
PFAS Visualization Case 
Studies for Improving 
Conceptual Models

By Grant Carey, Ph.D.
Porewater Solutions

Email: gcarey@porewater.com

1



2

PFAS Site Characterization
GW/Soil Samples
• Up to 40 PFAS analytes

• Precursors and regulated PFAS
• Organic co-chemicals
• Redox indicators



How Can We Effectively Communicate PFAS Results?
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Radial Diagram and Stacked Bar Maps
1. Identify chemical & location exceedances

2. Plume delineation

3. Short vs long-chain 

4. Precursor transformations 

5. Flow path attenuation

6. Site vs background

7. TOP assay results 

8. Remediation monitoring

9. Source differentiation forensics
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ITRC PFAS Guidance: Radial Diagram Examples



Case Study Outline
PFAS site characterization (SD AFB)

PFAS remediation (Navy site)
• PlumeStop® barrier

Chlorinated solvent remediation: (Regenesis site, MI)
• 3-D Microemulsion® (3Dme)
• PlumeStop®, Hydrogen Releasing CompoundTM (HRC), Bio-

Dechlor Inoculum® Plus (BDI+)

Redox zone delineation (MI AFB, MI Landfill)

Visual PFASTM Overview
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PFAS Site Characterization
South Dakota AFB

Section 1

Copyright 2024 Porewater Solutions 7

PFCAs
%

%

%

%

%

%

In Submittal to Remediation Journal

gcarey@porewater.com



8

Acknowledgements

Copyright 2024 Porewater Solutions

Rita Krebs

Jeremiah Duncan, Ph.D. 

Gabriel Carey
Mia Rebeiro-Tunstall
Gillian Carey
Kiera Rooney



Copyright 2024 Porewater Solutions 9

AFFF Source Areas
AFFF
Area Location

AFFF-1 Current FTA

AFFF-2a
AFFF-2b

70, 80, 90 Rows; and
Outfall #3

AFFF-3 Building 618

AFFF-4 Former Fire Station
(Building 7506)

AFFF-5 B-52 Crash (1972)
AFFF-6 B-1 Crash (1988)

AFFF-7 Delta Taxiway West Crash 
(2000)

AFFF-8 Marten Crash (2006)
AFFF-9 Crash 4 (2001)

AFFF-10 Wastewater Treatment Plant

AFFF-11 Spray Nozzle Test Area

AFFF-12 Building 88240
OU-1 Former Fire Training Area

AFFF: Aqueous film-forming foam
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Impacts from AFFF Products
ITRC AFFF Fact Sheet (2024)

Legacy ECF
(Late 1960s-2002)

Legacy FT
(Late 1970s-2016)

Modern FT

High PFOS, PFHxS
Lower PFCAs (e.g., PFOA)

High FtS
High PFCAs (PFBA  PFOA)

Lower PFSAs

ECF: Electrochemical Fluorination
FT:   Fluorotelomerization

Long-chain Short-chain

Product differentiation clues:
• PFSAs vs PFCAs
• Long-chain vs short-chain PFCAs
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PFSAs Radial Diagram: Near-Source Well
GW-04

Precursor FHxSA  PFHxS

Radial Diagram Construction
1. Precursor and PFSAs 

• Transformation evidence
• PFHxS is a daughter product

2. Uniform axis ranges
• Identify chemicals with high/low C

3. Log scale
• Each tick mark interval = 10x change

i.e., 1 OoM
• Most PFAS sites vary by Orders of 

Magnitude
4. Minimize tick mark intervals

• Min range = 0.01 ug/L
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PFSAs Radial Diagram: Near-Source Well
GW-04

Monitoring Event Series: 2011

Reference Series: 
Source Maximum

Precursor FHxSA  PFHxS
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PFSAs Radial Diagram: Near-Source Well
GW-04

PFOS     1.5 OoM

Monitoring Event Series: 2011

Reference Series: 
Source Maximum

Declining concentrations from source area
FHxSA:

PFBS, PFHxS:
PFOS:

1 OoM
0.5 OoM
1.5 OoM
OoM: Orders of Magnitude
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PFSAs Radial Diagram: Trends Along Flow Path
GW-04

Exceedance
Non-detect

DO Infusion
Well

Reference: McGuire et al. (2014)
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PFSAs Radial Diagram: Trends Along Flow Path
GW-04

Exceedance
Non-detect

MW89-105

DO Infusion
Well
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AFFF Source Areas: PFAS of Concern

Site Maximum Source Maximum

Site Inspection (SI) Results
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AFFF Source Areas: PFAS of Concern

Site Maximum Source Maximum

Site Inspection (SI) Results
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Stacked Bar Chart Example

AFFF Product:
Electrochemical Fluorination 

(ECF) Process

AFFF Product:
Fluorotelomerization

(FT) Process
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Stacked Bar Chart Example
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Source Area Short vs Long-Chain PFCAs

Short-Chain
PFCAs

Long-Chain
PFCAs
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Stacked Bar vs Pie Chart Maps

Advantages of Stacked 
Bar Maps:
• Estimating proportions

• More intuitive (short-
to long-chain)

• Comparing between 
wells
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OU-1 (Former FTA): 6:2 FtS Ratios

Reference
Ratio = 1

Well Ratios

6:2 FtS PFHxA

PFPeA

PFBA

Precursor Transformation Pathways
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OU-1 (Former FTA): 6:2 FtS Ratios

Reference
Ratio = 1

Well Ratios

OU-1
Former FTA

(FT001)

Former 
burn pit

+ DO Infusion Well
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OU-1 (Former FTA): TOP Assay Results
OU-1

Former FTA
(FT001)

Former 
burn pit



PFAS Remediation (PlumeStop®)
Navy Site

Section 2
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Non-detect
MCL exceedance
Pre-injection (Baseline)
Post-injection (3 months)
Post-injection (24 months)

PlumeStop® Barrier

~12 ft
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NESDI PRB Performance: PFSAs
PMW-1S PMW-2S PMW-3S PMW-4S

CAC Barrier

Pre-Injection

Post-Injection
(3 months)

Non-detect
MCL exceedance
Pre-injection (Baseline)
Post-injection (3 months)
Post-injection (24 months)

Copyright 2024 Porewater Solutions
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NESDI PRB Performance: PFSAs
PMW-1S PMW-2S PMW-3S PMW-4S

CAC Barrier

Pre-Injection

Post-Injection
(3 months)

Non-detect
MCL exceedance
Pre-injection (Baseline)
Post-injection (3 months)
Post-injection (24 months)

Post-Injection
(24 months)

Copyright 2024 Porewater Solutions



29

NESDI PRB Performance: PFSAs
PMW-1S PMW-2S PMW-3S PMW-4S

CAC Barrier

Non-detect
MCL exceedance
Pre-injection (Baseline)
Post-injection (3 months)
Post-injection (24 months)
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NESDI PRB Performance: PFSAs
PMW-1S PMW-2S PMW-3S PMW-4S

CAC Barrier

Non-detect
MCL exceedance
Pre-injection (Baseline)
Post-injection (3 months)
Post-injection (24 months)

Copyright 2024 Porewater Solutions

Post-Injection
(3 months)

Post-Injection
(24 months)
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NESDI PRB Performance: PFCAs
PMW-1S PMW-2S PMW-3S PMW-4S

CAC Barrier

Pre-Injection

Post-Injection
(3 months)

Non-detect
MCL exceedance
Pre-injection (Baseline)
Post-injection (3 months)
Post-injection (24 months)
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NESDI PRB Performance : PFCAs
PMW-1S PMW-2S PMW-3S PMW-4S

CAC Barrier

Pre-Injection

Post-Injection
(3 months)

Non-detect
MCL exceedance
Pre-injection (Baseline)
Post-injection (3 months)
Post-injection (24 months)

Post-Injection
(24 months)
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NESDI PRB Performance : PFCAs
PMW-1S PMW-2S PMW-3S PMW-4S

CAC Barrier

Non-detect
MCL exceedance
Pre-injection (Baseline)
Post-injection (3 months)
Post-injection (24 months)

PFBA

PFPeA PFHxA

PFHpA

PFOAPFNA

Copyright 2024 Porewater Solutions



Michigan Case Study
Regenesis Remediation

Section 3
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www.Regenesis.com
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Site Setting

Area of Interest Source & Plume Transects
3DMe

Average well spacing:  15 feet

Plume Transects
PlumeStop®, HRC, BDI+

Average well spacing:  10 feet

2011, 2013

2015

3DMe:  3-D Microemulsion®
PlumeStop®: Colloidal activated carbon
HRC: Hydrogen Release Compound
BDI+: Bio-Dechlor Inoculum Plus®

N
Area of Interest
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CAH Radial Diagram (MW-230)

RBSL Exceedance

Non-detect

Pre-remediation
(2010)

Post-remediation
(2016)

TCE, cis-DCE: 

Vinyl Chloride: 

4 OoM

2.5 OoM

OoM: Orders of Magnitude
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CAH Radial Diagram Map
MW-116

MW-218

MW-230

MW-214

MW-105

MW-106

MW-101



Unique Redox 
Radial Diagram Method

Section 4
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0 10 20

Horizontal Scale, in meters

Aerobic

Nitrate-reducing
Iron-reducing
Sulfate-reducing

Methanogenic

Sulfate-reducing

Wurtsmith AFB, MI

0.1110 0.010.11101001000

Aerobic

Note:  all concentrations in mg/L.

2011

2016



Biogeochemical Processes

Electron
Donor

Electron
Acceptor

Inorganic 
Electron
Acceptors:
• O2

• NO3

• Mn(s)  Mn2+

• Fe(s)  Fe2+

• SO4

• CO2  CH4

Electron Transfer

H2 and
carbon for 
cell growth

Energy for
metabolism

40

Metabolic Byproducts



TCE Degradation by Redox Zone

0

100

200

300

400

500

1 2 3 4 5 6

TC
E 

Ha
lf-

Li
fe

 (d
ay

s)

N
o 

De
gr

ad
at

io
n

N
o 

De
gr

ad
at

io
n
1 d

231 d

63 d
42 d

Ha
lf-
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s)

OXD COM

Aerobic Zones

NO3 Fe(II) SO4 CH4

Strongly Anaerobic

Moderately Anaerobic

Slightly Anaerobic
Cometabolism (e.g. DO + methane)

Anaerobic Reducing Zones
41
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Redox Radial Diagrams: MI Superfund Site

Landfill

Drum Area

Background (Aerobic)

Strongly Anaerobic

Moderately Anaerobic

Iron(II)

Sulfate

Source Area
(anaerobic)

Iron(II)



Redox Diagram: Electron Acceptors (EA)

0.1110012345

Nitrate

DO

Units in mg/L

Sulfate

Fe(II)

Methane

Aerobic zone:
High EA concentrations

Mn(II)

22

EA: Electron Acceptor



Redox Diagram: Metabolic By-Products (MB)

0.1110012345

Nitrate

DO

Units in mg/L

Sulfate

Mn(II)

Fe(II)

Methane

Aerobic zone:
Low MB concentrations

23

MB: Metabolic Byproduct



0.1110012345

Redox Diagram: Aerobic (Background)
Nitrate

DO

Units in mg/L

Sulfate

Mn(II)

Fe(II)

Methane
24



Redox Diagram: Strongly Anaerobic at Well
Nitrate

DO

Units in mg/L

Sulfate

Mn(II)

Fe(II)

Methane

Background (aerobic)

Well Concentrations

25a



Redox Zone Transition

Aerobic
Slightly

Anaerobic
Moderately
Anaerobic

Strongly
Anaerobic

Methane
(mg/L)

Sulfate
(mg/L)

Fe(II)
(mg/L)

Mn(II)
(mg/L)

Nitrate
(mg/L)

DO
(mg/L)Location

<0.00125<0.1<0.01105Aerobic

<0.001250.30.130.3Slightly Anaerobic
0.011852<0.010.1Moderately Anaerobic
0.7252<0.010.1Strongly Anaerobic

Radial diagrams are ideal for plotting relationships between 
redox indicators at each monitoring well.

47



Copyright 2024 Porewater Solutions 48

Redox Radial Diagram Map (Regenesis site)

Aerobic

Note:  all concentrations in mg/L.

2011

2016

MW-101

MW-105

MW-106

SB-214

SB-230

SB-218
MW-116



49

Redox Zone Case Study: Wurtsmith AFB, MI

Aerobic

Nitrate-reducing
Iron-reducing
Sulfate-reducing

Methanogenic

Sulfate-reducing

Nitrate

Oxygen

Dissolved
Iron

Sulfate

Methane

All concentrations in mg/L.

Data Reference: Chapelle et al. (1996)



Charleston Naval Weapons Station, South Carolina

USGS, 2009 Emulsified Oil
Pilot Test Area

Redox Indicators

• 7 wells
• 6 redox indicators
• 12 events

500 data points

50



Charleston NWS Relative Redox Area by Zone

Aerobic NO3-reduction Fe-reduction SO4-reduction Methanogenesis

RRA=100% RRA=62% RRA=53% RRA=35% RRA=20%

Mn-reduction

DO

NO3 Mn(II)

Fe(II)

SO4CH4

DO

NO3 Mn(II)

Fe(II)

SO4CH4

DO

NO3 Mn(II)

Fe(II)

SO4CH4

DO

NO3 Mn(II)

Fe(II)

SO4CH4

DO

NO3 Mn(II)

Fe(II)

SO4CH4

DO

NO3 Mn(II)

Fe(II)

SO4CH4

RRA=78%

RRA=100% RRA=78% RRA=60% RRA=42% RRA=24%

Wurtsmith AFB redox zone thresholds (p. 1.57):

51

RRA = Relative Redox Area
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Redox Zone Case Study: Charlseton, SC
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tiv
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do

x 
Ar

ea
 (R

RA
)

Date

Location
Days Since 

Injection 
5/13/2004

Sample Date
Dissolved 
Oxygen 
(mg/L)

Nitrate
 (mg/L)

Manganese 
(mg/L)

Dissolved 
Iron (mg/L)

Sulfate 
(mg/L)

Methane 
(µg/L)

17PSI-02 -43 3/31/04 1.48 <0.5 0.390 33 91.5 53.2
17PSI-02 20 6/2/04 0.39 <0.5 0.570 150 18.0 47.4
17PSI-02 111 9/1/04 0.42 <0.5 0.510 160 <0.5 42.6
17PSI-02 188 11/17/04 0.14 <0.5 0.530 210 <0.5 256.3
17PSI-02 271 2/8/05 0.44 1.0/1.0 0.550 210 0.95 429.6
17PSI-02 377 5/25/05 0.19 < 0.5 0.660 210 < 0.5 1135
17PSI-02 468 8/24/05 0.35 < 0.5 0.630 180 < 0.5 812.8
17PSI-02 684 3/28/06 0.68 <0.5 0.590 210 <0.5 1933.2
17PSI-02 865 9/25/06 0.62 <0.5 0.530 60 <0.5 1366.9
17PSI-02 951 12/20/06 NM <0.5 0.100 6.9 28.3 2135.8
17PSI-02 1062 4/10/07 0.36 <0.5 0.300 0.6 32.8/35.8 9433.9
17PSI-02 1252 10/17/07 0.80 <0.5 0.230 1.5 <0.5 5269.8
17PSI-07 -43 3/31/04 3.93 <0.5 0.370 24 102.5 40.7
17PSI-07 20 6/2/04 0.60 <0.5 0.710 180 1.8 53.7
17PSI-07 111 9/1/04 0.13 <0.5 0.820 300 0.5 26.6
17PSI-07 188 11/17/04 0.09 <0.5 0.740 240 <0.5 156.3
17PSI-07 271 2/8/05 0.48 <0.5 0.790 320 <0.5 151.7
17PSI-07 377 5/25/05 0.26 < 0.5 0.810 310 < 0.5 1469.4
17PSI-07 468 8/24/05 0.39 < 0.5 0.710 260 < 0.5 1816.0
17PSI-07 684 3/28/06 0.61 <0.5 0.530 420 <0.5 2121.1
17PSI-07 865 9/25/06 1.81 <0.5 0.620 320 <0.5 2684.9
17PSI-07 951 12/20/06 0.62 <0.5 0.750 220 <0.5/0.7 5509.0
17PSI-07 1062 4/10/07 0.98 <0.5 0.700 250 <0.5 4086.0
17PSI-07 1252 10/17/07 1.00 <0.5 0.720 120 <0.5 5377.2
17PSI-10 -43 3/31/04 4.05 <0.5 0.400 29 58.7 35.5
17PSI-10 20 6/2/04 0.47 <0.5 0.920 150 53.5/52.6 16.9
17PSI-10 111 9/1/04 0.26 <0.5 0.700 130 0.7 20.1
17PSI-10 188 11/17/04 0.14 <0.5 0.940 190 <0.5 27.2
17PSI-10 271 2/8/05 0.41 <0.5 0.830 220 <0.5 851.9
17PSI-10 377 5/25/05 0.32 < 0.5 0.800 220 < 0.5 2626.4
17PSI-10 468 8/24/05 0.45 < 0.5 1.200 190 < 0.5 1884.3
17PSI-10 684 3/28/06 0.56 <0.5 0.640 240 <0.5 2152.8
17PSI-10 866 9/26/06 0.52 <0.5 0.720 210 <0.5 4147.0
17PSI-10 951 12/20/06 0.74 <0.5 0.590 170 0.7 5972.8
17PSI-10 1062 4/10/07 0.51 <0.5 0.750 200 <0.5 9990.4
17PSI-10 1252 10/17/07 0.80 <0.5 0.510 40 <0.5/0.6 6651.4
17PSI-13 -43 3/31/04 4.66 <0.5 0.610 53 102.6 13.4
17PSI-13 20 6/2/04 0.74 <0.5 0.920 120 82.6 17.5
17PSI-13 111 9/1/04 0.19 <0.5 0.840 200 <0.5 14.3
17PSI-13 187 11/16/04 0.10 <0.5/<0.5 0.920 210 <0.5/<0.5 78.7
17PSI-13 271 2/8/05 0.39 <0.5 0.880 190 <0.5 534.5
17PSI-13 376 5/24/05 0.29 <0.5/<0.5 0.800 160 <0.5/<0.5 3441.6
17PSI-13 468 8/24/05 0.35 < 0.5 0.990 160 < 0.5 2550.7
17PSI-13 684 3/28/06 NA <0.5 0.880 260 <0.5 1105.7
17PSI-13 866 9/26/06 0.56 <0.5 0.830 180 <0.5 5069.7
17PSI-13 951 12/20/06 0.81 <0.5 0.850 260 1.1 5540.8
17PSI-13 1062 4/10/07 0.46 <0.5 0.840 280 <0.5 7879.1
17PSI-13 1252 10/17/07 0.60 <0.5 0.570 90 <0.5 9099.5
17PS-01 -42 4/1/04 0.67 <0.5 0.630 78 65.5 27.2
17PS-01 20 6/2/04 1.14 <0.5 0.720 120 44.1/44.6 25.8
17PS-01 111 9/1/04 0.15 <0.5 0.540 110 15.3 37.7
17PS-01 187 11/16/04 0.17 <0.5 0.780 130 23.4 33.1
17PS-01 271 2/8/05 0.23 <0.5 0.680 150 27.9 145.0
17PS-01 377 5/25/05 0.34 < 0.5 0.690 130 20.3 231.9
17PS-01 468 8/24/05 0.33 < 0.5 0.570 190 21.6 92.2
17PS-01 685 3/29/06 0.49 <0.5 0.490 210 30.9 261.2
17PS-01 866 9/26/06 0.81 <0.5 0.690 110 <0.5 1232.6
17PS-01 951 12/20/06 NA <0.5 0.190 7.2 1.4 7415.3
17PS-01 1062 4/10/07 0.72 <0.5 0.050 1.0 <0.5 11308.5
17PS-01 1252 10/17/07 0.20 1.3 0.230 2.1 0.5 7759.2
17PS-02 -42 4/1/04 1.50 <0.5 0.560 50 58 30.8
17PS-02 20 6/2/04 3.36 <0.5 0.740 81 5.4 30.6
17PS-02 111 9/1/04 0.14 <0.5 0.570 170 15.0 36.7
17PS-02 187 11/16/04 0.16 <0.5 0.590 150 2.8 66.0
17PS-02 271 2/8/05 0.20 <0.5/<0.5 0.520 120 10.0 1144.8
17PS-02 377 5/25/05 0.47 < 0.5 0.660 92 6.7 1176.5
17PS-02 468 8/24/05 0.32 < 0.5 0.540 150 20.8 1681.8
17PS-02 685 3/29/06 0.50 <0.5 0.550 130 14 3639.3
17PS-02 866 9/26/06 0.48 <0.5 0.620 170 2.8 2133.3
17PS-02 951 12/20/06 NA <0.5 0.180 1.10 9.6 9880.6
17PS-02 1062 4/10/07 0.75 <0.5 0.260 12.0 <0.5/0.57 8896.9
17PS-02 1252 10/17/07 0.40 1.1 0.075 0.41 <0.5 9148.4
17PS-03 -42 4/1/04 0.40 <0.5 0.680 69 77.5 36.0
17PS-03 20 6/2/04 1.22 <0.5 0.810 110 10.0 50.7
17PS-03 111 9/1/04 0.14 <0.5 0.460 130 <0.5 173.3
17PS-03 187 11/16/04 0.18 <0.5/<0.5 0.800 200 0.5/<0.5 2062.5
17PS-03 271 2/8/05 0.25 <0.5 0.570 180 <0.5 7737.5
17PS-03 377 5/25/05 0.31 < 0.5 0.700 180 < 0.5 4425.3
17PS-03 468 8/24/05 0.37 < 0.5 0.470 190 2.10 3136.5
17PS-03 685 3/29/06 0.44 <0.5 0.430 370 1.6 3522.2
17PS-03 866 9/26/06 0.57 <0.5 0.580 96 1.9 4852.4
17PS-03 951 12/20/06 NA <0.5 0.170 1.1 9.6/9.5 9839.1
17PS-03 1062 4/10/07 0.68 <0.5 0.055 0.38 5.0 4281.3
17PS-03 1252 10/17/07 0.40 1.3 0.120 0.58 <0.5 10127.1

Average RRA versus time in 
Pilot Test Area (IWs)

Phase I
Injection

Phase II
Injection

DO

NO3

Mn(II)

Fe(II)
SO4

CH4

Injection wells
Monitoring wells

Iron depletion in soil?

RRA: Relative Redox Area



Benefits of Radial Diagram & Stacked Bar Maps
• Powerful tool for visualizing chemical inter-relationships

• Parent/daughters, short-chain/long-chain, PFSAs vs PFCAs

• One radial diagram map may replace 5-10 chemical maps

• Visualize OoM reductions along flow path, and over time

• Natural and enhanced remediation trends

• Quickly show where chemicals exceed cleanup criteria

• Unique method for redox zone delineation
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Visual PFASTM For Site Characterization & Forensics
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https://waterservicestech.com/products/visual-pfas/

To learn more about a Visual PFASTM site license:

Retail: $1495 for
site (office) license

Introductory Offer:
20% Discount to May 1

($1195)

https://porewater.com
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Questions?

Grant R. Carey, Ph.D.
Porewater Solutions

gcarey@porewater.com
Phone: 613-890-2286

www.porewater.com/PFAS.html

Visual PFASTM

MCL Exceedance

Source Area

Well



Extra Slides
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MW-230 CAH Trends Over Time

TCE VC

cis-DCE

Ethene

RBSL Exceedance Non-Detect Note:  all concentrations in mg/L.

t=0 t=90 days t=190 days t=305 days t=510 days t=690 days

MW-230



In-Situ Remediation Model (ISR Model)
• Originally developed in 1998 as       

BioRedox-MT3DMS

• Field and research projects since 2017

• PFAS-related functionality
 PFAS adsorption to CAC
 Kinetic sorption
 Competitive adsorption
 CAC aging
 Colloid transport
 Branched decay chains

58

South Dakota Air Force Base

Navy Coastal Site
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Modeling Tidal Fluctuations

0.0001

0.001

0.01

0.1

1

10

100

1000

0 5 10 15 20 25 30

Co
nc

en
tr

at
io

n 
(u

g/
L)

Time (years)

a) CAC downgradient boundary
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Modeling Barrier PerformanceIn progress

Carey et al. (2023)

Carey et al. (2024)
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U.S. DoD SERDP/ESTCP Project Involvement

ESTCP ER24-8200

ESTCP ER20-5182

ESTCP ER21-3959

ESTCP ER21-1070

Two PFAS Remediation Models for Understanding 
and Managing PFAS in the Saturated Zone

Validation of Colloidal Activated Carbon for 
Preventing the Migration of PFAS in Groundwater

An Investigation of Factors Affecting In Situ PFAS
Immobilization by Activated Carbon

Hydraulic, Chemical, and Microbiological Effects of 
In Situ Activated Carbon Sorptive Barrier for PFAS 
Remediation in Coastal Sites

ESTCP ER25-8483 SERDP-ESTCP e-learning Modules: PFAS In-Situ 
Remediation


