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Remediation Timeframe? 4

THICK silt/clay:
- Sale et al., 2008

- Matrix Diffusion ToolKit
(ESTCP, www.gsi-net.com)

Influencing factors: - Velocity
- Thickness
- Retardation
- Diffusion rate
- Transverse dispersion

- Length of clay lens
- Biodegradation
- Contact time



Modeling Challenges
• Analytical solutions not available for:

• Thin silt/clay lenses
• Enhanced degradation rates

• Numerical models
• Small grid spacing, time steps
• Prohibitive for 3-D models

• ISR-MT3DMS:  new approach
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Introduction
• Case Study #1 – Model limitations
• ISR-MT3DMS overview
• Case Study #2 – Florida site (thin clay)

• Model input estimation
• ISR-MT3DMS proof of concept, 

verification
• Timeframe sensitivity analysis
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Case Study #1 – Ontario Site

Acknowledgement:

Rick McGregor, President
InSitu Remediation Services Limited

rickm@IRSL.ca
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Case Study #1 – Ontario Site

Treatment zone Waterloo Emitter
Groundwater elevation contour Other injection well
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Sequenced Injections:
1. Surfactant (NAPL)
2. Hydrogen peroxide
3. CaO2
4. Waterloo emitters
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Model Grid

0 1 2 3

Scale, in meters

Minimum spacing = 4 inches
(Waterloo Emitter diameter)

2-D:  450 columns, 280 rows

Time step = 0.05 d

Phase I – 5 solutes
(4-hour run-time)

0 5 10

Scale, in meters

Phase I – Waterloo Emitters horizontal influence
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Phase I: Waterloo Emitters (t=3y)
Case 1:  PHC Koc = 5,000 mL/g

Case 2:  PHC Koc = 50,000 mL/g

Electron Donors:
• GRO, DRO, Fe(II)

Electron Acceptors:
• DO, Fe(III)s

Reactions:
• Instantaneous or 

first-order
• Reductive dissolution

Phase II model:
• Hydrogen peroxide
• CaPO
• GRO/DRO Conc.
• Diffusion into silt
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In Situ Remediation (ISR-MT3DMS)

MT3DMS v5.3

Carey, Van Geel, and Murphy (1999)

PUBLIC DOMAIN
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In Situ Remediation (ISR-MT3DMS)

MT3DMS v5.3

BioRedox RCT package

Carey, Van Geel, and Murphy (1999)

• Flexible reaction framework
• Redox zone visualization
• Mineral precip./dissolution
• Rate stimulation/inhibition
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In Situ Remediation (ISR-MT3DMS)

MT3DMS v5.3

BioRedox RCT package

Contact Time Calculator

Optimization Metric

14



In Situ Remediation (ISR-MT3DMS)

MT3DMS v5.3

BioRedox RCT package

Contact Time Calculator

NAPL Depletion Model
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In Situ Remediation (ISR-MT3DMS)

MT3DMS v5.3

BioRedox RCT package

Contact Time Calculator

NAPL Depletion Model

Local Domain Approach
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Large model linked to local 
1-D model(s).



Local Domain Approach 17

Area of interest for modeling diffusion

Global Model Domain



Cross-Section in Global Model (3 layers)18

Sand Seam #1

SILT

Sand Seam #2

Source Area

Global model domain



Local Model Domains for Silt
(1-D Diffusion)
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Sand Seam #1

SILT

Sand Seam #2

Area of Interest
Multiple 1-D vertical (Local) models

are linked to sand seam
concentrations in global model.

Silt layer is inactive to transport in global model.



Local Domain Approach

Local domain
(clay with limited 
extent, 50 layers)

Global domain

1 2 3

Each clay lens:
10 to 100+ layers

100+ layers

Each clay lens:
20 to 100+ layers

Water Table
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Case Study #2 – Florida Site

Approx. source zone extent

Site Characteristics
• Beach sand aquifer
• Continuous, thin clay 

layer across site
• Other discontinuous, 

thin silt/clay layers
• Multiple, thin 

suspended DNAPL 
layers in source zone

Extraction Well
Transect

Injection Well
Transect

Source: Modified from Parker et al., 2008
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TVOC Trend at MW-2B

1

10

100

1,000

10,000

100,000

2002 2003 2004 2005 2006 2007 2008

TV
O

C
 C

on
ce

nt
ra

tio
n 

(u
g/

L)

Year

TCE MCL = 5 ug/L

Hydraulic isolation system 
started August 2002

Expected trend
without back-diffusion

Observed Trend

Source: Modified from Parker et al., 2008
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2-D Model Grid

v = 130 ft/y
αtv = 1.5 mm

v = 65 ft/y
αtv = 1.5 mm
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200 columns, 158 rows (layers)
Minimum grid spacing: z = 1.25 cm, x = 0.5 m

Run-time = 45 minutes for 85-y simulation (t = 0.24 d)

Clay layer thickness = 0.2 m, foc = 0.5%

TCE pool
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2-D Model Grid
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TCE pool: S=1100 mg/L, 5 m x 0.05 m

16 layers
in clay

C=1,100 mg/L

t=35 y t=85 y0

TCE
Source
Model
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DNAPL source removed at t=35 y.



2-D Model: Horizontal Wells

Distance (m)

E
le

va
tio

n 
(ft

)
RTF versus clay layer length?  (C < 0.005 mg/L)

x 
= 

5 
m

x 
= 

10
 m

x 
= 

25
 m

x 
= 

50
 m

x 
= 

75
 m

x 
= 

10
0 

m

25



Multiple Well Screen Lengths
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Influence of screen length on remediation timeframe?
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Well lengths = 0.1, 1.5, and 3 m
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 = 0.25 to 0.40
(average 0.33)

Carey, McBean, and Feenstra, 2015d

 = 0.77 K0.40

R2 = 0.85

 proportional to e ( not t )
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Transverse Dispersivity (LE) vs. K

Carey, McBean, and Feenstra, 2015e
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Note – results not shown for glass bead studies.
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Dispersivity Influence on 
Remediation Timeframe
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Transverse Dispersivity vs. Velocity
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Non-equilibrium transverse dispersion
at high velocity:
- Klenk and Grathwohl, 2002
- Chiogna et al., 2010
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Simulated TCE After Source Removal

t = 0

Mclay = 136 kg
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Mclay = TCE mass in clay assuming 20 m width.
t = time since source removal.

t = 20 y

Mclay = 1.1 kg

t = 30 y

Mclay = 0.06 kg

30 years after source removal:  
99.96% mass depletion in clay, avg. Cwell = 12 to 126 ug/L

Md into top of clay = 15% to 40% of Md from DNAPL pool.
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Local Domain Approach
Local domain x = 5 m, clay thickness varied.

Local Domain
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Example C:

5 m

1,000 950 900 850 800 750 700 650 600 550

Avg. C=775

Global model

Global model



Local Domain Dispersion

v2

v1 Hydrodynamic Dispersion (Dz)

De = Do 

Dm = αtv vx

Dz = Dm + De

(diffusion)

(mechanical
mixing)

(combined)
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Influence of Mechanical Mixing
• Horizontal velocity above clay - increases 

transverse dispersion and mass flux 
into/out of clay (3x higher at this site)

• 1-D models or flux calculations typically 
based on De (Dm assumed to be zero)
• May substantially underestimate mass 

flux into and out of clay

Flux = -Dz  C / x
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No Local domains 200 Local domains
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Remediation Timeframe
200 Local domains 20 Local domainsNo Local domains

x = 0.5 m
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38



Sensitivity Analysis:
Length of Clay Layer

L1 ~ 30 ft

L2 ~ 300 ft

Length x 10 RTF x 2
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Sensitivity Analysis:
Velocity (x=50 m, scrn L=3 m)
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Influence of Contact Time (Thin Layer)

x = 50 m, Well screen L = 3 m
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Contact time - between DNAPL and clay layer.
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Sensitivity Analysis:
Well Screen Length

4 inch 10 ft 5 ft 10 ft

RTF + 
25% to 40%

RTF + 8%

Sand
ClayScreen L:

RTF RTF

Shorter screen  Longer RTF
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Sensitivity Analysis:
Well Screen Length

4 inch 10 ft5 ft

Sand
Clay

Example
10-ft well:     RTF = 30 y
5-ft well:       RTF + 3 y
4-inch well:  RTF + 8 to 12 y

MW-1 MW-2 MW-3

Distance of 15 to 300 ft from source.
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Conclusions

• ISR-MT3DMS – Local Domain
• Proof of concept, verification

• Model inputs:  and αtv

• Mechanical mixing vs. diffusion
• Back-diffusion in thin layers: RTF 

most sensitive to v, b, foc
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ISR-MT3DMS Next Steps
• On-going development, verification

• Short course at Battelle symposium in 
May 2015
• NDM and ISR-MT3DMS
• Beta version release

• GUI Developers
• Target release date:  2016  (FREE)

Demonstration sites (w/reactions) & beta testing
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Questions?

Grant Carey
Porewater Solutions

613-270-9458
gcarey@porewater.com
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Local Domain Approach
1. Global domain section (example)

0.2 m clay layer

sand

sand
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Local Domain Approach
2. Inactive transport in clay zone, in global domain.
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Local Domain Approach
3. Insert 200 local domains (x = 0.5 m, z = 1.25 cm).
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Local Domain Approach
4. Associate global domain conc. with local domain boundaries.
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Local Domain Boundary Conditions
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CLD-BC = Cglobal

CLD-BC = Cglobal

Scenario A – same vertical discretization in local and global domains
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Local Domain Boundary Conditions
E
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Scenario B – Global domain has larger vertical grid spacing.

CLD-BC = Cglobal x fmult

CLD-BC = Cglobal x fmult
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fmult Trends (t = 3 to 85 y)
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fmult = C1 / Cavg

Narrow range in fmult over x and time – suggests average may be used to 
define local domain boundary condition with coarser global domain grid 
spacing (to be confirmed).

(travel time from source to d/g boundary ~ 2.5 years)

53



Example Applications
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Example Applications
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Global domain

Local domain
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Modeling Goals at Complex Sites

• Improve process understanding

• Optimize remediation performance

• Timeframe range (RTF)

• Establish realistic expectations

Interpretive Tool
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