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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.

Mechanisms for LNAPL to Enter
Confined Conditions

Mark Adamski, PG
BP America

Confined Light Non-Aqueous Phase Liquid (LNAPL) seems to defy logic, and yet we know it exists.
Some of the distinguishing characteristics of confined LNAPL have been discussed in multiple
issues of ANSR. However, a frequently heard question is “how does the LNAPL get into confined
conditions in the first place?”

Confined LNAPL is defined as LNAPL trapped under pressure in an aquifer beneath a layer with
relatively lower permeability (or more accurately the higher pore entry pressure associated with
the lower permeability soil) that limits the upward movement of the LNAPL.

One main property that controls migration of mobile LNAPL when water and LNAPL are both
present in pore spaces is pore entry pressure. At most field sites water is nhormally the wetting
fluid, preferentially adheres to soil, and must be displaced by LNAPL in order for the LNAPL to
move into water filled pores. The pressure the LNAPL must exert to displace the water is the pore
entry pressure.
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Figure 1: Generalized model for LNAPL migration through porous media.

LNAPL becomes confined due to the increased pore entry pressure arising from the permeability
contrast between a confining layer and the interval containing the mobile NAPL below. Once
LNAPL is below a confining layer and spreads laterally, the LNAPL cannot move back up unless it
has sufficient pressure to displace the water in that confining layer.

Confined LNAPL may occur in aquifers exhibiting heterogeneities regardless of whether the
aquifers themselves are confined or unconfined.

Confined LNAPL in Confined Aquifers

Perhaps the more perplexing occurrence of confined LNAPL is LNAPL found confined in a high
permeability layer below a low permeability layer (classic confined groundwater aquifer). Three
scenarios have been proposed to explain the origin of this confined LNAPL:

1. Lower Historical Water Levels
2.  LNAPL Hydrostatic Head in Macropore Networks
3. Vertical Gradients in Macropore Networks

In each scenario, the critical step is the migration of LNAPL downward through a lower
permeability zone that subsequently acts as a confining layer to the LNAPL. This migration occurs
in a network of higher permeability heterogeneities referred to as a macropore network (animal
burrows, root holes, fractures, connected sand lenses, un-grouted historical borings, etc.).

Figure 2: Macropore network in fine-grained soil (from Adamski et al., 2005).

1. Lower historical water levels: Confined LNAPL is commonly found in locations where the
historical water level was lower than the present day water level. For example, in parts of Los
Angeles County California, present day water level is 40+ feet higher than water levels observed
during the mid-1900’s when the regional water level was depressed due to industrial and
agricultural water production. When the water levels were low, LNAPL migrated down to the
water table, then spread laterally in a higher permeability zone situated at or near the low water
level. When the water level rose, the LNAPL was trapped below a lower permeability zone with a
pore entry pressure higher than the LNAPL pressure.

2. LNAPL Hydrostatic Head in Macropore Networks: When LNAPL migrates in to or on to a low
permeability soil layer with a macropore network and the water level is below the top of the low
permeability layer the LNAPL can build up additional hydrostatic head within the macropore
network. As LNAPL fills the macropore network it develops pressure greater than the water
pressure and displaces water in the macropore network (see Figure 3).
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Figure 3: Schematic depicting LNAPL confined to a macropore network and additional hydrostatic
head resulting from LNAPL filling the macropore network above the water table. Zp is the depth of
LNAPL pooling at the surface; Zw is the depth of the water table below ground surface; Z is the
depth below the water table that LNAPL can penetrate in the macropore network. (from Adamski
et al., 2005).

The additional LNAPL head must be balanced by increasing buoyancy of the less dense LNAPL as
it penetrates beneath the water table some depth Z shown in Figure 3. If the macropore network
encounters a high permeability layer with a sufficiently low pore entry pressure before the depth Z
is reached then the LNAPL may enter and spread in that high permeability layer.

3. Vertical Gradients in Macropore Networks: The occurrence of substantial vertical hydraulic
gradients within macropore networks in low permeability confining soil layers is common. Mercer
and Cohen (1990), Adamski et al. (2005), and Charbeneau (2007) explain that LNAPL can migrate
vertically down below the water level if the vertical gradient in the macropore network exceeds:

1-p,, where p, is the ratio of LNAPL density to water density

In this case the LNAPL would migrate down in the macropore network until the vertical gradient
terminates in a laterally extensive layer with relatively high permeability (i.e. a confined aquifer).

Confined LNAPL in Unconfined Aquifers

LNAPL may be confined within an unconfined aquifer even though the groundwater is not
(Ilangasekare et al, 1995). There are two mechanisms for LNAPL to become confined in an
unconfined aquifer:

1. Lower Historical Water Levels
2.  LNAPL Hydrostatic Head and Lateral Migration

1. Lower Historical Water Levels: As discussed for confined aquifers, lower historical water levels
may allow LNAPL to migrate down to a coarse interval overlain by a finer-grained layer in an
unconfined aquifer. A subsequent increase in groundwater elevation may result in submergence
and confining of LNAPL within the coarse interval (Fig. 4).

2. LNAPL Hydrostatic Head and Lateral Migration: The LNAPL head resulting from an LNAPL
release may cause the LNAPL to penetrate some distance below the water table where it may
access a coarse interval and migrate laterally. Figure 4 demonstrates how this process may
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Figure 4: Experiment with tank filled with #30 sand (0.6 mm) and one layer of #16 sand (1.2 mm)
below the water level. Experiment shows how LNAPL (dyed red) entered and preferentially
migrated below the water level in the coarser sand. Also shows how the LNAPL can be confined
in the coarse sand interval beneath a finer sand in an unconfined aquifer.
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Real World Limitations: A word of caution — LNAPL migration is complex and many
site-specific factors are involved. It is possible, perhaps even likely, that other mechanisms for the
origin of confined LNAPL exist. The proposed explanations for the origin of confined LNAPL in this
article fit conditions observed at many sites, but these explanations may not fit every site.
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Context

Volume 2 (2011) of Applied
NAPL Science Review
(ANSR) is focused on tools
and scientific concepts to
improve NAPL conceptual site
models (CSM). An accurate,
detailed CSM will
cost-effectively guide risk
evaluations, remedial action
decisions, technology
selection, remedial design,
and end point attainment
(closure) evaluations.

Related Links

API LNAPL Resources

ASTM LCSM Guide

Env Canada Oil Properties DB

EPA NAPL Guidance

ITRC LNAPL Resources

ITRC LNAPL Training

ITRC DNAPL Documents

RTDFE NAPL Training

RTDF NAPL Publications

USGS LNAPL Facts

ANSR Archives

ANSR Archives

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.
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Announcements

ITRC 2-DAY CLASSROOM TRAINING:

Light Nonaqueous-Phase Liquids (LNAPL): Science,
Management, and Technology

October 16-17, 2012

Novi, Ml

Register now at http://www.regonline.com/ITRC-L NAPL-MI

The Interstate Technology and Regulatory Council (ITRC) is
offering a 2-day training class from the ITRC LNAPL team on
October 16-17, 2012, in Novi, Ml, in cooperation with ITRC state
member, Michigan Department of Environmental Quality.

Sponsor opportunities are available. Contact ITRC at
training@itrcweb.org or 402-201-2419 to learn more.

In 2012-2014, ITRC may offer the LNAPL 2-day classroom
training course in additional locations. Additional details will be
provided at www.itrcweb.org/crt.asp when dates and locations
are selected.

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

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 AECOM (team leader).

Mike Hawthorne of ANSR will be presenting a series of
three short (15 minute) webinars on modern LNAPL science
through the NGWA Interest Group Brownbag Webinar
series.

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.

Disclaimer: The statements, views and opinions expressed in
this article are solely the views of the Author(s). Every effort
has been made to ensure the accuracy of all the information
contained in this article; however, no guarantees,
representations, and/or warranties whatsoever are made as to
the accuracy, completeness or suitability for any purpose of the
article content. The Author(s) and/or the company(s) that are
mentioned in this article shall not be held responsible for any
claim, loss, damage or inconvenience arising from or resulting
from any of the information contained in this article. Any such
reliance is at the reader’s sole risk. All copyright and
trademarks mentioned in this article are owned by the
respective companies and shall not be reused without written
consent from such owners.
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