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Applied NAPL Science Review (ANSR) is a scientific ejournal that provides insight into the science
behind the characterization and remediation of Non-Aqueous Phase Liquids (NAPLs) using plain
English. We welcome feedback, suggestions for future topics, questions, and recommended links
to NAPL resources.  All submittals should be sent to the editor.
 

 

 
 

J. Michael Hawthorne, PG
H2A Environmental, Ltd.

 
 
Light non-aqueous phase liquid (LNAPL) transmissivity is a powerful metric to quantify and assess
the recoverability of mobile non-aqueous phase liquid (NAPL).  Numerous techniques for the
estimation of LNAPL transmissivity exist (ASTM 2013).  Many require an accurate calculation of
NAPL drawdown to calculate accurate NAPL transmissivity values.  NAPL drawdown can be
induced by gravity pumping and/or by the addition of vacuum.  This article focuses solely on gravity
pumping drawdown; vacuum induced drawdown will be addressed in a future article.
 
NAPL drawdown is calculated differently depending upon whether the NAPL is unconfined,
perched, or confined (ASTM 2013).  For unconfined NAPL, drawdown is simply the change in the
air/NAPL (AN) interface induced by the removal of fluids from a well (such as, during a baildown
test).  For perched NAPL, drawdown is also the change in the AN interface induced by fluids
removal, but the maximum drawdown used to calculate NAPL transmissivity cannot exceed the
formation mobile NAPL interval thickness (unless vacuum is applied).  For confined NAPL, the
depth of the NAPL/water (NW) interface in relation to the confining contact will dictate the
calculation method (up to three different equations) that could be used to estimate drawdown
(Figure 1).
 
 
 
Figure 1 – Flow chart for the calculation of NAPL drawdown under differing NAPL hydrogeologic
conditions.

Unconfined NAPL
 
Unconfined NAPL drawdown is calculated as the change between the equilibrium AN interface
elevation and the transient AN interface elevations as the NAPL recharges into the well and the AN
interface elevation gradually rises back to its initial equilibrium elevation (Figure 2).
 
 
 
Figure 2 – Depiction of equilibrium and drawdown conditions for unconfined NAPL.
 

 
The equation for calculation of NAPL drawdown under unconfined conditions is fairly simple:
 
ASTM 2013, Equation 9:
 

 
Where:
 
snt       =     NAPL drawdown at time t
 
ZAN*    =     air/NAPL interface elevation for equilibrium conditions
 
ZAN(t)   =     air/NAPL interface elevation at time t
 
 
 
Perched NAPL
 
Perched NAPL drawdown is calculated identically to unconfined NAPL drawdown so long as the
drawdown does not exceed the formation mobile NAPL interval thickness.  However, it is possible
for the apparent NAPL drawdown to exceed the perched mobile NAPL interval thickness.  In this
case, the maximum NAPL drawdown is calculated as the difference between the equilibrium
air/NAPL (AN) interface elevation and the elevation of the perching layer (ASTM 2013) (Figure 3).
 
 
 
Figure 3 – Depiction of equilibrium and drawdown conditions for perched NAPL.
 

 
 
 
The equation for calculation of NAPL drawdown under perched NAPL conditions is:
 
ASTM 2013, Equation 9:
 
 

for   snt  ≤  ZAN*  ̶  Zpc
 

Where:
 
snt      =     NAPL drawdown at time t
 
ZAN*    =     air/NAPL interface elevation for equilibrium conditions
 
ZAN(t)   =     air/NAPL interface elevation at time t
 
Zpc      =     NAPL/perching layer contact elevation
 
 
 
Confined NAPL
 
Estimating confined NAPL drawdown can be considerably more complex than either unconfined or
perched drawdown.  The three possible conditions (all of which could potentially exist in a single
NAPL transmissivity test) vary with the elevations of the NAPL/water (NW) interface relative to the
confining layer and the location of the calculated groundwater surface (CGWS) during recharge
relative to the equilibrium CGWS (Figure 4).  The three conditions include:

NAPL/water (NW) interface below confining contact regardless of air/NAPL (AN) interface
or CGWS location;

1. 

NAPL/water (NW) interface above confining contact and CGWS at equilibrium; and2. 
NAPL/water (NW) interface above confining contact and CGWS below equilibrium.3. 

 
 
 
Figure 4 – Depiction of equilibrium and three possible confined drawdown conditions for confined
NAPL.
 

 
Confined condition 1 – Regardless of where the air/NAPL (AN) interface or the CGWS occur, if
the NAPL/water (NW) interface is below the confining contact, then the NAPL in the well is in
contact with the NAPL in the formation, and NAPL drawdown is calculated the same as for
unconfined NAPL (ASTM 2013).  This remains true even if groundwater extraction creates an
unconfined condition and pulls the air/NAPL (AN) interface and CGWS below the confining
contact.  By definition, at that point, the NAPL is unconfined and drawdown is calculated based on
the change in air/NAPL (AN) interface.
 
Confined condition 2 – If the NAPL/water (NW) interface is above the confining contact and the
CGWS is at equilibrium, then NAPL in the well is not in contact with the formation mobile NAPL
interval, the fluid distribution pressure across the mobile NAPL interval remains constant, and
NAPL discharge into the well is constant and is balanced by an equivalent mass of water discharge
out of the well (ASTM 2013).  In this case, either the simplified drawdown equation (ASTM 2013,
Equation 10) or the generalized confined drawdown equation (ASTM 2013, Equation 11) may be
used.
 
 
ASTM 2013 Equation 10 (simplified confined drawdown equation):
 
 

 
 
 
Where:
 
snt   =   NAPL drawdown at time t
 
bnf   =   mobile NAPL interval thickness in the formation (bnf  =  Zcc - Znw not necessarily the
            same as the gauged apparent NAPL thickness)
 
ρr     =   NAPL/water density ratio
 
 
 
ASTM 2013 Equation 11 (generalized confined drawdown equation):
 
 

 
 
Where:
 
snt       =     NAPL drawdown at time t
 
ZAN*    =     the air/NAPL interface elevation for equilibrium conditions
 
Zcc      =     NAPL/confining layer contact elevation
 
ZNW     =     NAPL/water interface elevation for equilibrium conditions
 
ZNW(t)  =     NAPL/water interface elevation at time t
 
ZAN(t)   =     air/NAPL interface elevation at time t
 
ρn        =     NAPL density
 
ρw       =     water density
 
 
 
Confined condition 3 – If the NAPL/water (NW) interface is above the confining contact and the
CGWS is below the equilibrium CGWS, then NAPL in the well is not in contact with the formation
mobile NAPL interval and the fluid distribution pressure across the mobile NAPL interval is not
constant.  In this case, the simplified drawdown equation (ASTM 2013, Equation 10) may NOT be
used, but the generalized confined drawdown equation (ASTM 2013, Equation 11, above) is still
valid.  This equation is accurate regardless of whether the CGWS is at or below equilibrium
because it calculates the pressure difference at the top of the mobile NAPL interval and then
converts it into NAPL head or NAPL drawdown.
 
Remember that ultimately NAPL drawdown is an analogue for the pressure difference between the
mobile NAPL interval in the formation and the apparent NAPL thickness and corresponding
interface elevations in a well.  A detailed LCSM is crucial to correctly understanding NAPL
hydrogeologic conditions and the mobile NAPL interval in the formation, and then correctly
calculating NAPL drawdown.  For assistance in recognizing and working with NAPL under various
hydrogeologic conditions, refer to (Kirkman et al. 2013), (Hawthorne 2011), (Hawthorne and
Kirkman 2011), (Hawthorne et al. 2011a), (Hawthorne et al. 2011b), (Adamski 2012), and
(Hawthorne 2014).
 
 

A Word of Caution:  NAPL drawdown is a critical parameter for the calculation of LNAPL
transmissivity.  The induction of a large vacuum or excessive water-induced drawdown to a well
does not consistently get transmitted through the well screen and filter pack to the NAPL.  This can
be due to many factors such as heterogeneity, head loss through the filter pack (vacuums
especially), and fluid interference or smearing.  Pilot testing can provide a good indication of the
limits where increased drawdown does not induce increased fluid flow.  Errors in the calculation of
NAPL drawdown will result in errors in the calculation of NAPL transmissivity.  If a clear
understanding of NAPL hydrogeologic conditions and the mobile NAPL interval is unknown then it is
unlikely that accurate drawdown or transmissivity calculations will be achieved. 
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Thank you to Dr. Tom Sale of the Colorado State University, Center for Contaminant Hydrology, for
providing access to selected graduate level NAPL research.
 
Thermal aspects of STELA (sustainable thermally enhanced LNAPL attenuation)
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Abstract: Extensive bodies of light non-aqueous phase liquids (LNAPLs) are commonly found
beneath petroleum facilities.  Related concerns include lateral spreading of LNAPL, impacts to
groundwater, and impacts to indoor air.  Recent studies have shown that natural losses of LNAPL
can be on the order of thousands of gallons per acre per year and temperature is a primary factor
controlling rates of natural losses.  Results of the laboratory and field experiments suggest that
LNAPL impacted media in the range of 18-300C can have loss rates that are an order of
magnitude greater than media at temperatures less than 18ºC.  The vision that has emerged from
recent work is that passive thermal management strategies could enhance natural losses of
LNAPL and significantly reduce the longevity of LNAPL.  Owing to this new understanding, plans
were developed for a small-scale field demonstration of sustainable thermally enhanced LNAPL
attenuation (STELA) at a former refinery in Wyoming, located adjacent to the North Platte River.
 The overarching objective of the STELA initiative is to develop a new technology for LNAPLs that
is more effective, faster, more sustainable, and/or lower cost than current options.  The primary
objective of the field demonstration is to collect data needed to evaluate cost and performance at
field sites.  In November 2011, seventeen multilevel sampling systems were installed in a 10m by
10m area.  Preheating temperature and water quality data were collected through the multilevel
samplers over a period of 10 months.  In August 2012, ten heating elements, including submersible
heat trace wires wrapped around 7.6 cm ID PVC pipe with thermostat controls, were installed
upgradient of the sampling network to deliver heat to sustain subsurface temperature in an LNAPL
body.  The heating elements were energized in September 2012.  Subsequently, effects of the
heating elements on the subsurface temperature were monitored using 17 multilevel sampling
systems equipped with 6 thermocouples for 10 months. Preheating data indicates that in the
absence of heating, subsurface temperatures are in the range of 18-30°C for 40 days per year.
 Data collected from September 2012 to July 2013 indicates that with heating, conditions can be
maintained in the target range for 60 to 200 days per year depending upon proximity to the heat
source.  A principle challenge is heat loss to the surface in the winter.  Minimum and maximum
power inputs have been 15 kw-hr/day and 30 kw-hr/day occurring, respectively in October and
May.  Assuming an energy cost of 0.10 kw-hr, this equates to costs of 1.5 $/day to 3 $/day.  An
independent experiment using Geo-net layer showed that using Gas Permeable Insulation/Heat
Sink (GPIHS) system has the potential to enhance the ability of the heating system to sustain
temperature beneath the ground surface, and, potentially decrease the power costs.  A primary
challenge with evaluation and design of STELA systems is anticipating the appropriate spacing of
heating elements and necessary energy inputs.  Herein this challenge is met by developing a
model, calibrated to field data, which can be used to design a full-scale STELA remedies.  The
overarching objective of the modeling is to demonstrate methods that can be employ to evaluate
and/or design full-scale STELA systems.  At 5m downgradient of the heating elements, the
developed model, accurately, predicted 60 days of the effective season in 2012.  Also, the
simulation results anticipate that by keeping the heating system activated for three years, the
effective season will increase each year.  At 5m downgradient of the heating elements, model
results suggested 120 days and 150 days of effective season for 2013 and 2014, respectively as
compared to 60 days in the first year.  The ability of the model to anticipate the effective season
for the next years makes the model a useful tool to design and evaluate the future STELA
systems.  Calibration of the model to the field data shows that exothermic reactions associated
with LNAPL losses can change the heat distribution at the system.  In addition, the simulation
results indicate that the losses at the subsurface are in the range of 5,000 to 10,000gal/acre/yr.
 These anticipated loss rates are consistent with the previous values reported by McCoy (2012) in
2012 (~900-11,000gal/acre/yr).  A conceptual STELA design is developed in the last chapter to
explore the cost of a STELA system at a 1-hectare site.  The design is based on condition at the
former refinery in Wyoming where the STELA field demonstration was conducted.  The cost
analysis study indicated that the primary cost is the heating elements installation.  The second
significant cost is the operation costs, and the third significant cost that can be reduced is the
energy source.  The cost estimates normalized to common units indicated that the total cost
ranges between $590,000 to $720,000 per hectare, $11.9 to $14.4 per cubic meter of treated
soil, and $1.3 to $1.5 liter of LNAPL removed depends on the energy source, heating system and
the degradation rate.  Cost of this magnitude support the hypothesis that STELA has the potential
to have cost that is lower than other options employed for LNAPL remediation.
 
 
 
 
The primary objective of ANSR is the dissemination of technical information on the science
behind the characterization and remediation of Light and Dense Non-Aqueous Phase Liquids
(NAPLs).  Expanding on this goal, the Research Corner has been established to provide
research information on advances in NAPL science from academia and similar research
institutions.  Each issue will provide a brief synopsis of a research topic and link to the
thesis/dissertation/report, wherever available.
 
 
 

 
 

 
Top Twelve Tip #2:

Treat Outliers Like Children: correct them
when needed, but never throw them out
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Many scientists perform outlier tests such as Grubbs or Rosner tests to determine whether an
observation is an outlier.  Then they toss the observation away if it is.  Outlier tests determine only
whether an observation is likely to have been generated from a normal distribution.  Most field data
in environmental sciences are skewed, and do not look like a normal distribution.  The simple fact
that most data collected in the field have a zero lower bound introduces skewness, just as in the
data here.  There is no reason to suspect that they should look like a normal distribution. 
Rejecting that the top one or few observations come from a normal distribution is no reason to
label those observations ‘bad’ and toss them away.  They probably cost a great deal of time and
money to collect, and are the product of that scientist’s good work.
 
A box plot of 23 observations shows one ‘outlier’ by the Dixon test.
 

 
If logarithms or cube roots of the data were taken, the top observation would not test as a
significant outlier.  Can an observation be ‘bad’ in one measurement scale but ‘good’ in another? 
The top observations often rate as not coming from a normal distribution.  For environmental
science, that’s ‘normal’. Don’t be quick to toss your data away, and most importantly, base that
decision on science (where and when the data were collected, perhaps) rather than on a statistical
test.  There is no test for ‘badness’ in statistics.
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Coming Up
 
Look for more articles on
LNAPL transmissivity as well
as additional explanations of
laser induced fluorescence,
natural source zone
depletion and LNAPL
Distribution and Recovery
Modeling in coming
newsletters.
 

 
 

Announcements
 
 
We invite you all to attend a NAPL focused session at the
21st International Petroleum Environmental Conference
(IPEC) to be held at the Marriott Westchase Hotel in
Houston, TX on October 14, 2014.
 
 
SESSION: Life Cycle Risk Management In The Evolution Of
NAPL Plumes
Chair:  J. Michael Hawthorne, H2A Environmental, Ltd., Keller,
TX
 
Improving NAPL Site Investigations Using LIF and UVF
Technologies Together, Steve Greason, Sitelab Corporation and
Stephen Boynton, Subsurface Environmental Solutions, LLC
 
Discovery To Closure – A Life Cycle Case Study Of A Natural
Gas Condensate Plume, Dr. Rangaramanjam Muthu & J.
Michael Hawthorne, H2A Environmental, Ltd.
 
 
Strategy For Evaluating Risk Of Heritage LNAPL Bodies, Colin
McLeod, URS
 
Real World Application Of LNAPL Transmissivity To A Late
Stage / Mature LNAPL Plume Site, Shannon Walker, H2A
Environmental, Ltd.
 
Transmissivity As A Primary Metric For LNAPL Recovery – Case
Study Comparison From Short-Term & Long-Term Recovery
Data, Manivannan Nagaiah, Dennis R, Law, Steven Ueland,
Langan Engineering and Environmental Services, Inc.
 
LNAPL Natural Losses:  Remediation Strategies In Texas,
Charles D. Stone, H2A Environmental, Ltd.
 
Demonstrating NAPL Compositional Change Over The Life Cycle
Of A NAPL Plume, J. Michael Hawthorne, H2A Environmental,
Ltd.
 
Click here to register for the conference and attend the
NAPL session.

 
-------------------

 
ITRC 2-DAY CLASSROOM TRAINING:
 
Light Nonaqueous-Phase Liquids (LNAPL): Science,
Management, and Technology 
October 29-30, 2014
Richmond, VA
Register now at
https://www.regonline.com/builder
/site/Default.aspx?EventID=1540732
 
The Interstate Technology and Regulatory Council (ITRC) is
offering 2-day training classes from the ITRC LNAPL team. 
ITRC offers this 2-day classroom training course, based on
ITRC’s Technical and Regulatory Guidance document, Evaluating
LNAPL Remedial Technologies for Achieving Project Goals
(LNAPL-2).  This 2-day ITRC LNAPL classroom training led by
internationally recognized experts should enable you to:

• Develop and apply an LNAPL Conceptual Site Model (LCSM)
• Understand and assess LNAPL subsurface behavior
• Develop and justify LNAPL remedial objectives including
maximum extent practicable considerations
• Select appropriate LNAPL remedial technologies and measure
progress
• Use ITRC’s science-based LNAPL guidance to efficiently move
sites to closure
 

-------------------
 
ENVIRONMENTAL STATISTICS COURSE:
 
Untangling Multivariate Relationships
October 21-22, 2014
Austin, TX
 
Details at http://www.practicalstats.com/training
 
This two-day course provides training on how to relate the
patterns of 35 chemicals to the changes in community structure
of 120 organisms.  Also, multivariate trend analysis, cluster
analysis, and tests for group differences in patterns of multiple
physical/chemical/biological measures will be discussed.
 
Time Series Methods for Frequently-Collected Data
October 28-29, 2014
Littleton, CO
 
Details at http://www.practicalstats.com/training
 
This two-day course provides training on regression and
hypothesis tests for 'real-time' data measured minutes apart. 
Topics discussed will include fundamentals, models, and analysis
of time series data, forecasting, multi-variate time series
analysis, frequently measured variables, and bootstrapping.
 
Statistical Methods for Contaminated Sites
November 14, 2014
Vancouver, BC
 
Details at http://www.geoenvirologic.ca
/upcoming_courses_v2.htm#Event2
 
This one-day workshop covers statistical principles and methods
focused on British Columbia Contaminated Site Regulation and
associated technical guidance.  Hands-on training will be
provided using the new version of ProUCL (version 5) to evaluate
contaminated site data. 
 

-------------------
 
An updated version of the ASTM Guide for Calculating
LNAPL Transmissivity is Now Available for Purchase at
www.astm.org.
 
ASTM Standard E2856 - Standard guide for Estimation of
LNAPL Transmissivity is now available
 

-------------------
 
The ASTM LNAPL Conceptual Site Model (LCSM)
workgroup is actively updating the ASTM LCSM guidance
document. If you are interested in participating on this team or
would like to send comments for consideration - please contact
Andrew Kirkman of BP Americas (team leader).
 

-------------------
 
ANSR now has a companion group on LinkedIn that is open
to all and is intended to provide a forum for the exchange of
questions and information about NAPL science.  You are all
invited to join by clicking here OR search for "ANSR - Applied
NAPL Science Review" on LinkedIn.
 
If you have a question or want to share information on applied
NAPL science, then the ANSR LinkedIn group is an excellent
forum to reach out to others internationally.
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