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__ Stopping the release does not stop the PFAS flux IDOM
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Directive (EU) 2025/2360 Directive (EU) 2024/3019 - Directive (EU) 2026/805
— contaminated-site risk-based CSM — urban wastewater monitoring, — surface-water EQS and
non-domestic inputs and source control groundwater quality standards

A historical release can remain a current source of PFAS loading.



EU Directives — PFAS management

Directive EU 2024/3019 —
Urban wastewater

* Collecting systems and WWTPs
* PFAs monitoring

* Quaternary treatments
 Risk-based approach

» Receiving-water protection

Not a PFAS removal targets
No EPR PFAs obligations

1 July 2027 Transposition into national law
2033-2045 Q Treatments

Directive EU 2025/2360 —
Supporting CSM

 Potentially contaminated sites

* Risk-based assessment

» Source—pathway-receptor logic
» Conceptual site models

No harmonised EU PFAS soil
clean-up value.

26 November 2028 Transposition into national
law

Directive EU 2026/805 —
Water-quality endpoint

» Groundwater PFAS quality
standards

» Surface-water PFAS EQS
* Biota EQS

» Chemical-status objectives

Receptor standards—not automatic
soil targets.

21 Decembre 2027 Transposition into national
law



__ Directive (EU) 2026-805 IDOM

PFAS Environmental standards

RECEPTOR | METRIC | STANDARD | ASSESSMENT BASIS COMPONENTS / METHOD

Arithmetic sum of 20 PFAS; value imported from
GROUNDWATER 3 PFAS 0.10 pg/L Annual-average QS Directive (EU) 2020/2184

GROUNDWATER ¥4 PFAS 0.0044 ug/L  Annual-average QS PAR = [P = ATk & [PER, ikl
concentration of substances/isomers

SURFACE WATER 525 PFAS 0.0044 pgiL AA-EQS (inland + other 2 (concentration x compound-s_pecmc RPF),
waters) expressed as PFOA equivalents

0.077 pg/kg Biota EQS Same potency-weighted PFOA-equivalent method;

BIOTA 225 PFAS 7 ot it MAC-EQS is not applicable

Directive (EU) 2026/805, Annex il and VI Transposition by 21 December 2027
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The receptor integrates every source

IDOM

Industrial sources AFFF use = Landfills and waste Wastewater treatment 4§ Diffuse urban sources Atmospheric deposition
Manufacture / use Training areas m’ Waste disposal Urban and industrial inputs EEE Consumer products Industrial and global sources
Process wastewater Emergency response Leachate generation WWTP effluent

Urban runoff Wet and dry deposition
Spills and losses Foam storage Historical sites Sludge / biosolids Roads and infrastructure ' Atmospheric transport

Agricultural areas
8 Irrigation / soil uptake
Food chain

p——— River / lake »
Groundwater discharge ® (receptor)

to surface water

PFAS groundwater plume . 3

(mobile and persistent)

Sedlment exchange

<1_/ (resuspensmn / diffusion)

Contaminated soil
and fill

(secondary source)

Aquatic biota Drinking water
(receptor) (receptor)

Sewer and drainage Groundwater Sediment
(Pathway / potential source) (Pathway and receptor) (secondary source)

Multiple sources ——>  multiple pathways ——>  one integrated receptor

Water-body condition
reflects cumulative loading

WWTP effluent/sludge
Historical groundwater plume
Direct releases

Diffuse runoff / deposition

Sediment and bank exchange



Wastewater monitoring IDOM

WHAT MONITORING CAN WHAT IT CANNOT PROVE THE CSM
SHOW ALONE QUESTION
Which
pathway are
controlling
Temporal pattern Hydraulic connection PFAS
loading at
Treatment partitioning Relative receptor the
contribution

receptor?



PFAS primary and secondary sources

PRIMARY RELEASE PROCESS

What first introduced PFAS?

Industrial use « AFFF application ¢
wastewater discharge « waste
placement * land application ¢
emissions

SECONDARY SOURCE /
RESERVOIR

Where is PFAS mass retained now?

Soil « porous materials « waste *
sewer deposits * sediment
contaminated groundwater

PATHWAY / CONDUIT

How does PFAS move?

Leaching  runoff « groundwater flow
 sewers and drains - effluent «
atmospheric deposition



Distributed sources

IDOM

A release event can evolve into interacting subsurface reservoirs

Surface and infrastructure

Pavement ¢ concrete ¢ drains ¢ shallow soil

Vadose zone

Retention on soil solids and air—water interfaces.

Capillary fringe

Fluctuating water levels can mobilise retained mass
episodically.

Aquifer and matrix

Heterogeneity, low-permeability storage and back-
diffusion prolong release.
Surface-water interface

Groundwater discharge and sediment exchange
sustain receptor loading.



PFAS source characterization — hydrogeology challenges IDOM

WHERE IS THE MASS? HOW DOES WATER MOVE? HOW MUCH MASS LEAVES?
Release history Recharge and preferential flow Concentration x water flux
Depth-discrete inventory Hydraulic gradients Source depletion or persistence
Porous materials and low-K storage Seasonal and engineered controls Loading to groundwater and receptors

A useful CSM must explain contaminant distribution and water movement together.



The vadose zone — multiple release pathways IDOM

Heterogeneous release history

Repeated spills, foam use, runoff and changing
formulations

Preferential flow

Macropores, fill contacts, fractures and drains
bypass the matrix

Depth-discrete storage

Bulk shallow samples may miss deeper retained
mass

Transient saturation

Recharge and water-table changes alter
mobilisation




Prolonged source release IDOM

SOLID-WATER + AIR-WATER + LOW-K STORAGE )

LONG
RELEASE
TAIL

Sorption varies with Surfactant behaviour can Fine-grained units may store
compound, soil and water retain PFAS in unsaturated mass and release it slowly
chemistry pores

Retention can delay transport while preserving a source term for later mobilisation.



Precursors vs target PFAS

Targeted monitoring measures selected compounds, not the full future PFAS source term

RELEASE AND
SORPTION

Complex precursors released
at the surface. Strong retention
in shallow soils and air-water
interfaces.

Complex precursors &

in soil

? _5_QI: 4 9‘ »
- '_.'.‘i"‘

“li d &

Sorption to soil
and air-water interfaces

Migration with groundwater

OVER TIME

Biotic and abiotic processes Fluctuating water levels, Mobile PFAS migrate through Mixture of terminal PFAS
gradually transform precursors &% preferential flow and changing the aquifer, with attenuation, reaches the river, contribu
into mobile terminal PFAS. redox conditions release PFAS dilution and continued to concentrations in surfac
to groundwater. transformation of precursors. water, sediments and
ecosystems.

TRANSFORMATION ‘ 3 MOBILISATION 4 TRANSPORT 5 RECEPTOR IMPAC
\‘-u.“

Transformation bil inal
in the subsurface & Mobile terminal PFAS Mixture reaches

in gre
groundwater surface water

(advection, dispersion, attenuation)

Complex precursor

Intermediate transformation products
Terminal PFAS (e.g. PFCA-like)

Terminal PFAS (e.g. PFSA-like)

Continued transformation
and partitioning in surface wat
and sediments

TIME (YEARS TO DECADES)

IDOM

Target analysis

Quantifies compounds included in the analytical list at
sampling time.

Precursor reservoir

Polyfluorinated compounds may remain outside a
limited target list and transform over time.

Future terminal PFAAs

Transformation can generate persistent, mobile
terminal compounds after the original release.

Measured now # total fluorinated
mass # future PFAA load



Groundwater transport IDOM

Distributed PFAS sources Infiltration and runoff Landfill / waste Urban area Wastewater treatment plant Receiving water
Industrial use - AFFF - Waste disposal - to soil and groundwater Leachate generation Sewer network (infiltration) (receives multiple inputs) River / lake / wetland
Biosolids / land application + Urban areas

Plume architecture

Vertical and lateral distribution may be
strongly non-uniform

Hydraulic heterogeneity

" Unsaturated zone :/..% i1 s ; (SN S Ey et i
(vadose zone) v \ : R S L 2 Pumpingwell "

A small part of aquifer thickness may

(drinking water supply
carry much of the flow

/3

.- Heterogeneous S e i e : gl ¢ RS : : : = -
aquifer (sands and gravels) oA . i TS = | B : / S E |

Transient boundaries

Low-permeability layer

Sioltliclay) Pumping, river stage and recharge

change gradients and discharge

Deeper aquifer
" (possible connection)

Network design

PFAS in soil Heterogeneous aquifer High oabili Riverbed interaction
-permeability channel

and vadose zone (preferential pathways s ¢

(long-term storage) and low-permeability lenses)

Long screens can average
concentrations and miss narrow
pathways

(enhanced transport) (mixing and discharge)



Measuring PFAS mass and plume structure IDOM

Mass discharge rate

M, =//A](x,z)dA

Better indicator of source
strength

Unsaturated | |
zone

2D control plane

More meaningful measure of

Water tabl i
ater table plume loading

Saturated
aquifer

heterogeneity

Lower-permeability
unit

Better remediation
performance metric

Stronger link to receptor
impacts

| Accounts for plume

Example of application in a case study in New Mexico by Gray et al. 2025



e i

e .

Heads and gradients

Is groundwater gaining or losing at the river?

Discharge zones

Where does contaminated groundwater enter?

Temporal variability

How do river stage and recharge change flux?

Mixing and attenuation

What concentration and load reach the
receptor?

A receptor sample shows the
integrated outcome; it does not
locate the contributing source
zones.




Infrastructure systems IDOM

B Non-domestic wastewater -
(conveyance) Sewer exfiltration " \ Stormwater overflow
1 PFAS-containing process (release to soil) > (release to surface water)
] l wastewater discharged Ay Leakage from sewer joints R ‘ During heavy rainfall, combined
i Al to sewer system defects or manholes can ‘ ; v sewer overflows or stormwater
; — [ release PFAS to surrounding g v discharges can release PFAS
soil and groundwater ") < to rivers and other surface waters |

Conduit

Carries non-domestic wastewater or
contaminated runoff

. . |2
 Unsaturated zone sa 20ycnbined outfall
“(vadose zone) -

S R Retained sewer sediment |

Groundwater infiltration (secondary reservoir)
(to sewer) PFAS can accumulate in sewer

sediments and biofilms, acting
Groundwater can enter the sewer as an ongoing source.

through defects, joints or manholes, |-
carrying PFAS. &

Secondary reservoir

Sediment, deposits, residual water and
impacted bedding

Groundwater discharge
x = to surface water
PFAS groundwater plume ~ ; 2 PFAS-contaminated groundwater
(mobile and persistent) > s discharges to rivers, lakes or wetlands,
contributing to receiving-water concentra

-

e Receiving pathway
aqitard)

Groundwater infiltration can carry
legacy PFAS into the sewer

PR RO S T TN Y LR : Release mechanism
‘_ SEWER B e T e & Exfiltration, defective joints, overflow or
: ' L\ 1 i A :" |



Testable CSM - drives investigation and management plan IDOM

INDUSTRIAL SITE

« PFAS production/use

« Process wastewater

« Air emissions (deposition)
« Historical releases

LANDFILL

« PFAS-containing waste

« Leachate

« Landfill gas (air emissions)
« Historical releases

URBAN RUNOFF
* Surface runoff

DIRECT RELEASES
« Industrial discharges to surface water
+ Contaminated land runoff
« Airport/military (AFFF)

1 HYPOTHESIS

» Atmospheric deposition
« Consumer products
- . -

= Construction sites

State the suspected source, reservoir,
pathway and receptor connection.

* Bioaccumulation
« Wildlile expesure
« Ecosystemins

AGRICULTURAL SOURCES
« Biosolids application

+ Contaminated soils

» Diffuse inputs

« Households 5
¢+ Consumer products WASTEW'ATER TREATMENT PLANT
- « Conventional treatment

+Q (mic

« Monitoring (inlet and outlet) o e 3 * Bioaccumulation

SEWER NETWORK
« Combined / separate sewers
« Industrial discharges

2 PREDICTION

« Infiitration / inflow i . B - » Willifie exgpsure
: S ) « Ecesystem health

Define what should be observed if that
connection is correct.

HISTORICAL RELEASES
IN SOIL (VADOSE ZONE)
» Past industrial activities
« Firefighting (AFFF)

« Landfills

« Airport/military sites

« Transport and dllution

: S < 7y CIR-2 = Sediment interaction

H r \ - ~ N o = Ecological receptors

PFAS SORPTION H NG & = TN

B e e L 2§ 3 DISCRIMINATING TEST

« PFAS in sludge

; + Land application
PERSISTENT SUBSURFACE « Further management

i RESERVOIRS - A - = DRINKING WATER
LEACHING TO NS « Soil matrix T Aol T 5 ABSTRACTION
GROUNDWATER > * Low-permeability layers TP Rt « Rivers / reservoris
§ « Fractured rock ) = § « Groundwater
v i T * Ongoing source to groundwater ) - s « Water supply protection COASTAL WATERS
§ and surface water — AND SEDIMENTS
1 + Downstream transport
+ Sediment sink

o e s | N 4 UPDATE AND DECIDE

« Baseflow to river
= Hyporheic exchange

Collect the data that distinguish it from
competing explanations.

GROUNDWATER PLUME

« Dissolved PFAS and precusrors

« Long times

+ Diffusion low-permeability zones

Retain, revise or reject the hypothesis, then
prioritise action by mass contribution and
receptor relevance.

Sample to discriminate between competing source—pathway hypotheses—not simply to add data points.

A testable PFAS CSM links a source—pathway hypothesis to a prediction that field evidence

can confirm or reject.



Conclusions IDOM

01 Current source control is necessary

Directive 2024/3019 strengthens evidence and controls within the wastewater pathway.

02  Historical does not mean inactive

Secondary reservoirs can continue generating present-day PFAS flux.

03 Hydrogeology determines contribution

Source-zone inventory, pathway connectivity and water flux control receptor loading.

04 The CSM connects evidence to action

Prioritise mass contribution and receptor relevance—not concentration alone.



Thank you for your attention!




Three approaches to PFAS plume flux assessment

From source to receptor - linking point flux, control-plane discharge and receptor load
AFFF / Industrial source
(e.g. airport, fire training, manufacturing) _ Monitoring well (mm)
Tl (multi-level flux meter) = o A
, (stream / drainage)

Direct local mass flux — Control-plane mass discharge —
passive flux meter transect calculation
-~ Passive flux meters r — 4, Foreach well and depth interval:
/[ at multiple depths E i -wmmwmmpﬂt‘:(mr')
; .; | o Mydraulic conductivty, K (m d)
PFAS mass flux, J { H 'wduwcmm‘(-)
(ugm-2d) E l i mu:s:wﬂ;w) ‘
! J stormwater,
=g X ¢ — o { , surface runoff,
J. q 2 C_' Wl Well2 Well3 Weld Logl=CxQ s i)
. Jugm2d M;=Z(CxKxixA) Load: gd~' or g yr*
* q = groundwater Darcy flux (m d”) Mg:gdorgyr’ C = PFAS concentration (ng L™ or pg L)
= C & = n Concentration-only
C = PFAS concentration (ug L} J il Q = measured discharge {m* d') monitoring is not a
L . flux metric.
2 Concentrations (ug L) indicate
Point flux Receptor load contamination levels, not mass
(J, g m=2 d-) (total oad,  ECEENNp | 1 dichergoorboad
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