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Road Map

• Natural Source Depletion (NSZD):  How it was Discovered and How it Works

• Adding Heat to Enhance NSZD

• Adding Oxygen to Enhance NSZD

• Experimental Concepts to Enhance NSZD
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Monitored Natural Attenuation (MNA)  versus 
Natural Source Zone Depletion (NSZD)
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MNA typically focuses on plumes: 

• Is plume stable?

• What is ultimate plume length?

• Dissolved Oxygen
• Nitrate
• Ferric iron (solid)
• Sulfate
• Methanogenesis



Groundwater Mass Flux vs. Vapor Phase Mass Flux
Horizontal Flux vs. Vertical Flux

Old NSZD Conceptual Model:  It’s all Horizontal Flux
NSZD is mostly from dissolution to groundwater

And it is very very slow…. 4



Johnson et al., 2006; Lundegard and Johnson, 2006; ITRC, 2009 

Johnson & Lundegard:
• Idea:  lets find pits using CO2 flux
• It didn’t work out as planned
• There is large upward vertical flux of 

CO2 throughout the entire LNAPL zone!

Photos:  M. Johnson, Cali. Dept. Fish and Wildlife

Lundegard and Johnson (2006) Guadalupe Oil Field
An Amazing Discovery
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The vertical NSZD signal is 10x to 100x larger than the 
horizontal NSZD signal!
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NSZD Applications:  Five Methods
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Five Methods

1.  The Gradient Method

2.  Dynamic Closed Chambers

3.  Carbon Dioxide Traps

4.  Thermal NSZD Methods

5.  LNAPL Compositional Analysis

Oxygen

CO2

Methane

1.0% initial 2.0% final
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=
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= 50% of initial total is remaining
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Acknowledgements:  Poonam Kulkarni, GSI and Sanjay Garg, Shell  



NAVFAC (2021) 10 Sites:  Does the LNAPL Type Matter?
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“With the exception of fuel-grade 
ethanol, the differences in median 
NSZD by fuel type (nat. gas liquid; 
mixed LNAPL; crude; gasoline, 
diesel/jet) were relatively small: 
470 -1,310 gal/acre/yr”

“The range of NSZD rates within each 
fuel type (>10x) was higher than the 
range of median attenuation rates 
between fuel types (<4x) suggesting 
that site factors other than fuel type 
are more important determinants of 
the NSZD rate at the site.”

NAVFAC, 2021

Fuel Type Fuel Carbon 
Range

Number of 
Distinct 

Sites 

Total No. of 
Measurements

Range of NSZD 
Rates 

Measured 
(gal/acre/yr)

Median NSZD 
Rate 

(gal/acre/yr)

Natural Gas Liquid* C3-C6 5 1,661 170 - 5,860 500
Mixed -- 6 855 190 - 6,100 470

Crude Oil C8-C44 2 77 240 - 2,560 820
Gasoline C5-C12 4 144 300 - 4,440 1,050

Diesel and Jet Fuel C9-C24 12 134 70 - 10,630 1,310
Fuel-Grade Ethanol C2H6O 2 183 13,200 - 16,300 14,700

Total 31 3,054 Median 935
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One Vision for “Enhanced Attenuation”
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ITRC, 2008



NSZD Conceptual Model 
(Most Sites)
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Methane Oxidation Zone

Unsat. Zone LNAPL

• Gas diffusion controls
• Soil moisture
• Temperature
• Soil Type

• Temperature
• Acetate buildup
• Protozoa predation
• Electron acceptors
• Nutrients via recharge

POTENTIAL CONTROLS
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Garg et al. (2017)



Wastewater Treatment 
Plant in Brooklyn, NY using 

anaerobic digesters

“The blue color is a 
symbol for calm, 

cleanliness, and purity, 
but it also serves to 

contrast the light of the 
city, which is 

predominantly amber 
or bright white”



Anaerobic Digesters:  Set the Oven to 40 °C
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Biodegradation Rates at ~ 2,000 
Hydrocarbon Groundwater Sites
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0.24 yr-1 0.26 yr-1 0.28 yr-1
0.35 yr-1

< 10 °C 10-15 °C 15-20 °C >20 °C

Kulkarni et al., 2021.



Sustainable Thermally Enhanced LNAPL Attenuation (STELA)
Active Methods to Add Heat to the Shallow Subsurface

13

Thermal Conductance Heating

Electrical Resistance Heating

PV Panels

Borehole Heat Exchangers

Natural 
Gas Pool 
Heater



Colorado State Soil Heating via Vertical 
Resistance Heating Points

Photos courtesy of 
Dr. Tom Sale



CSU Wyoming STELA Pilot Test
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STELA Pilot Test for LNAPL 
Refinery Site 

Source: Sale, 2011, Akhbari, 2013.



STELA Vertical Heating Elements – Configuration Options
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DRIFT
(may be less effective)

GRID



STELA Passive Methods to Add Heat:  Soil Solarization
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Key Points:  
• They want to kill weeds, pests.
• The agricultural field calls this plastic covering ”mulch”
• Lots of technology on the placement and kinds of plastic



Personal field 
trial of soil 
solarization



Updates on Solarization 
Research

CSU: Maria Renno, Emily Stockwell, Daria 
Ahkbari, Nolan Platt, Christina Ankrom, Jay Ham 

and Tom Sale
GSI: Poonam Kulkarni and Charles Newell

07/17/2015



CSU Soil Solarization “Temperature Only” Research
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Clear Plastic
Chipped Asphalt Two in One!

Chipped Asphalt 
Under Clear Plastic

Chipped Asphalt
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CSU Research:  Effective Seasonal Benefits from 
Solarization



NSZD Conceptual Model 
(Most Sites) (Garg et al.,2017)
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Methane Oxidation Zone

Unsat. Zone LNAPL

• Gas diffusion controls
• Soil moisture
• Temperature
• Soil Type

• Temperature
• Acetate buildup
• Protozoa predation
• Electron acceptors
• Nutrients via recharge

POTENTIAL CONTROLS
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What about 
oxygen addition?



• Air Force Bioventing Study
• 178 Sites
• 1988-1995

Bioventing Initiative Study Early 1990s



Bioventing Principle of Operation
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Soil Vapor 
Extraction 

(SVE)

Bioventing

1. Suck air out of the 
ground

2. You treat the 
vapors

1. Pump air into the 
ground

2.  Nature treats the 
vapors

Bioventing



Initial
(mg/kg-day)

After ~One Year
(mg/kg-day)

Median 5.3 1.5

Mean 10.6 3.1

Minimum 0.1 0.1

Maximum 91.4 16.0

Biodegradation Rates at 178 Bioventing Sites

Zero-order biodegradation rates 
calculated from oxygen utilization rates



Bioventing Correlations
And Oxygen Utilization Model
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Passive / Semi Passive Bioventing Approaches 
Baroballs (left) and Microblowers (right)



Experimental Concept:  A Geotechnical ”Sewing 
Machine” for Accessing the Subsurface:  Wick Drains

29

Wick Drains for Geotech Applications
§ Used to dewater soils such as hydraulic fill
§ Can put in 100s of these vertical sleeves (wick drains) per day
§ Water travels up the channels between the wick drain fabric 

and the corrugated center piece.

Wick Drains for Passive Bioventing?
• Put hundreds of wick drains, that increases diffusion of 

oxygen into tight soils

Wick Drain

Ca (21% O2)

Cs (0% O2)

4 ft 

O2 O2O2

O2



Table 1: Additional O2 Injected in Subsurface

Technology Baseline O2 
Diffusion (kg/yr)

Estimated Flow 
Rate (scfm)

Additional O2 
Injection (kg/yr)

Increase 
Factor

Wick Drains 847 -- 6,500 6.7
MicroBlowers 847 5 110,000 133
BaroBalls 847 0.5 9,400 10.1

Comparison of Passive/Semi-Passive 
Bioventing Technologies
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20 ft bgs
(dx)

Ca (21% O2)

Cs (0% O2)

Baseline O2 Diffusion

O2 

100 ft 

100 ft 

Assuming 100 ft x 100 ft plot….
Preliminary- 
may change 
significantly

625 Wick Drains:  4 foot spacing 
6 Microblower Wells:  20 ft spacing
11 Baroball Wells:  15 foot spacing



Unsat. Zone LNAPL
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Aerobic Bioventing Zone
(Slow air injection biodegrades 
LNAPL, generates low level heat)  
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Anaerobic NSZD Zone 
Warmed by Aerobic 

Biodegradation Above, 
Increasing NSZD Rate

Segmented Horizontal 
Well for Bioventing

Next Generation Segmented Horizontal Wells 
for Bioventing and Coupled Enhanced NSZD 

1. Bioventing Heats the 
Unsaturated Zone,

2. Which Warms the 
Saturated Zone, 

3. Which Can Increase 
Methanogenesis

Bioventing’s Beneficial Side Effect?



Bioventing

Heating

3 Experimental 
Technologies?

In-situ bioreactors

Technology Development Pyramid (Cherry et al., 1996)
Stages in the Evolution of New Remediation Technologies
Proven Technology:  “Known Performance for a Known Price”
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1. Start with Anaerobic 
Bioreactors: Could 
Recirculation
Alone Help Mix Acetate, 
control pH?

2. Add “neutral red” to 
enhance methanogenesis? 
(Beckmann et al., 2016; 
Manefield lab)

3. Fluctuate water table to 
help methane bubble to 
surface? 

Adapted from Federal Remediation RoundtableThree More 
Experimental Concepts 
to Enhance NSZD

#3

#1

#2



Wrap Up:  How to Enhance NSZD
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SPARE SLIDES



Traditional Bioventing Configuration



Traditional Bioventing Configuration



NSZD Five Methods:  A Quick Subjective Compare and Contrast
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Advantages? Disadvantages?

1.  The Gradient Method Two ways:  O2 and CO2

Need vapor probes, sensitive to soil De, need 
background correction, vertical 1D assumption not 
always valid

2.  Dynamic Closed 
Chambers Quick, good for spatial snapshot Spatial, temporal variability, not applicable on paved 

surfaces, need background correction

3.  Carbon Dioxide Traps Easy to use, 14C analysis (background 
correction)

Spatial, temporal variability, more difficult to  apply 
to paved surfaces

4. Thermal NSZD Methods Good temporal coverage, likely can use 
existing wells

Equipment cost, thermal conductivity estimate, need 
background correction if < 1 year of data

5.  LNAPL Composition No drilling needed, no background 
correction 

Need LNAPL compositions from same location over 
long periods of time intervals (>5-10 yrs)

Comparison of Four NSZD Methods (Kulkarni et al., 2020)



BaroBalls
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Inverted BaroBall 

• Typical flowrates: 0.1 - 1.0 scfm
 
• Relies on atmospheric pressure 

gradients – one way flow expected 
50% of time   

• Cost per Unit: ~$200

Kamath et al., 2010



Phase 2 NSZD Rates

40

“Application of Four Measurement Techniques for NSZD” 
(Kulkarni et al., 2020)

Kulkarni et al. (2020)
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Shell / GSI Environmental ”Spatio-Temporal” NSZD 
Research Project:  What is Correlated to NSZD Rates?

THERMAL NSZD CARBON TRAPS

Correlation NSZD Rates for Two NSZD Methods
r2 = 0.4
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Shell / GSI Environmental ”Spatio-Temporal” NSZD 
Research Project:  What is Correlated to NSZD Rates?

THERMAL NSZD CARBON TRAPS

Correlation NSZD Rates for Two NSZD Methods
r2 = 0.4

% ROST Signal in 
Unsaturated Zone 

Negative Correlation

Lithology:  % Clay in Log
Negative Correlation
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Noise:  A Flaw In Human Judgment 
(Kahneman, Sibony, and Sustein, 2021)

Kahneman, Sibony and Sunstein argue that noise 
in human judgment is a thoroughly prevalent and 
insufficiently addressed problem in matters of 
judgment. They write that noise arises because of 
factors such as cognitive biases, mood, group 
dynamics and emotional reactions. While 
contrasting statistical bias to noise, they 
describe cognitive bias as a significant factor 
giving rise to both statistical bias and noise.
(Wikipedia)

https://en.wikipedia.org/wiki/Cognitive_bias
https://en.wikipedia.org/wiki/Mood_(psychology)
https://en.wikipedia.org/wiki/Group_dynamics
https://en.wikipedia.org/wiki/Group_dynamics
https://en.wikipedia.org/wiki/Emotion
https://en.wikipedia.org/wiki/Bias_(statistics)
https://en.wikipedia.org/wiki/Cognitive_bias


NSZD 
Conceptual 
Model (Most 
Sites)

(Garg et 
al.,2017)
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Methane Oxidation Zone

Unsat. Zone LNAPL

• Gas diffusion controls
• Soil moisture
• Temperature
• Soil Type

• Temperature
• Acetate buildup
• Protozoa predation
• Electron acceptors
• Nutrients via recharge
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