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LNAPL transmissivity and 
NSZD/enhanced NSZD at a 
petroleum pipeline release site: 

Is it time to transition to a nature-based 
LNAPL management strategy?



LNAPL Concepts
LNAPL Transmissivity
Natural Source Zone 
Depletion
Application: Case Study
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Parameter Potential lines of evidence
Stability LNAPL age (time since release)

Well observations

Trends in dissolved phase extent, dissolved mass, centre of mass location

LNAPL mobility lines of evidence

NSZD

Mobility LNAPL age (time since release)

LNAPL saturations compared to residual levels

LNAPL transmissivity

Recovery system performance

LNAPL stability lines of evidence

Recoverability LNAPL transmissivity

Recovery system performance

Other LNAPL mobility lines of evidence
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Adapted from: CRC CARE Technical Report 46

LNAPL Concepts



In-well LNAPL 
thickness
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does not correlate well 
with LNAPL mobility or 
recoverability

Hawthorne, J. Michael, Dennis Helsel and Charles Stone (2015) Nationwide (USA) Statistical Analysis of LNAPL 
Transmissivity (Tn), sponsored by The American Petroleum Institute, (2015 Battelle Bioremediation Symposium)



– Standardized way to assess 
LNAPL mobility and recoverability

– Based on LNAPL flow into a well

LNAPL 
Transmissivity

de minimis criteria:
Tn < 0.8 ft2/day 
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– Glacier: melting & 
evaporation lead to 
glacier stability/retreat

– Analogously, NSZD 
leads to LNAPL body 
stability

– NSZD magnitudes are 
enough to balance 
LNAPL gradients

NSZD is a big player in long-term stability
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Mahler et al (2012), doi: 10.1111/j.1745-6584.2012.00949.x



1.Surficial CO2 Efflux 
(dynamic closed 
chamber, CO2 Trap)

2.Biogenic heat

3.Vertical soil gas 
gradients (CO2, O2, 
CH4)

4.Compositional 
change

NSZD measurement options
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from: American Petroleum Institute Publication #4784



Typical NSZD 
magnitudes

l  © 2024 GHD. All rights reserved.Battelle

are greater than what 
is observed in 
wetlands and less 
than what is typical 
at landfills

1,000 US gallons LNAPL depleted/acre/year
≈ 1 litre LNAPL depleted/m2/year
≈ 1 mm depletion in LNAPL thickness/year 



Case study
Petroleum pipeline release



– Summer 2020
– 50,000 gallons of crude 

oil released to ground 
– Initial response

• excavated 20,000 
tons impacted soil

• LNAPL recovery
– July 2021 

• biosparge migration 
control

• containment curb
• engineered liner 

installed

Pipeline release
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Pipeline Right of 
Way

Approximate 
incident location

Office



Things we did:
– Analyze recovery system performance
– Develop LNAPL gauging data plots
– Perform Tn testing
– Characterize LNAPL composition
– Assess LNAPL and dissolved phase stability
– Perform NSZD assessment

Things we did not do:
– Produce in-well LNAPL thickness contour plots
– Use in-well LNAPL thicknesses to determine remedial strategies

LNAPL assessment
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LNAPL Transmissivity (Tn)
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Location Mean Tn Estimate (ft2/day)
Oct 2020  Mar 2021 Aug 2021

1    0.0 - -
2   1.0 de minimis de minimis
3   5.9 de minimis de minimis
4   3.7 de minimis de minimis
5   0.4 - -
6 - - de minimis
7 - - 0.6

de minimis criteria Tn < 0.8 ft2/day



NSZD testing: passive CO2 traps, biogenic heat
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Pipeline Right of Way
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Baseline NSZD Rates
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Traps 
saturated 
with CO2

2 days   1 day



Pipeline Right of Way

Where are we now?      Enhanced NSZD
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Low temperature 
thermal 
treatment
– saturated zone
– increase water 

temperature by 
10-15 ⁰C



– LNAPL and associated dissolved 
plumes are stable or in decline

– LNAPL recovery has progressed 
to a practical end-point

– There is either no risk associated 
with the remaining LNAPL 
- or- 
any potential exposures can be 
effectively managed/controlled 

A transition to a nature-
based LNAPL 
management strategy is 
considered appropriate 
when:

Keeping the end 
in mind…
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LNAPL saturation:
% of pore space 
filled with LNAPL.

The difference in LNAPL 
saturation levels 
that control whether or not  
LNAPL is observed in a well 
can be small
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LNAPL droplet
(≈1 mm diameter)

water and/or air

soil grain



bubbles

Product of direct 
outgassing of CO2, CH4 

from pore space 
adjacent to LNAPL

courtesy of Julio Zimbron/E-Flux LLC



Method Date Time frame
Mean NSZD Rate Range

(U.S. gal / ac / yr) (L / m2 / yr)
CO2 Traps
Pre-Liner May 2021 long-term 980 0.9

Post-Liner Dec 2021 long-term 29,000 27.4
Mar 2022 long-term 27,950 26.2
Mar 2023 long-term 51,250 31.6
Aug 2023 long-term 176,300 165.0
Oct 2023 long-term 258,950 242.3

Biogenic heat
Pre-Liner May 2021 snapshot 2,900 2.7

Mar 2022 snapshot 4,000 3.8

Post-Liner Oct 2023 long-term 6,000 5.6

NSZD Rate Estimate Summary

Battelle l  © 2024 GHD. All rights reserved.



Date Pre / Post 
Liner

Deployment 
Time

CO2 Trap 
ID

NSZD rate estimate

(U.S. gal LNAPL / ac / yr) (L LNAPL / m2 / yr)

May 2021 Pre-liner 6 days Mean 980 0.9

Dec 2021 Post-liner 11 days
CO2-02 35,000 33.2
CO2-03 23,000 21.5

Mar 2022  Post-liner 13 days
CO2-01  27,500 25.7
CO2-02 28,400 26.6

Mar 2023  Post-liner 13 days
CO2-01  35,000* 32.7
CO2-02 32,500* 30.4

Aug 2023 Post-liner 2 days
CO2-01 218,000* 204.0
CO2-02 134,600 125.9

Oct 2023 Post-liner 1 day
CO2-01 397,400* 371.7
CO2-02 120,500 112.8

* Trap saturated with carbon

Technique: Passive CO2 Traps
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Excavated area
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NSZD as a 
remedial 
metric
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Most of the action is in the vadose zone
table from Garg et al, 2017 (doi: 10.1111/gwmr.12219)


