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PFAS Introduction

3

PFAS comprises many thousands of 
compounds –multiple sources 

PFAS are impacting drinking water 
worldwide

Some PFAS are classed as persistent 
organic pollutants

Advanced analytical methods are 
being adopted to measure PFAS

None of the PFASs biodegrade, some 
biotransform to daughter compounds 
that are extremely persistent

Dramatically increasing regulatory 
concern
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PFAS - Properties and Implications

October 26, 2017 4

PFAS plumes are generally longer as PFAS are generally:

• Highly soluble 

• Low KOC

• Recalcitrant – extreme persistence

• Mostly Anionic

Chemical 

Properties

PCB  

(Arochlor

1260)

PFOA PFOS TCE Benzene

Molecular 

Weight
357.7 414.07 538 131.5 78.11

Solubility (@20-

25°C), mg/L
0.0027 3400 – 9500 519 1100 1780

Vapor Pressure 

(@25°C), mmHg
4.05x10-5 0.5-10 2.48x10-6 77.5 97

Henry’s 

Constant, atm-

m3/mol

4.6x10-3 1.01x10-4 3.05x10-9 0.01 0.0056

Log Koc 5 – 7 2.06 2.57 2.473 2.13

Property of Arcadis, all rights reserved 
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Perfluorinated compounds (PFCs)

PFAAs totally resist biodegradation & biotransformation so are extremely persistent

• Perfluorinated Compounds 
(PFCs) generally are the 
Perfluoroalkyl acids (PFAAs)

• PFAAs include:

• Perfluoralkyl carboxylates 
(PFCAs) e.g. PFOA

• Perfluoroalkyl sulfonates (PFSAs) 
e.g. PFOS

• Perfluoroalkyl phosphinic acids 
(PFPiS); perfluoroalkyl
phosphonic acids (PFPAs)

• There are many PFAAs with 
differing chain lengths, PFOS 
and PFOA have 8 carbons (C8) -
octanoates

July 2016 5

C1 Methane

C2 Ethane

C3 Propane

C4 Butane

C5 Pentane

C6 Hexane

C7 Heptane

C8 Octane

C9 Nonane

C10 Decane

C11 Unodecane

C12 Dodecane

C13 Tridecane

C14 Tetradecane

Property of Arcadis, all rights reserved 
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x

Let‘s start with three key concepts
1. What is Risk?

3. Source-Pathway-Receptor linkages2. Suitable for Use
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Conceptual Site Model
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Buncefield

• Explosion measured at 2.4 on the richter scale

• 786,000 litres of foam concentrate used

• 53 million litres of 'clean water' applied to fire

• 15 million litres of water recycled and reapplied 
to fire

• 10 million litres of water moved on site to 
protect the environment

October 26, 2017 8
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• Immediate clean-up operation to uplift 50 million litres liquid –trucked 
to London, stored 18 months and treated with reverse osmosis

• PFOS to be present in approximately 12,000m3 of shallow soils (<2m 
below ground level) 

• Prevent infiltration through to the underlying Principal Aquifer

• Concentrations ranged from 0.005 to 3.5mg/kg with an average 
concentration of 0.82mg/kg

• Key SPR linkages identified

• Sources

– Fuel

– Firewater (PFOS)

• Receptors

– Shallow soils

– Chalk Aquifer

– Drinking Water Abstraction (3.5km east)

October 26, 2017 11

Buncefield Environmental Project

• Pathways

• Infiltration

• Offsite migration
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Buncefield CSM

• Majority of Fire water recovered

• Soak away for adjacent road excavated 
through overlying clay layer which protects the 
underlying chalk aquifer

• Protecting clay layer punctured

• Soak away dimensions small so limited volume 
of firewater entered aquifer

• Site Specific Acceptance Criteria (SSAC) were 
developed for PFOS based on the Environment 
Agency compliance criteria of 0.3ug/l and 1ug/l 
at receptor to yield SSACs

| 24 October 2012 | © ARCADIS 2012
Slide 
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Agreed Risk Management Strategies

• Shallow Soil

• Removal of LNAPL/heavily impacted soils

• Cut infiltration pathway to the underlying aquifer

– capping project

– terminal rebuild project

• Chalk Aquifer

• Recovery of LNAPL from groundwater

• Removal of contaminant mass from centre of Site via 
groundwater pumping

• Monitored Natural Attenuation

October 26, 2017 15
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56,000 m3 of water extracted ~1kg of PFOS.
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Dual-Porosity Conceptual Model

Matrix

Fractures

Primary Porosity

• Also known as immobile porosity 

• Porosity within the bedrock matrix

Secondary Porosity

• Also known as mobile porosity 

• Porosity within bedrock fractures

Site Information

• Immobile porosity: 35%

• Mobile porosity: 0.1%

• Implication: the bedrock matrix can store about 350 times more 

groundwater and chemicals than the bedrock fractures.
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Chemical 
Source

Bedrock 
Matrix

Diffusion of chemical 
into bedrock matrix

Bedding plane fracture with 
flowing groundwater 
(advection)

Dual-Porosity Conceptual Model

Concentration profile

When a chemical source is introduced at an open, flowing bedrock fracture:
• Chemical is transported along the fracture via advection and dispersion

• A concentration gradient is created between the fracture and the bedrock matrix

• Chemical is transported into the bedrock matrix via diffusion

• The matrix diffusion process results in slower plume velocity (i.e. retardation) 
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Clean Water 
Flush

Bedrock 
Matrix

Diffusion of chemical out of the 
bedrock matrix

Bedding plane 
fracture with flowing 
groundwater 
(advection)

Dual-Porosity Conceptual Model

When a clean water flush (i.e. remediation) is attempted in a bedrock fracture:

• Clean water is transported along the fracture via advection

• A chemical concentration gradient develops from the bedrock matrix to the fracture

• Chemical is transported via diffusion from the bedrock matrix into the fracture (i.e., 

“reverse diffusion”)

• The reverse diffusion process can cause rebound during remediation efforts
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• Parallel plate model simulates 
groundwater flow in a series of 
open, flowing fractures

• Solutes are transported in fractures 
via advection and dispersion

• Solutes are transported to and 
from the bedrock matrix via 
diffusion

Modeling Approach
Dual-Porosity Conceptual Model
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Anion Exclusion Hypothesis

October 26, 2017 22

• Comparing transport of PFOS and MTBE allowed us to gain insight 

into factors controlling PFOS transport

• PFOS Diffusion Coefficient Estimates

Standard estimation value: 3.3 x 10-6 cm2/sec
Measured value: 4.1 x 10-7 cm2/sec

• Dual-Porosity-Derived Retardation Factor

• PFOS:   221  -equates to plume progressing 29 m/y

• MTBE:  378  -equates to plume progressing 17 m/y

• PFOS transport velocity was significantly lower than the average 

linear groundwater velocity (6,497 m/y)

• The dual-porosity retardation factor for PFOS was lower than 

MTBE, indicating PFOS is more mobile than MTBE in this setting 

• Additional mechanisms impeding PFOS diffusion into the Chalk 

suggested
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Investigation, Risk Assessment and Remediation of 
Multiple PFAS Source Zones at an Airport to Safeguard 
an at Risk Water Supply
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Guernsey

Drinking water derived principally from surface water

October 26, 2017 25
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UK Drinking Water Inspectorate

October 26, 2017 26

(October 2009)

Water supply companies must risk assess 
potential sources of PFOA/PFOA  which 
might affect their supply system and 
undertake monitoring.

While 0.3ug/L are the trigger, target guidance 
levels are 1.0ug/L PFOS & 5.0ug/L PFOA.
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Strategy for Managing PFOS in Guernsey

Arcadis have been working with Guernsey since 2008. The work 
included the following:

• Desk Based Review & Preliminary Risk Assessment

• Intrusive Assessments and Monitoring

• Fate & Transport Modelling (Quantitative Risk Assessment)

• Management/Remediation Strategy

• Interim Emergency Response Measures

• Implementation of Remedial Management Strategies

October 26, 2017 27
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Guernsey Site Setting
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Initial Objectives

• Quantify the extent of PFOS impacts in soil and water
within the airport boundaries;

• Determine whether the identified PFOS impacts represent
a significant risk to the potable water supply;

• Identify the most cost effective and pragmatic method of
managing any on-going PFAS impacts within the
reservoirs and water catchment areas

October 26, 2017 29
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Channel Island Airport
Site Setting and Drivers

Setting

• Densely populated island communities

• Surface water dominated drinking water 
supply

• Airport – topographical high point within 
water supply catchments

• Shallow water table (<0.5m bgl)

Source

• Fire fighting foam usage

Drivers

• To provide a sustainable solution which 
would protect drinking water sources and 
the wider environment in the short, medium 
and longer terms

October 26, 2017 30
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Guernsey Incidents & Foam Usage

Four of the above locations were considered  priority and were subject to remediation. 

Eleven locations were identified where AFFF has been used. Following investigations
by Arcadis, 7 main areas were found to be impacted with PFOS:

• Fire Training Area (GAFT)

• G-BNCY crash site 1997 (GAFC)

• Fire Tender Incident 2002 (GAFE)

• Fire Station Area and Old Fire Training Area (GAFS)

• Central Area Site (Herald Crash - 1984) (GAHD)

• Runway End (GARE)

• Forest Road Crash Site 1999 (GAPP)

October 26, 2017 31
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Incidents & Foam Usage

• 11 locations were identified where airport
firefighting foam containing PFAS had been
used

• 7 of these areas were found to be impacted
with PFAS.

• 4 locations were then prioritised and were
subject to further investigations and
remediation, including:

– Fire Training Area

– Fire Tender Incident

– Fire Station Area

– 1999 Crash Site

• Interim Emergency Response Measures

– Sampling adjacent to fire station revealed
elevated PFOS concentrations entering drainage

– Localised dewatering quickly established to
prevent ongoing migration of PFOS

October 26, 2017 32
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Fate & Transport Modelling – Site Specific Detailed 
Quantitative Risk Assessment

• Site Detailed quantitative risk 
assessment (DQRA) of the 
delineated PFOS soil and water 
impacts

• Modelling for alternative locations 
and likely volumes of PFOS 
impacted material that would be 
moved during any airport 
redevelopment works.

• Site specific model in order to 
model accurately the anticipated 
migration of the PFOS

October 26, 2017 33
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Calculating Attenuation Linkage Model (CALM)

To assess fate and transport processes of identified 
PFOS concentrations a numerical was compiled with 
the primary interlinking elements:

• PFOS within soils beneath the airport, leaching into 
groundwater and migrating into surface water

• PFOS within the surface water system, mixing and 
diluting as it flows to the reservoir

• PFOS within the reservoir, entering, mixing and 
diluting via the streams and being abstracted  

October 26, 2017 34
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Calculating Attenuation Linkage Model (CALM)
Reservoir Inlet Flow Model 

October 26, 2017 37
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Calculating Attenuation Linkage Model (CALM)
Soil Source Leaching Model 
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Calculating Attenuation Linkage Model (CALM)
Reservoir Mixing Model 
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PFOS Mass Removal & Containment

• Removal of the PFOS impacted soil that was 
considered to act as a PFOS source into the 
groundwater

• Excavations of impacted soils carried out at 4 
locations

• All excavated material was then isolated in a 
specifically designed bund to the front of the 
airport terminal building

• 15,000 tons of PFOS contaminated soils within a 
dedicated waste management cell, which also 
acted as a sound barrier.

October 26, 2017 41
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• Designed in 2009 by Arcadis

• Capacity 20L/s  

• Capture of water leaving airport 

towards reservoir, treatment and 

discharge away from reservoir

• Treatment of 200 million m3 of 

water containing up to 300 mg/L 

(ppb) PFOS

• Consistent treatment 

performance using granulated 

activated carbon to less than UK 

regulatory standards

Groundwater Treatment
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Results

• Systematic and robust approach with the aim 
of efficiently and cost effectively assessing the 
risks

• Development of short, medium and long term 
solutions to protect the population’s drinking 
water supply

• Within 9 months of assessment a solution was 
developed and implemented which reduced 
PFOS concentrations in the drinking water 
supply by 75%

• Further reductions in PFOS concentrations 
were ensured in the medium and longer term

October 26, 2017 43
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October 26, 2017

45



PFC’s to PFASs / REGULATORY CLIMATE / 
PFAS DISTRIBUTION

Evolution of regulatory understanding globally 
and global distribution

Property of Arcadis, all rights reserved 
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Polyfluorinated Compounds -Precursors

Thousands of polyfluorinated precursors to PFAAs have 
been commercially synthesized for bulk products

The common feature of the precursors is that they will 
biotransform to make PFAA’s as persistent “dead end” 
daughter products

PFAS do not biodegrade i.e. mineralise

Some precursors are fluorotelomers

Some are cationic (positively charged) or zwitterionic
(mixed charges) –this influences their fate and transport 
in the environment

Cationic / zwitterionic PFAS tend to be less mobile than 
anionic PFAAs and so can potentially be retained longer 
in “source zones”

Environmental fate and transport will be complex as 
PFAS comprise multiple chain lengths and charges

PFOA

Property of Arcadis, all rights reserved 



© Arcadis 2016 26 October 2017

Useful Graphics
48

Diversity of PFAS Characterised in AFFF

Property of Arcadis, all rights reserved 
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Aerobic Biotransformation Funnel –Precursors converted to PFAAs
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Human Exposure to PFAS

Drinking water

Food

House dust

Indoor air

Outdoor air

Consumer products

• Fluoropolymers inc. side chain 
polymers

• Fluorosurfactants

• Performance chemicals

• Product residuals

Main exposure

Precursor

PFAA
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PFAS Exposure, Distribution, and Elimination 
in Humans

EXPOSURE DISTRIBUTION                                                    ELIMINATION

• Most exposure is likely from 

ingestion of contaminated food 

or water

• Exposure can also comes from:

• Breast milk

• Air

• Dust (especially for 

children)

• Skin contact with various 

consumer products

• Elimination of PFOS, PFHxS and 
PFOA from the human body takes 
some years, whereas elimination of 
shorter chain PFAS are in the range of 
days 

• Apart from chain length, blood half-
lives of PFAS are also dependent on 
gender, PFAS-structure (branched vs. 
straight isomers), PFAS-type 
(sulfonates vs. carboxylates) and 
species.

• Elimination mainly by urine.

• PFAS bind to proteins, not to fats.

• Highest concentrations are found in 

blood, liver, kidneys, lung, spleen 

and bone marrow.

• Long chain PFAS such as PFOS, 

PFHxS and PFOA have 

bioaccumulative properties.

• Shorter chain PFAS generally have a 

lower bioaccumulation potential, 

although there may be some 

exceptions.

Property of Arcadis, all rights reserved 
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Toxicity for Humans
• Exposure mainly by ingestion

• PFAS bind to proteins (not to lipids / fats) and are mainly 
detected in blood, liver and kidneys 

• PFOS: carcinogenity “suggestive” (US EPA, 2014). PFOA: 
“possibly carcinogenic” (International Agency for Research 
on Cancer, IARC, 2014)

• Study with 656 children demonstrated elevated exposure to 
PFOS & PFOA are associated with reduced humoral 
immune response [1]

• Large epidemiological study of 69,000 persons found 
probable link between elevated PFOA blood levels and the 
following diseases: high cholesterol, ulcerative colitis, thyroid 
disease, testicular cancer, kidney cancer and preeclampsia –
C8 science panel [2]

• European Food Safety Authority (2008) established a TDI for 
PFOS and PFOA of 150 ng/kg bw/day and 1.500 ng/kg 
bw/day

• USEPA has selected a Reference Dose for PFOS and PFOA 
of 20 ng/kg bw/day (May 2016)

[1]

[2] http://www.c8sciencepanel.org/ 
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Perfluorinated Compounds: Reproductive Toxicity

• Pregnant/breastfeeding mothers are the primary sensitive populations.

• Detected in breastmilk, umbilical cord blood, and amniotic fluid

• At birth infants have roughly equivalent serum levels as mothers.

• Levels in infants increases further after birth from breast milk or from water in
formulae

Skeletal 
Variations

Testicular 
Cancer

Persistent 
Liver Effects

Mammary 
Gland 

Development

USEPA Determine Safe Levels for Humans

NOAEL

• USEPA dismissed, New 
Jersey DWQI included 
(14ppt target for PFOA) 

Chronic toxicity study in rats, PFOA 

(Butenhoff et al 2012)

Study of PFOA exposure in mice 

during pregnancy (Lau et al. 2006) 

Hepatic mitochondrial alteration

in mice following prenatal 

exposure to PFOA (Quist et al. 2015)

Mammary gland sensitivity in mice 

(Tucker et al. 2015)
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Evolving Regulatory PFAS Values – Overview
Drinking, Surface and Ground Water (mg/l)

PFOS O=8

PFOA O=8

PFBS B=4

PFBA B=4

PFPeA/S Pe=5

PFHxA Hx=6

DENMARK
(Drinking & Groundwater)

FEDERAL
GERMANY

(Drinking Water)

(0.1)

UK
(Drinking Water)

AUSTRALIA
(Drinking Water)

(0.09)

THE NETHERLANDSUS EPA
(Drinking Water)

VERMONT
(Drinking Water)

MINNESOTA
(Drinking Water)

NEW JERSEY

CANADA
(Drinking Water)

PFHxS Hx=6

PFHpA Hp=7

PFOSA O=8

PFNA N=9

PFDA D=10

COMPOUND REGULATED AND CHAIN LENGTH KEY

(0.07)

ITALY
(Drinking Water)

(0.07)

TEXAS-Residential
(Groundwater)

0.56

(1)

0.3/
0.3/

0.3/

0.3/

0.3/

3/

7/

3/1/

.03
0.5

0.5

(0.1)

1

0.6
0.2

15

30

0.2
0.2

0.2

0.2

.014.013

(0.02)

.027
.035

7

7

0.56

0.29

34

71

.093
.093

0.56

0.29
0.37

.093

0.6

.53

.023
ground

drinking

0.5

drinkingdrinking.01
ground

0.29

SWEDEN
(Drinking Water)

(0.5)
(0.5)

(0.5)
(0.5)

(0.5)
(0.5)

5

STATE OF BADEN-
WÜRTTEMBERG

(Groundwater)

0.23/(0.3)

European Surface Waters (PFOS) 0.00065

Australian Surface Waters (PFOS)  0.00023

(0.07)

.005
.005

PENNSYLVANIA
(Drinking Water 

-proposed)
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PFAS in European Surface Waters

July 2016 56
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River PFOS (ng/l) Flow(m3/s)

Scheldt (Be, NL) 154 -

Seine (Fr) 97 80

Severn (UK) 238 33

Rhine (Ge) 32 1,170

Krka (Sl) 1,371 50
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European Surface Water Distribution

July 2016 57
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Groundwater Risks to Receptors

AFFF / FFFP / FP

Fire training

Incident Response Source – Pathway – Receptor  

High concentration, spill site, route 

via groundwater to receptor e.g. 

drinking water well

Diffuse

Ground level impacts and 

ground/surface water 

Landfill Leachate

Municipal / Domestic WWTP

Industry & Manufacturing

Agricultural Land

Commercial / Domestic Products

Metal Plating

ASTs –Fuel storage (FFFP / FP)

Grasshopper effect

via widening of source zones

e.g. concentrated plume 
intercepts crop spray irrigation to 
make secondary wider source 
area for more dilute plume 

?

?

?
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Excessive Costs

October 26, 2017
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http://greensciencepolicy.org/wp-

content/uploads/2016/09/Rolland-Weber-PFOS-

PFAS-German-activities-Final.pdf

Risk based approaches not adopted in Germany
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Detected in ~ 2% of large public water supplies

USEPA UMCR 3, May 2016

PFAS in US Public Water Supplies
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PFAS News 2016
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PFAS News
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Summary - PFAS Management..

• Better site characterisation

• Assess contaminants comprehensively – TOP assay

• Develop intelligent CSM 

• Use of detailed site specific quantitative risk assessment 

• Consider more sustainable risk management solutions

• Address public risk perception

• Emerging remedial technologies provide ingenious solutions 
for PFAS 
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Publications..
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Download at:
https://www.concawe.eu/publicatio
ns/558/40/Environmental-fate-and-
effects-of-poly-and-perfluoroalkyl-
substances-PFAS-report-no-8-16

https://www.concawe.eu/publications/558/40/Environmental-fate-and-effects-of-poly-and-perfluoroalkyl-substances-PFAS-report-no-8-16

