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Light non-aqueous phase liquids (LNAPLs) are organic liquids such as gasoline, diesel, and other petroleum 
hydrocarbon products that are immiscible with water and less dense than water. Understanding LNAPLs is 
important because they are present in the subsurface at thousands of remediation sites across the country and p y p y
are often the sole reason why a site remains open. The spectrum of sites where LNAPL assessment and 
remediation efforts may take place include petroleum manufacturing and handling facilities such as refineries, bulk 
product terminals, gas stations, airports and military bases. LNAPLs in the subsurface can be a complex problem 
to address, and frequently prevent or delay regulatory closure (no further action) of remediation projects.

Over the past few decades, LNAPL remedial technologies have evolved from conventional pumping or hydraulic 
recovery systems to a variety of innovative, aggressive, and experimental technologies that address the mobile 
and residual LNAPL fractions, as well as volatile and dissolved-phase plumes. Thus, many different LNAPL 
remedial technologies with differing site and LNAPL applicabilities and capabilities are available to remediate 
LNAPL releases. This can make selection of a remedial technology daunting and inefficient. To foster informedLNAPL releases. This can make selection of a remedial technology daunting and inefficient. To foster informed 
remedial technology selection and appropriate technology application, the LNAPLs Team developed the ITRC 
Technical and Regulatory Guidance document, Evaluating LNAPL Remedial Technologies for Achieving Project 
Goals (LNAPL-2, 2009). This document addresses seventeen LNAPL remedial technologies and provides a 
framework to streamline remedial technology evaluation and selection.

This training course is relevant for new and veteran regulators, environmental consultants, and technically-inclined 
site owners and public stakeholders. The training course is divided into three parts:
Part 1: An Improved Understanding of LNAPL Behavior in the Subsurface - State of Science vs.. State of Practice
Part 2: LNAPL Characterization and Recoverability - Improved Analysis
Part 3: Evaluating LNAPL Remedial Technologies for Achieving Project GoalsPart 3: Evaluating LNAPL Remedial Technologies for Achieving Project Goals 
Part 3 uses the LNAPL conceptual site model (LCSM) approach to identify the LNAPL concerns or risks and set 
proper LNAPL remedial objectives and technology-specific remediation goals and performance metrics. The 
training course also provides an overview of the LNAPL remedial technology selection framework. The framework 
uses a series of tools to screen the seventeen remedial technologies based on site and LNAPL conditions and 
other important factors. LNAPL Training Part 1 and 2 are recommended pre-requisites for this Part 3 training 
course. Archives are available at http://cluin.org/live/archive.cfm?sort=title#itrc (note: courses are listed 
alphabetically, you will have to scroll down to find the course of interest).
ITRC (Interstate Technology and Regulatory Council) www.itrcweb.org
Training Co Sponsored by: US EPA Technology Innovation and Field Services Division (TIFSD) (www clu in org)
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Training Co-Sponsored by: US EPA Technology Innovation and Field Services Division (TIFSD) (www.clu-in.org) 
ITRC Training Program: training@itrcweb.org; Phone: 402-201-2419



Although I’m sure that some of you are familiar with these rules from previous CLU-IN events, let’s 
th h th i kl f ti i trun through them quickly for our new participants. 

We have started the seminar with all phone lines muted to prevent background noise. Please keep 
your phone lines muted during the seminar to minimize disruption and background noise. During the 
question and answer break, press #6 to unmute your lines to ask a question (note: *6 to mute again). 
Also, please do NOT put this call on hold as this may bring unwanted background music over the 
lines and interrupt the seminar.

Use the “Q&A” box to ask questions, make comments, or report technical problems any time. For 
questions and comments provided out loud, please hold until the designated Q&A breaks.

Everyone – please complete the feedback form before you leave the training website. Link to 
feedback form is available on last slide.
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The Interstate Technology and Regulatory Council (ITRC) is a state-led coalition of regulators industry experts citizen stakeholders academia andThe Interstate Technology and Regulatory Council (ITRC) is a state led coalition of regulators, industry experts, citizen stakeholders, academia and 
federal partners that work to achieve regulatory acceptance of environmental technologies and innovative approaches. ITRC consists of all 50 states 
(and Puerto Rico and the District of Columbia) that work to break down barriers and reduce compliance costs, making it easier to use new technologies 
and helping states maximize resources. ITRC brings together a diverse mix of environmental experts and stakeholders from both the public and private 
sectors to broaden and deepen technical knowledge and advance the regulatory acceptance of environmental technologies. Together, we’re building 
the environmental community’s ability to expedite quality decision making while protecting human health and the environment. With our network of 
organizations and individuals throughout the environmental community, ITRC is a unique catalyst for dialogue between regulators and the regulated 
community.

For a state to be a member of ITRC their environmental agency must designate a State Point of Contact. To find out who your State POC is check out 
the “contacts” section at www.itrcweb.org. Also, click on “membership” to learn how you can become a member of an ITRC Technical Team.

Disclaimer: This material was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States 
Government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility 
for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe 
privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise 
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof. The 
views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof and no 
official endorsement should be inferred.

The information provided in documents, training curricula, and other print or electronic materials created by the Interstate Technology and Regulatory 
“ ” “ ”Council (“ITRC” and such materials are referred to as “ITRC Materials”) is intended as a general reference to help regulators and others develop a 

consistent approach to their evaluation, regulatory approval, and deployment of environmental technologies. The information in ITRC Materials was 
formulated to be reliable and accurate. However, the information is provided "as is" and use of this information is at the users’ own risk. 

ITRC Materials do not necessarily address all applicable health and safety risks and precautions with respect to particular materials, conditions, or 
procedures in specific applications of any technology. Consequently, ITRC recommends consulting applicable standards, laws, regulations, suppliers of 
materials, and material safety data sheets for information concerning safety and health risks and precautions and compliance with then-applicable laws 
and regulations. ITRC, ERIS and ECOS shall not be liable in the event of any conflict between information in ITRC Materials and such laws, 
regulations, and/or other ordinances. The content in ITRC Materials may be revised or withdrawn at any time without prior notice.

ITRC, ERIS, and ECOS make no representations or warranties, express or implied, with respect to information in ITRC Materials and specifically 
disclaim all warranties to the fullest extent permitted by law (including but not limited to merchantability or fitness for a particular purpose) ITRC ERIS
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disclaim all warranties to the fullest extent permitted by law (including, but not limited to, merchantability or fitness for a particular purpose). ITRC, ERIS, 
and ECOS will not accept liability for damages of any kind that result from acting upon or using this information. 

ITRC, ERIS, and ECOS do not endorse or recommend the use of specific technology or technology provider through ITRC Materials. Reference to 
technologies, products, or services offered by other parties does not constitute a guarantee by ITRC, ERIS, and ECOS of the quality or value of those 
technologies, products, or services. Information in ITRC Materials is for general reference only; it should not be construed as definitive guidance for any 
specific site and is not a substitute for consultation with qualified professional advisors.



Erik Gessert is the Supervisor of the Petroleum Remediation Program for the Colorado Division of Oil and Public Safety 
and has worked for the State of Colorado since 2010. In this role Erik has focused on incorporating state of the science 
technologies into the program including green and sustainable practices advanced characterization techniques andtechnologies into the program, including green and sustainable practices, advanced characterization techniques and 
conceptual site model developments. Additionally, with Erik’s involvement, the Petroleum Program has placed emphasis 
on the value of clear and concise communication to all parties involved in release remediation. Prior to joining the State, 
Erik worked as an environmental consultant specializing in petroleum remediation and was responsible for managing 
projects and budgets, performing technical evaluations and implementing corrective action plans. He earned a bachelor’s 
degree in Environmental Engineering (with a minor in Environmental Studies) from the University of Wisconsin-Madison in 
2001. Erik obtained his Professional Engineering license from the State of Colorado in 2007. 

Ian Hers is a Senior Associate Engineer with Golder Associates located in Vancouver, British Columbia and has worked 
f G ld i 1988 H h 20 f i l i i i t l it t h h lth i kfor Golder since 1988. He has 20 years professional experience in environmental site assessment, human health risk 
assessment and remediation of contaminated lands. Ian is a technical specialist in the area of LNAPL and DNAPL source 
characterization, monitored natural attenuation and source zone depletion, vapour intrusion, and vapour-phase in situ
remediation technologies, and directs or advices on projects for Golder at petroleum-impacted sites throughout North 
America. He has developed guidance on LNAPL assessment and mobility for the BC Science Advisory Board for 
Contaminated Sites (SABCS) and the BC Ministry of Environment. Ian joined the ITRC LNAPL team in March 2008. Ian 
earned a bachelor's degree in 1986 and master’s degree in 1988 in Civil Engineering from the University of British 
Columbia in Vancouver, BC. He then completed a doctoral degree in Civil Engineering from University of British Columbia 
in 2004. He is on the Board of Directors of the SABCS, is a Contaminated Sites Approved Professional in BC, and is a 
sessional lecturer at the University of British Columbia.
Rick Ahlers is a Technical Expert with Arcadis, located in San Diego, California. He has been practicing groundwater and 
vadose-zone hydrology for more than 21 years. At Arcadis since 2002, he has worked for many Oil and Gas clients on 
sites ranging from service stations to pipelines to bulk terminals to refineries as well as for Industrial clients where LNAPL 
and chlorinated DNAPL source zones are the concern. Using emerging assessment techniques for petroleum 
hydrocarbon sites including natural source zone depletion (NSZD), natural attenuation of hydrocarbon and oxygenate 
groundwater plumes, and NAPL transmissivity allows him to evaluate alternative endpoints for NAPL management. He 
also uses experience gained across many sites with more common remediation technologies such as AS/SVE, MPE, and 
ki i t l t th b t t h l f th it d j t d id i l t ti t ffi i tl hi di l
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skimming, to select the best technology for the site and project and guide implementation to efficiently achieve remedial 
goals. Rick leads the global NAPL management community of practice in Arcadis’ Technical Knowledge and Innovation 
network. Rick started his career at Lawrence Berkeley National Laboratory characterizing and modeling multi-phase flow 
in porous and fractured media. Rick has been active in the ITRC since 2006 first as a member of the BioDNAPL team and 
then as a member of the LNAPL team. He is also a member of the scientific advisory board for the AEHS West Coast 
International Conference on Soil, Water, Energy, and Air. Rick earned a bachelor’s degree in physics from Occidental 
College in Los Angeles, California in 1990 and a master’s degree in Civil Engineering specializing in groundwater 
hydrology from the University of California, Berkeley in 1994. Rick is a California Registered Civil Engineer. 



•Today’s training is the third and final part of ITRC’s LNAPL internet-based training.

•In today’s training, we will present:

• information on setting LNAPL remedial objectives,

• an overview of several LNAPL remedial technologies,

• information on how to select the most appropriate LNAPL remedial 
technology for your project, and

• an overview on how to use of the ITRC Technical and Regulatory 
Guidance document titled: Evaluating LNAPL Remedial TechnologiesGuidance document titled: Evaluating LNAPL Remedial Technologies 
for Achieving Project Goals” dated December 2009.

• Referred to as the “Tech/Reg.”

66



• The Tech/Reg:

• Provides a framework for selecting an appropriate LNAPL remedial 
technology.

• Provides guidance for setting LNAPL remedial objectives, remediation 
goals, and performance metrics for any size LNAPL site.

• Is a hands-on tool to guide you through the LNAPL remedial selection 
process and will help you determine additional data needs that should p p y
be addressed in order to achieve your project goals.
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•During the development of the Tech/Reg, the ITRC LNAPL team examined 
existing State regulatory LNAPL paradigms.

•The team wanted the Tech/Reg to present an objective-driven remedial technology 
selection strategy.

•As discussed in previous training sessions, you need a good LNAPL Conceptual 
Site Model (LCSM) in order to evaluate risks and target your remediation 
technology to address those risks.

•You also need to keep in mind your site’s regulatory framework, and for LUST 
sites, that means federal regulation 40CFR Part 280.64: “removal of free product to 
the maximum extent practicable as determined by the local implementing agency.”

•Finally, how do you mesh the current LNAPL science with your site’s regulatory 
framework?
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• The ITRC process is unique because it puts regulators, consultants, and industry 
representatives together in the same room to hash out topics and come to a 
consensus in the final Tech/Reg document.
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•What do we mean by the “LNAPL disconnect in RBCA states?”

•It is the idea that any LNAPL poses a “risk,” and that all LNAPL should be removed 
to specific “in-well product thicknesses,” regardless of actual risk or practicality.

•For example, many States require removal of free product to 1/8 inch thicknesses 
in monitor wells.

•Is there any difference in actual risk between 1/8 inch and 6 inches?

•It depends on site-specific conditionsIt depends on site specific conditions.
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• We have given 12 classes:

• September 2011 in Minneapolis, Minnesota

• April 2012 in Boston, Massachusetts

• October 2012 in Novi, Michigan

• April 2013 in King of Prussia, Pennsylvania

• June 2013 in Springfield, Illinois

• October 2013 in Garden Grove, California

• April 1-2, 2014 in Kansas City, Missouri

• June 3-4, 2014 in Lexington, Kentucky

• October 29-30, 2014 in Richmond, Virginia

• April 7-8, 2015 in Denver, Colorado

• September 15-16, 2015 in Seattle, Washington

• November 18-19, 2015 in Austin, Texas

• We will be giving 1 or 2 classes in 2016

• April 5-6, 2016 in Atlanta (area), GA

• Potentially an additional location in 2016
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•As mentioned earlier, there is a disconnect regarding the state-of-the-science and 
state-of-the-practice with regards to LNAPL.

•LNAPL remediation projects often fail to achieve State cleanup standards and get 
an NFA letter.

•For example, removal of free product to 1/8-inch thicknesses in monitor wells may 
not be possible due to soil type, incomplete LNAPL characterization, and poorly 
targeted remedial strategies.

•However, even if you do everything perfectly, LNAPL is difficult and expensive to 
remediate when it gets into subsurface soils.

•It is the ITRC LNAPL Team’s philosophy that actual LNAPL concerns must be 
addressed, LNAPL should be removed to the extent PRACTICAL (scientifically and 
technically feasible), long-term stewardship should be considered (Environmental 
Covenants, deed restrictions, institutional controls), and then LNAPL sites should 
be considered for no further action at this time.
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•On the left side of this slide, some LNAPL concerns are listed.

•The right side of the slide shows whether a concern is based on LNAPL 
composition or saturation.

•Most State regulatory programs adequately address composition concerns (toxicity 
or risk) with science-based regulations, i.e., soil and groundwater cleanup 
standards (MCLs).

•However, many State regulatory programs do not clearly address LNAPL y g y p g y
saturation concerns with a clear regulatory framework that incorporates the current 
LNAPL science.

•For example, removal of free product to 1/8-inch thicknesses in monitor wells may 
not be possible and may not be necessary if the LNAPL is not migrating and poses 
no current risk.

•Another LNAPL regulatory driver for LUST sites is 40CFR 280.64 – “recover free 
product to the maximum extent practicable as determined by the implementing 

”agency.”

•Because the definition of LNAPL recovery to the maximum extent practicable is 
determined by the implementing agency, there are many different interpretations of 
this federal regulation.

•One of the goals of this training is to determine what “maximum extent practicable” 
is based on site-specific factors and the current science.
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•With the various interpretations of “removal to the maximum extent practicable,” 
there is no clear guidance on how to adequately manage LNAPL sites.

•Because there is no clear path, one is often left with some questions:

• What will work?

• How many things do we try?

• How long do we do it?

Wh d ?• When are we done?

•If we don’t have a clear understanding of regulations in the context of subsurface 
LNAPL behavior and the current science, how can we select an appropriate 
remedial technology?

•One is often left with trying several technologies and still having 1/8-inch of LNAPL 
in monitor wells.

•A lot of money is spent and the site is no closer to NFA than when you started.
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• This flow chart is from page 2 of the Tech/Reg.

• First identify your site-specific LNAPL composition and saturation concerns.

• If there are none, address long-term stewardship and go to NFA.

• If there are concerns, apply appropriate LNAPL remedial technologies to abate 
those concerns:

• Stop LNAPL migration

R d LNAPL t d th ti f t l bi d d ti t• Reduce LNAPL mass to reduce the time for natural biodegradation to 
finish remediating the site.

• Change the LNAPL composition to reduce risk from contaminated 
groundwater plumes and/or vapor intrusion.
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• This cross-section illustrates several LNAPL concerns and divides them into 
composition concerns and saturation concerns, as shown in orange at the 
bottom of the slide.

• LNAPL composition concerns are associated with toxicity and risk, such as risks 
posed by vapor intrusion (1, 3a, and 3b) and risks posed by dissolved 
contaminants in groundwater (2).

• Composition concerns can be mitigated by changing the LNAPL composition, 
i b i th t i l til d l bl d ( hi.e., by removing the more toxic, volatile, and soluble compounds (such as 
benzene) from the LNAPL body.

• LNAPL saturation concerns are associated with movement or migration of the 
LNAPL body (4 and 5).

• Saturation concerns can be mitigated by removing LNAPL itself, reducing the 
LNAPL head and saturation, and stopping the migration of the LNAPL body.

• The Tech/Reg will guide you from the LNAPL concerns to establishing remedial 
bj i f hobjectives for each concern.

• Each remedial objective may then have several technologies that are applicable.
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•This figure is from page 10 of the Tech/Reg.

•Cross-section 1 shows a situation in which LNAPL is still migrating – the LNAPL release is ongoing.  The 
LNAPL body is migrating due to the high LNAPL saturation and LNAPL head.  LNAPL will continue to migrate 
laterally until the release is stopped and the LNAPL head dissipates.

•Cross-section 2 shows a situation where the LNAPL release has been stopped and the LNAPL head has 
dissipated.  LNAPL still accumulates in monitor wells installed in the LNAPL body, but he LNAPL is no longer 
migrating (spreading) laterally.

•Cross-section 3 shows a situation where LNAPL is below residual saturation.  LNAPL will not accumulate in a 
well installed in the LNAPL body (unless the water table drops and LNAPL trapped below the water table in the 
smear zone moves into the well).

•The first two cross-sections are focused on the migration and mobility of LNAPL, both of which are saturation 
concerns.  To address these concerns, the LNAPL remedial technology must reduce the LNAPL saturation.

•In contrast, the third cross-section shows LNAPL at less than residual saturation.  The concern here is that 
the residual LNAPL  in soil can be a source of a dissolved contaminant plume in groundwater or pose a vapor 
i i i IN hi h di l h l h ld dd h LNAPL i i i hintrusion issue.  IN this case, the remedial technology should address the LNAPL composition, i.e., remove the 
soluble and volatile components from the residual LNAPL.

•We usually react to the presence of LNAPL in wells, but the LNAPL may not be migrating.

•Therefore, the composition concerns may be the more compelling issues, and those are typically addressed 
in the context of soil and groundwater cleanup levels.

•If you are concerned about LNAPL migration, you must reduce the LNAPL saturation and LNAPL head, 
therefore, reducing LNAPL saturation is the remedial objective.
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•If you are concerned about risks posed by the LNAPL at residual saturation, you should target its composition 
as the remedial objective.



•This slide is from work done by G.D. Beckett (AquiVer) and Dr. David Huntley (San 
Diego State University).

•In the slide on the right, the black dots represent actual soil cores that were 
collected from a borehole and analyzed for % LNAPL saturation.

•LNAPL saturation (% of soil pore space filled with LNAPL) is on the “X” axis and 
thickness of LNAPL in the monitor well is on the “Y” axis.

•On the right side of both slides is a monitor well with LNAPL in it.g

•On the left is the LNAPL distribution in soil – the “Shark Fin.”

•These slides show that LNAPL is not uniformly distributed in the soil.

•The LNAPL saturation varies within the soil column from 5% to 50%.

•This fact makes estimations of the volume of LNAPL in the subsurface very 
difficult.

•Moreover, it is difficult to predict how much LNAPL is hydraulically recoverable, 
b d th thi k f LNAPL i it llbased on the thickness of LNAPL in monitor wells.
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• If your LNAPL concern is LNAPL migration, your remedial objective is a 
Saturation Objective.

• You can stop LNAPL migration by recovering enough LNAPL to reduce LNAPL 
saturation and LNAPL head.
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•If you have risks from vapor intrusion or a dissolved phase plume in groundwater 
emanating from the LNAPL body, you have a composition objective.

•You should select a remedial technology that removes the toxic, volatile, and 
soluble components of the LNAPL.

•This involves a Phase Change technology, such as Multi-Phase Extraction or air 
sparging/vapor extraction.

•Just pumping LNAPL out of the ground will not change the composition and will not p p g g g p
address your “composition concerns.”
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• LNAPL characterization and management is an iterative process that revolves 
around the LCSM.

• A complete LCSM will help you determine your LNAPL remediation objectives 
and goals.

• Our next speaker, Eric Nichols with Arcadis, will give us an overview of LNAPL 
remedial technologies.
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•To recap, we have looked over some of the key terms from the earlier Internet-
b d t i i ll t h d f th t i th T h/Rbased trainings as well as touched on some of the concepts in the Tech/Reg 
Guidance document.

•Next we are going to provide an overview of LNAPL remedial technologies.

•Eric Nichols / Ian Hers of Golder Associates will present the next section of this 
training.
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This section of the training is an overview of the 17 LNAPL remedial technologies 
dd d i th T h i l d R l t G id f i th taddressed in the Technical and Regulatory Guidance focusing on the concepts 

addressed in Section 5 of our Guidance. We’ll review the primary mechanisms or 
basic ways in which these technologies work followed by a framework for 
evaluating key technology characteristics. Several case examples that introduce 
different remedial technologies are presented, and key concepts addressed in Parts 
1 and 2 of the internet training are reviewed.
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Section 5 of the Guidance begins with a brief technology description and primary mechanism for 
remediation, or in simple terms, how each of the 17 technologies work. There are four primary 
mechanism categories, two presented on this slide, and two on the next. g , p ,

The first category is LNAPL mass recovery, which can range from simple technologies such as 
removal through excavation to more complex technologies such as multi-phase extraction or 
water flooding. 

The second category is LNAPL phase change where through either natural or enhanced means, 
there is change in phase, for example, chemicals in LNAPL may partition into overlying soil gas. 

The LNAPL team published a guidance document on natural source zone depletion that is 
available on the ITRC web page.
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The third primary mechanism is LNAPL mass or mobility control. This remediation 
h i l t lli th t f LNAPL ith th h h i lapproach involves controlling the movement of LNAPL either through physical 

containment such as barrier wall or actually stabilizing the source LNAPL mass, 
through for example injecting bentonite or cement-like chemicals. 

The fourth category is really a combination of phase change remediation and mass 
recovery, and involves more innovative and aggressive technologies, where 
injected agents such as surfactants or heat are used to enhance phase change, 
and also to enhance mass recoveryand also to enhance mass recovery. 

When selecting technologies consider multiple treatment technologies or treatment 
trains. For example, you may begin with dual pump liquid extraction to remove free-
phase LNAPL. Air sparging and soil vapor extraction may then be used to further 
remove LNAPL mass and potentially address vapor risks. The final treatment 
technology may be natural source zone depletion. 
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The linkages between different remediation objectives and primary remediation 
h i i i dmechanism is summarized. 

The saturation objective would be achieved by recovering LNAPL mass, example 
being hydraulic recovery methods. 

A composition or concentration objective would be achieved primarily through 
phase change remediation, an example being soil vapor extraction. p g p g p

The containment objective is achieved through LNAPL mass control technologies, 
an example being stabilization. 
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A key point in Part 1 of the training relates to the conceptual model for LNAPL 
bilit Thi i i t t i t it di ti t h l imobility. This is important since at many sites remediation technologies are 

targeted to address the saturation objective where mobility is the key concern. 

LNAPL is only potentially mobile and recoverable when the saturation exceeds the 
residual saturation shown in the figure as the portion of the vertical LNAPL profile, 
or so-called shark fin, exceeds residual saturation. 

To summarize, the saturation objective and reduction of mobility is only relevant 
when the LNAPL saturation exceeds the residual saturation.
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Another important concept is that although the LNAPL saturation in the core of the 
l d th id l t ti th ll f t i t f th LNAPL b dplume may exceed the residual saturation, the overall footprint of the LNAPL body 

may be stable. 

To summarize, the left figure conceptually illustrates how the relative permeability 
increases as a function of increasing LNAPL saturation. The right figure shows that 
LNAPL is potential mobile within the core of plume where saturations are high but 
near the periphery of the LNAPL body, the LNAPL saturations are lower and the 
capillary pressure is less than the pore entry pressurecapillary pressure is less than the pore entry pressure.

As a result, the overall footprint of the LNAPL body may be stable.

The key point is that although LNAPL in the core of the plume is potentially mobile, 
the LNAPL body will often be stable, especially in older source zones. The LNAPL 
body stability may be an important consideration when evaluating the need for 
LNAPL remediation measures and selecting a remedy.
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At this site, soil vapor extraction (SVE) remediation was effective for removing 
li ht l l i ht l til h d b d th hi i itilighter-molecular-weight volatile hydrocarbons and thus achieving a composition 
objective. Time series soil sample collection and analysis was used to quantify the 
reduction of volatile hydrocarbons over time (May 2005 to February 2009). Because 
the impacts at this site were mainly gasoline-range hydrocarbons, SVE was also 
effective at achieving a mass-reduction objective.
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The composition and saturation objectives are conceptually compared. The first 
i f A t B h h 50% d ti i t ti h littl ff tscenario from A to B shows how a 50% reduction in saturation has little effect on 

the dissolved benzene concentration. In contrast a 50% reduction in the mole 
fraction of benzene from A to C has a corresponding 50% reduction in benzene 
concentration. The key point is that the dissolved benzene concentration is 
dependent on the change in composition and mole fraction. Research has shown 
that a reduction in saturation has little affect on the dissolved concentration unless 
almost all the LNAPL from a source zone is removed (e.g., see API LNAST model, 
publications by David Huntley)

31



In Table 5-2 of our guidance, all 17 technologies are summarized with respect to 
li bl l LNAPL di l bj ti d di lpros, cons, applicable geology, LNAPL remedial objective, and remedial 

timeframes. The remedial technologies all act differently and apply in different ways 
depending on LNAPL properties and site conditions. Many technologies also modify 
or exploit a particular LNAPL characteristic such as saturation or volatility. To 
summarize, it is important to understand how different technologies are influenced 
by physics and by site conditions, as illustrated in subsequent slides.
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While the Site and LNAPL conditions are important factors for technology selection, 
th b th id ti th t i fl th LNAPL t l it d lthere may be other considerations that influence the LNAPL conceptual site model 
and remedy selection, such as results of testing or modeling, bench or pilot scale 
tests, or other factors, including cost and liability concerns. 
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Several key considerations for LNAPL technology evaluation are listed on this slide 
ith t t it d LNAPL diti ( T bl 5 2 d A di A f thwith respect to site and LNAPL conditions (see Table 5-2 and Appendix A of the 

Guidance). The relative importance of each consideration or factor listed will vary 
depending on the technology. 

An example of how a site condition could affect a technology is that when the water 
table is deep, a technology such as multiphase extraction may become less 
efficient or become not feasible. An example of how a LNAPL condition could affect 
a technology is that hydraulic pumping rates will be faster for low viscosity producta technology is that hydraulic pumping rates will be faster for low viscosity product 
such as gasoline compared to a higher viscosity product such as diesel. 

In subsequent slides, selected technologies are evaluated in greater detail through 
case examples discussed within this general framework.
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The first technology illustrated excavation of LNAPL, which involves the mass 
h i Thi lid ill t t it h th l trecovery mechanism. This slide illustrates a site where the goal was to remove a 

LNAPL source zone through excavation.

At this site, the depth to LNAPL was greater than anticipated and the excavation 
required de-watering. The areal extent of contamination was also larger than 
anticipated. Fortunately at this site, there was good access which allowed for 
expansion of the excavation and removal of contamination. At some sites this will 
not be the case This case study illustrates the importance of good site investigationnot be the case. This case study illustrates the importance of good site investigation 
data and a solid LNAPL conceptual site model. 

The advantages of excavation include very short time frame and complete LNAPL 
removal, where accessible. Disadvantages include access restrictions, cost and de-
watering below the water table. Sustainability may also be an issue for this 
technology, for example when a large volume of soil needs to removed and 
transported long distances to a disposal site. Emissions from vehicles and safety t a spo ted o g d sta ces to a d sposa s te ss o s o e c es a d sa ety
on-site and on-road may be other factors to consider.
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Natural source zone depletion involves processes such as volatilization, dissolution 
d bi d d ti Th l ti i t f th ill d d thand biodegradation. The relative importance of these processes will depend on the 

type of LNAPL. For example, the dissolution rate will be slow for heavier petroleum 
products such as diesel or oil since the solubility will be lower. Natural source zone 
depletion is a low intensity remedial solution and advantages include no disruption 
and low carbon footprint. The disadvantage is that it occurs slowly over very long 
time frames and may require long-term monitoring. This technology may also not 
meet saturation or composition objectives for a site in an acceptable timeframe.
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LNAPL containment through construction of a barrier wall is intended to achieve 
LNAPL t l Th l t d i thi lid h thLNAPL mass control. The case example presented in this slide shows the 
construction of a low permeability soil-bentonite wall to prevent the off-site 
movement of LNAPL. The photo to the right shows the trench under construction, 
which involves excavation and filling the trench with a slurry to keep it open, and 
then filling it with a soil-bentonite mixture. This trench was constructed to 20 to 30 
feet depth and keyed into a confining layer (often bedrock, but in this case an 
aquitard). There are some examples of cut-off trenches being constructed to 60 or 
70 feet depth below ground, although walls to such depths become relatively costly. 
An advantage of this technology is that it can provide effective control of LNAPL 
and dissolved plume mobility. A disadvantage is that the LNAPL is not treated, but 
managed inward of the containment wall. Construction of barrier walls can also be 
relatively costly and slow down the rate of NSZD.
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Air sparging and soil vapor extraction involves the LNAPL phase change 
h i Ab th t t bl LNAPL i d th h ilmechanism. Above the water table, LNAPL is removed through soil vapor 

extraction, while below the water table air sparging removes LNAPL. Since soil 
vapor extraction relies on soil gas flow to remove hydrocarbon constituents that are 
volatilized, the permeability and the moisture content of the soil are important, since 
this will affect rate at which pore flushing and hydrocarbon removal will occur. The 
volatility of LNAPL is another important factor. Volatile products such as gasoline 
will be removed much faster than for example diesel, for which a significant fraction 
is non-volatile and will not be removed by soil vapor extraction. A potential 
advantage of air sparging and soil vapor extraction is that it may be effective in 
achieving a composition objective depending on site conditions, but it is a less 
efficient technology for LNAPL mass removal. This is particularly the case when 
there are significant quantities of free-product present, which is a scenario where 
other technologies such as hydraulic recovery could be used to initially target 
LNAPL mass recovery.
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This slide illustrates how model-predictions using a numerical model may be used 
t d l b tt d t di f th h i d li it ti f ilto develop a better understanding of the mechanisms and limitations for soil vapor 
extraction. The site for which the model was applied was a former petrochemical 
plant with extensive benzene, toluene, and xylene contamination where soil vapor 
extraction was proposed to remove LNAPL mass above the water table. The model 
output shown in the left figure shows the soil gas velocity vectors, while the graph 
on the right shows the predicted vapor concentrations after one year of remediation. 
As shown, there is a roughly triangular area near the well where LNAPL has been 
removed. In contrast, there is residual LNAPL that remains deeper in soil where 
there is less soil gas flow. The model demonstrated that the rate of soil gas pore 
flushing is key for remedial success.  Techniques for directing soil gas flow and 
expanding the radius of influence, such as the addition of surface barriers, can help 
further improve performance.

k = 12 Darcy
Q = 30 cfm
Pw = 60 inchesPw = 60 inches

3939



Hydraulic recovery or mass recovery can involve a range of technologies from low 
i t it th d h ki i h i l d t th t /LNAPLintensity methods such as skimming, where a pump is placed at the water/LNAPL 
interface in the well, to higher intensity methods such as multiphase extraction 
where the groundwater table is drawn down and where a vacuum is applied. One 
key site condition is grain size, which controls permeability and the rate at which 
LNAPL will move to the well. LNAPL viscosity is another parameter that affects the 
rate at which LNAPL will move to the well. The advantages and disadvantages will 
depend on the technology implemented. For example, skimming is a low cost 
technology, but will have a reduced radius of influence compared to multiphase 
extraction, for which there will be greater drawdown and consequently recovery. 
The disadvantages of multiphase extraction are greater cost and residuals 
management.
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Volume estimates for different soil types for a given LNAPL thickness in the well are 
h i thi fi F th td t d k d l th l i th LNAPLshown in this figure. For the outdated pancake model, the volume is the LNAPL 

thickness in well x porosity, or 13 gal/ft2 for this example. Using the more up-to-
date Vertical equilibrium model (VEQ), the LNAPL saturation distribution (shark 
fins) and volumes depend on grain size, and vary from 6 gal/ft2 for gravel to 0.7 
gal/ft2 for silt. 

Do you understand the volume of LNAPL that is potentially recoverable?
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The purpose of this slide is to highlight the variability in LNAPL distribution based 
t Whil th VEQ d l h th i lid idon measurement. While the VEQ model shown on the previous slide can provide 

for useful predictions, the use of technologies such as laser induced fluorecence or 
LIF shown on the left graph or measurements of LNAPL saturation shown on the 
right graph can be used to obtain a better understanding of the vertical variability in 
LNAPL saturation. When such measurement data exists, it is important to compare 
model predictions to the VEQ model predictions. Depending on the results, it may 
be possible to develop correlations between model predictions and measurements. 
This type of analysis can be important when evaluating LNAPL recovery efforts.
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Enhanced fluid recovery methods involve a combination of LNAPL mass recovery 
d h h T i ll th t h l i i l bi ti f h d liand phase change. Typically these technologies involve a combination of hydraulic 

pumping and technologies that change the nature of the LNAPL, such as the 
addition of oxidizers, heat, surfactants, or solvents. One strategy may be to reduce 
the residual saturation through addition of a surfactant, and therefore increase the 
recoverable LNAPL mass. As a reminder, we have shown the figure on the left 
showing the shark fin and how recoverable LNAPL increases as residual saturation 
is reduced. Another technology for increasing mass recovery is the addition of heat, 
which enhances the volatilization of LNAPL constituents. 

An advantage of enhanced technologies is increased mass recovery, but limitations 
include greater technological complexity and cost, elevated safety concerns, and 
also increased residuals management, for example, requirement to treat volatile 
emissions. For some technologies the energy inputs may be relatively high and 
therefore potentially less sustainable than less aggressive technologies, although 
the potential advantage of faster remediation timeframes would need to be 
considered as part of this evaluationconsidered as part of this evaluation.

ITRC has previously developed comprehensive guidance on in situ chemical 
oxidation that can be accessed on the ITRC website.
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Six phase heating involves LNAPL mass recovery and phase change. Six phase 
h ti i l t i l i t h ti th t li l t i it t th d th hheating is electrical resistance heating that applies electricity to the ground through 
electrodes, which is able to raise temperature to the boiling point of water. The 
middle array for six phase heating consists of a vapor extraction well, which is 
important for control and removal of volatilized constituents. A six phase heating 
array is shown in the photograph, while model predictions of heat modeling are 
shown on the right.  Modeling may be important to help predict volatilization and 
optimize design. The key LNAPL conditions include saturation and composition, 
which could affect rate at which contaminants are being removed. If the goal is to 
mobilize LNAPL, properties such as viscosity and interfacial tension may be 
important. 

An advantage of this technology is that LNAPL mass recovery may be enhanced 
and it is also a technology that works reasonably well in both coarse and fine-
grained soils. Some disadvantages include greater complexity, increased safety 
concerns, higher energy cost and increased residuals management. The 
technology may be appropriate at sites with localized contamination areas where antechnology may be appropriate at sites with localized contamination areas where an 
aggressive technology can be used to quickly clean up the site.
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The effect of partial LNAPL mass removal on the LNAPL constituent concentrations in a 
monitoring well positioned downgradient of the source zone and screened completelymonitoring well positioned downgradient of the source zone and screened completely 
across the initial thickness of LNAPL impacts is shown. The LNAPL source zone is 
considered uniformly impacted. For these scenarios, it was assumed that there is no 
dispersion or biodegradation, and that dissolution is not mass-transfer limited (i.e., 
equilibrium dissolution).

Case A: This case is the base case, where no active remediation is performed. Here the 
constituent of concern dissolves into the groundwater until it is completely depleted from 
the LNAPL. The groundwater concentration and time to total depletion of the COC in the 
other cases are normalized to those for Case A. For example, a relative time of 0.5 p ,
indicates that the constituent will completely dissolve away in one-half the time when 
compared to Case A; similarly, a relative concentration of 0.5 indicates that the 
groundwater concentrations in the monitoring well defined above will be one-half of that in 
the base case.

Case B: Here the source has been partially cleaned up vertically, for example, by partial 
excavation to a certain depth. Here since the well is screened across the entire thickness 
of the original source zone, the concentration in the monitoring well is reduced by half due 
to dilution. However, since the source length is not changed, there is no effect on source 
l it A th l f thi ld b l f i d l ilongevity. Another example of this case could be cleanup of coarse-grained layers in an 
inter-bedded setting.

Case C: In this case the source has been partially removed in the direction of 
groundwater flow, for example, the upgradient half of the source has been excavated and 
other half is left, say due to lack of access. Here the groundwater concentrations in the 
monitoring wells are unchanged, but the longevity is reduced by half, because twice as 
many source pore volumes are flushed through the source in the same amount of time 
resulting in more rapid constituent depletion.

Case D: As is discussed earlier the theoretical endpoint of hydraulic recovery is residual

45

Case D: As is discussed earlier, the theoretical endpoint of hydraulic recovery is residual 
saturation. Case D represents a scenario where 20% of the LNAPL is removed via 
hydraulic recovery. With a 20% reduction in saturation, the concentration is unchanged, 
but relative time is reduced by approximately 20%. 
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Key physics points for each technology discussed.
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No associated notes.
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• Establishing remedial objectives.
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•You have seen this slide before.

•It illustrates your site-specific LNAPL concerns.

•Design your remediation system to mitigate your concerns.

•For each LNAPL concern identified in the LCSM, there must be an remedial 
objective established for addressing it.

•If there are multiple concerns, then set multiple remedial objectives.

Th di l bj ti di t t h t di l t h l t hi t•These remedial objectives dictate what a remedial technology must achieve to 
mitigate an LNAPL concern.

•For example, if you are concerned about LNAPL constituents dissolved in 
groundwater possibly impacting a drinking water well, address that.

•You don’t need to focus on LNAPL migration when selecting a remediation 
technology if the LNAPL is not migrating.
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•First identify your LNAPL concerns as composition concerns or saturation 
concerns.

•Then establish remedial objectives based on your concerns.

•Then select an LNAPL remediation technology that mitigates your LNAPL 
composition or saturation concerns.

•Composition concerns will require a phase-change technology.

•Saturation concerns will require an LNAPL mass removal or mass controlSaturation concerns will require an LNAPL mass removal or mass control 
technology.
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•This slide shows some examples of performance metrics for the remediation goal 
of removing LNAPL to residual saturation.

•On page 14 of the Tech/Reg, there is an explanation on the use of LNAPL 
transmissivity as a performance metric.

•In 2012, ASTM published a “Standard Guide for Estimation of LNAPL 
Transmissivity” that you can buy for $69.

•The ASTM guide describes in detail the various field tests (and appropriate site g ( pp p
conditions) to determine transmissivity.

•The API has an LNAPL Transmissivity spreadsheet available on-line.

•According to the Tech/Reg, if your LNAPL transmissivity is less than about 1 
ft2/day, you are at the end of practical hydraulic removal of LNAPL.
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• Now we have Rick Ahlers (Arcardis) who will talk about LNAPL remediation 
technology selection.
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No associated notes.
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This flow chart will be used throughout the presentation to remind everyone where 
i th i t d ITRC T h i l d R l t G id E l tiwe are in the associated ITRC Technical and Regulatory Guidance: Evaluating 

LNAPL Remedial Technologies for Achieving Project Goals. 

Graphic: AST with hole in floor found during routine turn around.
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No associated notes.
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Key Point: The ITRC Guidance focuses on active technology selection. There might 
b it th t l i k d i ti it i h tibe sites that are low risk, and are in a routine monitoring program where active 
remediation is not needed.

Also, at any step of technology selection, additional data might be needed to close 
characterization data gaps or help screen in or screen out a technology. 
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Major Goal in Section 6 is to narrow the long list of technologies down to a shorter 
li tlist.

It is a two step process, and we will begin with the first step.



On the next five slides, we will go through Table 6-1 in the Guidance. At a site, a 
titi ld l k thi t bl f l ft t it t h l t h l ipractitioner would also work this table from left to write to help narrow technologies. 

Important: There is a lot of information in the ITRC Guidance. The presentation 
slides have less information, so the text can be large enough to be seen.

LNAPL Remedial Objectives: One example is shown above in the table. The other 
LNAPL Remedial Objectives from Table 6-1 are shown below at the left.j

The graphic shows a LNAPL skimmer system, which could be used as a technology 
to address two LNAPL Remediation Objectives as indicated by the arrows.
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LNAPL remedial goal is what the objective is supposed to accomplish. The table 
h l th th l f T bl 6 1 h t th b ttshows one example, the other examples from Table 6-1 are shown at the bottom 

left.

Graphic, Important!: This shows LNAPL in a sand tank at Colorado State University. 
LNAPL is shown (red liquid) in a stainless steel tank cut in half on the left. The 
LNAPL saturation profile can be seen in the upper right, and shows the fraction of 
LNAPL that might be recovered. On the bottom right, residual LNAPL is shown in 
the formation When LNAPL is recovered this residual LNAPL will still be in thethe formation. When LNAPL is recovered, this residual LNAPL will still be in the 
formation contributing to a dissolved phase groundwater plume. So a mass 
recovery goal might not address a LNAPL concern based on a groundwater 
concentration, like an MCL.
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Technology group: Does a technology work by removing LNAPL, containing LNAPL 
b iti ll h i itor by compositionally changing it.

Graphic: Shows two technology groups. An LNAPL skimmer system is housed in 
the plastic structures for mass recovery, and a sheet pile wall is present for LNAPL 
containment. 
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Example metrics are all about when a system has met its technological endpoint.

Examples from Table 6-1 are shown on the bottom left.

Graphic: Shows a $/gallon or LNAPL removed metric. As systems approach their 
endpoint, less LNAPL is recovered, while O&M costs may remain at a constant 
level, increasing the cost of LNAPL removing as measured as $/gallon.
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The last column gives a little more site specific LNAPL and soil texture criteria to 
h l th t h l ihelp screen the technologies.

Subscripts are shown on the bottom left.

Graphic: Clay from a soil core. LNAPL in halos. This soil is an “F,” fine grained soil.
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Now we are in the second step of Section 6.0, looking at the A-Series tables to get 
more information on technologies based on site specific geologic information.
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Bottom Left: An example table (SKIMMING) from Appendix A.

Top: A zone in of information highlighted in red box.

Graphic: LNAPL skimmer



Now we will move into Section 7, to look at site specific evaluation factors. 

Graphic: We will talk about community concerns. Pictured is a blower. Noise from 
the blower could be a community concern
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No associated notes.



An example from Table 7-1.
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The rest of the evaluation factors from Table 7-1.
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From Table 7-1, with several (or up to five) evaluation factors selected, more 
i f ti t t h l i i t l ti f t b f d i th Binformation to screen technologies against evaluation factors can be found in the B-
series tables in Appendix A.

An example is shown above.

Graphic: MPE pilot test well head. PVC is the conduit to apply a vacuum. The 
narrow red line is a pump for LNAPL recovery. The thicker red line is attached to a p p y
pump for watertable depression. 



Now we will move into Section 8.

Graphic: Clay from boring log—this has to be known by Section 8, and a complex 
site with fine grained soils will need to be closely evaluated in Section 8.
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No associated notes.



An example from Table 8-1 and the type of information shown.



So now we picked a technology. Time to establish goals (before system 
d l t) th it d d t t th t l tdeployment) then monitor, and demonstrate that goals are met.

Next, we will go through a case example starting at LCSM building through 
technology selection.
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This is the outline for the case study.
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This is a big site (~1200 acres), I also want to highlight what might be different at 
ll it Th h t th t d th ill b li ht b ith “Wh tsmaller sites. Throughout the case study, there will be a light green box with, “What 

about a service station?” I will describe how a smaller site or a more financially 
constrained site might go through the process as well.
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Quick pass through slide, first step is LCSM building.
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Forensic data analysis led to a high resolution snapshot of the smear zone. 
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No associated notes.
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Important: There is about 18 inches of unsaturated above the water table, but below 
th l i fi i l l itthe overlying surficial clay unit.

Soil core: from a petrophysical lab. The left side of the graphic shows the core 
photographed under natural light. The graphic on the right shows the core 
photographed under UV light. LNAPLs will fluoresce under UV light, the LNAPL 
saturation is related to the UV light. The higher the fluorescence the greater amount 
of LNAPL in the pore spaces. The “white” in the core is the area of highest LNAPL 
saturationsaturation.
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Quick slide, moving to Section 6.

8484



This site will focus on the above LNAPL Remedial Objective.
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At the site, we decided to conduct a pilot test between Guidance Sections 6 and 7. 
W did thi b t d l d ld b i h h th tWe did this because any system deployed would be expensive enough such that 
time spent on a short term pilot test would greatly reduce uncertainty about 
remediation selection. 

The pilot test will occur in 2 different areas, with similar in-well LNAPL thickness, 
but very different viscosities, and transmissivities. 

Graphic: Baildown testing as part of characterization stage.

LNAPL Distribution and Recovery Model (LDRM) from American Petroleum 
Institute, www.api.org
http://www.api.org/ehs/groundwater/lnapl/lnapl-
reg.cfm?dl=ok&CFID=27565067&CFTOKEN=70898339&jsessionid=9630500d251
2 433277433a55  
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The four technologies chosen and the rest of Table 6-1 are shown.

Service Station: A pilot might not be conducted, or only one technology might be 
tested. 
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So pilot test were conducted is in 2 areas, similar in-well thicknesses, but much 
diff t t i i iti With l k l d f th hi th i ht l tidifferent transmissivities. With only knowledge of the graphic on the right, resolution 
of LNAPL transmissivity is lost.

Service Station: Only one type of LNAPL, and only one area for pilot testing.
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No associated notes.
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No associated notes.

9090



Picture of Pilot Test Set-up.



The vacuum enhanced technologies did not provide additional benefit.

The high viscosity area had NO LNAPL recovery. This shows it is infeasible to 
recover LNAPL here even though there is a large in-well thickness. This also 
verifies the baildown test result indicating a low transmissivity.

So, the focus is on skimming and DPLE in the low viscosity (high transmissivity 
area).
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Why the vacuum failed: Vacuum drew water above the sand/clay contact cutting of 
tivacuum propagation.
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Moving into Section 7 with 2 technologies.
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Moving on to Section 7, the important evaluation factors are shown bolded above. 
C t f t i t th b thCost factors into the above three.
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The next slides will be a side-by-side comparison of the three evaluation factors for 
th t t h l ithe two technologies.

Remedial Time frame: DPLE will reach technical endpoint much faster.

9696



Skimming will occur for longer than ten years (LDRM model prediction)



DPLE will reach asymptotic recovery in less than 2 years (LDRM model).



Key point: On site WWTP. The extra water production (waste stream) can be easily 
d h l t t dand cheaply treated.
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Key point: This is a big site, cost tradeoff between a lot of skimmer wells versus 
f DPLE llfewer DPLE wells
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DPLE wins:

Shorter time frame

Not a huge problem from water treatment

Large LNAPL body size
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DPLE still has a more attractive time frame

Water might be difficult to treat due to size of service station, and discharge will 
have to be permitted.

Smaller LNAPL body might mean only 1 or 2 skimmer wells (compared to 1 DPLE 
well)
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Moving through to Section 8, what else do we need to look out for.
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This is the type of information found in the C-series tables. Highlighted is an 
l f ROCexample of ROC.



No associated notes.



No associated notes.



Links to additional resources: 

htt // l i / f/it /LNAPL t/ fhttp://www.clu-in.org/conf/itrc/LNAPLrt/resource.cfm

Your feedback is important – please fill out the form at: 

http://www.cluin.org/conf/itrc/LNAPLrt/feedback.cfm

The benefits that ITRC offers to state regulators and technology developers, vendors, and 
consultants include:

Helping regulators build their knowledge base and raise their confidence about new p g g g
environmental technologies

Helping regulators save time and money when evaluating environmental technologies

Guiding technology developers in the collection of performance data to satisfy the 
requirements of multiple states

Helping technology vendors avoid the time and expense of conducting duplicative and costly 
demonstrations

Providing a reliable network among members of the environmental community to focus on 
innovative environmental technologies

How you can get involved with ITRC:

Join an ITRC Team – with just 10% of your time you can have a positive impact on the 
regulatory process and acceptance of innovative technologies and approaches

Sponsor ITRC’s technical team and other activities

Use ITRC products and attend training courses

Submit proposals for new technical teams and projects

107


