and the implications of contamination both onsite and offsite. Development of
a site-specific CSM is an iterative process, with the complexity of the CSM
corresponding to the scale and complexity of the known or potential impacts. As more
information is gathered about a site and the contamination, the CSM can be further
refined to allow remediation and management actions to be defined that are
commensurate with the scale of the problem and are most cost effective.
The site-specific CSM will allow for definition of the linkages between sources and
receptors, and whether actual impact has been identified. In some instances, the risk
posed by contamination may be acceptable if the pathway between the source and
receptor is not complete, or can be broken by management or remediation. It is
important to check ASC NEPM and jurisdictional requirements in relation to
environmental values (or beneficial uses) that are applicable. Another important
consideration for highly soluble PFAS is their rapid rate of movement in groundwater
which must be included in the CSM by taking into account the spatial–temporal
boundaries of the site.
Schedule B4 of the ASC NEPM outlines factors that should be considered in
developing a CSM. These are summarised in table 21, in conjunction with other
aspects and considerations that should be made in relation to PFOS and PFOA. While
it is important to consider each contaminant individually in developing the CSM, a
holistic approach must also be taken as PFOS and PFOA will not typically be present
in isolation, with other PFAS and contaminants often present.
The CSM should be presented graphically or in tabular format, and should preferably
be accompanied by cross section(s) indicating source-receptor linkages. Graphical
cross sections can be excellent tools for explaining the complexities of contamination to
stakeholders.
The CSM should provide information on the following questions:








Do the site analytical data exceed the HSLs for soil and groundwater?
Consideration should be given to the mean, maximum and 95% upper confidence
limit concentrations.
Do the site analytical data exceed the ESLs for terrestrial and aquatic
ecosystems? Consideration should be given to the mean, maximum and 95%
upper confidence limit concentrations.
Is there an imminent or future risk to beneficial uses or environmental values, and
land and groundwater uses, and the associated receptors? Is there a complete
exposure pathway (e.g. ingestion, dermal contact, inhalation of dust) between the
PFOS or PFOA contamination and human and/or ecological receptors?
Is the contamination fully characterised and data sufficient to determine
management and remedial method (if required). If not what further data is
required? Do the existing data provide an accurate representation of the
contamination at the site and surrounds? Or is additional information required to
assist in determining whether management is sufficient or remediation is
warranted, and to assist in determining the most appropriate remedial method (e.g.
soil and/or aquifer properties)?
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Once these questions have been answered, the remediation objectives can be defined
and technology selection can proceed.
Refer also to section 4.5 in relation to CSM development specific to PFAS-impacted
water management.

3.7 Detailed site investigation (DSI)
Where the PSI indicates that there is potential for PFAS contamination to be present in
a site, a more detailed site investigation is required. The DSI should determine the
nature and extent of PFAS relative to potential receptors and exposure pathways
identified in the CSM.
The DSI process should be conducted in accordance with the requirements of the ASC
NEPM and include preparation of a sampling analysis quality plan to ensure that:





the necessary data are obtained to understand the extent of contamination both on
and off-site and the potential risk posed by that contamination
that the data are representative of site conditions
the data represent the behaviour of the PFAS in the environment and
the data are of suitable quality to enable further site-specific risk assessment to be
conducted where required.

Groundwater modelling and fate and transport modelling are useful techniques for
understanding potential risks for PFAS contamination. The information obtained
through the DSI should be used to update the CSM for the site. The updated CSM can
be used to inform the need for remediation and if required, remediation options and
also short and long term management actions for the site. The information from the
CSM and DSI can be used to identify the potential risks posed by PFAS and enable
decisions to be made as to whether containment and management or remediation is
required at the site. It can also provide data to inform a site-specific risk assessment if
relevant for the site.
As far as is practicable, sampling should be representative of the system being
investigated. Sampling is likely to be an iterative process, commencing with a high
level, preliminary sampling program and becoming more specific as the extent and
magnitude of contamination is better understood. Where field data is available it should
be used to inform and validate the assumptions used in modelling techniques. When
more detailed site investigation data becomes available, this should be used to validate
the outcomes of the modelling to improve the accuracy of the model and therefore
provide a more robust assessment of the fate and transport of PFAS in sensitive
environments.
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Table 21. Example of inputs to a site-specific CSM

Aspect

Considerations

Contaminant sources

As per the generic CSM, but refined based on site-specific details. Primary sources may include former fire training ground
or fire station, electroplating facility, landfill, etc. The possibility that contamination could have occurred and the likely areas
of greatest impact on-site and potentially offsite can then be evaluated. It is important in determining whether contamination
is widespread and random in nature (e.g. from imported fill material, or background conditions), or localised (e.g. from point
sources such as fire training pads).
Secondary sources of PFAS must also be considered, such as concrete pads that might have been exposed to AFFF,
which can provide ongoing and long term sources of PFAS to the environment (Baduel et al 2015). Contaminated soils also
provide ongoing secondary sources of PFAS contamination to groundwater.

Physical and chemical properties of
the contaminants, and the likely
mobility in the environment.

Whether PFOS and/or PFOA are the limiting contaminants of concern, or whether other contaminants are present, including
other PFAS, that will influence remediation and management decisions. It is important to gain a thorough understanding of
the range of contaminants present, the potential interactions between contaminants, possible implications of remediation of
other chemicals on PFAS and precursors, and the implications of contaminant mixtures on the risks posed to receptors.
PFOS and PFOA are mobile in the environment, migrating to groundwater and surface water, and partitioning to sediments.
They are highly recalcitrant and do not naturally degrade, persisting for many years in the environment.

Site-specific contamination
analytical data

Site analytical data are essential information for defining risk. If data are absent or inadequate this should be flagged as a
significant data gap. A lack of data could lead to the risk level being incorrectly defined, and could potentially result in
receptors being exposed to an unacceptable level of risk, or conversely unnecessary remediation of contamination.

Type and maximum concentrations
of PFAS

Whether contaminant concentrations pose a potential concern (e.g. whether they exceed screening/investigation levels).
The screening/investigation levels are not intended to be clean-up goals, or triggers for remediation, but an exceedance
should prompt further investigation of the risk pose by contamination.

Distribution (vertical and horizontal)
of contaminants and temporal
variability

Whether contamination is attributed to point sources, whether it is widespread and potentially random, whether it has
migrated far from the original source (vertically and laterally), and whether contamination extends across more than one
media (e.g. soil, groundwater, surface water, sediment). PFAS contamination in groundwater can extend laterally many
kilometres, and may also migrate vertically to underlying aquifers.
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Geology

Soil and rock types, stratigraphy. This information allows for an assessment of the likely migration of PFOS and PFOA
through the subsurface and possible attenuation mechanisms such as sorption/desorption to soils. It is also an important
consideration for selection of soil and groundwater remedial methods. PFOS and PFOA are reasonably soluble, and will
readily leach through soil to groundwater.

Hydrogeology

Depth to groundwater, aquifer type (porosity of fractured rock), hydraulic gradients, hydraulic conductivity, geochemistry
(TDS, pH, TOC), and any other factors with potential to significantly affect presence and distribution of PFAS. This
information allows for an assessment of the potential for, direction and rate of migration of the PFOS and PFOA across the
site and off-site, including potential discharge to surface water bodies.

Potential presence of subsurface
geology or structures that may act
as preferential pathways for
migration of vapours (on and
offsite)

Not usually applicable for PFOS and PFOA given their low vapour pressures. However, other contaminants that might be
present (e.g. must also be considered in developing the CSM.

Beneficial uses/environmental
values of groundwater

The beneficial uses or environmental values of groundwater that require protection for the site and surrounding areas
should be identified. This will provide the framework for assessing risk and the need for contaminant management. The
beneficial uses or environmental values may include (but not be limited to) potable water use, maintenance of ecosystems,
agriculture (farms, irrigation and stock watering), industrial, recreation (extraction for swimming pool use), aquaculture,
effects on buildings and structures, and in some jurisdictions continued indigenous and non-indigenous cultural and spiritual
practices.

Land uses

Land uses (such as low and high density residential, commercial/industrial, parks and recreation, agriculture) will determine
the adopted human health and ecological screening levels.
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Potential receptors

Onsite and offsite receptors should be considered. The likelihood of impact on receptors will determine the ultimate risk
ranking of the site. Consideration should be given to existing and potential future land uses and hence receptors, and
whether complete exposure pathways (ingestion, dermal contact, inhalation of dust) exist to these receptors. Potential
receptors may include:
•
Humans – e.g. site residents, utility workers, site occupants (workers or park users), users of extracted groundwater,
and consumers of seafood and animal products.
•
Ecosystems – e.g. terrestrial and aquatic ecosystems directly in contact with contamination, aquatic ecosystems
receiving contaminated groundwater, aquatic ecosystems exposed to contaminated sediments, terrestrial ecosystems
receiving contaminated biosolids. Stock may be exposed to contaminated groundwater if it is extracted for
stockwatering purposes.

Exposure pathways: how exposure
might occur, and the frequency of
exposure.

The potential for humans and animals to be exposed to PFOS and PFOA in the environment. This will often primarily occur
through ingestion (including inhalation of contaminated dust); dermal exposure and inhalation are likely to be less important
although they may contribute to the overall level of exposure.
Frequency of exposure will depend on factors such as site usage (e.g. park users may be subject to a lower exposure than
site residents).

Bioaccumulation

PFOS and PFOA are bioaccumulative, and can biomagnify along terrestrial food chains (OECD 2002). This means that
small concentrations of PFOS and PFOA accumulating in plants and organisms can give rise to concentrations higher in the
food chain than would be expected to occur through direct exposure.

Bioavailability/bioaccessibility

There has been limited research into the effects of contaminant aging on the bioavailability of PFOS and PFOA in different
matrices. Studies have found that PFOS adsorption to soils, and hence bioavailability may be influenced by soil properties
such as pH, organic carbon and clay content, as well as humin/kerogen components. To date there is not an accepted
methodology for measuring bioavailability or bioaccessibility, and considering various lines of evidence may inform whether
the bioavailability of PFOS is likely to be low or high.
PFOA does not show the same binding affinity to soils, and hence soil composition may not influence the bioavailability and
toxicity of PFOA and it may be appropriate to assume that PFOA is 100% bioavailable.

Jurisdictional controls

State and Federal legislation, local authorities, EPA. These controls may require certain site owners to assess and report on
contamination status of their sites. They may also require remediation should unacceptable risks be identified.
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3.7.1 Sample collection
Schedule B2 of the ASC NEPM provides detailed information on the design and
implementation of a sampling analysis quality plan. This section details additional
considerations for PFAS. Sampling and analysis of PFAS is expected to improve at an
accelerated pace in the near future, led by commercial laboratories and researchers
and practitioners will need to remain vigilant. The NEMP emphasises the importance of
taking into account additional steps to ensure that analytical results are reliable
(HEPA 2018), and provides updated guidance for sampling and analysis.
The chemical properties of PFAS are such that it will migrate to groundwater following
a release, therefore most detailed site investigations will need to focus on soil,
sediment, surface water and groundwater impacts, and assessment of affected biota
as a result of bioaccumulation in the food chain.
Because of the unique chemical properties of PFOS and PFOA, consideration must be
given to the low flow groundwater sampling setups which have been shown to leach
long chain PFAS which can adsorb to the surfaces of sample equipment
(CONCAWE 2016). Additionally, it is recommended that Teflon-containing materials
are avoided as a precautionary measure (ALS 2013; CONCAWE 2016). The
implications of using Teflon-containing materials during sampling warrants further
investigation, as it is currently unclear the extent to which, if any, cross contamination
may occur. The effect of leaching from sampling materials or sample storage vessels
on sample concentrations can become particularly important when working at the very
low concentrations indicated by the fresh water ESLs and HSLs. Other materials which
may cross-contaminate samples include food packaging and some types of waterproof
clothing.
With respect to groundwater samples, if these are not filtered (investigation wells tend
to draw in more sediments than wells constructed for other uses), consideration should
be given to the sediment load in the sample and the possible effect on the measured
PFOS and PFOA concentrations, as significant PFOS and PFOA may have adsorbed
to the sediment material. It is important to take into consideration the quality of the
water to which the receptor would actually be exposed. Use of high density
polyethylene bottles are advisable.
Where possible, it may be useful to also include any supplementary information that
could assist in understanding transformation rates of precursors to PFOS and PFOA.
For example anaerobic/aerobic conditions may be a factor however the extent to which
they affect transformation in real conditions is less understood at this time
(Houtz et al 2013).
International studies have found some success with passive sampling of PFAS in water
using a modified polar organic chemical integrative sampler, although uptake and
hence the reported concentration can be affected by water flow rate
(Karsenzon et al 2013). Passive sampling has not yet been widely implemented in
Australia.
3.7.2 Laboratory analysis of fish, soil and water samples
Internationally there are a range of standard methods utilised for the analysis of PFAS,
mostly based on liquid chromatography with a tandem MS/MS detector
(CONCAWE 2016).
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The National Measurement Institute (NMI) conducted a pilot proficiency study in 2015
to compare the performances of 11 laboratories, evaluate their test methods, and
assess their accuracy in measuring total and linear PFOS and PFOA in soil and water
matrices. Nine of the laboratories used a detection method of LC-MS/MS, but a variety
of extraction methods were adopted. Laboratories were requested to report a measure
of uncertainty for results, which ranged between 0.9% and 100% of the reported value
(NMI 2015).
From this, it is evident there is variability in the analytical results reported for PFOS and
PFOA within, and between laboratories in Australia. NMI noted, however, that the
performance of laboratories was similar to that observed in other NMI pilot trials for
organic pollutants10. It has been hypothesised that the variability observed in PFOS
results may in part be due to some laboratories using linear standards, and others
using mixed standards (i.e. linear and branched) for PFOS (ALS 2015b). This is being
further investigated, and NMI has recommended further studies. The variability could
also in part be due to the low levels being analysed.
A second proficiency testing study on the analysis of PFOS and PFOA in soil, water
and fish was conducted in June 2016 with 26 laboratories (NMI 2016). The data from
both proficiency testing studies show a wide variety of results for the same sample,
therefore it is important to understand what is being reported. The 2016 participants
reported up to 72% of the reported value. A variety of methods for extraction were
used, with no correlation between results and method – the analytical detection method
used was LCMS/MS, and a range of extraction methods were used.
The results reported by different laboratories also showed a variety of detection limits,
particularly with the water samples. In many cases the detection limits were above
drinking water/groundwater guidelines commonly used at the time of testing. When
detection limits exceed screening levels it is necessary to err on the side of caution and
assume the screening level is exceeded, thus resulting in the requirement of
management actions when they may not be necessary. For example, the typical
detection limit for PFOS in water can be 100 ng/L, which is greater than the
concentration of interest when evaluating fish uptake and suitability for human
consumption. In such a situation requesting a trace method of analysis may be able to
reduce the detection limit to less than 1 ng/L (perhaps to 0.2 ng/L). Therefore, when
requesting analysis of PFOS and PFOA in soil and water the following should be
included on the chain of custody form:




request for the uncertainty estimate (if this is not requested the laboratory is not
required to provide it)
request that the method of analysis is reported for ease of comparison of results,
and
request an appropriate detection limit that will allow the sample to be compared to
screening levels.

With respect to interpreting laboratory analytical results for PFOS and PFOAcontaminated soil, sediment and water samples, it is important to be aware of the
possible uncertainty range in results reported, particularly when concentrations are
reported of similar magnitude to the screening/investigation levels. Undertaking
sufficient quality assurance/quality control sampling, such as collection of samples for
10

End user discussion, held by NMI across Australia on 14 August 2015
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interlaboratory analysis is important in evaluating the accuracy of analytical results. It is
common practice for jurisdictions to require practitioners to report results for all PFAS
that can be analysed in commercial labs (at least 28 PFAS).
Another study of PFAS in seafood sourced from contaminated sites in NSW showed
that the LOR and percentage recovery of PFAS varied depending on (Taylor 2016):




PFAS (PFOS and PFOA were reported to have good recovery levels, 78–100%
and 72–94%, respectively)
species, and
tissue type.

LOR for PFAS is an important consideration when reporting results from analyses.
LORs may vary due to instrument performance and level of sample contamination
(Taylor et al 2016).
Extraction method
Research conducted by Victor et al (2015) showed that the type of desorbant used and
the volume ratio used altered the concentrations of PFOS and PFOA detected in
sediment samples. The use of methanol resulted in concentrations of 3,710 to
47,200 mg/L of PFOS and 25.7 to 233 mg/L of PFOA. Whereas, the use of water as
the desorbant resulted in concentrations of PFOS significantly lower at 1,720 to
2,750 mg/L and PFOA having similar concentrations at 25.5 to 167 mg/L. These results
show that PFOS and PFOA desorb differently from the sediments and this indicates
that PFOS has a gradual desorption to water in situ. Therefore, the use of a methanol
desorbant may overestimate the amount of PFOS that is bioavailable to aquatic
organisms. Further, the results of this study may also have implications for measuring
PFOS in soil and determining the bioavailability of PFOS. At present, due to the lack of
available data to the contrary, all the guidelines and ESLs derived and discussed in this
document assume that the PFOS and PFOA are 100% bioavailable in the relevant
media.
Total oxidisable precursor assay (TOPA) and total organic fluorine assay (TOFA)
for detecting PFAS
Total oxidisable precursor assay (TOPA) and total organic fluorine assay (TOFA) are
advanced analytical approaches that are referred to in the NEMP for detecting the
presence of PFAS (HEPA 2018). TOPA is useful in detecting precursor concentrations.
The NEMP notes that TOPA and TOFA are semi-quantitative, as they have not yet
been extensively developed and validated. The NEMP provides guidance on quality
assurance for the oxidation step of TOPA.
There is a potential for their use (and other developing techniques) as part of a multiple
lines of evidence approach. Queensland, for example, requires use of these techniques
in waste characterisation, AFFF product characterisation and environmental incident
investigations.
Uses of TOPA may include the determination of:




completeness of standard analysis in detecting total PFAS present in a sample
potential for additional perfluorocarboxylic acid (PFCA) or perfluorosulfonic acid
(PFSA) generation from precursors
PFAS load for remediation work, waste treatment and waste disposal
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potential for additional perfluoroalkylacids (PFAA) releases from source zones over
varying timeframes
potential additional risks if oxidative remediation treatments are used, for example,
for co-occurring hydrocarbon contaminants, and
potential additional risks if discharge occurs to aerobic waste water treatment
plants.

TOPA may also be useful in drawing inferences about precursor perfluoroalkyl chain
length (to assist decision-making where chain length is known to influence types of
environmental media and/or bioaccumulation and/or mobility in surface water and
groundwater).
Uses of TOFA include determining completeness of standard analysis in detecting total
PFAS present in a sample and potential PFAS generation from precursors where a low
LOR and information about chain length of precursors is not necessary.
Although the NEMP provides some guidance, it is unclear at this stage how the results
of such analytical methods should be interpreted and communicated in terms of sitespecific risk assessments. As analysis techniques are further developed, these tests
may become more quantitative.
Emerging techniques for analysing breakdown products also include liquid
chromatography with quadrupole time of-flight mass spectrometry (LC-QTOF-MS) and

particle induced gamma emission (PIGE) spectroscopy.

3.8 Considerations for site-specific risk assessments (Tier 3)
The ASC NEPM provides detailed guidance for the assessment of risk to human
health (ASC NEPM Schedule B4, B7), ecological systems (ASC NEPM Schedule B5a
& b) and groundwater (ASC NEPM Schedule B6) that can be applied in the
development of site-specific risk assessments. Frameworks such the Australian and
New Zealand Guidelines for Fresh and Marine Water Quality also provide guidance on
risk-based assessments of aquatic ecosystems to meet acceptable water quality
objectives.
The development of site-specific risk-based criteria or other acceptable conditions is
dependent on the availability of sufficient information, such as to (CRC CARE 2017):



develop and apply acceptable criteria for the intended beneficial use(s), and
undertake a site-specific risk assessment.

The CSM together with the source-pathway-receptor linkages may need further
refinement. Developing a CSM can be an iterative process, with the level of detail
being commensurate with the tier of risk assessment and sensitivity of the site (and
adjacent sites, as relevant), extent, mobility or complexity of contamination, and the
value of the site (NEPC 1999; CRC CARE 2017). Any proposed site-specific risk-based
criteria will need to be discussed with and approved by the relevant regulatory body in
the jurisdiction where site investigation will be undertaken, to ensure acceptability.
The use of mass flux and discharge may be considered in groundwater modelling, if
feasible, to better understand source-pathway-receptor linkages (refer to CRC CARE
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Technical Report 37: Flux-based groundwater assessment and management of
groundwater).
3.8.1 Human health risk assessment framework
Risk assessment procedures for contaminated land should be based on the
methodologies outlined in Schedule B4 of the ASC NEPM. FSANZ (2017a-d) also
provides additional guidance specific to PFAS. The methods described in the ASC
NEPM are intended to be consistent with enHealth (2012a) which is a critical resource
in human health risk assessments. This approach is summarised in figure 4.
The risk assessment process can be undertaken two ways (figure 5):



for an identified source, evaluate the potential health risk (forward calculation), or
for an agreed maximum health risk, estimate a source concentration (reverse
calculation). This source concentration may then be used as a criterion for
screening purposes in site contamination investigations.

Risk characterisation includes linkages between the toxicity assessment (the potential
for health effects) and the exposure assessment (the predicted exposure) that
determines whether the chemicals of potential concern pose an unacceptable health
risk and what measures need to be taken to reduce the risk. The exposure assessment
documents the key exposure routes with regard to chemical migration properties and
human behaviour characteristics. Quantification of exposure and dose is undertaken
and combined with toxicity information, to derive soil and water health screening levels
for a number of particular exposure scenarios.
In a forward risk assessment, a known contamination source quantity is utilised to
estimate exposure and, combined with the toxicology criteria, provides an estimate
of risk.
When deriving screening levels the equations are reversed, such that a target
acceptable risk and the relevant TDIs are used to estimate the maximum allowable
exposure, and hence the allowable contamination levels.
3.8.1 Ecological risk assessment framework
The ASC NEPM Schedule B5a & 5b provide detailed guidance for the assessment of
ecological systems that can be applied in the development of site-specific risk
assessments (refer to figure 4). The Australian and New Zealand Guidelines for Fresh
and Marine Water Quality provides guidance on risk-based assessments of aquatic
ecosystems to meet acceptable water quality objectives. Practitioners should refer to
these frameworks to guide risk assessments, taking into consideration additional
properties of PFAS that should also be incorporated into risk assessments. Most of
these have been discussed in detail in section 2, and therefore this section will focus
on some additional considerations.
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Engage with stakeholders, risk communication and community
engagement
Issues identification

Environmental
site assessment

 Why are we doing this assessment?
 Is a risk assessment the right type
of decision-making tool?
 Who and what are stakeholder
objectives?
 What are we trying to find out?
 What are the sources and hazards?
 What exposure pathways should be
investigated?
 What decisions need to be made
and when (urgency of answers)?
 Problem formulation

Preliminary conceptual
site model

Health risk
assessment

Data collection and evaluation
 Collection and analysis of relevant
site data
 Development of conceptual site
model
 Evaluate uncertainties

Working conceptual site
model

Other assessments (e.g.
ecological, groundwater,
geotechnical)

Refined conceptual site
model

Toxicity assessment

Exposure assessment

 Review qualitative and
quantitative toxicity
information (relevant to
reference values)
 Determine appropriate
dose-response
relationships
 Identify most appropriate
quantitative toxicity
reference values
 Evaluate uncertainties

 Analysis of contaminant
releases
 Identification of potential
exposure pathways
 Estimation of exposure
concentrations for each
pathway
 Estimation of contaminant
intake for each pathway
 Evaluate uncertainties

Risk characterisation
 Characterise potential for
adverse health effects to
occur
 Evaluate uncertainty

Undertake
sensitivity analysis
 Summarise risk information
and evaluation

Risk communication and management

Figure 4. Health risk assessment process (refer to ASC NEPM, Schedule B4)
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FORWARD CALCULATION

REVERSE CALCULATION

Figure 5. Risk assessment methodology (refer to ASC NEPM, Schedule B4)

3.8.2 Behaviour, fate and transport
Certain physical properties of chemicals can have a significant influence on fate and
transport mechanisms, as described in earlier sections. These in turn determine the
key exposure media and exposure routes by which humans (and the environment) may
be exposed to contamination.
The HSLs derived in this document, similarly to the DoH (2017) water quality guidelines
and the FSANZ (2017c) food trigger points, are based on the point of exposure. With
the exception of biomagnification of PFAS from surface water to seafood, they do not
consider fate and transport mechanisms, and therefore may be overly conservative by
applying criteria up-gradient of the point of exposure. If assessment at the point of
exposure is not possible then the relevant fate and transport mechanisms should be
considered as part of a detailed investigation.
An important transport mechanism, however, that may underestimate risk if it is not
included is the leaching potential of PFAS in soil and, as a consequence, the potential
for impacts on groundwater and the associated receptors down-gradient. Generic
leaching equations such as the dilution attenuation factors in the US EPA regional
screening levels are considered to be too simplistic for chemicals such as PFAS, which
strongly bind to organic matter in soil. The majority of PFAS sources of contamination
are historic sources from firefighting foam previously manufactured with high levels of
PFAS. In this case, the leaching potential of PFAS would be directly related to
contaminants levels in groundwater beneath the source. Actual measurement of PFAS
in groundwater removes uncertainties associated with predictive leachate modelling,
and is recommended.
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Partitioning of PFOS and PFOA between soil, sediment and water
Various studies have been carried out to characterise the partitioning of PFOS and
PFOA between water and soils and sediments. These studies have found that the
matter is complex, and various factors can influence partitioning that will occur, such as
the strength of bonds, stability in the environment, likelihood of entering the food chain,
and ability for leaching. Overall, the following aspects can be important when
considering the partitioning of PFOS and PFOA in the environment:







With regard to sediments, the stronger the chemical adsorbs to sediments, the less
likely it is to disperse in surface water column and bioaccumulate in aquatic
organisms (other than sediment-dwelling organisms), and generally it will be less
likely to cause adverse effects to organisms higher in trophic levels .
The solubility of PFOS decreases in saltwater, thus increasing its partitioning to
sediments in marine systems.
Higgins & Luthy (2006) found that PFAS surfactant sorption is influenced by
sediment-specific and solution-specific parameters. The dominant sediment
parameter affecting adsorption was found to be organic carbon, rather than
sediment iron oxide content. Electrostatic interactions may be influential, including
the hydrophobic repulsion of the fluorinated tail from the water phase. PFAS chain
length was the dominant structural feature influencing sorption, with longer chain
compounds adsorbing more strongly than shorter chain compounds.
Concentrations of PFOS and PFOA measured in dam sediment with high
hydrocarbon concentrations were far higher than in the overlying water, indicating
that PFOS and PFOA may partition to sediments with a high organic content as
discussed in section 2.3.2 (AECOM 2014). While Zareitalabad et al (2013a) stated
that PFOS and PFOA in contaminated soils and sediments will ultimately end up in
surface and ground waters, it is important to note that this conclusion was drawn
from datasets for freshwater environments only, and did not necessarily take into
consideration the varying physiochemical or environmental conditions that can
occur at each location. PFOS and PFOA may become entrapped in sediments and
will not necessarily dissolve into the overlying water, but may be present in the
pore water within the sediment.
With regard to leaching of PFAS in soil to groundwater, it is known that this occurs
but there is little information that allows quantification of this relationship. When
evaluating bioavailability, information on leaching may be obtained, and it may
then be considered whether this information can be used to predict the resulting
concentrations in groundwater or surface water, which may then be compared with
the relevant receiving water criteria. However, it is cautioned that quantifying such
relationships depend on many factors, and predicting a receiving water
concentration is likely to be highly uncertain. Therefore, direct measurement of the
resulting groundwater or surface water concentrations can provide the most direct
measure of the extent to which soil contamination is leaching to groundwater or
surface water. Understanding this transport mechanism is important in developing
strategies for managing soils which involve leaving contaminated soil in situ,
reusing soil that has residual concentrations of PFAS, and in seeking disposal of
PFAS-contaminated material to landfill.

Measurements to determine bioavailability may also provide information on the
leachability of contaminants from soil, which may then be used to predict receiving
water or groundwater concentrations, which in turn may be compared with the relevant
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water criteria. In general, it is difficult to predict the concentrations that will result in
receiving waters and groundwater based on soil concentration and leachability
determinations and it can be expected that, in most cases, direct measurement of the
receiving water or groundwater will provide greatest certainty.
Application of ageing and soil properties to PFOS and PFOA
There is insufficient information to predict either an ageing factor or an assessment
factor based on soil properties that can be applied to the ESLs to take into account
changes in bioavailability. Because of this, and in the absence of a well-established
approach to determine PFOS and PFOA bioavailability, it is recommended that
consideration of PFOS and PFOA bioavailability in soils should be undertaken using a
line of evidence approach. The result can be compared to the screening levels for
PFOS and PFOA, following the ASC NEPM risk assessment procedures. This can be
expected to provide a conservative assessment of the bioavailable fraction of PFOS
and PFOA for use in risk assessments, and avoids the need to determine either an
ageing factor or a factor based on soil property effects.
In addition to adopting this measure, it is recommended that consideration be given to
the properties of the soil (e.g. TOC, pH, CEC, particle size, clay content and type,
meso-pore fractions, and the organic carbon to total nitrogen ratio) and the structure of
the PFAS as linear and branched species have differing properties, as these
parameters can assist in understanding the potential for reduced bioavailability, and
hence provide additional lines of evidence to assist in the interpretation of the
chemistry results.
Measurements to determine bioavailability may also provide information on the
leachability of contaminants from soil, which may then be used to predict receiving
water or groundwater concentrations, which in turn may be compared with the relevant
water criteria. In general, as noted earlier, it is difficult to predict the concentrations that
will result in receiving waters and groundwater based on soil concentrations and
leachability determinations and it can be expected that, in most cases, direct
measurement of the receiving water or groundwater will provide greatest certainty.
Further considerations are discussed in sections 2 and 3.
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4. Remediation and management
This section provides a summary of current technologies and approaches available for
remediation of PFOS and PFOA contaminated soil, sediment and water, and provides
a framework to assist in selecting an appropriate management option and remedial
technology. If remediation is not required or not feasible, a site may need to be
managed to reduce risk to receptors. Some limited guidance is provided on the
management of site contamination. The NEMP provides guidance on contaminated site
management, including on-site storage and containment and transport.
Remediation of PFOS and PFOA impacted media may be required at sites where
unacceptable levels of PFOS, PFOA and other PFAS are found. PFOS and PFOA are
highly recalcitrant and do not degrade in the environment over time. Because of this,
simple methods of remediation such as natural or enhanced biodegradation are not
feasible.

4.1 Significance of site-specific CSMs in remediation and
management
Developing a site-specific CSM that describes the nature of the source of the
contamination, and the pathways by which receptors (humans and ecosystems) might
be affected by the contamination is critical in determining the key requirements and
drivers for remediation of PFOS and PFOA contaminated material (refer to section 3.7).
Subsequently, remediation objectives can be defined and technology selection can
proceed. Sometimes additional information may be required to assist in determining
whether management is sufficient or remediation is warranted, and to assist in
determining the most appropriate remedial method (e.g. soil and/or aquifer properties).
The CSM development and the setting of remediation objectives can therefore be an
iterative process, depending on the complexity of site contamination (refer to
CRC CARE 2017).

4.2 Management and remediation decision-making process
4.2.1 Current approach to remediation and management of contaminated
sites in Australia
CRC CARE is currently developing a remediation framework (NRF) that will provide a
national, uniform approach to managing contaminated sites. Currently there are no
nationally agreed standards or guidelines for the management and remediation of
contaminated sites. Therefore the approach adopted across Australia varies according
to individual jurisdictional requirements (CRC CARE 2013). CRC CARE (2013)
indicates the purpose of the NRF is to:





enable a nationally consistent approach to remediation of contaminated sites
not impinge on the policy and decision-making prerogatives of the states and
territories
not be legally binding
distil and utilise exciting documentation and experience, and
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Provide practical guidance within an overall framework which establishes the
context for remediation in Australia.

The NRF will be consistent with the approach to assessment defined in the
ASC NEPM. Under a range of defining principles, specific guidance will be provided on
development of a remediation action plan (RAP), implementation of a RAP, and post
remediation considerations. It is expected that these will guide the management and
remediation of PFOS and PFOA contaminated material, in conjunction with this
document.
4.2.2 Requirement for remediation
The ASC NEPM toolbox includes a section on Key principles for the remediation and
management of contaminated sites (draft for public consultation). This indicates that a
key goal of remediation is to result in a site that is acceptable and safe for long-term
continuation of its existing or proposed use, and to maximise to the extent practicable
the site’s potential future uses.
Available remedial technologies are limited for PFOS and PFOA contaminated soil and
waters, with research evolving. Achieving meaningful reductions in the concentrations
of PFOS and PFOA in soil can be difficult and costly, and involve significant time and
resources. Therefore, disposal of contaminated soil to landfill is often the preferred
choice for remediation. This in itself has proved difficult as to date landfills have been
reluctant to accept PFOS and PFOA contaminated material due to the lack of
guidance, and the high leachability, persistence and potentially stringent criteria for
water for these contaminants. The NEMP now provides landfill acceptance criteria.
Remediation of PFOS and PFOA contaminated water is more advanced, with success
shown using adsorption methods (such as activated carbon or resin filters), or reverse
osmosis, though technologies are currently limited to ex-situ techniques. Further
discussion regarding soil and groundwater remedial technologies is provided later in
this section.
4.2.3 Preferred remediation and management hierarchy
When considering remediation approaches, the ASC NEPM provides the following
preferred hierarchy of remediation and management options:
1.

Onsite treatment of the soil to either destroy the contaminant, or reduce the
associated hazard such as immobilisation, to an acceptable level.

2.

Offsite treatment of excavated soil to either destroy the contaminant, or reduce the
associated hazard to an acceptable level so that it the soil can then be returned to
the site.

For onsite remediation options, it may be necessary to take certain management
measures to ensure the treated PFAS remain immobilised and do not result in net
adverse impacts on the environment.
If neither of these options is possible, then further options for consideration include:
1.

Removal of contaminated soil to an approved site/facility, and replacement (as
necessary) with clean fill.

2.

Isolation of contamination on-site in an appropriated designed and managed
containment facility (i.e. cap and contain) (refer to the NEMP).
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3.

Adopt a less sensitive land use (to reduce risk associated with contamination), or
undertake partial remediation.

4.

If there is no immediate risk to the environment or community, and the site has
appropriate management controls in place, it may be possible to leave
contamination in situ.

Additionally there may also be a preferred waste-management hierarchy stipulated by
the regulatory agency that should be considered. For example the Victorian EPA
(Environment Protection Act 1970) specifies that the preferred waste hierarchy
(adapted to the context of existing contamination), in order of preference is:


Avoidance – if contamination is already present, this would involve leaving
contamination in-situ, rather than excavating the soil and creating the waste soil.
The approach may not be practicable depending on the concentrations present,
and risk to human health and the environment, but may be a valid option if no
unacceptable risk is identified. A further consideration for this option is
intergenerational impact (i.e. leaving contamination for future generations to deal
with).



Re-use – state/territory guidelines may not allow the re-use of impacted material
on site, particularly if it is likely to adversely impact the receiving area. However,
beneficial re-use of the material may be acceptable (e.g. as building material, road
material) if it will not impact human health or the environment, though
consideration would need to be given to the potential for leaching of contaminants,
future development and requirement for ongoing, indefinite management. The
NEMP contains some guidance on re-use of contaminated soil and water.



Recycling – this might only apply to impacted infrastructure (e.g. PFOS or PFOA
contaminated concrete) and would be subject to levels of decontamination of such
infrastructure. However, it is unlikely that decontamination of PFOS/PFOA
contaminated material would be a practicable option due to technical difficulty, cost
and environmental considerations.



Recovery of energy – This is not likely to be an option for PFOS/PFOA
contaminated soil or water.



Treatment – in order to allow for re-use or disposal, some treatment is likely to be
needed. Treatment may take place on-site or off-site. Available treatment
technologies are discussed in sections 4.4 (soil/sediment) and 4.5.4 (waters).
Refer also to the NEMP.



Containment – containment of impacted soils on site may range from simple
containment at depth through the overlying soil, containment under a structure
such as a road or building, containment in a purpose built engineered repository,
or hydraulic containment if at depth and intersected by groundwater. Such a
containment system for soil would need to prevent uncontrolled exposure and
release of contaminated material, and avoid further contamination of groundwater
or surface water through leaching of PFAS or runoff in surface water. For
groundwater, permeable and impermeable barriers could be used to contain and
control plumes to avoid contamination of sensitive locations such as discharging
into surface water bodies. Depending on the nature of the system, long term future
management will be required through a site management plan or similar, and there
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may be the requirement for ongoing long term monitoring of groundwater.
Permitting and approval by the relevant regulatory agency may be required,
particularly if an engineered repository is proposed. Refer also to the NEMP.


Disposal –The NEMP includes landfill acceptance criteria and some guidance
(HEPA 2018). Jurisdictions may nonetheless differ in their approaches and should
be consulted.
4.2.4 Management decision-making process

The NEMP provides some guidance on developing a management strategy for PFAS,
taking into consideration the following factors:










proportionality to risks
sustainability of options
views of affected communities and regulators
availability of best available treatment or remediation technologies
site-specific issues
effectiveness of technologies (destruction or reduction of PFAS)
treatment strategy (including hierarchy of approaches)
validation, and
understanding of precursors.

An overall management decision-making process for soil, sediment or waters
contaminated with PFAS should consider the risks arising through the contaminant
transport pathways identified in the CSM.
An example decision-making process for determining remediation requirements and
technology selection is provided below. It has been based on a modified data quality
objectives process (as outlined in ASC NEPM Schedule B2) and involves six steps.
Further details specifically related to the management and remediation of PFOS- and
PFOA-contaminated soil and sediment, and waters, are provided in sections 4.4 and
4.5 respectively.
Step 1: state the problem
This includes a statement of what media (soil, sediment, groundwater or surface water)
is contaminated by PFOS or PFOA.
Soil contamination could be defined by a diagram showing PFOS/PFOA concentrations
that exceed the HSLs and/or ESLs (as contours if sufficient information is available).
This will identify soils that may be harmful to human health and those that may be
harmful to other environmental values.
Groundwater contamination could be defined by a diagram showing PFOS/PFOA
concentration contours (e.g. concentrations exceeding the screening criteria for
waters).
Step 2: identify the decision/goal of the remediation
The overall goal is likely to be to allow safe use of the site, or to restore the use of the
site, or to protect groundwater and surface water, or to protect other environmental
values. This may be achieved through various approaches, such as treating or
removing contamination, or breaking source-receptor linkages (e.g. through
containment). The screening levels are not intended to be remediation goals nor
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triggers for remediation. Instead, exceedances of the screening levels indicate a need
for further assessment of the risk posed by the contaminant(s). If remediation is
indicated to be required, risk-based site-specific clean-up levels can then be
developed.
In defining the goal, stakeholders may need to be consulted, and a consultation plan
developed. In the case of PFOS and PFOA, the main goals of remediation might
typically be to:









Soils: avoid unacceptable levels of exposure to site occupants, workers or visitors.
This may include capping to prevent contact with contaminated soil, or removal or
treatment of soil that has PFOS/PFOA concentrations that exceed the relevant
HSLs or site-specific remediation levels.
Soils: avoid unacceptable contamination of associated groundwater and surface
water bodies that may occur through leaching of PFOS/PFOA from the soil.
Sediments: avoid unacceptable impacts to ecological systems from contamination
that is present in sediments; this should include consideration of the potential for
transport of sediments, and bioaccumulation. In the case of sediments, the limiting
consideration is likely to be the risk to ecosystems, and the risk to human health by
bioaccumulation in fish or other organisms that will be consumed.
Groundwater: protect human health, such as where groundwater is being used or
may be used for drinking water, or for recreational use (such as make-up of
swimming pools), and protect the food chain (irrigation and stock watering use).
Groundwater: protect local ecosystems where there is a real or potential risk to
ecological receptors, which may arise for example through discharge of
groundwater through a shoreline or sediments into a receiving surface water body.

Step 3: identify the information inputs
Information gathered in the CSM is used to identify the need for remediation and the
degree of remediation required. This includes the concentrations of contamination, and
distribution (lateral and vertical extent). The CSM should be reviewed to determine
whether the existing data is adequate to allow a remedial option to be selected.
Further assessment work may be required to adequately characterise the
contamination and allow informed selection of remedial options, and the design of the
remedial system. Biota surveys and sampling might be considered to provide a more
direct measure of presence and effect.
Step 4: define the boundaries of the study
The boundaries of the study are both physical and regulatory. The physical boundaries
include the site extent and receptor pathways, and may include wider impacted
ecosystems and water resources. Temporal boundaries must also be considered, such
as the time frame of the investigations and remediation, seasonal variability, and so
forth.
The regulatory boundaries include the relevant jurisdictions associated with the site
and associated policies and requirements. Identifying jurisdictional requirements can
have important implications when identifying potential remedial options, and the
associated restrictions and permitting requirements.
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Step 5: review and select remedial strategy
Options for achieving the objectives should then be identified. This will include various
strategies that will achieve the objectives, and may include options such as treating or
removing contamination, or providing barriers and controls to avoid exposure, or
involving combinations of options. Information regarding the selection of particular
technologies is provided in section 4.4 (soil and sediment) and 4.5 (water). The first
stage of the selection process will be to assess whether potential options will meet the
required objectives; if not, that option should be eliminated as a primary method, or the
statement of objectives reconsidered and reframed. Effectiveness of technologies will
need to be considered; often the application of a particular strategy will have
uncertainty and may not be able to achieve an appropriate outcome, and should be
discarded or assigned for further evaluation.
Some PFAS affected sites such as firefighting training sites can often be contaminated
with halogenated solvents, such as those used as cleaning solvents, and petroleum
hydrocarbons from accelerants used to start fires. As AFFF-impacted sites are
remediated for these co-contaminants, it is important that they do not inadvertently
accelerate the transformation of precursors (Houtz et al 2013)
Available remedial technologies for PFOS and PFOA contaminated soil, sediment and
groundwater are discussed in sections 4.4 for PFOS and 4.5.4 for PFOA.
If this assessment identifies more than one possible remedial strategy, then the options
will need to be compared. This may involve a staged or sequential comparison that
checks that other important criteria will be met or whether there are clear advantages of
one option over another, or whether certain options are deemed to not be acceptable
and should not be considered further. For example, the risk perceived by the various
stakeholders can be a key limiting factor. The risk may pertain to the risk arising from
the remedial activity (i.e. in the short term), or in the long term (i.e. the risk of failure of
a containment system). Stakeholder input may be gained through a consultation
process.
Where a number of factors need to be balanced, then this comparison can be
structured as a simple pair-wise comparison or a multi-criteria analysis involving, for
example, various indicators of sustainability taking into account social, environmental
and economic considerations. Table 22 provides an example of indicators that could be
assessed when evaluating these aspects. In general, simple decision-making
approaches may well provide the most readily understood and transparent outcome,
and are likely to be preferable over more complex detailed approaches. In some
situations, a cost-benefit analysis may provide additional information and assist in
decision-making, particularly where the requirement for additional levels of remediation
are being considered.
Consideration should be given to the likely performance of each of the remediation
options being considered – how well will they meet the objectives, how will the
remediation program be implemented and how will it be validated to demonstrate
success? Implementation and validation of the selected remediation option/s is
essential to demonstrate successful completion and will form a significant part of the
remediation action plan.

CRC CARE Technical Report no. 43
Practitioner guide to risk-based assessment, remediation and management of PFAS site contamination

99

Table 22. Indicators for sustainability assessment of remediation options (adapted from CL:AIRE 2010 and CL:AIRE 2011)

Environmental

Social

Economic

Impacts on air (including climate change):
 Emissions that affect climate change or air quality
(positively or negatively)
Impacts on soil and ground conditions:
 Changes (positive or negative) to soil conditions that
affect ecosystem function such as soil and sediment
quality, water filtration, soil structure and properties,
erosion and drainage, geotechnical properties.
Impacts on groundwater and surface water:
 Change in water quality due to release of
contaminants and nutrients, dissolved organic carbon
or particulates
 Groundwater abstraction (changing water table or river
levels)
 Flooding
Impacts on ecology:
 Flora, fauna, food changes
 Changes in ecological community structure or function
 Effects of disturbance (light, noise, vibration)
 Impacts of equipment on fauna (e.g. interrupting flight
path or animal migration)
Use of natural resources and generation of wastes:
 Impacts/benefits for land and waste resources, use of
primary resources, use of energy/fuels, material
handling, disposal of waste, water abstraction and
disposal
 Intrusiveness

Impacts on human health and safety:
 Long- and short-term risk management performance of
project
 Chronic and acute risks
Ethical and equity considerations:
 polluter pays principle
 Impacts/benefits of work relative to various stakeholder
groups
 Intergenerational equity
 Ethical operation of contributing businesses
Impacts on suburbs or regions:
 Dust, noise, odour, light, vibrations.
 Architectural conservation, changes in built
environment
Community involvement and satisfaction:
 Impacts to community services
 Quality of communications
 Inclusivity and engagement in decision-making,
transparency of decision-making
 Impacts on heritage (natural, historical, indigenous)
including continued indigenous and non-indigenous
cultural and spiritual practices
Compliance with policy objectives and strategies
Uncertainty and evidence:
 Robustness of sustainability appraisal
 Quality of assessments (QA/QC)
 Requirements for, and methodology of
validation/verification
 Establishment of robust site-specific risk-based
remedial levels (e.g. consideration of bioavailability of
contamination)

Direct economic costs and benefits
Indirect economic costs and benefits
 Long term or indirect costs/benefits (e.g. financing debt,
internal allocation of financial resources, changes in
property value)
Employment and capital gain
 Job creation
 Skills development, learning and training
 Innovation
Gearing, induced economic costs and benefits
 Opportunities for inward investment
 Funding schemes, collaboration to enhance economic
value
Life-span, project risks and flexibility
 Duration of remediation
 Factors influencing success of remediation works
(contractual, community, environmental, technology
limitations)
 Ability to adapt to changing circumstances (e.g.
discovery of additional contamination, unexpected
conditions, expanding timescales)
 Robustness of option to climate change effects, or
altering economic circumstances
 Ongoing institutional controls
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Step 6: develop the remediation action plan (RAP) for obtaining data and
implementing remediation technology
The selected remedial strategy should then be defined and documented in a RAP. The
RAP defines the remediation selection process (typically by documenting the decision
process completed in step 5), design of the system, operation and maintenance, roles
and responsibilities, validation and monitoring processes.
The RAP may be accompanied by a remediation technical specification to narrow the
scope of works for tender.
Additional work may be required to obtain the information necessary for the design and
comparison and pricing of remedial options by tenderers; often the information that is
sufficient to determine that there is the requirement for remediation will not be sufficient
for comparing and pricing remediation options.

4.3 PFAS-impacted soil and sediment management and remediation
4.3.1 Overview
This section provides an outline of the options and technologies that are currently
available for remediation of PFOS and PFOA contaminated soils and sediments.
Management and remediation of contaminated soils or sediments may be required to
reduce the risk posed by PFOS and PFOA contamination to human or ecological
receptors to acceptable levels, or to facilitate construction works.
Establishing the requirement for soil and sediment management or remediation
requires consideration of the contamination risks, and the decision process will
generally consider:





The magnitude of the contamination and whether the concentrations of
contaminants exceed the screening levels.
The existing risk posed by contamination to human health and the environment,
prior to remediation.
The acceptability of the selected management and remediation approach to
stakeholders, particularly from a regulatory perspective.
The risk of contamination to human health and the environment following
implementation of the management approach.

The following sections provide information to assist in the risk-based decision process
for soil and sediment management.
4.3.2 Reuse and landfill disposal of PFAS-containing soil and sediment
There is significant overlap between information in the NEMP and in this section,
although the NEMP establishes landfill criteria. Practitioners should take into account
any jurisdictional requirements.
4.3.3 Disposal of PFAS-containing material to landfill
The long term persistence of PFAS in the environment means that if PFAS-containing
material (whether soil, or materials such as carpets or textiles) is disposed to landfill,
PFAS concentrations can persist for many decades, and hence potentially impact the
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environment. Landfills are known contributors to PFAS contamination in groundwater.
Weber et al (2011) identified many studies where landfilling of PFAS-containing
products and PFAS-containing residues in the USA has resulted in widespread
contamination of aquifers used for drinking water purposes. Weber et al (2011) noted
that because of the persistence of POPs such as PFAS, they will remain in landfills for
many decades or even centuries, over which timeframes engineered landfill systems
such as liners and leachate systems may degrade allowing contaminant releases to the
environment.
PFAS in landfill leachate
Studies undertaken in Australia and internationally have identified PFAS in landfill
leachate (Gallen et al 2014a; ALS 2015a). Typical concentrations of PFOS and PFOA
identified in landfill leachate samples collected from municipal solid-waste landfills,
prior to treatment in Australia and internationally, are provided in table 23. It is noted
that many other PFAS were identified in these studies, and PFOS or PFOA were not
always the most prevalent PFAS. Compositional profiles vary widely amongst landfills,
dependent on the type and age of waste material (in older waste material precursor
products may break down to form PFOS or PFOA).
The concentrations observed in Australia and internationally can exceed the drinking
water quality guidelines and typical drinking water criteria adopted internationally which
typically range between 0.07–0.5 µg/L for PFOS and 0.07–5 µg/L for PFOA (refer to
section 1.3).
It can be expected that modern landfills receiving contaminated material will typically
be engineered to a high standard and include an effective leachate collection system
However, landfill leachate still remains a potential source of PFAS to the environment,
as many PFAS degrade very slowly and in some cases concentrations of PFAS,
particularly PFOA, can increase following treatment of wastewater. PFAS in
wastewater treatment are discussed further in section 2.3.2). In general, measurement
of PFAS in treated leachate will be required prior to disposal.
In some landfills, leachate is treated and reused – such as for composting or irrigation,
or discharged to sewer. This is often necessary to maintain a water balance for the
facility in order to keep the head of leachate over the liner system to a practicable
minimum, to minimise potential for leachate release. Leachate should be monitored for
PFAS and treated as appropriate to avoid secondary contamination (of, for example,
garden compost).
In older landfills, liners and leachate collection systems may be compromised and/or
non-existent; these facilities are likely to pose a greater risk to the environment in terms
of being a source of PFAS contamination. However, these are largely legacy issues,
and would have limited relevance in determining the criteria for disposal of PFOS and
PFOA contaminated soil in a well-engineered operational landfill.
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Table 23. Typical levels of PFOS and PFOA in untreated landfill leachate

Location

Concentrations in untreated
landfill leachate
PFOS (µg/L)
PFOA (µg/L)

Comment

Source

Australia (six
states/territories)

Mean 0.446

Mean 0.306

PFOS and PFOA most frequently
detected and abundant chemicals

Gallen et al
2014a.

Median 0.44

PFAS detected in all landfill
leachates/evaporation/aeration
ponds. PFOS/PFOA detected in
all samples tested.

ALS 2015a

Not provided

In some instances PFOS
concentrations increased following
treatment, likely due to precursor
compound breakdown

EC 2013

Australia (three
states)

Median 0.23

Canada

Median 0.022
(0.0095–0.044)

USA

Mean 0.052
(0.026–0.092)
(7 sites below
detection)

Mean 0.82
(0.177–2.5)

0.011

0.1

Municipal dumpling site leachate.
PFOA was highest concentration
of PFAS measured.

Kim et al
2013

0.281–214

Municipal landfill sites. PFOA was
the most abundant perfluoroalkyl
acid (PFAA) of 11 PFAAs. PFOS
was detected in all samples but at
low concentrations compared to
PFOA, PFBS and PFPrA.

Yan et al
2015

Vietnam

China

1.15–6.02

11 samples collected from five
municipal solid waste landfills
PFOS below detection limit of
0.01 µg/L at 4 out of 11 sites.

Clarke et al
2015

PFOA detected at all sites.

Current approaches to setting landfill and re-use acceptance criteria in Australia
Given the current limitations in remediation methods, excavation of PFAScontaminated soil and its disposal to landfill (dig and dump), or containment on site,
with treatment to reduce leachability if necessary, may be the only practicable remedial
option available. There has been a general reluctance for landfills to accept PFAScontaminated material – the availability of the NEMP landfill criteria (or other
acceptable criteria by jurisdictions) may assist decision-making.
Establishing acceptable limits of PFAS in material that can be re-used, or disposed to
landfill is a complex issue. Determining concentrations of contaminants that are
allowable in soil that can be reused or accepted by a landfill has been determined on a
state and territory basis. Each jurisdiction has its own approach that takes into account
human health and ecological risks. The NEMP provides some guidance, including
landfill criteria, and jurisdictions should be consulted.
Landfill acceptance decision-making may be determined at a facility level, depending
on factors such as the construction, leachate collection and treatment/disposal
systems, site location and setting, and licence requirements. Variability in waste
categories and approaches to deriving acceptance criteria can be affected by matters
such as:
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Jurisdictional issues: each jurisdiction specifies different waste disposal
categories, and some specify re-use criteria (e.g. Victoria, Western Australia) but
others such as NT do not. Some jurisdictions (e.g. Victoria, ACT) will accept higher
levels of total concentrations than specified in a policy if it can be shown that
contamination has been immobilised (i.e. is not leachable), though special
conditions may be imposed in these situations (e.g. segregation of waste to
prevent against failure of immobilisation (ACT)). Leachability is often considered,
but again this is variable. Total sample, and leachable concentration criteria are
derived from a wide range of sources including the ASC NEPM, NHMRC drinking
water guidelines, and a variety of overseas sources. In the majority of cases the
basis for setting criteria is not immediately apparent.
Chemical properties of PFAS: there is a variable approach to considering the
chemical properties of contaminants, and their leachability. Due to the high
solubility of many PFAS, and moderate solubility of PFOS and PFOA, disposal of
PFAS-containing material is likely to result in leachate containing PFAS, which
standard leachate plants may not be able to effectively treat (CONCAWE 2016).
For example, adding PFAS-contaminated soil to landfills that already contain
PFAS-containing products such as carpets may lead to increased concentrations
of PFAS in the leachate.

Re-use and landfill acceptance criteria for PFOS and PFOA
The NEMP specifies landfill acceptance criteria.
4.3.4 Management of PFAS-contaminated soil in construction projects
Frequently there arises a requirement for management of PFAS-contaminated soil
encountered during construction activities. In this scenario a practicable solution is
required whereby contaminated soil can be excavated and managed in a timely
manner to minimise delays, while avoiding the creation of an increased risk to human
health or the environment. Soil management options that might be considered include:





reinstatement of soil to the excavation
placement of soil at another location on the site with the same or higher risk
contamination profile
containment of soil onsite, and
offsite disposal or on/offsite treatment.

Some of the factors that should be considered when determining which of the above
options might be suitable are provided in table 24. All of these options would be subject
to stakeholder, and in some jurisdictions, regulatory approval. It is emphasised that
some jurisdictions do not permit return or reuse of contaminated soil without controls
and requirements for approval, and the above suggestions should not be interpreted to
indicate options that are necessarily acceptable.
An example risk-based decision framework to assist in determining which of these, or
other options, may be possible and acceptable for managing PFAS-contaminated soil
during construction projects is provided in figure 6. The process is divided into the key
limiting contaminant migration pathways and avoiding adverse effects through direct
contact or contamination of surface water and groundwater. The decision process
considers the risk of each of these pathways being realised, if a given option were to
be implemented. In some cases the answers to these questions may be clear and the
risk assessment a straight forward process, while in others it may be necessary to
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undertake more detailed investigations to reach a conclusion. The risk assessment
process should also take into consideration site management controls, and their
effectiveness and reliability. There may be alternative options to those identified above,
and as indicated in figure 6. These would need to be evaluated on a case by case
basis. The framework provided in figure 6 could provide a useful tool in the evaluation
process.

4.4 Soil and sediment remediation technologies
Extensive research is being undertaken in Australia and internationally into possible
treatment technologies for PFAS-contaminated soil. Because of the strength of the
carbon-fluorine bonds, PFAS are very difficult to break down. PFOS is considered to be
the most recalcitrant PFAS (CONCAWE 2016), though it is important to note that many
PFAS exist that have not yet been identified, and which may prove to be equally
recalcitrant. Some compounds may break down through microbial degradation, forming
PFOS and PFOA as end products – these are referred to as precursor compounds.
Treatments (of PFAS or other co-contaminants) that involve transformation of PFAS
may result in toxic by-products, many of which are not yet known or well understood.
The cost of large-scale treatment may be prohibitive. While some technologies may be
promising at a trial level, they have not yet been implemented on a commercial scale.
At the time of preparation of this document, there are currently few practicable
remediation options available in Australia other than capping and containment, or
excavation and onsite or offsite treatment in a high temperature thermal treatment
system. In some state jurisdictions landfill disposal may be possible, although there is
uncertainty as to whether this is an appropriate disposal method. Internationally,
excavation is the most commonly applied treatment for PFAS-impacted soil, with
disposal to landfill or treatment using other technologies (CONCAWE 2016). This is
likely to be a rapidly developing area, and a review of the current status of technologies
should be undertaken on a case-by-case basis.
A list of potential remedial options and technologies available or in development for
PFAS-contaminated soil is provided in table 25. These methods may also be applicable
to sediments, though consideration would also need to be given to dewatering, and
management of the resultant PFAS-contaminated water.
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Table 24. Options for managing PFAS-containing soils during construction projects

Option

Reinstatement
of soil to
excavation

Considerations


May be acceptable where PFOS and PFOA concentrations are considered not to pose unacceptable risks. If concentrations are above HSLs/ESLs then
careful consideration of potential risk posed to human health and the environment and resolution of jurisdictional and ongoing management requirements
would be required.





Must be logistically possible given construction design
Generally not be suitable for a sensitive land use (e.g. residential), but might be suitable for a lower sensitivity land use (e.g. industrial).
Unlikely to be suitable for soils within a source area (e.g. fire training ground). May be suitable for soils which are more distant (e.g. >100 m) from source
area which tend to have lower (trace) concentrations of PFOS and PFOA.
Ongoing, indefinite management may be required, and remediation may be necessary in the future if site use were to change (e.g. to a more sensitive
use).
Must be feasible given excavation design, nature of soils/sediments, and method of construction.
Must not increase contamination risk profile.
Relocation must not lead to increased contamination of soil or groundwater.
May be acceptable where PFOS and PFOA concentrations are below the screening / investigation levels. If concentrations are above HSLs/ESLs then
careful consideration of potential risk posed to human health and the environment and resolution of jurisdictional and ongoing management requirements
would be required.
Ongoing, indefinite management may be required, and remediation may be necessary in the future if site use were to change (e.g. to a more sensitive
use).
In some jurisdictions, the regulatory authority may determine whether the offsite reuse of soil is considered beneficial and acceptable.
May be an option where returning soil to location from which it was excavated is not possible, or where the contamination risk of doing so is unacceptable.
Containment options may include placement in a dedicated containment cell specifically engineered to isolate and prevent the spread of contamination, or
placement of the soil under another area of site development works (e.g. roadway, building) which will achieve effective containment.
Surface water ingress and leaching of contaminants to groundwater must be prevented for the life of the development.
Relocation of material should not lead to contamination of uncontaminated soil.
Not advisable in areas adjacent to drainage courses or prone to flooding.
If leaching of PFOS or PFOA is considered to be a potential risk, addition of a soil amendment to reduce leachability may be desirable (soil amendments
discussed in section 4.4).
Ongoing management for the life of the development would be required, and remediation may be necessary at the end of the life of the development, or
the site use were to change.
May require significant requirements for approval, including community consultation and hearings.
Potential treatment options are discussed in section Error! Reference source not found..
Other than high temperature thermal treatment, most treatment technologies for soil have not been commercially proven. Thermal treatment is proven but
involves a high level of cost. Seeking alternatives to high temperature thermal systems is an area of significant research in Australia and internationally.
Disposal to landfill may be an option. Setting criteria for landfill acceptance lies with state and territory regulatory agencies.



Placement of
soil at another
location on the
site with same
or higher risk
profile










Onsite
containment







Offsite disposal
and on/offsite
treatment
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Figure 6. Example decision-based risk assessment for management of PFAS-containing soil during
construction process
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Table 25. Overview of potential soil management and remediation processes

General
response
actions

Remedial
technology

Process options

Pros

Cons

No Action

None

None – assumes no risk from
soil contamination

Little to no cost involved

Contamination remains for future generations

Institutional
controls

Access and
use
Restrictions

Deed restrictions, fences,
permits, licence conditions,
management plans

No major infrastructure costs.

Potential for opposition and litigation from land owners in the
area. Contamination remains for future generations. Long term
monitoring required. Impacted area inaccessible. Only applicable
to soils containing low concentrations of PFAS
(e.g. PFOS/PFOA < screening levels).

Capping

Application of a clay, asphalt
or concrete cover over
impacted soils

Effectively removes exposure
pathway to site occupants.

Physical
barriers

Lining, capping and leachate
control systems as necessary
such as applied for landfills.

Effectively removes exposure
pathway and potential for migration

Contamination remains for future generations. Long term
monitoring required. Does not completely remove potential for
leaching to groundwater. Problematic where groundwater table
is shallow. Depending on jurisdiction, regulatory approval may
be required and this will introduce uncertainty as to whether
some stakeholders will accept the option.
Expensive initial outlay. Contamination remains for future
generations. Long term monitoring required.

Containment

Removal

Excavation
(to the extent
practicable)

Excavation with offsite
disposal.

Completely removes liability.
Acceptance at particular landfills may
be possible on a facility-specific basis.

Expensive disposal costs. No clear guidance on landfill
acceptance at the present time, to be determined by
state/territory regulators. PFAS can be present in landfill
leachate, which will then require treatment to remove PFAS.
PFAS concentrations (particularly PFOA) can increase in waste
water treatment due to breakdown of precursor compounds. Also
question on landfill ability to accept large quantity of soil.

Excavation with onsite
treatment and re-use.

Removes liability. No disposal costs.
Sustainable approach.

Potentially expensive treatment costs. Would require pilot trials.
Treatment technologies currently very limited and predominantly
at trial stage only.

Removes exposure pathway and
potential for migration. No disposal
costs. Removes leachable material.
Sustainable approach.

Requires land area for repository. Likely to require regulatory
approval. Legacy for future generations as long term monitoring
required. Costs for suitable encapsulation design and
construction. Remediation may be required in the future if site
redeveloped for more sensitive use. Addition of
stabiliser/adsorbent or inclusion of an adsorbent as an
underlying barrier may be required if leachability is a concern.

Excavation with on-site
encapsulation.
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Excavation with temporary onsite stockpiling subject to
further developments in
remedial solutions

In-situ
treatment

Allows for removal of impacted soils
from an operational area.

Uncertainty as to long term fate of material. Requires land area
for stockpiles. Stockpiles subject to weathering. Management to
prevent leaching required. Does not remove liability. Does not
remove all exposure pathways. Only possible in the short term.

Natural attenuation

Low cost apart from monitoring.

Very long timeframes. PFOS and PFOA do not readily degrade,
therefore potentially indefinite timeframe to reduce
concentrations to acceptable levels. May not receive regulatory
support. Intergenerational issue. Does not remove exposure
pathways.

Phytoremediation – the use of
plants to stabilise or remove
contamination from soil

Relatively low cost method. Planting
would also bind soils to prevent
erosion.

Unproven method. Plant mass would require disposal due to
accumulation of PFOS/PFOA. Access to contamination at depth
may be limiting. Likely to require long timeframe.

Biological
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Solidification/stabilisation (or
similar process) – in situ
mixing of soils with a binding
agent such as GAC,
matCARE™ or RembindTM to
reduce or prevent leaching of
PFAS from soils.
matCARE™ is an amine
modified clay sorbent.11
Physicalchemical
treatment

RembindTM is

a powdered
reagent12 which includes
activated carbon, aluminium
hydroxide, kaolin clay and
other proprietary additives.

Chemical oxidation – injection
of chemical oxidants such as
Fenton’s Reagent (hydrogen
peroxide plus an iron catalyst)
and activated persulphate
(activated by heat, UV,
Fenton’s reagent etc.) to
destroy the PFAS.

Soil mixing technologies are available
in Australia. Reduces impact to landfill
capacity. Soil for landfill disposal may
be able to be reclassified due to low
leachability of PFAS.
matCARE™ is reported to have
higher PFOS absorption than
commercial activated carbon
(Das et al 2013). matCARE data
show that the concentration of PFOS
in the leachate of matCARE-treated
soil over a period of 480 days remains
below detection levels.13
RemBind data show that PFOS
leachability is reduced to less than 0.3
µg/L14.
Published field-scale data for the
removal of PFAS surfactants by
proprietary products are generally
lacking, although field scale data for
matCARETM have been published
(Das et al 2013; 2015). Efficiencies
can be determined by trials and field
scale experiments on a case by case
basis.
This method has proved useful in the
oxidation of many organic compounds
and it is now being tested (at bench
scale) to address PFOS and PFOA
with promising results. Would remove
liability and allow for soil re-use or
encapsulation.

Depending on binding capacity, the amount of reagent needed
may vary considerably. Limited temporal data are available,
therefore long term effectiveness of binding agent not known.
The release pattern of PFOS from matCARE™ treated soils
depends on soil clay and organic matter content, and pH
(Das et al 2011).
Options for soil reuse likely to be limited. Regulatory approval
likely to be required for any soil reuse.
Limited information regarding success at commercial scale.
Costs may be significant.

OHS concerns with chemicals and possible temperatures
required to catalyse reactions. Dosage for a large volume of soil
may be expensive and technically difficult and may vary
depending on soil type. Highly dependent on the natural oxidant
demand of the soil. Impacts from by-products may be
problematic; nature of by-products not well understood. More
difficult to validate success than ex situ application.

View matCARE™ patent at www.google.com/patents/WO2011069189A1?cl=en
View RembindTM patent at www.google.com.au/patents/US8940958
13 See matCARE website at www.crccare.com/products-and-services/technologies/matcare/matcare-for-soil/matcare-for-soil
14 RemBind™ product overview, viewed 10 November 2015, <ziltek.com.au/pdf/Z070-06-RemBind-Product_Overview-web.pdf>
11
12
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Ex-situ
treatment
(assumes
excavation)

Physicalchemical
treatment

In-situ thermal desorption –
heat is used to increase the
volatility of the PFAS such that
they can be volatilised from
the soil matrix, with the
resulting gases treated at very
high temperature to break
down the PFAS and allow
capture of the resulting fluoride
in an air pollution control
device (such as a scrubber).

Thermal desorption of contaminated
soil has been demonstrated on a
commercial basis in Australia,
although the upper limits for PFAS
would need to be confirmed.

Application of this method over a large area requires significant
infrastructure and an energy cost. Capture of off-gases may be
difficult. May not be applicable to all soil types. Energy input
reduces the sustainability of this method. More difficult to
validate success than ex situ application. There may also be
difficulties in transporting contaminated material across
jurisdictions and the capacity of plants to manage potentially
large quantities of soil.

Soil washing – physical
washing of soils with water to
dissolve PFAS. Recovered
water then treated.

Relatively low-tech approach that
could reduce PFAS impact to allow
soil re-use, based on low-moderate
sorption of PFAS and tendency to
move into aqueous phase
(CONCAWE 2016)

Unproven method, limited information available. Costs unknown.
Would create a waste liquid stream requiring treatment.

Trials have indicated good results.
Test work suggests that stabilisation
can prevent leaching over the long
term.

Possible long term desorption; temporal data to demonstrate
long term success of treatment not available. Soils may also
require encapsulation or off-site disposal.

Thermal desorption of contaminated
soil has been demonstrated on a
commercial basis in Australia,
although the upper limits for PFAS
would need to be confirmed. Easier to

Requires an appropriately designed plant to treat the material
which may not be readily available. Need to be able to deal with
acid gases (e.g. hydrogen fluoride).
Significant energy cost.
Energy required reduces the sustainability of this method.

Solidification/stabilisation/sorpt
ion – treat contaminated soil to
satisfy the requirements for
containment or landfill
acceptance using a product
such as matCARE™ or
Rembind™ to reduce the
potential for leaching of PFAS.
Material incorporating GAC
requires precautionary
approach as GAC has been
shown to allow certain PFAS
fractions to remain in
bioavailable form. Cement
can be used in conjunction
with these products to prevent
erosion and sedimentation of
the soil.
Direct Thermal desorption –
heat is applied to excavated
soils to increase the volatility
of the PFAS such that they
can be volatilised from the soil
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matrix, with the resulting gases
treated at very high
temperature to break down the
PFAS and allow capture of the
resulting fluoride in an air
pollution control device (such
as a scrubber).

validate success than in-situ thermal
desorption. Thermal desorption
systems coupled with high
temperature combustion of the
desorbed gas (> 1200 °C and > 2
seconds residence time) are available
in Australia (e.g. pyrolysis and
thermal desorption system in
Victoria).

Chemical oxidation – ex situ
mixing of soils with chemical
oxidants to destroy the PFAS.

This method has proved useful in the
oxidation of many organic compounds
and it is now being tested (at bench
scale) to address PFOS and PFOA
with promising results. Would remove
liability and allow for soil re-use or
encapsulation.

OHS concerns with chemicals and possible temperatures
required to catalyse reactions. Dosage for a large volume of soil
may be expensive and technically difficult. The acceptability of
the composition of the material after treatment may be an issue,
taking into account the residual PFAS, fluoride, and reagents
that have been added. The presence and fate of precursor
products must be considered; precursors can degrade to PFOS
and PFOA.

Incineration – high
temperatures (>1,200 °C) are
used to combust (in the
presence of oxygen) the
organic constituents in the soil.

Internationally this option is
recognised as being technically
feasible. This method has been
successful at sites in Queensland and
Tasmania where incineration has
been possible in cement kilns. The
thermal desorption systems available
in Australia can offer similar gas
combustion conditions, but the
residual level of contaminant in soil
heated to the intermediate
temperatures of the desorber would
need to be confirmed. Plasma arc
technology (formerly BCD
Technologies, now ToxFree) has also
been proven to work, although is
expensive.

Relies on the availability of an appropriate incinerator. The
gaining approval for a high temperature incinerator has not been
possible in Australia because of community concern with such
facilities. If not available, transport costs could be high. Setting
up of an incinerator near the source may not be economically
feasible if soil volumes are low. Can have significant cost
implications and large energy requirements. Temperatures must
exceed 1000 °C otherwise many by-products can be produced,
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4.4.1 Summary of the current status of remediation options
In summary, at the current time:












There are no well-established commercially available treatment technologies for
PFAS-contaminated soil and sediment. The most practicable and commonly
adopted options adopted are excavation and encapsulation.
Limited disposal to landfill is allowed in some jurisdictions; this is likely to become
an increasingly viable option with defined landfill acceptance criteria, as included in
the NEMP.
Thermal treatment is a possible option in some jurisdictions; the thermal treatment
must include high temperature combustion of the evolved gases (> 1200 °C and
residence time of > 2 seconds), and the residual contamination in the treated soil
would need to be confirmed.
The presence of other PFAS must be considered, particularly precursor
compounds for PFOS and PFOA. This is relevant where the source of
contamination is AFFF, which can contain precursors. Care must be taken to
ensure that the treatment technologies adopted do not result in an increase in the
concentrations of PFOS and jeopardise the reuse or disposal of the treated soil.
Considerable effort is being directed in the industry both in Australia and
internationally to determining acceptable options for treatment and disposal of
PFAS-contaminated soil, and it is likely that options that have regulatory
acceptance will become available in the next few years. It is likely that this
guidance document will need to be reviewed and may need to be updated as
necessary to incorporate new technologies and advances in existing remediation
technologies.
If it is concluded that treatment onsite, or treatment or disposal offsite, of PFAScontaminated soil and/or sediment is the only suitable option, it will be necessary
to undertake a detailed evaluation of potentially viable treatment technologies and
disposal options to determine which are acceptable and to identify the preferred
option.

4.5 PFAS-impacted water management and treatment
4.5.1 Overview
PFAS-contaminated groundwater may occur where AFFF has historically been used,
such as fire training grounds, hangars, fuel farms and refineries (where testing of fire
suppression systems occurs) or where there has been a fire, or another primary source
of PFAS exists such as an electroplating facility. Rainwater falling on areas of
contaminated infrastructure (such as concrete fire training pads) and soils can result in
contaminated water leaching through soils and contamination of groundwater. Landfill
leachate containing PFAS may contaminate groundwater.
Surface water may become contaminated with PFAS through runoff from PFAS
impacted soils and infrastructure; for example, from areas where PFAS has historically
been used such as in AFFF used at fire training grounds or PFAS used for vapour
suppression in electroplating facilities. PFAS-contaminated groundwater may discharge
to a surface water receiving body such as a lake, stream or marine environment.
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If contaminated surface water or groundwater is intercepted/extracted and contained, it
may require treatment to reduce levels of contaminants to acceptable levels for
disposal. Contaminated groundwater that is found to pose a risk to human health (e.g.
through extraction of groundwater for drinking purposes) or ecosystems (e.g. discharge
to a surface water body) may require treatment either in situ or, more commonly,
ex situ to reduce the risk to an acceptable level.
4.5.2 Conceptual site model
In this situation the contamination source requiring management is defined as water
that has been contaminated by PFAS, where the main contaminants of concern are
PFOS and PFOA, though other PFAS will likely be present.
The key contaminant transport pathways are generally:






Direct contact – persons or animals may be exposed directly to contaminated
water. If appropriate health and safety measures are adopted during handling, and
environmental management measures are put in place to contain contaminated
water, this is unlikely to occur.
Surface water discharge – if contaminated water is discharged to surface water,
aquatic ecosystems may be exposed to unacceptable levels of PFAS.
Bioaccumulation of PFAS in aquatic species may occur. Depending on the level of
dilution and the resulting concentrations in the receiving water, humans may be
exposed to unacceptable concentrations of PFAS through consumption of fish or
other species, or (less likely) recreational activities such as swimming. If
contaminated water first discharges to a stormwater system, the water can be
expected to ultimately discharge to a surface water body, and the issues relating to
surface water discharge will apply.
Sewer discharge – if contaminated water is disposed to sewer, much of the PFAS
contamination will accumulate in the sewage biosolids, with a portion of the PFAS
contamination passing through in the treated effluent. The PFAS concentration in
the biosolids may limit the use or disposal of the biosolids, and the PFAS
contamination of the treated effluent, depending on the point of discharge, may
result in issues relating to discharge to a surface water body or discharge to land.
It can be expected that there will be considerable dilution in the sewage, and the
PFAS will pose a low risk to sewerage system workers through a direct contact
exposure pathway.

The key on-site and off-site receptors that may be impacted by PFAS-contaminated
water include:




Humans:
 Site workers who come into direct contact with or ingest contaminated
groundwater
 Persons who consume fish or other aquatic species
 Persons involved with the sewerage or stormwater systems
 Persons who may re-use the treated sewerage effluent
Ecosystems:
 Terrestrial ecosystems onsite (through direct contact)
 Terrestrial ecosystems of sewage biosolids disposal areas.
 Aquatic ecosystems of surface water bodies on/offsite
 Aquatic ecosystems of stormwater receiving environments
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An example groundwater CSM depicting typical source, contaminant transport, and
receptors for PFOS/PFOA contaminated surface water and groundwater is provided in
figure 7. A generic CSM such as this could be refined on a site-specific basis to define
which exposure pathways are likely to be complete, and hence potential receptors that
may be at risk from PFOS/PFOA contaminated waters.

Figure 7. Example groundwater and surface water CSM

4.5.3 Contaminated water management options
In some circumstances it may be necessary to manage quantities of PFAScontaminated water that have been captured and contained, whether it be surface
water (e.g. lake/lagoon, surface runoff from contaminated structures), or extracted
groundwater (e.g. intercepted during construction works, groundwater extracted for
remedial purposes). In determining management disposal options for the PFAScontaminated water, the following questions arise:
1.

Is the water of suitable quality to reuse it? If not, is the water of suitable quality to
discharge directly to surface water, stormwater or sewer without treatment?

2.

If the water is not of suitable quality for discharge or re-use without treatment, can
it be treated onsite so that it is suitable for re-use, or failing that, discharge?

3.

If the water is not of suitable quality for re-use nor discharge without treatment and
cannot be treated onsite, can it be treated off site so that it is suitable for re-use or
discharge, or retained on site without treatment?

The quality of water may be determined by comparing PFOS and PFOA concentrations
against the human health and ecological screening levels, provided that the
concentrations do not pose unacceptable risks. Refer to NEMP for further guidance.
Depending on the outcome of these questions (and appropriate assessment for any
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other contaminant of concern, if also present), four possible water management options
could be considered:





Option 1: re-use, or otherwise, disposal (with/without treatment, as appropriate) to
surface water, stormwater or sewer
Option 2: onsite containment
Option 3: onsite treatment, prior to discharge to surface water, stormwater or
sewer, or
Option 4: offsite treatment and disposal.

These four options are discussed further below.
Option 1: re-use or discharge without treatment
These options of disposal without treatment may be applicable to situations where
groundwater containing PFAS is extracted during construction projects and requires
management.
It may be possible to find a reuse for the water. Re-use may occur onsite or offsite, or
the water may be incorporated into some product. A risk assessment may be
necessary to assist decision-making. For some jurisdictions, reuse must be
demonstrated to be impracticable before considering sewer discharge, or failing that,
discharge to waters (provided that discharge does not pose unacceptable risks).
Disposal of PFAS-contaminated water directly to surface water, stormwater or sewer
without treatment will generally have a low cost and is likely to be the preferred option if
the disposal is acceptable. In evaluating whether this option is possible, the following
considerations apply:
General considerations







Does the site setting and infrastructure make it feasible to discharge the PFAScontaminated water to surface water, stormwater or sewer, if this were to be
acceptable?
Are PFAS concentrations at levels that do not pose unacceptable risks? Specific
requirements relating to each water type are discussed below.
Is the direct disposal of impacted water acceptable to regulators or the sewerage
authority (such as through a trade waste agreement (TWA)), and is approval
required? This may vary between jurisdictions, and will be dependent on sitespecific situations, and PFAS concentrations.
Are the concentrations of contaminants other than PFAS (e.g. metals,
hydrocarbons) or other characteristics (such as biochemical oxygen demand)
acceptable for direct disposal? It is assumed in the following discussion that PFAS
are the limiting contaminants, but this may not be the case in some situations.

Surface water


Are PFAS concentrations at levels that do not pose unacceptable risks?
Consideration should be given as to whether human consumption of fish or other
biota from the surface water body will occur, as these screening levels are the
most stringent. The screening level that applies to waters where bioaccumulation
of PFAS in edible fish or other biota may occur is extremely low, and will likely be
exceeded unless there is a very high level of dilution (such as can occur if the
discharge is small and is into a large receiving water such as a river or ocean).
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Is there a possible risk to human health via direct contact? The recreational water
quality guideline presented in the Department of Health’s 2017 publication should
be referred to for this beneficial use.

Stormwater


If discharge to stormwater is permitted (requirements may differ for jurisdictions
e.g. Section 440ZG of the Environmental Protection Act 1994 (QLD), where PFOA
and PFOS are prescribed stormwater contaminants under the Environmental
Protection Regulation 2008 (QLD)), the considerations listed for surface water are
relevant. In the case where the PFAS are present in rainfall runoff, the
concentrations may be highly diluted in mixing with other stormwater. Estimates of
the likely dilution may be able to be determined by comparing catchment areas or
stream flows.

Sewer




If the site has a TWA that allows for PFAS, are the PFAS concentrations below the
specified levels? TWA requirements will be determined by the responsible water
authorities on a site-specific basis.
If there is not an existing TWA that allows for measurable concentrations of PFAS,
will the responsible water authority grant a TWA that allows this?

In granting a TWA that allows for discharge of PFAS-contaminated water, the water
authority would need to consider the potential downstream impacts of PFAS following
waste water treatment, including accumulation in biosolids, and whether PFAS will be
effectively removed by the wastewater treatment process (refer to section 2.3.2). Can it
be expected that the mass of PFAS in the PFAS-contaminated water proposed to be
discharged to the sewer will not give rise to an unacceptable accumulation of PFAS in
biosolids or an unacceptable concentration in the treated effluent? Knowledge of the
mass of biosolids generated, the volume of sewage effluent leaving the treatment plant
and the mass of PFAS discharged to the sewerage system can provide an indication of
whether this poses a low risk or not.
Option 2: onsite containment
Contaminated water may be captured and stored indefinitely on site in a suitable
vessel/repository. Considerations include:





May be suitable as a measure if site use is to remain unchanged, and stakeholders
are in agreement.
May reduce risk to receptors to an acceptable level, by breaking exposure pathway
(e.g. removes potential for discharge to surface water body).
Requires ongoing, indefinite maintenance and routine inspection of containment
vessels.
Presents an environmental and financial liability if the site is to be developed in the
future; if development occurs containment may no longer be an option and
remediation of PFAS-contaminated water would be required.

Option 3: onsite treatment prior to discharge (to surface water, stormwater or
sewer)
Contaminated water is captured and contained onsite, and treated to reduce PFAS
concentrations to acceptable levels. Upon achieving reduced and acceptable
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concentrations, water may then be disposed to surface water, stormwater or sewer.
This can be expected to be a higher cost option, both from a financial and logistical
perspective. Summary information on various water treatment processes is provided in
section 4.5.4.
When determining whether treatment is possible and selecting a suitable treatment
method, consideration should be given to the initial concentrations of PFAS and other
background organic and metal contaminants, the available time frames, volumes to be
managed, and other site-specific factors. For small volumes of contaminated
groundwater treatment may not be financially viable. In this instance, if option 1 is not
viable, then option 4 may provide an alternative. The ultimate goal of treatment would
be to achieve very low concentrations of PFAS that can be discharged to sewer,
stormwater or surface waters.
Option 4: offsite treatment and disposal
PFAS-contaminated water may be transported offsite for treatment and ultimate
disposal.15 This may be at a licensed treatment facility. Considerations include:





This could be a preferred option where volumes are low, irrespective of
concentrations.
The practicability will depend on the location of an appropriately licensed facility,
and whether transport of the contaminated water will gain regulatory acceptance (if
this is necessary). This would need to be ascertained on a case by case basis, as
may vary in each state/territory.
This option can avoid the environmental risk associated with the discharge of
PFAS-contaminated water to a receiving water body.

The cost may be high and therefore unsuitable for large volumes.
4.5.4 PFOS- and PFOA-contaminated water treatment technologies
The ultimate goal of treating PFOS- and PFOA-contaminated water would be to
achieve very low concentrations that can either be discharged to sewer, stormwater or
surface waters, or in some cases reinjected to an aquifer, without posing an
unacceptable risk to ecological or human receptors. Published data on the removal of
PFAS surfactants are lacking.
Technologies that may be viable from a financial, logistical and technical perspective
include adsorption, nanofiltration and reverse osmosis. Table 26 provides a summary
of management options and treatment technologies for PFOS- and PFOAcontaminated groundwater. These technologies are applied ex situ, whereby the
contaminated groundwater is extracted from the aquifer and then treated (pump and
treat). Treatment for contaminated surface water may also be undertaken. Extraction of
PFOS- and PFOA-contaminated groundwater is potentially feasible given the
moderate-high solubility, although significant percentage of the mass may remain
adsorbed and entrapped within the aquifer, depending on the characteristics and
heterogeneity of the sub-surface media. In addition to adsorption and entrapment, the
surface-active properties can cause PFOS and PFOA to accumulate at the air-water
interface (CONCAWE 2016). CONCAWE (2016) also notes that while the degree of
PFOS and PFOA sorption to the soil is low, it does cause retardation of the
15

See National Environment Protection (Movement of Controlled Waste between States and Territories)
Measure 1998, and any jurisdictional requirements – where applicable.
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contamination removal, and can extend the duration required for groundwater
extraction when remediation target levels are particularly low, and make pump and
treat a non-viable option.
There are currently no well-established in-situ groundwater remediation technologies
available. Activated persulfate can degrade PFAS in situ and the mechanism appears
to be a combination of oxidation and reduction, as defluorination is observed (Smart
Combined Oxidation and Reduction, ScisoR ®)16.
In general, adsorption methods are likely to be favoured over nanofiltration and reverse
osmosis, as the adsorption methods are likely to have a lower cost and provide a waste
stream that is more easily disposed of. The adsorption methods involve separation and
concentration of PFAS in a residual solid phase (sludge, filter medium or adsorbent)
that must then be treated and disposed of.
More advanced methods such as sonolysis, chemical oxidation, thermal phase
reduction, electrochemical reduction, or photochemical treatment have shown some
promise in laboratory scale trials (Vecitis et al 2009; Schaefer et al 2015), but are
developmental and are not considered to be commercially viable at the present time.
When determining whether treatment is possible and selecting a suitable treatment
method, consideration should be given to the initial concentrations and nature of PFAS,
the presence of precursor compounds and other background organic and metal
contaminants, the available time frames, volumes to be managed, and other sitespecific factors. For small volumes of contaminated groundwater treatment may not be
financially viable, and other management options as discussed earlier may be more
appropriate.
Ultimately it is likely the most effective method for reducing groundwater contamination
is removal of the source of contamination, such as PFAS-contaminated soil. Treatment
of large PFAS plumes in groundwater is unlikely to be practicable, and in these
instances treatment of water at the point of extraction, prior to an extractive use
(e.g. water to be used for recreational purposes, drinking water, stock watering) may
become necessary.

4.5.5 Summary
In summary, in Australia and internationally at the current time:




It may be necessary at times to management and potentially treat quantities of
PFAS-contaminated water. Treatment objectives would be to reduce
concentrations of PFAS to levels that can be discharged to sewer, stormwater,
surface waters or aquifers without posing an unacceptable risk to the environment
or human receptors.
Remedial options are limited at the current time mostly to ex-situ treatment
(i.e. pump and treat). There are currently no viable in-situ technologies available,
either viable or proven in Australia.

16

(Ahmad, M, Burdick, J, Pancras, T, Horneman, A, Riis, CE, Christensen, AG, Bard, J & Ross, I 2006,
Destruction of PFOS in groundwater: a new in situ remediation technology for per/polyfluorinated alkyl
substances, Battelle presentation, ARCADIS.
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Financially, logistically and technically viable ex-situ technologies that have been
implemented at a field scale are available, including adsorption, nanofiltration, and
reverse osmosis.
Ex-situ technologies are reliant on groundwater being extracted from the aquifer
prior to treatment, and therefore may not be applicable to large plumes.
Removal of the source of ongoing PFAS to groundwater (e.g. contaminated soil)
may be the most effective method of reducing groundwater contamination. Where
PFAS plumes cover a large extent (vertically and/or laterally), treatment at the
point of extraction may be required prior to use of the water for extractive purposes
such as drinking water, stock watering or recreational use.
The presence of other PFAS must be considered, particularly PFOS and PFOA
precursor compounds. This is particularly relevant where the source of
contamination is AFFF, which will typical contain an unknown mix of PFAS. Care
must be taken to ensure that any treatment technologies adopted (for these, or
other chemicals of concern) do not result in the breakdown of precursor
compounds to PFOS and PFOA.
Ongoing research into viable remedial technologies is being undertaken in
Australia and internationally, and therefore a review of available and applicable
technologies should be undertaken on a case by case basis. There may be a
requirement to review and potentially update this practitioner guide in the future to
reflect the status of treatment technologies.

CRC CARE Technical Report no. 43
Practitioner guide to risk-based assessment, remediation and management of PFAS site contamination

120

Table 26. Summary of potential PFAS-contaminated water remediation options
General
response
actions

Remedial
technology

Process options

Pros

Cons

No action

None

None

No cost

Contamination remains for future generations. May
not achieve regulatory acceptance.

Institutional
controls

Access and
use
restrictions

Low cost and sustainable approach

Potential for opposition from land owners in the area.
Contamination remains for future generations. Long
term monitoring required. Impacted area inaccessible.

Isolates the contaminated groundwater from
receptors. Allows for future treatment of isolated
groundwater

Requires long term management and monitoring.
Expensive infrastructure costs. May not be suitable in
fractured rock aquifers.

Physical
barriers
Containment
Pumping
controls

Removal

In-situ
treatment

Pumping

Deed restrictions, fences, permits,
licence conditions, management
plans, groundwater quality
restricted use zones
Barrier walls – sheet piles, secant
piles. The walls are installed in
situ to surround the impacted area
to prevent impacted groundwater
migration and reduce groundwater
flux.
Borefield, interception trenches –
groundwater is extracted and
recirculated into the aquifer to
control migration

Pumping with offsite disposal or to
sewer.
Pumping with onsite treatment
and disposal to sewer.

Controls migration while removing contaminant mass.
Disposal to sewer would reduce the need for
treatment

Natural attenuation

Low cost. Sustainability issues associated with active
remediation are reduced.

Biological/
physical

Physical-

Does not involve treatment of groundwater. Prevents
impact to receptors.

Phytoremediation – use of plants
of treat contamination in
groundwater
Chemical oxidation – injection of

Migration control may require long term pumping. Reinjection would require regulatory acceptance. If reinjection not allowed, the large waste stream would
require treatment
Creates a large waste water stream that may require
treatment. Migration control may require long term
pumping. Sewer disposal may not achieve regulatory
acceptance. The rate of mass removal may decline
rapidly, and retention in the aquifer and rebound may
be a limiting factor. Consideration must be given to
PFAS accumulation in sewage sediments and the
ultimate fate of sediments as PFAS are not readily
broken down by sewage treatment processes.
Remedial timeframes likely to be long. Attenuation
likely to rely on sorption, dispersion and dilution rather
than degradation, and there is no guarantee these
processes would prevent impact at receptors.
Significant migration of contaminated water may
occur.

Relatively low cost method. Planting would also bind
soils to prevent erosion.

Unproven method. Plant mass would require disposal.
This would be limited by the depth of groundwater.

Does not require pumping.

OHS concerns with chemicals. Dosage for a large
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chemical
treatment

chemical oxidants into
groundwater to destroy PFAS via
wells or trenches.
(e.g. persulfate)

Chemical oxidation – treatment of
extracted water with chemical
oxidants into groundwater to
destroy PFAS via wells or
trenches

Ex-situ
treatment

Physicalchemical
treatment

Filtration and sorption

GAC

powdered activated carbon
(PAC)

engineered modified clay
sorbents
 matCARETM

RembindTM
Ion exchange resins

stoichiometric removal

Proven to destroy PFAS in pilot trials.

GAC proven to remove PFAS from groundwater in
pilot trials and at a field scale with efficiencies at more
than 90% (Ochoa-Herrera & Sierra-Alvarez 2008).
Would remove liability. No dangerous chemicals
required. Suitable for low concentrations (OchoaHerrera & Sierra-Alvarez 2008).
GAC can potentially be regenerated (Deng et al 2014)
matCARE™ is reported to have higher PFOS
adsorption than commercial activated carbon
(Das et al 2013).
Published field-scale data for the removal of PFAS
surfactants by proprietary products are generally
lacking, although field scale data for matCARE TM
have been published (Das et al 2013; 2015).
Efficiencies can be determined by trials and field
scale experiments on a case by case basis.
Ion exchange resins suitable for low concentration/
high volume treatment (CONCAWE 2016). Resins
can often be regenerated (Du et al 2014)

volume of groundwater may be expensive and
technically difficult. May require several treatments
and occupy operational areas of the site for extended
periods. Adequate dispersion and mixing of chemical
oxidants through plume is problematic. Not yet
available on a commercial scale. Degradation of
precursor products to PFOS or PFOA, or production
of toxic transformation products may be a concern.
OHS concerns with chemicals. Dosage for a large
volume of groundwater may be expensive and
technically difficult. Treatment basins required.
Degradation of precursor products to PFOS or PFOA,
or production of toxic transformation products may be
a concern.
Based on a study of different types of GAC, treatment
requires a clear waste stream, as otherwise filters
clog rapidly. Requires frequent monitoring and
replacement of filters. Throughput rate is dependent
on clarity of water. May require more than one step.
PFAS-contaminated filter material would require
disposal as a separate waste product. Filters may
require frequent changing. Fouling and poisoning of
adsorbents requires consideration (Ochoa-Herrera &
Sierra-Alvarez 2008).
Other co-contaminants may preferentially adsorb to
GAC, limiting the life of the adsorbent. Sorption
velocity is dependent on PFAS chain-length, therefore
GAC optimised for PFOS removal may not remove
other PFAS.
Effectiveness of GAC and GAC based materials can
depend on type of GAC, micropore size and solution
pH (Deng et al 2014). Activated carbon has been
found to be very efficient at removing low
concentrations of PFOS from wastewater but less
efficient at removing PFOA (Oliaei et al 2006; OchoaHerrera & Sierra-Alvarez 2008).
Ion exchange resins produce a concentrated PFOS

CRC CARE Technical Report no. 43
Practitioner guide to risk-based assessment, remediation and management of PFAS site contamination

122

Reverse osmosis (RO) and
nanofiltration (NF) – forcing
groundwater through a membrane
to remove PFAS, allowing
selective passage of the water
and retention of the contaminants.
Precipitation – PerfluorAd
(addition of an active liquid which
causes PFAS to precipitate from
solution which can be separated
by sedimentation process followed
by particulate filtration)

RRO proven to be effective in a Queensland water
treatment facility at reducing concentrations of PFAS
(Thompson et al 2010a). 99% removal of PFOS
reported using RO for concentrations >1 mg/L
(Tang et al 2007).
Nanofiltration found to be effective at removing PFAS
with a range of molecular weights in a laboratory trial
(Appleman et al 2013). NF removal efficiencies of 90–
99% reported (Tang et al 2007)
Laboratory and field pilot trials show some success.
Not influenced by other organic substances. No
chemical reaction therefore no formation of
transformation products. Dosing system can be
adapted to changing water conditions. Active
ingredients can be selected to target a range of
PFAS. (Cornelsen 2015)

CRC CARE Technical Report no. 43
Practitioner guide to risk-based assessment, remediation and management of PFAS site contamination

123

waste stream requiring incineration (or other
treatment), and can be associated with high costs
(Ochoa-Herrera & Sierra-Alvarez 2008;
Du et al 2014).
Results in a waste stream containing PFAS that
requires disposal, albeit at lower volumes. Reverse
osmosis is relatively costly and has higher energy
requirements. Fouling of the membranes will require
consideration.
Nanofiltration not available at a pilot or full-scale
(Appleman et al 2013)

Not tested in Australia. Not known if tested at a
commercial level internationally. Information regarding
usage not readily available. May only apply to water
with higher concentrations and may not be useful for
water with low concentrations.
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APPENDIX A.
Key Australian documents which address PFOS and PFOA
contamination
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Department

Document

Description

Heads of EPA

PFAS National Environment Management Plan, January 2018

Provides an overarching PFAS management plan for Australia.

Food Standards Australia
New Zealand

Hazard assessment report – Perfluorooctane sulfonate
(PFOS), Perfluorooctanoic Acid (PFOA), Perfluorohexane
sulfonate (PFHxS), Food Standards Australia and New
Zealand, April 2017

Provides a review of toxicity reference values and recommended TDI for PFOS
(+PFHxS) and PFOA for use in Australia.

Food Standards Australia
New Zealand

Perfluorinated chemicals in food, April 2017

Provides trigger points for PFOS (+PFHxS) and PFOA in food substances to be
used for investigations in Australia.

Department of Health

Health Based Guidance Values for PFAS for Use in Site
Investigations in Australia, February 2017 (published April
2017)

Provides Australian Drinking Water Quality Guideline and Recreational Water
Quality Guideline for PFOS (+PFHxS) and PFOA.

Department of
Environment and Energy

Draft Commonwealth environmental management guidance,
published December 2016

Provides guidance to Commonwealth agencies on the assessment and
management of PFOS and PFOA contamination associated with Commonwealth
sites, with a particular emphasis on the requirements for protection of ecological
values.

National Measurement
Institute

Proficiency test report AQA 16-06 PFOS/PFOA in fish, soil and
water

Provides the results of a proficiency testing study in which 24 laboratories
participated, including some from overseas. The study primarily compared the
performances of participant laboratories and to assess their accuracy
in the measurement of total and linear PFOS and PFOA in fish, water and soil
matrices

QLD Department of
Environment & Heritage
Protection

Environmental management of firefighting foam, July 2016

Outlines DoEHP’s procedural requirements for handling, transport, storage, use,
release, waste treatment, disposal and environment protection measures relevant
to the use of firefighting foams.
Considers environmental impacts of PFAS C4 to C14, including PFOS and PFOA,
and provides guidance on testing requirements.

enHealth

Interim national guidance on human health reference values
for per- and poly-fluoroalkyl substances for use in site
investigations in Australia, June 2016

Provides a review of toxicity reference values and recommended TDI, in addition
to interim Australian Drinking Water Quality Guideline and Recreational Water
Quality Guideline for PFOS (+PFHxS) and PFOA.

WA Department of
Environmental Regulation

Interim guideline on the assessment and management of
perfluoroalkyl and polyfluoroalkyl substances (PFAS),
February 2016

Provides guidance on the assessment and management of PFAS within the
legislative framework provided by WA legislation.
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Vic EPA

Release of Vic EPA Incoming water standards for aquatic
ecosystem protection: PFOS and PFOA, August 2016

Adopts draft freshwater guideline values facilitated by DoEE.

Department of Defence

Defence contamination directive #8 – interim screening criteria,
February 2016

Provides interim screening criteria for the assessment of PFOS, PFOA, and 6:2
FtS on Defence sites.

Department of Industry
and Regional
Development, and
Airservices

Managing PFC contamination at airports June 2015, February
2016

Provides interim screening criteria for the assessment of PFOS, PFOA and 6:2
FtS, and guidance on management of contaminated soil and groundwater on
airport sites

Department of Defence

Environmental guidelines for management of fire fighting
aqueous film forming foam (AFFF) products, 2015

Provides guidance for Defence personnel for environmentally sound procurement,
management, use and disposal of AFFF products.

CRC CARE & NMI

Proficiency testing study AQA 15-03: PFOS/PFOA in soil and
water

Fire Protection Association
Australia

Information bulletin selection and use of firefighting foams,
version 1, June 2014

CRC CARE

Development of guidance for contaminants of emerging
concern, Technical Report no. 32, July 2014

CRC CARE

Environmental impact of priority contaminants: a literature
review, Technical Report no. 29, January 2014

Literature review of emerging contaminants of concern, including PFOS and
PFOA. Provides information relating to sources, physico-chemical properties,
toxicity, bioaccumulation and biomagnification, and international guidance.

Department of
Environment and
Conservation Western
Australia (Seow 2013)

Firefighting foams with perfluorochemicals – environmental
review, 7 June 2013

Provides extensive background on AFFFs and PFAS constituents, including
sources, international approach to managing the use of PFAS and human
health/environmental impacts, and contamination issues.

Analytical methods for priority and emerging contaminants – a
literature review, Technical Report No 24, June 2013

Provides extensive background on the analytical methods for emerging
contaminants, including PFOS and PFOA. The review assessed the
measurement-related needs on the basis of two key criteria: the relevance of each
contaminant to the Australian environment and the degree to which appropriate
analytical capability is available in Australia.

CRC CARE

CRC CARE Technical Report no. 43
Practitioner guide to risk-based assessment, remediation and management of PFAS site contamination

This is a report of the pilot proficiency study in 2015 which compared the
performances of 11 laboratories. It comprises an evaluation of their test methods,
and an assessment of their accuracy in measuring total and linear PFOS and
PFOA in soil and water matrices
Aims to increase awareness of the issues surrounding selection and use of
firefighting foams, and environmental impacts. Includes firefighting foams
containing PFAS.
Identifies the need for, and areas to be addressed in developing guidance for
several emerging contaminants of concern in Australia, including PFOS and
PFOA.
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1. Introduction
The purpose of this appendix is to derive draft ecological screening levels (ESLs) for
soils, sediments and marine aquatic systems, and provide some understanding of their
application, assumptions, limitations and uncertainties. This appendix should be read in
conjunction with the background information provided in this practitioner guide, in
particular section 2 and 3.
Derivation of ESLs for freshwater aquatic systems has been carried out separately
through the Australian and New Zealand Guidelines for Fresh and Marine Water
Quality (ANZECC/ARMCANZ 2000) which is managed by the Australian Government
Department of Agriculture and Water Resources. Technical draft default guideline
values (referred to as screening levels in this practitioner guide) were circulated to the
states and territories in December 2015.
The NEMP (2018) adopts the freshwater guideline values1 for use in marine
environments in the interim – noting that the CRC CARE-derived marine guideline
values have been submitted for consideration as part of the revision of the Australian
and New Zealand Guidelines for Fresh and Marine Water Quality. As with the draft
freshwater values, these may change following the finalisation of the guideline revision
process (e.g. on the basis of any changes to the methodology by Warne et al (2015;
2017)).
It is understood that the current draft default aquatic guideline values for toxicants,
including those for PFOS and PFOA, are expected to be released in 2018 for
consultation by the Commonwealth.

Perfluorooctanoic acid (PFOA) – fresh. Default guideline values for toxicants. Australian and New
Zealand Guidelines for Fresh and Marine Water Quality. November 2015. Final Draft
Perfluorooctane Sulphonate (PFOS) – fresh. Default guideline values for toxicants. Australian and New
Zealand Guidelines for Fresh and Marine Water Quality. August 2015. Final Draft
1
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2. Derivation of draft ecological screening levels
The Water Quality Guideline (ANZECC/ARMCANZ 2000) approach for deriving
guideline values using specific sensitivity distribution (SSD) figures is based on chronic
toxicity data. It provides guidelines that protect exposed organisms from a 10%
decrease in a chronic sub-lethal endpoint (growth, reproduction), for example a 95%
species protection level will protect 95% of the species from a 10% decrease in
reproduction or growth. To take into account the potential for bioaccumulation,
Heemsbergen et al (2009) and Warne et al (2015; 2017) recommend the application of
a bioaccumulation correction factor, and for chemicals with the potential to
bioaccumulate, increasing the species protection level by 5%. That means a site that
would normally have a 95% species protection level would have the 99% species
protection level guideline value applied.
It is important to note that the SSD approach is not designed to protect exposed
organisms or higher order predators from bioaccumulation of a chemical. However, at
present, there are insufficient data to derive an application factor based on toxicity data
that can be applied to the derived guideline values for the protection of higher order
consumers. Site-specific investigations are recommended to assess bioaccumulation
within contaminated areas and the use of ecological risk assessments following the
ASC NEPM approach to assess potential impacts on higher order consumers.

2.1 Applying toxicity data from laboratory-based bioassays to
ecosystem
Toxicity data used to derive protective concentrations to be applied to freshwater and
marine ecosystems are generally calculated from laboratory bioassays. Further,
laboratory-based bioassays represent a worst-case scenario with an absence of
environmental factors which have the potential to ameliorate toxicity.
Many studies have been conducted on the toxicity of PFOS to aquatic organisms and
some of these results have been reviewed by Qi et al (2011) and used to calculate an
aquatic predicted no effect concentration (PNEC) for surface water (i.e. for both marine
and freshwater organisms). Several methods were used to derive a PNEC for PFOS
using the chronic data in Qi et al (2011). One was the SSD method using only chronic
data. This method is the closest to the ANZECC/ARMCANZ (2000) method used to
calculate toxicity trigger values for contaminants entering Australian ecosystems.
Qi et al (2011) calculated a PNEC for PFOS of 6.66 µg/L based on freshwater species
sensitivity distribution for 95% species protection for aquatic ecosystem.
The differences between environmental and laboratory exposures were discussed by
Qi et al (2011). A 35-day NOEC for a mesocosm (12,000 L) with freshwater
zooplankton communities was reported as 3.0 mg/L (Boudreau et al 2003b), a 450 fold
increase on the Qi et al (2011) PNEC and an 83 fold increase when compared to the
RIVM maximum allowable concentration (MAC) for freshwater ecosystems of 36 µg/L.
On the basis of environmental ameliorating factors, the lower concentrations calculated
from laboratory bioassays will provide a conservative protection level for aquatic
organisms.
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Limited research has been identified that determines how environmental factors modify
the toxicity of PFOS and PFOA, even though the mesocosm results showed a
significant decrease in toxicity to zooplankton communities when compared to
laboratory studies. The mesocosm studies showed that PFOS concentrations
decreased more than 8.8% over 35 days and did not decrease further after 285 days.
However, even though concentrations in the mesocosm did not decrease significantly
over the duration of the study and zooplankton populations reduced immediately
following application of PFOS at 10 mg/L and 30 mg/L, resilience was observed in all
species at 10 mg/L with subsequent increases in population growth observed.
Sensitive species, cladocerans and copepods, showed no signs of resilience in the
30 mg/L treatment.
Similar results were obtained for earthworms to PFOS exposure in soil over 42 days
where reduced growth at lower concentrations was observed up to a 28-day exposure,
however, after 42 days, reduced growth was only observed in the worms exposed to
the highest concentration (Xu et al 2013). These results may indicate that, even though
concentrations of PFOS remain in the soil, the PFOS may be less bioavailable to
exposed organisms due to binding with the soil components.

2.2 Freshwater ecosystem screening levels
Guideline values for PFOS and PFOA are currently being derived by the Department of
Agriculture and Water Resources for inclusion in the revised ANZECC/ARMCANZ
water quality guidelines. At the time of preparation of this report, these guidelines were
currently under review and were in draft form. The freshwater guidelines have been
derived using a data set containing 18 chronic data points from five taxonomic groups:
algae, crustaceans, insects, fish and amphibians. The endpoints included EC/IC10,
NOEC and LOEC values with one chronic LC50 value. The default2 guideline for PFOA
was derived from 12 chronic data points which included algae, rotifers, crustaceans,
insects, plants and fish. Table 1 shows the draft PFOS default guideline for each
percent species protection value. The 95% confidence limits were not provided in the
draft documents (DoEE 2015a; 2015b) and have not been listed. An estimate of the
95% confidence limits for the PFOS 99% species protection guideline using
Burrlioz 2.0 indicates that the 95% confidence limits span seven orders of magnitude
(0.000000–3.1). This indicates that there is considerable uncertainty as to the potential
for effect represented by the value of 0.00023 µg/L.
The default protection concentrations for PFOS in freshwater systems have been
derived for aquatic organisms according to the protocols outlined in
Warne et al (2015; 2017) and Batley et al (2014). These methods to not apply to air
breathing animals living in aquatic systems or prey on aquatic organisms. Therefore,
they do not account for effects which may result from the biomagnification of PFOS in
air breathing animals.

2

Default refers to guidelines that apply to the whole of Australia, rather than being guidelines that apply to specific
locations.
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Table B1 Draft guidelines for PFOS and PFOA

Percent species protection %
99
95
90
80

PFOS concentration µg/L
0.00023
0.13
2.0
31

PFOA concentration µg/L

1

191
220
632
1,824

1Because

of the potential for bioaccumulation and the limited range of test data, the 99% species
protection is value is recommended for use for slightly to moderately disturbed systems.

The use of the 99% species protection PFOS default screening level is recommended
for application to natural waterways where the 95% species protection level would
normally apply, as PFOS does biomagnify in aquatic food chains as discussed
previously. The use of the 99% species protection value is also recommended for
PFOA as the chronic data used to derive the screening level may not adequately
characterise the adverse effects at low concentrations. The use of the 99% species
protection level similarly applies to the marine screening levels.

Uncertainty
In terms of uncertainty, the greatest level of uncertainty regarding the ANZECC
guideline values for fresh water is the 99% species protection level for PFOS (and
PFOA) and its application. The following can be noted:










The value is derived through a statistical extrapolation of test results to
concentrations that are well below the concentrations that correspond to effects
measured in studies for PFOS (and PFOA). While this follows the agreed method,
there is nevertheless a high degree of uncertainty in the derived value for PFOS.
Note that the uncertainties in estimating a 99% species protection guideline value
from an SSD are larger than that for the 95% species protection because there is
less confidence in the SSD model fit at the extremes of the distribution compared
to the middle (Batley et al 2014).
It is understood that a review of the derivation of the PFOS value has been
undertaken, and while the review considered the derivation process to be
appropriate, modifications to the process are to be recommended to the states and
territories. Should changes to the methodology (Warne et al 2015; 2017) be
approved then a review of all guideline toxicant values (not just for PFOS) thus
derived may occur.
It is also understood that the current draft default guideline values, including those
for PFOS and PFOA, are expected to be released in 2017 by the Commonwealth
for consultation, and this process will afford an opportunity to examine the
derivation process in more detail. As with many other screening values in this
document, they remain draft until appropriate processes have been completed,
and this is expected to affect the timing of their implementation.
The screening level is dependent on the validity and sufficiency of the various
studies used for determining the value, and there is some uncertainty as to
whether particular studies should or should not be included.
Control site concentrations of PFOS (and PFOA) in many surface water bodies
may be higher than the screening level, which presents major challenges for
compliance.
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The level of detection of analytical methods used by commercial laboratories
currently do not extend to the screening level.

Because of these difficulties, if screening levels are or have potential to be exceeded, it
is recommended that further consideration be given to the extent of effect and whether
effects are likely to be significant, and the practical response that is able to made when
deciding on the requirements for management and remediation. Site-specific
assessments based on water-quality objectives specific to the site (e.g. in accordance
with the Australian and New Zealand Guidelines for Fresh and Marine Water Quality)
are recommended. For some sites it may be that particular biota are of interest and
require protection; reference to toxicity studies for related biota may be useful in
determining the potential for effect.

2.3 Marine ecosystems screening levels
Introduction
Sufficient toxicity data were sourced from the international literature to enable marine
guidelines for PFOS and PFOA to be derived for application to Australian ecosystems.
As no Australian data were available, the use of toxicity data derived from international
species is now accepted practice for deriving Australian water quality guidelines (Dr
Rick van Dam, ERISS. pers. comm. 2015). The data used in the calculations were
derived from species that are representative of Australian species and ecosystems.
The preferred method for screening level derivation in Australia continues to be based
on the use of SSD of chronic toxicity data. The minimum data requirements for using a
SSD are toxicity data for at least eight species that belong to at least four taxonomic
groups, but using toxicity data from more than 15 species is considered optimal
(Warne et al 2015; 2017).

Species sensitivity distribution
Laboratory-based toxicity data were assessed and the data meeting the quality
assurance were used to derive marine guidelines for PFOS and PFOA using an SSD
as recommended by Warne et al (2015). The data used for PFOS are shown in table 3
and PFOA is located in table 4. All data were assessed for quality using the scoring
system based on Hobbs et al (2005) as described in Warne et al (2015; 2017). The
quality of each data point is listed in table 5. Only data scoring above the acceptable
quality (≥50%) were used in the SSD. No acute data were used in the PFOS SSD and
the one acute data point used in the PFOA SSD. Where required, data were converted
to EC103 values using the conversion factors shown in table 2. Acute to chronic ratios
were not available for the toxicants and were, therefore, unable to be applied in this
instance.

3

EC10: Concentration that results in a 10% decrease of the endpoint when compared to controls
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Table B2 Conversion factors (ANZECC/ARMCANZ 2000; Warne et al 2015; 2017)

Toxicity data
EC50 to EC10
LC50 to EC10
LC10 to EC10

Conversion factor
5
10
5

Where more than one data point was available for a species, only chronic data were
used in the SSD or where more than two chronic data points were available, the most
sensitive was used. NOEC values were used where there were no EC10 data provided.
Tables 3 and 4 are sufficient data to meet the requirements for using the Burrlioz 2.0
SSD to calculate screening levels for PFOS and PFOA. Table 5 shows that the
screening levels calculated for PFOS will have a high reliability based solely on chronic
data, whereas, the PFOA guideline will be of moderate reliability as it is based on a
combination of converted acute data and chronic data.
The number of data points for both PFOS and PFOA meet the requirements for a
preferred dataset as described in Warne et al (2015; 2017). All data points are of the
accepted bioassay endpoints of growth, reproduction, survival and larval development,
with the exception of two in vivo genotoxicity endpoints. These two points have been
included as PFAS exposure induced damage to genetic material which may be
irreversible and lead to permanent health effect in the green mussel (Perna viridis)
(Liu et al 2014) and PFOS exposure to sea urchins led to an increase in DNA alteration
with potential to impact regulation of cellular metabolic pathways (Ding et al 2015).
However, the sea urchin did show evidence of a self-protection mechanism with
potential to recover from PFOS exposure, unlike the green mussel.
As the bioconcentration factor (BCF) for PFOS in the marine environment is between
1,000 and 4,000 (ESFA 2008), it does not meet the requirement of increasing the
species protection level by 5% (Warne et al 2015; 2017). PFOA has a lower BCF,
which is related to the shorter carbon chain, therefore increasing the species protection
level is not required. However, given that multi-generational studies have not been
considered in the marine criteria derivation, it is recommended that the 99% species
protection values be used for the moderately disturbed sites usually classified as 95%
species protection for both PFOS and PFOA.
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Table B3 PFOS toxicity data

Organism

Effect

Exposure
period

Endpoint

Effective
concentration
(mg/L)

Conversion
to EC10
(mg/L)

%
QA

Acceptability

Skeletonema costatum
(alga)

Growth

96 h

EC10

>3.2

3.2

78.4

A

OECD 2002 no. 39

Growth

72 h

EC10

12.2

12.2

79.4

A

Mhadhbi et al 2012

Shell
deposition

96 h

NOEC

1.9

1.9

87.6

H

OECD 2002 no. 4

Survival

96 h

LC50

3.6

0.36

88.7

H

OECD 2002 no. 7

Reproduction

35 d

NOEC

0.25

0.25

82.5

H

OECD 2002 no. 10

Survival
Survival

96 h
48 h

LC10
LC50

3.2
9.2

0.64
0.92

82.5
78.4

H
A

Mhadhbi et al 2012
OECD 2002 no. 32

Growth

20 d

NOEC

0.5

0.5

82.5

H

Han et al 2015

Reproduction

20 d

NOEC

0.1

0.1

82.5

H

Han et al 2015

Genotoxicity

21 d

NOEC

0.1

0.1

76.3

A

Ding et al 2015

Growth

48 h

EC10

2.6

2.6

79.4

A

Mhadhbi et al 2012

Survival

96 h

LC50

13.7

1.37

68.0

A

OECD 2002 no. 30

Survival

96 h

LC50

>15

1.5

78.4

A

OECD 2002 no. 43

Embryo
development

144 h

NOEC

1.0

1.0

80.4

H

Huang et al 2011

Growth

10 d

NOEC

4.0

4.0

74.2

A

Fang et al 2013

Embryo
development

144 h

EC10

0.02

0.02

82.5

H

Mhadhbi et al 2012

Taxa

Alga

Isochrysis galbana
(alga)

Mollusc

Crustacean

Echinoderm

Fish

Crastostrea virginica
(oyster)
Mysidopsis bahia
(mysid)
Mysidopsis bahia
(mysid)
Siriella armata (mysid)
Artemia (crustacean)
Tigriopus japonicas
(copepod)
Tigriopus japonicas
(copepod)
Glyptocidaris crenularis
(sea urchin)
Paracentrotus lividus
(sea urchin)
Onchorynchus mykiss
(trout)
Cyprinodon variegatus
(minnow)
Oryzias melastigma
(medaka)
Oryzias melastigma
(medaka)
Psetta maxima (turbot)

A = Acceptable 51–79%; H = High quality ≥80%; EC10 values in bold were used in the SSD.

CRC CARE Technical Report no. 43
Practitioner guide to risk-based assessment, remediation and management of PFAS site contamination

155

Reference

Table B4 PFOA toxicity data

Taxa

Alga

Mollusc
Echinoderm
Crustacean
Fish

Organism
Chlorella vulgaris
(alga)
Skeletonema marinoi
(alga)
Geitlerinema
amphibium (alga)
Isochrysis galbana
(alga)
Perna viridis (mussel)
Paracentrotus lividus
(sea urchin)
Siriella armata (mysid)
Psetta maxima
(turbot)

Effect

Exposure
period

Endpoint

Effective
concentration
mg/L

Conversion
to EC10
mg/L

%
QA

Acceptability

Growth

72 h

EC50

977

195

79.4

A

Latala et al 2009

Growth

72 h

EC50

369

74

79.4

A

Latala et al 2009

Growth

72 h

EC50

248

50

79.4

A

Latala et al 2009

Growth

72 h

EC10

41.6

42

80.4

H

Mhadhbi et al 2012

Genotoxicity

7d

EC50

594

119

75.3

A

Liu et al 2014

Growth

48 h

EC10

30.7

31

78.4

A

Mhadhbi et al 2012

Survival
Embryo
development

96 h

LC10

7.8

1.6

86.6

H

Mhadhbi et al 2012

144 h

EC10

3.9

3.9

80.4

H

Mhadhbi et al 2012

Reference

A = Acceptable 51–79%; H = High quality ≥80%; EC10 values in bold were used in the SSD.

Table B5 Classification of the reliability of the screening levels calculated using PFOS and PFOA data (Warne et al 2017)

PFOS
PFOA

Sample size
9
7

Data type
Chronic
Chronic

Adequacy of sample size
Good
Adequate
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Adequacy of fit in SSD
Good
Good

Reliability
High
Moderate

Figure B1. SSD for PFOS in marine waters

Figure B2 SSD for PFOA in marine waters
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Table 6 shows the high reliability screening level for PFOS and the moderate reliability
screening level for PFOA derived from the SSDs for each level of species protection as
shown in table 5. It should be noted that the screening levels have been calculated
from fresh PFOS and PFOA and do not take into account changes in bioavailability that
may occur with ageing or other physico-chemical parameters. Following ANZECC and
NEPM approaches, confidence limits are not listed in screening level tables. For
information, the PFOS 99% species protection screening level has a 95% confidence
limit of 0.09–64 µg/L.
Table B6 Draft marine screening levels for PFOS and PFOA

% Species protection
99
95
90
80

PFOS µg/L
0.291
7.8
32
130

PFOA mg/L
31
8.5
14
22

1Because

of the potential for bioaccumulation and the limited range of test data, the 99% species
protection is value is recommended for use for slightly to moderately disturbed systems.

The marine screening levels are protective for direct toxicity of exposed organisms, and
allow for bioaccumulation as per the ANZECC/ARMCANZ recommendations for using
the 99% species protection for slightly to moderately disturbed sites. Further sitespecific investigations are recommended to assess the potential for bioaccumulation
through the food chain.

Uncertainty
As discussed earlier, the derived values are considered to have medium to high
reliability based on their predicted SSD when compared to the base toxicity data.
However, these have been derived from available studies and do not consider longer
term multi-generational studies, which are the most sensitive. It can be expected that
as test data become available for such studies, more sensitive endpoints will be
determined and lower values will derive.
Because of this uncertainty, if screening levels are or have potential to be exceeded, it
is recommended that further consideration be given to the extent of effect and whether
effects are likely to be significant, and the practical response that is able to made when
deciding on the requirements for management and remediation. It may be practical to
undertake field assessments to determine if there are discernible effects on
ecosystems and extent of effect, however, it can be difficult to obtain control sites for
comparison and separate observed effects from naturally occurring variations.
Site-specific assessments based on water-quality objectives specific to the site (e.g. in
accordance with the Australian and New Zealand Guidelines for Fresh and Marine
Water Quality) may be useful. For some sites it may be that particular biota are of
interest and require protection; reference to toxicity studies for related biota may be
useful in determining the potential for effect.
Should changes to the methodology (Warne et al 2015; 2017) be approved then a
review of all guideline toxicant values may occur. It is also understood that the current
draft default guideline values, including those for PFOS and PFOA, are expected to be
released in 2018 by the Commonwealth for consultation, and this process will afford an
opportunity to examine the derivation process in more detail. As with many other
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screening values in this document, they remain draft until appropriate processes have
been completed, and this is expected to affect the timing of their implementation.

2.4 Sediment ecosystems
Sediment criteria have been developed for marine sediments in Norway with a PNEC
of 0.017 to 0.22 µg/kg based on no toxic effects (Bakke et al 2010). However, no data
or references were provided to support this. There is limited information available in the
published literature on the toxicity and bioavailability of PFOS and PFOA in sediments.
Sediments are an important source of persistent chemicals to the water column and
aquatic organisms. The type of system (static, flowing or tidal) will have a large impact
on the equilibrium of the chemical between the water column and the sediment.
Boudreau et al (2003b) showed that concentrations of PFOS in the water column in a
static system did not appreciably decrease over time; however, the toxicity did reduce
as populations recovered within 35 days from the initial impacts. The exceptions were
the cladoceran and copepods which were sensitive to PFOS in freshwater and
populations were reduced to such a level that recovery at 30 mg/L did not occur. All
other species recovered at this concentration. Boudreau et al (2003b) described this
recovery as resilience however, it may be an indication that the PFOS was no longer
bioavailable, even though the concentration measured had changed minimally over
time. These results have implications for the measurement of PFOS in the laboratory
where the bioavailability of the chemical is potentially overestimated due to the
extraction process used (discussed further in section 3.7.2 of this practitioner guide).
Unfortunately, there has been no research to date conducted to assess this issue.
Chemical concentrations in the water column in flowing and tidal systems would be
expected to decrease within a short period of time with the sediments becoming a sink
for PFOS and PFOA, and this has been demonstrated in many studies as noted in the
section 2 of this practitioner guide. The amount of organic carbon and other factors
may impact on the bioavailability of the chemicals to sediment dwelling organisms,
however, limited research has been identified that determines how environmental
factors modify the toxicity of PFOS and PFOA in sediments or the water column.
In the absence of well validated sediment criteria, the following options are
recommended for application to freshwater and marine sediments:




Pore water: currently there is limited understanding of the interaction of PFAS
between sediments and sediment dwelling organisms and the impact of pore water
PFAS concentrations on these organisms is unknown. Therefore, the application of
freshwater or marine guideline values to pore water is not appropriate. In addition,
the application of standard methods of analysis of PFAS in pore water has not
been demonstrated.
Water column: where the system involves a water column in equilibrium with the
sediments adopt the concentrations of PFOS and PFOA in the water column that
is in contact with the sediments. These concentrations need to be assessed
against the criteria set guidelines for aquatic systems the water column. For
example ANZECC/ARMCANZ values for freshwater ecosystem protection for
PFOS based on toxicological considerations, or where seafood is consumed, the
maximum permissible concentration based on protection of human health via
consumption of seafood (i.e. the bioaccumulation in food chain) (e.g. 0.65 ng/L for
PFOS (RIVM 2010)). This method assumes that representative concentrations of

CRC CARE Technical Report no. 43
Practitioner guide to risk-based assessment, remediation and management of PFAS site contamination

159

PFOS (RIVM 2010)). This method assumes that representative concentrations of
PFOS and PFOA in the water column can be determined; as noted above this can
be dependent on whether the system is at equilibrium (or a quasi-equilibrium flow
regime) and laboratory detection limits.
Assessment of the PFAS sediment, pore water and overlying water concentrations,
together with body burdens in benthic biota will provide important information in
assessing the impacts on aquatic biota and the potential for human health impacts.

2.5 Terrestrial ecosystems
Derivation of Australian ecological screening levels for PFOS and PFOA
The ESL derivation methodology has been adopted from NEPM 2013, Schedule B5b
(see also Heemsbergen et al 2009). The NEPM method recognises the SSD approach
used in the Australian and New Zealand Water Quality Guidelines
(ANZECC/ARMCANZ 2000). The SSD approach has since been revised as per
Warne et al (2015; 2017), and includes the updated Burrlioz 2.0 software and revisions
to the determination of reliability of species protection levels based on available data.
The values derived in this section are intended to assist in informing ecological risk
assessments.
A review of current literature (to 2015) has sourced PFOS and PFOA bioassay data
that are suitable for use in calculating ESLs based on Australian methodology
(Heemsbergen et al 2009; NEPM 2013, Schedule B5b). The quality of EC10, NOEC,
LOEC and LC50 data from chronic and acute toxicity tests using terrestrial organisms
has been assessed for quality using the ecotoxicology data quality assessment method
and is shown in tables 7 to 10 (Heemsbergen et al 2009; NEPM 2013, Schedule B5b;
Warne et al 2015; 2017).
In using the information available from toxicity studies, the one datum point that was
reported as an LC50 was divided by a default conversion factor of ten to derive an EC10
value. In a single case where the NOEC data was presented as a > value, the value
was recorded as the NOEC value. This will result in a conservative NOEC value.
Where there was more than one data point for a single species, the lowest chronic data
point was utilised in the SSD. Where an EC50 value was provided, this was divided by
five to calculate an EC10 value. For PFOA, both bacteria data points were utilised in the
SSD as the species composition in each study were assumed to be different.
It must be noted that all bioassays conducted on PFOS and PFOA used fresh
chemicals and there were insufficient data available to derive an application factor for
effects of ageing of PFOS and PFOA in soils. It can be expected that the majority of
PFOS and PFOA contamination in Australian environments is unlikely to be fresh,
given their use in primary sources (e.g. AFFF) has largely been phased out. However,
in the absence of data to show the effects of ageing on PFOS and PFOA toxicity, it is
considered the draft ESLs can be applied with caution to all PFOS and PFOA
contamination in the environment.
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Table B7 Data for PFOS toxicity in soils

Taxa
Wheat

A
U
A

Qu et al 2011
Zhao et al 2014
Li 2008

5d
5d
7d

NOEC
EC10
EC10

>200
71
72

200
71
72

71.6
71.6
81.4

A
A
A

Li 2008
Li 2008
Zhao i 2011

15 d

NOEC

34

34

58.8

A

Zhang et al 2011

500
44.7
80

78.4
70.6
68.6

A
A
A

Zareitalabad et al 2013b
Mayilswami et al 2014
Xu et al 2013

Endpoint

Triticum aestivum

Growth
Growth
Growth

7d
30 d
5d

Growth
Growth
Growth
Growth

Cucumber

Cucumis sativus

Microorganisms

69.6
48
71.6

Exposure
period

Lactuca sativa

Chinese cabbage

Acceptability

Effect

Lettuce

Pakchoi

Conversion
to EC10
(mg/kg)
100
1.0
24

%
QA

NOEC
NOEC
EC10

Effective
concentration
(mg/kg)
100
1.0
24

Organism

Brassica rapa
chinensis
Brassica rapa
pekinensis
Soil bacteria
Eisenia fetida

Biomass
40 d
NOEC
500
Survival
28 d
LC50
447
Earthworm
Growth
42 d
NOEC
80
A = Acceptable 51–79%; H = High quality ≥80%; EC10 values in bold were used in the SSD.

Reference

Table B8 PFOA toxicity data

Effect

Exposure
period

Endpoint

Effective
concentration
(mg/kg)

Conversion
to EC10
(mg/kg)

%
QA

Acceptability

Growth

30 d

NOEC

1.0

1.0

48

U

Zhao et al 2014

Growth

5d

EC50

170

34

71.6

A

Li 2008

Growth

5d

NOEC

812

812

71.6

A

Li 2008

Growth
5d
EC10
155
Growth
7d
EC10
103
Biomass
40 d
NOEC
500
Microorganisms Soil bacteria
Enzyme activity
28 d
EC50
80
Survival
40 d
LC50
84
Earthworm
Eisenia fetida
Growth
28 d
NOEC
10
A = Acceptable 51–79%; H = High quality ≥80%; EC10 values in bold were used in the SSD.

155
103
500
16
8.4
10

71.6
81.4
78.4
68.6
78.4
68.6

A
A
A
A
A
A

Li 2008
Zhao et al 2011
Zareitalabad et al 2013b
He et al 2016
Zareitalabad et al 2013b
He et al 2016

Organism
Wheat
Lettuce
Cucumber
Pakchoi

Name
Triticum
aestivum
Lactuca sativa
Cucumis
sativus
Brassica rapa
chinensis
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Reference

The data shown in table 7 and table 8 meet the quality assurance requirements for
deriving Australian ESLs for PFOS and PFOA with the exception of Zhao et al 2014.
The quality scores and the EC10 values are of acceptable quality (greater than 50%,
less than 80%). As discussed, any LC50 values were divided by a factor of ten and the
NOEC or EC10 values were used in the species sensitivity distribution. Due to the
format of the data presented in the literature (LC50, EC10 and NOEC) the EC30 could not
be derived as raw data were not provided. Therefore, the EC10 and NOEC values
were used in the SSD to derive a conservative ecological screening level instead of the
recommended EC30 (Heemsbergen et al 2009; Warne et al 2015; 2017).
The physico-chemistry of the culture media used in the bioassays listed earlier are
summarised in table 9. In general, the research conducted using soils did use natural
soils with varying total organic carbon content. However, insufficient data are available
to normalise the toxicity data used to derive the draft ESLs, and these properties
should be taken into account when applying the ESLs.
Table B9 Soil chemistry used in bioassays

Reference

Media

pH

Qu et al. 2010
Li 2008
Zareitalabad et al. 2013b
Zhang et al. 2011
Mayilswami et al.
Zhao et al. 2014
Xu et al. 2013
Zhao et al. 2011
He et al. 2016

Nutrient solution
Nutrient solution
Natural soil
Nutrient solution
Natural soil
Natural soil
Artificial soil
Natural soil
Natural soil

7.1
NA
6.8
NA
7.4
7.7
7.0
6.6
6.0

TOC
(%)
NA
NA
1.93
NA
2.38
4.11
NA
0.94
2.5

CEC
(Cmol/kg)
NA
NA
NA
NA
NA
38.5
NA
15
NA

Clay
(%)
NA
NA
17
NA
7.9
24
NA
15
6.6

Table B1 Classification of the reliability of the ecological screening levels calculated using PFOS
and PFOA data (Warne et al 2017)

Sample size

Data type

Adequacy of
sample size

Adequacy of
fit in SSD

Reliability

PFOS

7

Chronic

Adequate

Good

Moderate

PFOA

6

Chronic and
converted acute

Adequate

Good

Moderate
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Figure B3 SSD of PFOS soil toxicity data

Figure B4 SSD of PFOA soil toxicity data
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Table 11 shows the conservative moderate reliability draft ESLs derived from the SSD
for each land use for fresh PFOS and PFOA. Note that because of the large
extrapolation in deriving the 99% protection value, it is the least reliable number. The
standard species protection for each use (ie 60%, 80%) has been adjusted by 5% to
take into account biomagnification of PFOS and PFOA following NEPM 2013,
Schedule B5b (see also Heemsbergen et al. 2009; Warne et al. 2015 & 2017).
The draft values shown in table 11 have been calculated from results of bioassays
using fresh PFOS and PFOA and do not take into account the changing bioavailability
that occurs with ageing or total organic carbon (TOC) concentration in soils.
Table B2 Draft moderate reliability ESL values for PFOS and PFOA in soils

% Species protection

PFOS (mg/kg)

PFOA (mg/kg)

Commercial and industrial

65

60

38

Urban residential and
public open space

85

32

12

National parks/areas with
high ecological values

99

6.6

0.65

The draft ESLs shown in table 17 provide protection for chronic toxicity from direct
exposure. These ESLs do not take into account bioaccumulation through the food
chain. The standard species protection for each use has been adjusted by 5% to take
into account bioaccumulation of PFOS and PFOA.

2.5 Significance of bioaccumulation in biota and leaching
Bioaccumulation
International ecological screening levels for soil and water have sometimes been
derived using approaches which incorporate bioaccumulation considerations to a
greater extent than used in deriving Australian screening levels. The ASC NEPM
makes an allowance for bioaccumulation by arbitrarily adjusting the standard species
protection. This has been applied in the derived aquatic and terrestrial ESLs.
The UK Environment Agency advises that the key concern with PFOS is its role in
secondary poisoning – i.e. bio-concentrating and bio-accumulating in wildlife rather
than toxicity.
The UK Environment Agency (2009) states:
‘PFOS

is a very persistent, bio-accumulative and toxic substance.
PFOS is the perfluorooctane sulfonate anion, and is not a substance
as such. PNEC for soil has been derived at 46 μg kg-1 based on
plant data and the use of equilibrium partition theory (Environment
Agency 2004). However, the key environmental concern associated
with PFOS is in secondary poisoning for both the terrestrial and
especially the aquatic compartments. For the terrestrial compartment
a soil concentration that would lead to secondary effects for birds and
mammals consuming earthworms would be 0.0106 mg kg-1 (based
on a PNEC oral of 0.067 mg kg-1 wwt in food)’ (UK Environment
Agency 2009, p. 9).
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According to the ASC NEPM, terrestrial ESLs are derived on the basis of the impacts
of soil on organisms. Risk assessments should also consider impacts of contaminants
on secondary consumers in risk assessments where these are relevant. Site-specific
aspects of hazard and exposure including receptors and risk levels are to be
considered in the CSM. Often, data are not readily available to take into consideration
the movement of PFAS from soil into food chains. Australian soil types and climates
vary significantly within Australia (and compared with overseas jurisdictions) and these,
for example, would affect the fate, transport and behaviour of contaminants. For
example, USA has a strong focus on freshwater environments (given it has inland cities
dependent on fresh water/groundwater) but Australia’s focus is more on marine
environments (coastal cities).

Aquatic environments
In April 2016, CRC CARE and the Department of Environment and Energy (DoEE)
agreed that the assumptions and methodologies used in the development of draft
marine ESLs were consistent with the Australian methodologies, similar to the
derivation process undertaken for freshwater ESLs via DoEE.4 In December 2016, the
Commonwealth DoEE released draft Commonwealth Environmental Management
Guidance on PFOS and PFOA, which aimed to provide Commonwealth agencies with
a framework for the assessment and management of PFOS and PFOA contamination
on and potentially originating from Commonwealth sites (including airports subject to
the Airports Act, 1996) (DoEE, 2016). The DoEE draft guidance included draft
ecological guideline values for fresh and marine water. Aquatic guideline values are in
draft form and may change as part of the revision of the water quality guidelines that is
currently underway by the Commonwealth.
The practice in NSW OEH has been to adopt the draft freshwater guideline values for
both fresh and marine environments (NSW OEH 2017). One of the reasons for this
approach is that the only relevant multi-generation study available is that of a
freshwater species (zebrafish) i.e. multi-generational studies are not available from any
marine species. Interestingly, the zebrafish study also represents an anomalous data
point in the derivation of the draft freshwater ESLs, but one that is also difficult to
ignore given the significance of including a multi-generational study.
International screening levels typically range from <1.0 µg/L to 36 µg/L for freshwater
systems and 2.5 µg/L to 7.2 µg/L for marine waters (UK EA 2007; RIVM 2010). Marine
ESLs derived by CRC CARE (at 99% specific protection, for comparison) are well
below those recommended in international jurisdictions. It is important to adopt aquatic
ESLs in consultation with the relevant jurisdiction.
Bioaccumulation may be the main driving factor in risk assessments. Where secondary
effects in Australian organisms are of concern, it is recommended that a site-specific
ecological risk assessment be carried out following ASC NEPM guidelines. Additional
research may be needed where there is a potential for unacceptable risk to ecological
receptors.

4

At the time of drafting this document, the CRC CARE marine water ESLs are being prepared for
submission as part of the revision of the ANZECC & ARMCANZ (2000) guidance.
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Bioaccumulation in terrestrial environments
There are alternative screening approaches that have been developed elsewhere and
can be referred to when undertaking ecological risk assessments for particular
situations. For example, it is important that ecological assessments consider risks to
higher level avian predators e.g. cormorants, birds of prey, where the extent of
contamination and the range of these predators might put them at risk. An approach by
Canada involved developing dietary tissue residue guidelines (Environment Canada
2017). These guideline values are based on studies that seek to directly link laboratory
exposure to adverse effects in animals. Values to protect mammalian and avian
predators are 4.6 and 8.2 ng/g wet weight in food respectively. These values are
intended as benchmarks for the quality of the ambient environment and are based
solely on toxicological effects data (Environment and Climate Change Canada 2017).
NSW OEH (2017) adopts some of the Environment Canada (2017) biota ESLs – for
mammals, birds and bird eggs – and acknowledges that Australian wildlife and
Canadian wildlife species differ.
Giesy et al (2010) have also derived criteria for PFOS to protect avian wildlife based on
bioaccumulation and adverse impact concentrations on higher level avian consumers.
The screening level derived by Giesy et al (2010) to protect avian wildlife is 47 ng/L
PFOS.
Where secondary effects in Australian organisms are of concern, it is recommended
that a site-specific ecological risk assessment be carried out following ASC NEPM
guidelines. Additional research may be needed where there is a potential for
unacceptable risk to ecological receptors.

Leaching from soil
Environment and Climate Change Canada (2017) published draft Federal Environment
Quality Guidelines for PFOS, including soil quality guidelines, in February 2017:





Agricultural – 0.01 mg/kg
Residential/parkland – 0.01 mg/kg (adopted in NEMP (HEPA 2018))
Commercial – 0.14 mg/kg (coarse soil) (adopted in NEMP (HEPA 2018))
– 0.21 mg/kg (fine soil)
Industrial – 0.14 mg/kg (coarse soil) (as per above)
– 0.21 mg/kg (fine soil)

The derivation of the above soil quality guideline values is based on the Canadian
Council of Ministers of the Environment (CCME) protocol for deriving soil quality
guidelines, and differs from the ASC NEPM methodology. Some of the key differences
are that the Canadian values are protective of organisms in all trophic levels, protective
of freshwater life, protective of livestock and irrigation water, and of sensitive uses from
adjacent sites (e.g. agricultural land) exposed via off-site migration (e.g. soil erosion)
(CCME 2006). ASC NEPM Schedule B5b (including the Appendix) contains a review of
Australian approaches and assumptions, and comparison with overseas methods. This
can be helpful in understanding the relevance of the Canadian guidance.
There was insufficient information for CRC CARE to develop soil criteria protective of
livestock and plants grown for human consumption. The trigger levels for food
published by FSANZ are relevant, and directly measuring the uptake that results in
livestock and plants that are in contact with contaminated soil can provide an
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understanding of the acceptability of soil at a site. Requirements for protection of
aquatic ecosystems are included in earlier sections (e.g. sections 2.2.3 and 3.3 in this
practitioner guide), and should be referred to when evaluating impacts of contamination
that might derive from soil contamination on surface water. In relation to the inclusion of
all potential onsite and offsite risks.
The draft Commonwealth Environmental Management Guidance (CEMG) takes
account of previous work carried out by DoEE and by CRC CARE in developing
freshwater, marine water and soil ESLs (DoEE 2016):




Draft fresh water guideline values – refer to table 1
Draft marine water guideline values – refer to table 6
Draft soil ESLs – have since been updated by CRC CARE (refer to table 11). In
addition to the CRC CARE soil ESLs, the DoEE draft guidance recognises the
2015 Canadian Federal Environmental Quality Guidelines for soil in scenarios
where levels in adjacent surface water and groundwater bodies within 10 km are
not tested. The Canadian guidelines for soil were updated in February 2017.

Refer to in section 3.7 (in this practitioner guide) on developing CSMs for contaminated
sites (and in relation to HSL/ESL application in tables 9 and 18). Section 3.7 is not
designed to discuss leachates in the context of landfill disposal criteria for PFAS. Some
general information on landfill disposal is presented in section 4.3.2 in this practitioner
guide. Landfill disposal criteria for PFAS (including leachates) is specified in some
jurisdictions (e.g. NSW OEH and WA DER – refer to the NEMP).

2.7 Effects of ageing and soil properties on bioavailability
Contaminant ageing
All of the toxicity data presented in this document are based on exposure of organisms
to fresh PFOS and PFOA. Limited research into the effects of ageing on the
bioavailability of PFOS and PFOA to aquatic or soil-dwelling organisms was found at
the time of preparing this document, and there were insufficient data to derive an
application factor for ageing. Because of this, no allowance has been made for a
reduction in bioavailability of PFOS and PFOA through ageing. The observed longrange global distribution of PFAS and accumulation in exposed organisms supports the
conclusion that PFOS and PFOA remain soluble and potentially bioavailable
(Houde et al 2006; Butt et al 2008; Keller et al 2012; Fair et al 2013;
Greaves et al 2013; Leat et al 2013; Lucia et al 2015).

Soil properties
As discussed in section 3.4 of this practitioner guide, research conducted by
Das et al (2013) showed that PFOS adsorption to soils is strongly related to higher pH,
organic carbon and clay content and type as demonstrated by the bioaccumulation
factor determined by earthworm exposure. The higher content of organic matter and
clay could provide more sites for PFOS sorption, therefore reducing its bioavailability to
exposed worms. Further, the mineral lattice and micropores in soil aggregates may
also capture and fix organic chemicals, reducing their accessibility to soil organisms
(Hongjian 2009). In addition, research conducted by Zhang et al (2015a) in to the
contributions of soil/sediment components to PFOS adsorption showed that PFOS
affinity to humin/kerogen dominated PFOS adsorption due to its aliphatic and non-polar
parts which facilitate phase transfer and hydrophobic effect. The inorganic component
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of soils and sediments also provided a large contribution to PFOS adsorption possibly
due to the formation of chemical bonds. Therefore, the binding affinity and
bioavailability of PFOS in soils and sediments are determined by the composition and
properties of the soil/sediment matrix and these should be determined when assessing
the bioavailability of PFOS. PFOA does not show the same binding affinity to soils and
soil composition may not influence the bioavailability and toxicity of PFOA.

2.8 Application of ecological screening levels
There is insufficient information to predict either an ageing factor or an assessment
factor based on soil properties that can be applied to the ESLs to take into account
changes in bioavailability. Because of this, and in the absence of a well-established
approach to determine PFOS and PFOA bioavailability, it is recommended that
consideration of PFOS and PFOA bioavailability in soils should be undertaken using a
line of evidence approach. The result can be compared to the ESL for PFOS and
PFOA shown in table 17, following the NEPM (2013) ecological risk assessment
procedure. This can be expected to provide a conservative assessment of the
bioavailable fraction of PFOS and PFOA for use in an ecological risk assessment, and
avoids the need to determine either an ageing factor or a factor based on soil property
effects.
In addition to adopting this measure, it is recommended that consideration be given to
the properties of the soil (e.g. TOC, pH, CEC, particle size, clay content and type,
meso-pore fractions, and the organic carbon to total nitrogen ratio) and the structure of
the PFAS as linear and branched species have differing properties, as these
parameters can assist in understanding the potential for reduced bioavailability, and
hence provide additional lines of evidence to assist in the interpretation of the
chemistry results.
Measurements to determine bioavailability may also provide information on the
leachability of contaminants from soil, which may then be used to predict receiving
water or groundwater concentrations, which in turn may be compared with the relevant
water criteria. In general, as noted in section 3.3.5 of this practitioner guide, it is difficult
to predict the concentrations that will result in receiving waters and groundwater based
on soil concentrations and leachability determinations and it can be expected that, in
most cases, direct measurement of the receiving water or groundwater will provide
greatest certainty.
Some considerations for the application of ESLs:


Contaminant aging and soil properties – at present there is insufficient
information to predict the influence of contaminant aging or soil properties on
PFOS and PFOA bioavailability. The terrestrial ESLs assume 100% bioavailability,
and are appropriate for non-aged PFOS and PFOA contamination. Studies
suggest that the toxicity of PFOS and PFOA reduces with time (although there is
insufficient information to quantify this), and a line of evidence approach could be
adopted whereby consideration may be given to soil properties (e.g. TOC, pH,
CEC, particle size, clay content, meso-pore fractions, organic carbon to total
nitrogen ratio). Soil results are then compared with the ESLs following the NEPM
ecological risk assessment procedure. This can be expected to provide a
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conservative assessment of the bioavailable fraction of PFOS and PFOA for use in
an ecological risk assessment, and avoids the need to determine either an aging
factor or a factor based on soil property effects.
Sample extraction methods for evaluating impact on terrestrial and aquatic
organisms – The concentrations of PFOS and PFOA determined in sediment
samples can vary depending on the type of desorbant used, with methanol
extraction resulting in significantly higher concentrations than water extraction for
PFOS, but similar concentrations for PFOA (Victor et al 2015). It is possible that
the use of a methanol desorbant may overestimate the amount of PFOS that is
bioavailable to aquatic organisms. Similar considerations apply when determining
the bioavailability of PFOS in soil.
The ESLs apply to soil where the soil interacts with ecological systems, or may
interact in the future. If soil is permanently contained under a structure or building,
for example, the ESLs may have less relevance if the leaching potential is limited.
Local regulator’s guidance on the application of the ESLs should be referred to.
Australian regulatory agencies generally require that, where groundwater
discharges through a shoreline or bed of a river, that the benthic organisms at the
point of discharge (prior to dilution in the bulk receiving water) be protected.
Aquatic ecosystem protection is prescribed for groundwater dependent
ecosystems (e.g. stygofauna) as a protected environmental value of groundwater.
Location and extent of potentially affected area – Because of the potential for
PFAS to bioaccumulate, concentrations within the sediments at the point of
discharge may be elevated. When evaluating such areas, the environmental
values of the receiving environment must be taken into consideration. The extent
of shoreline or sediment that is potentially affected and its significance with respect
to the whole of the water body and associated sediment may be considered. If the
area of effect and contaminant loading are small and the environmental values are
not affected to any significant degree, it may be appropriate to conclude that it is a
low risk situation (this excludes the consideration of intentional release of
pollutants which would be unacceptable and subject to jurisdictional legislation).
However, such a conclusion would need to consider local regulatory requirements
and it may be necessary to consult with the relevant agency or auditor in finalising
a conclusion relating to such areas. For example, the ESLs do not consider other
environmental values such as public amenity and cultural and spiritual values that
may apply.
Bioaccumulation – PFOS is bioaccumulative, and the ESLs for protection of
ecosystems take this into account as follows (refer to Appendix C):
 For aquatic ecosystems, in the case of moderately modified freshwater and
marine ecosystems, the guideline for 99% protection of species for PFOS is
recommended to be applied rather than the criterion for protection of 95% of
species.
 For terrestrial ecosystems, an increase of 5% species protection is added to
the standard species protection levels for PFOS and PFOA.
Given the variability of ecosystems, it may be appropriate conduct site-specific
assessments using suitable data (see considerations for bioaccumulating
chemicals in ANZECC/ARMCANZ (2000)).
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3. Conclusions and recommendations
Sufficient toxicity data were available to use the SSD method to derive draft marine
guidelines and draft soil ESLs in accordance with Warne et al (2015; 2017), for both
PFOS and PFOA. The PFOS guidelines had higher reliability than those for PFOA due
to the number and type of toxicity data available. In applying the draft soil ESLs,
consideration should be given to soil characteristics and the age of the contamination.
The draft ESLs provide protection for chronic toxicity from direct exposure. These ESLs
do not take into account bioaccumulation through the food chain. The standard species
protection for each use has been adjusted by 5% to take into account bioaccumulation
of PFOS and PFOA.
It is important to note that draft ESLs are not compliance values and should not be
used as such. Additional investigations using a weight of evidence approach are
required if guidelines are exceeded and there are risks of potential adverse
environmental impacts.
Due to the amount of research currently being published on PFOS and PFOA toxicity, it
is recommended that the screening levels be reviewed periodically to capture recent
research and modify or validate this practitioner guide and draft ESLs.
As with many other screening values in this document, they remain draft until
appropriate processes have been completed, and this is expected to affect the timing
of their implementation.
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