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Motivation…Motivation…

Total Length = 900 ft
Screen Length = 400 ft
Screen Depth = 85 ft bgs
Well Diameter = 4 in

“…a thorough and
independent review of a 
selected number of DNAPL 
sites where sufficient 
documentation is available
to assess the performance 
of source depletion…”

Primary Research Need:



TEMPORAL CONCENTRATION DATA FROM 
59 CHLORINATED SOLVENT SITES 

FOUR SOURCE DEPLETION 
TECHNOLOGIES:

• Enhanced Biodeg.
• Chem. Oxidation
• Surfactants/Cosolv.
• Thermal Treatment

• Median Treatment  
Volume = 3,800 yd3

• ~70% Full-Scale  
Projects

Source:  McGuire et al., 2006, Ground Water Monitoring and Remediation



Well  # 1
Well  # 2
Well  # 3
Well  # 4

Well  # 1
Well  # 2
Well  # 3
Well  # 4

99.9
91.0
89.0

+ 10.0

99.9
91.0
89.0

+ 10.0

90.090.0
% Red’n% Red’n Site % Red’nSite % Red’n

DATA ANALYSIS METHODSDATA ANALYSIS METHODS

Compiled conc. vs. time data (before 
and after treatment) for up to 4 wells 
within treatment zone

PERFORMANCE:

t

C
Percent 

reduction
Percent 

reduction

Calculated geometric mean conc. 
of before treatment data and after 
treatment data;
Then calculated percent reduction 
for each well

Median percent reduction of all 
treatment zone wells as final 
performance metric

t

C

= Injection pt = Monitoring well



Surfactant/Cosolvent Treatment
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Temporal Records for Surfactant/Cosolvent Wells 

(4 Sites, 8 Wells)
Temporal Records for Surfactant/Cosolvent Wells 

(4 Sites, 8 Wells)

Any site achieve MCLs everywhere?  No



Thermal Treatment
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Temporal Records for Thermal Treatment Wells 

(6 Sites, 13 Wells) 
Temporal Records for Thermal Treatment Wells 

(6 Sites, 13 Wells) 

Any site achieve MCLs everywhere?  No



Enhanced Bioremediation
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Enhanced Bioremediation
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Temporal Records for Enhanced Biodegradation

(26 Sites, 68 Wells) 
Temporal Records for Enhanced Biodegradation

(26 Sites, 68 Wells) 

Any site achieve MCLs everywhere?  No



Chemical Oxidation
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(23 Sites, 58 Wells)
Temporal Records for Chemical Oxidation

(23 Sites, 58 Wells)

Any site achieve MCLs everywhere?  No



% REDUCTION IN PARENT DUE TO SOURCE DEPLETION
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% REDUCTION IN PARENT vs. TOTAL CVOC CONCENTRATION
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Post-Treatment 
Monitoring  Time (Years)

WHAT ABOUT REBOUND?       (Parent Compounds)



WHAT ABOUT REBOUND?
(PERCENT REDUCTION)
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Cost Study:  Data SourcesCost Study:  Data Sources

Peer-Reviewed Literature

ES&T
Groundwater
Groundwater Mon. & Rem.
J of Contaminant Hydrology
Surfactants and Cosolvents for 
NAPL Remediation
Battelle Conf. Proceedings

Agencies

FRTR
Florida DEP
ITRC
Lawrence Livermore 
TCEQ
U.S. EPA
U.S. DOD
U.S. DOE

Survey/Web Sites

SERDP Survey
CLU-IN Website; www.clu-in.org

Source:  McDade et al. 2005.  Remediation



Cost Evaluation – Total Project CostsCost Evaluation – Total Project Costs

$35,410,000$440,000$20,000Total

$20,000,000$1,065,322$138,000Thermal

$2,662,000$500,000$222,000
Surfactant/
Cosolvent

$1,270,000$230,000$73,000Chemical Oxidation

$35,410,000$354,000$20,000
Enhanced 
Bioremediation

MaximumMedianMinimumTechnology

Total Project Costs
Lowest Median 
Total Costs =
Chemical Oxidation

Highest Total 
Cost Variation = 
Enhanced 
Bioremediation

Lowest Median 
Total Costs =
Chemical Oxidation

Highest Median 
Total Costs =
Thermal

Groundwater 
Services, Inc.



Cost Evaluation – Cost per Volume BreakdownCost Evaluation – Cost per Volume Breakdown
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$27/yd3

$29/yd3

$225/yd3

$152/yd3

$20/yd3

$47/yd3

$125/yd3

$194/yd3

$518/yd3

$66/yd3

$118/yd3

$385/yd3

$1322/yd3

$5500/yd3

$32/yd3

$48/yd3

$88/yd3

$129/yd3

$300/yd3

Groundwater 
Services, Inc.

Source:  McDade et al. 2005.  Remediation
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Change in TCE Over TimeChange in TCE Over Time
Number: 13 sites, 21 wells

Median Duration: 10 years

Median % Change: - 81% 

Concentration Trend (MAROS Software)

• Increasing:  3 sites
• Stable:  3 sites
• Decreasing:  7 sites

TCE
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Median % Change:  -71% Median % Change:  -81%

Median % Change:  -86% Median % Change:   -99%

TEMPORAL TRENDS IN UNTREATED PLUME SOURCE ZONES

PCE:   9 sites, 17 wells TCE:   13 sites, 21 wells

DCE:   2 sites, 4 wells TCA:   6 sites, 10 wells



Two Different Types of Rate Constants

Lambda represents how quickly dissolved 
organics are biodegraded (half-life 
months or years)

kpoint or ks represents how quickly source
is being dissolved (half-life in years)

Reference:      
EPA 540/S-02/500 

Nov. 2002



EXAMPLE 
Cpoint vs. 
Time Curves
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kpoint = source decay
rate constant
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Over Time

Decreasing
Concentrations

Over Time

Median Half-life

PCE:  3.0 years
TCE:  6.1 years
DCE:  4.3 years
TCA:  2.0 years

Median Half-life

PCE:  3.0 years
TCE:  6.1 years
DCE:  4.3 years
TCA:  2.0 years

Max 
75th Percentile 
Median 
25th Percentile 

Min 

0.8 



Implication Implication 

Benefits of partial source depletion is reduced if source 
is decaying naturally.      For example:

If source depletion gives 88% reduction in concentration….

That is equal to 3 source decay half-lives…..

These untreated source zones need 
< 20 years to achieve same result (?)

(median decay values from 23 site database)
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HOW FAR DOES 
PLUME GO?

HOW LONG DOES 
MNA TAKE?

What Tools Do What

• BIOSCREEN

• BIOCHLOR

• MAROS

• SourceDK

• SERDP Eqns.



SourceDKSourceDK

How long will the source be there?

-Based on site data
-Based on simple model



http://www.afcee.brooks.af.mil/products/techtrans/models.asp





Simple Box Model

Estimates source attenuation from: 
– source mass estimate
– mass flux of contaminants leaving source
– biodegradation processes in source zone

Tier 2 Approach: 
Assume Source Zone Is a Box
Tier 2 Approach: 
Assume Source Zone Is a Box



Approach:  Assume Source Zone Is a BoxApproach:  Assume Source Zone Is a Box

Mo = Total Mass of    
BTEX in Source
ZoneQ = FLOW RATE 

THROUGH
SOURCE ZONE

Co = Concentration in Source
Zone at Time = 0

IF CONSTANT 
SOURCE 
CONCENTRATION:

t

Co Mo

Q Co
t =



Example Assuming Constant Source 
Conc. 
Example Assuming Constant Source 
Conc. 

Mo = Total Mass of    
BTEX in Source Zone
(Assume  10 kg)

Q = FLOW RATE 
THROUGH    
SOURCE ZONE

(Assume  500 L/Day)

Co = Concentration in Source
Zone at Time = 0 (Assume  2 mg/L)

Mo

Q Co

t

IF CONSTANT 
SOURCE 
CONCENTRATION: Co t =

10,000,000 
(500) (2)

=

10,000 days (27 yrs)t =

(~ 30 gal gas)



Better Approximation:  
Conc. Declines With Tail
Better Approximation:  
Conc. Declines With Tail

First Order Decay ModelFirst Order Decay Model

Conc.Conc.
in in 

SourceSource
Zone Zone 

timetime timetime

Conc.Conc.
in in 

SourceSource
Zone Zone 

CCtt =  C=  Coo x e (x e (--kksst)t)



Example Assuming Declining Source Conc.Example Assuming Declining Source Conc.

= 0.0001 
day-1

Mo = Total Mass of BTEX
in Source Zone
(Assume  10 kg)

Q = FLOW RATE 
THROUGH    
SOURCE ZONE
(Assume  500 L/Day)

Co = Concentration in Source
Zone at Time = 0 (Assume  2 mg/L)

IF DECLINING 
SOURCE 
CONCENTRATION:

ks =
Q Co (500) (2)

Mo 10,000,000 
=

t

Co

CCtt =  C=  Coo x  ex  e--0.00010.0001 tt



Example:  Source Concentration vs. TimeExample:  Source Concentration vs. Time

t  =  59,991 days or 164 yrst  =  59,991 days or 164 yrs

CCtt =  C=  Coo ee--ksksTime 
(days)

0

365

7,300

18,250

36,500

54,750

73,000

Time 
(years)

0

10

20

50

100

150

200

Source
Concentration

(mg/L)

2.0

1.4

0.96

0.32

0.052

0.008

0.001

t  =  ln (Ct  =  ln (Ctt /C/Coo)

-- kkss

t  =  ln (0.005 / 2 t  =  ln (0.005 / 2 )

-- 0.00010.0001

Rearrange eqn. to yield time:

t  =  73,000 days (200 yrs)t  =  73,000 days (200 yrs)
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REMEDIATION TIMEFRAME EQUATIONS - STEP FUNCTION REMEDIATION TIMEFRAME EQUATIONS - STEP FUNCTION 

RTFMNA: Remediation Timeframe MNA (Untreated Source Zone)
RTFSD: Remediation Timeframe with Source Depletion
RF: Remaining Fraction of Source Mass After Source Depletion

=  RF
RTFSD
RTFMNA

TERMS



FIRST ORDER DECAY MODEL - WITH AND WITHOUT SOURCE DEPLETION FIRST ORDER DECAY MODEL - WITH AND WITHOUT SOURCE DEPLETION 
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REMEDIATION TIMEFRAME EQUATIONS – FIRST ORDER DECAYREMEDIATION TIMEFRAME EQUATIONS – FIRST ORDER DECAY

TERMS

Cg = Concentration Goal (such as MCL)
C0 = Original Source Concentration

RF: Remaining Fraction of Source Mass After Source Depletion

=
ln Cg

C
0
RF

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

ln Cg
C

0

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

RTFSD
RTFMNA

Newell and 
Adamson, 2005
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“Benefits from Full-Scale Application of Source Depletion”

U.S. EPA, EPA/600-R-031/143, 2003.  Page 39



Qualitative Decision Chart: Definition of Thumbs Up  

If Thumbs Up, Apply Source Depletion

If Thumbs Down, Contain Source



Status of NAPL Zone: Expanding

Reduce Potential for 
DNAPL Migration as Separate Phase

Immobile, residual DNAPL 



Reduce Source Longevity and Reduce 
Long-term Management Requirements

Life-cycle containment cost  

Reliability of containment system

Resource value 

Probability that remediation 
timeframe can be signif. reduced? 

High

Low

High

High 

Low

High

Low

Low



Plume Status

Other Categories

Expanding Plume

Shrinking Plume

Travel Time to 
Receptor

< 2 years

No risk

Need for Rapid 
Clean Up 

High need

No need



Example:  Less Likely to Benefit from Source Depletion



Example:  More Likely to Benefit from Source Depletion
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www.gsi-net.com Groundwater 
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