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ABOUT ITRC

Established in 1995, the Interstate Technology & Regulatory Council (ITRC) is a state-led,
national coalition of personnel from the environmental regulatory agencies of some 40 states and
the District of Columbia; three federal agencies; tribes; and public and industry stakeholders. The
organization is devoted to reducing barriers to, and speeding interstate deployment of, better,
more cost-effective, innovative environmental techniques. ITRC operates as a committee of the
Environmental Research Institute of the States (ERIS), a Section 501(c)(3) public charity that
supports the Environmental Council of the States (ECOS) through its educational and research
activities aimed at improving the environment in the United States and providing a forum for
state environmental policy makers. More information about ITRC and its available products and
services can be found on the Internet at www.itrcweb.org.

DISCLAIMER

This document is designed to help regulators and others develop a consistent approach to their
evaluation, regulatory approval, and deployment of specific technologies at specific sites.
Although the information in this document is believed to be reliable and accurate, this document
and all material set forth herein are provided without warranties of any kind, either express or
implied, including but not limited to warranties of the accuracy or completeness of information
contained in the document. The technical implications of any information or guidance contained
in this document may vary widely based on the specific facts involved and should not be used as
a substitute for consultation with professional and competent advisors. Although this document
attempts to address what the authors believe to be all relevant points, it is not intended to be an
exhaustive treatise on the subject. Interested readers should do their own research, and a list of
references may be provided as a starting point. This document does not necessarily address all
applicable heath and safety risks and precautions with respect to particular materials, conditions,
or procedures in specific applications of any technology. Consequently, ITRC recommends also
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. The use of this document and the materials set forth herein
is at the user’s own risk. ECOS, ERIS, and ITRC shall not be liable for any direct, indirect,
incidental, special, consequential, or punitive damages arising out of the use of any information,
apparatus, method, or process discussed in this document. This document may be revised or
withdrawn at any time without prior notice.

ECOS, ERIS, and ITRC do not endorse the use of, nor do they attempt to determine the merits
of, any specific technology or technology provider through publication of this guidance
document or any other ITRC document. The type of work described in this document should be
performed by trained professionals, and federal, state, and municipal laws should be consulted.
ECOS, ERIS, and ITRC shall not be liable in the event of any conflict between this guidance
document and such laws, regulations, and/or ordinances. Mention of trade names or commercial
products does not constitute endorsement or recommendation of use by ECOS, ERIS, or ITRC.
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EXECUTIVE SUMMARY

This document is intended to serve as a technical and regulatory guide for stakeholders,
regulators, technology decision makers, and others involved in selecting and implementing
surfactant/cosolvent flushing of dense nonaqueous-phase liquids (DNAPLs) as a remedial action.

Surfactant/cosolvent flushing is a DNAPL-removal technology involving the injection and
subsequent extraction of chemicals to solubilize and/or mobilize DNAPLs. The chemicals are
injected into a system of wells positioned to sweep the DNAPL source zone within the aquifer.
The chemical flood and the solubilized or mobilized DNAPL is removed through extraction
wells, and the produced liquids are then either disposed (usually off-site treatment) or treated on
site to remove contaminants, and then reinjected to the subsurface to remove additional DNAPL
mass.

Surfactant/cosolvent flushing is a mature technology in the petroleum-engineering field of
Enhanced Oil Recovery (EOR), supported by decades of research and field tests. Environmental
applications are relatively new but have increased in recent years. Field performance has been
quantitatively assessed using several methods for a large number of sites. The technology has
been shown to be effective for several DNAPL types, including spent degreasing solvents (TCE
and TCA), dry cleaning solvents (PCE), heavy fuel oils, and coal tar/creosote. Laboratory work
has also demonstrated applicability to PCB-containing mineral oils.

The primary appeal of surfactant/cosolvent flushing is its potential to quickly remove a large
fraction of the total DNAPL mass as compared to other technologies. As an in-situ technology, it
eliminates the need to excavate, handle, and transport contaminated media. It is applicable as a
stand-alone technology or as a component in a “treatment train” consisting of several remedial
technologies, depending on site-specific cleanup objectives.

Designing and implementing a DNAPL source-removal operation is an intrinsically complex
endeavor. Surfactant/cosolvent flushing activities must be designed in such a way that
uncontrolled vertical and horizontal migration of contamination is avoided. A comprehensive
understanding of the subsurface environment, multiphase fluid flow, and the physical processes
being employed is required to prevent remediation failure and avoid contaminating previously
uncontaminated portions of the aquifer.

Technical challenges to the successful use of surfactant/cosolvent flushing include locating and
delineating the DNAPL source zone and obtaining an accurate estimate of the initial DNAPL
mass and its spatial distribution. Additional requirements include characterizing the hydraulic
properties of the aquifer, delivering and distributing the injected chemicals to the targeted zone,
and designing the optimum chemical formulation for a given DNAPL composition and soil type.
The implementability of surfactant/cosolvent flushing will depend on site-specific geologic
conditions and on the type of DNAPL present at the site.

Historically, the primary factors that have limited field demonstrations from proceeding to full-

scale applications have been concerns regarding costs of disposal of the effluent, regulatory
permitting concerns in allowing underground injection of tracers or flushing agents, and the
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overall impact of unremoved DNAPL. Also, there is a general lack of information regarding the
technology and a lack of personnel with expertise in applying the technology. It is truly an
interdisciplinary and complex technology, requiring expertise in multiphase fluid flow, site and
contaminant-specific design, optimization, and control. Selection of a surfactant/cosolvent
solution is a process requiring laboratory batch and column studies and field trials. A
considerable amount of laboratory work is required before implementation can commence.

To facilitate regulatory and stakeholder acceptance, it is important to include regulators and
stakeholders in the decision process that leads to the selection of surfactant/cosolvent flushing as
a remedy and to involve them in the process of designing and implementing the flood. There are
differences in regulatory requirements based on whether the site is regulated under RCRA or
CERCLA, and whether it is a federal facility, a Superfund, state, or private-party lead. While
permit requirements are not a direct barrier to surfactant/cosolvent flushing, it is important that
the technology user be aware of state-specific permits and/or requirements associated with the
Underground Injection Control (UIC) program.

Acceptance of this technology by the regulatory community as a viable remedial alternative
continues to grow as pilot and field-scale applications are completed.
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TECHNICAL AND REGULATORY GUIDANCE FOR SURFACTANT/COSOLVENT
FLUSHING OF DNAPL SOURCE ZONES

1.0 INTRODUCTION

This document is intended to serve as a technical and regulatory guide for stakeholders,
regulators, and technology decision makers and users involved in selecting and implementing
surfactant/cosolvent flushing of dense nonaqueous-phase liquids (DNAPLSs) as a remedial action.
Surfactant/cosolvent flushing of DNAPLSs is an emerging environmental remediation technology
with limited cost and performance information. While the technology will undoubtedly be
enhanced by future study, recent successes are encouraging and warrant the use of the technique
in appropriate settings.

The terms surfactant/cosolvent “flushing” or “flooding” are synonymous and are interchanged
throughout the document.

1.1 Scope of Document

This guidance document is one of several generated by the Interstate Technology & Regulatory
Council (ITRC) related to the identification, characterization, and remediation of DNAPLs. The
document describes the technology and discusses the major factors that need to be addressed to
select and evaluate design and implementation work plans for surfactant and cosolvent flushing
of DNAPLSs. There are other documents in existence that contain a greater degree of technical
detail that can be used as design manuals (NAVFAC, 2002a). For the convenience of the reader,
a list of acronyms used in this document has been compiled in Appendix A. In addition, a
glossary of key technical terms is included in Appendix B for reference purposes.

These technologies are continuing to evolve and mature, even as this document is being written.
This document focuses on the regulatory, technical, and economic aspects of implementing these
technologies for the purposes of DNAPL remediation.

1.2 Policy Implications

This document does not present a policy position regarding whether or not a DNAPL source
zone should be remediated at a particular site or facility. Aside from state-specific regulatory
requirements or guidance, each site has its own unique characteristics impacting whether or not
DNAPL remediation should be undertaken. The conditions affecting the feasibility and potential
success of DNAPL remediation are typically site-specific and multifaceted, including
hydrogeologic conditions, political involvement at the facility, state or local regulations, public
interaction and perception, and economic factors. The issue of feasibility and arguments for and
against remediating DNAPL source areas is the focus of a recent document entitled DNAPL
Source Reduction: Facing the Challenge (ITRC, 2002).
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DNAPL sites pose special cleanup challenges because this class of contaminants can sink to
great depths in the subsurface, continue to release dissolved contaminants to the surrounding
groundwater for very long time periods, and can be difficult to locate. Due to the complex nature
of DNAPL contamination, a phased approach to characterization and response actions is
especially important for sites where DNAPLs are confirmed or suspected (USEPA, 1992,
1996a).

If DNAPLs are confirmed or suspected, a site investigation should be designed to delineate the
extent of aqueous contaminant plumes and the extent of DNAPL source zones (also known as
“sources”). The reason for delineating these areas of the site is that remedial goals should
generally be different for the DNAPL source zones compared to the aqueous contaminant plume.
While appropriate remedial goals for the aqueous contaminant plume are the prevention of
further migration (plume containment) or restoration of the maximum areal extent of the aquifer
to cleanup levels appropriate for its beneficial use (aquifer restoration), the DNAPL source-zone
treatment goals should be focused on DNAPL mass removal and changing the source-zone
architecture (the distribution of DNAPL relative to preferential groundwater flow paths through
the source zone). Long-term goals involving DNAPL removal may require a phased treatment
train approach to meet these stringent goals. Two remedial goals to consider for the DNAPL
source zone are control of further migration of contaminants from the source zone to the
surrounding groundwater to the extent practicable, and contaminant concentration reduction in
the soil and/or groundwater to an established level protective of human health and the
environment. At many sites, removing DNAPL mass while managing the dissolved-phase
groundwater plume down gradient of the source can potentially shorten the duration for the
ultimate cleanup of the site and reduce operation and maintenance costs (USEPA, 1996a).

2.0 TECHNOLOGY DESCRIPTION AND STATUS
2.1 Technology Description

A surfactant/cosolvent flushing system consists of a network of injection and extraction wells
designed to hydraulically sweep the targeted volume of aquifer that is contaminated with
DNAPL (see Figure 2-1). A surfactant/cosolvent fluid, having properties appropriate for the
DNAPL and geosystem under consideration, is injected into the vadose zone and/or saturated
zone and transported through the DNAPL zone. The injected solution interacts with the
contaminants by lowering the interfacial tension between DNAPLs in the aqueous phase
(mobilization), enhancing DNAPL solubility (solubilization), or altering other physical
properties, as it is flushed through the zone of contamination. In situations where the DNAPL is
the wetting phase in the aquifer (i.e., in direct contact with the media), the surfactant/cosolvent
will reduce the interfacial tension between the DNAPL and the rock/soil matrix and make the
system water-wet (the fluid that preferentially wets the mineral grain surface in a multiphase
system is the wetting fluid). The elutriate (a mixture of the injected fluid and contaminant) and
the groundwater are then captured through extraction wells. Once brought to the surface, the
groundwater and elutriate are treated and either reinjected into the geosystem or discharged.
Recovered DNAPL and other waste residuals are treated and/or disposed.
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Figure 2-1. Conceptual Design of a Surfactant/Cosolvent Flushing System
(NAVFAC, 2002a)

The injected solution consists of one or more reagents, which are soluble or miscible in the
aqueous phase. The use of specific reagents will vary depending upon contaminant
characteristics and site conditions. The physical and/or chemical properties of the contaminant
(e.g., hydrophobicity, density, viscosity, and interfacial tension with water or solid matrix) are
the primary factors that dictate the choice of reagent(s). Site conditions (e.g., heterogeneity of the
soil, hydraulic properties of the system, groundwater geochemistry, or soil mineralogy) also
affect the choice of reagents as well as their properties in the injected solution and the means by
which the solution is flushed through the target DNAPL zone. The two classes of reagents
addressed in this document are the two most common: cosolvent and surfactant.

Surfactants (surface active agents) are chemical compounds whose molecular structure enables
them to alter the properties of organic-water interfaces. The surfactant molecule is typically
composed of a strongly hydrophilic (water-loving) head and a hydrophobic (water-hating) tail. In
a DNAPL-contaminated aquifer, this property of surfactants can mobilize residual DNAPL,
dramatically increasing the solubility and mass removal rate of organic molecules from the
DNAPL into the mobile flushing solution. Thus, there are two primary ways in which surfactants
can be utilized for DNAPL removal: solubilizing surfactant flooding and mobilizing surfactant
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flooding. Regardless of the methodology applied at the site, the potential for vertical and
uncontrolled horizontal migration of contaminants must be considered and measures taken to
prevent such. This is especially true for mobilization, which should not be implemented for
DNAPL remediation unless it can be demonstrated that the potential for vertical migration can be
mitigated.

The primary purpose of a solubilizing surfactant flood is to increase the apparent aqueous
solubility of the contaminant. Upon contact with the DNAPL, the surfactants bring about a two
to three order of magnitude or greater increase in the total aqueous solubility of the DNAPL
components. The second type of flood is a mobilizing surfactant flood. In a mobilizing surfactant
flood, the primary objective is to lower the DNAPL-water interfacial tension to the point that
physical mobilization of the DNAPL takes place. The “oil bank” is then displaced by continuing
flushing and is withdrawn by the extraction wells. The degree of solubilization versus
mobilization occurring in a surfactant flood can be controlled through appropriate surfactant
selection and the use of other chemicals such as a cosolvent, electrolyte, and polymer in a
formulation that is determined based on bench-scale testing of surfactant phase behavior. In both
solubilizing and mobilizing surfactant floods, surfactant flooding is followed by water flooding
to remove injected chemicals and solubilized or mobilized DNAPL contaminants.

Cosolvents (most commonly alcohols such as ethanol, methanol, or isopropanol) are similar to
surfactants in that they alter the properties of solution interfaces and are often combined with
surfactants to improve flood performance. While enhanced solubilization of DNAPLs using
surfactants (one or more) is the result of micellar solubilization, addition of cosolvents produces
“true” solutions (in a thermodynamic sense). Surfactants and small amounts of cosolvents are
used to produce stable microemulsions and macroemulsions; in the latter cases, a small amount
of alcohol is used as a cosurfactant, not a cosolvent, to stabilize the microemulsion. Cosolvent
flushing can also be used for either enhanced solubilization, or microemulsification, or
mobilization, although most field tests have involved only the first type of application. At least
one field test examined a combination of mobilization and solubilization for LNAPL source-zone
remediation (Falta et al., 1999). Because of their miscibility, alcohols can be effective in
lowering the interfacial tension between water and the contaminant and/or effectively increasing
its aqueous solubility. This is due to the tendency of some alcohols to partition significantly into
the DNAPL phase; therefore, the density (and viscosity) of the DNAPL can be manipulated in
situ through appropriate alcohol selection (Lunn and Kueper, 1999).

Surfactant/cosolvent flushing approaches fall into two categories: surfactant-enhanced aquifer, or
subsurface remediation (SEAR or SESR), and cosolvent flushing. The significant differences
between these processes are the mechanisms of extraction provided by the solutions that are
employed. SEAR uses specialized surfactant and salt solutions to solubilize or mobilize the
contaminant and can employ a combination of specialized surfactants and cosolvents, primarily
alcohols. Cosolvent flushing utilizes a mixture of solvents to solubilize or mobilize the
contaminant. Each process requires a unique effluent treatment system customized to the
composition of the waste streams. In addition, other factors such as hydraulic control, fluid
viscosity, and fluid density must be considered and incorporated into any design.
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2.2 Technology Status

Surfactant/cosolvent flushing is a mature technology in the petroleum-engineering field of
Enhanced Oil Recovery (EOR), supported by decades of research and field tests. Environmental
applications have become more numerous in recent years (see Table 1 in Londergan et al., 2001).
Field performance has been quantitatively assessed using several methods for a large number of
those sites. The technology has been shown to be effective for several DNAPL types, including
spent degreasing solvents (TCE and TCA), dry cleaning solvents (PCE), heavy fuel oils and coal
tar/creosote. Laboratory work has also demonstrated applicability for PCB-containing mineral
oils.

Both surfactant and cosolvent flushing have been applied at full scale in the field with pre- and
post-flood partitioning interwell tracer tests (PITTs), closely spaced soil sampling, and
volumetric DNAPL-recovery measurements to provide performance assessment. The state of
Florida undertook a cosolvent flood pilot test at the Sages Dry Cleaner Site in Jacksonville,
Florida. Over the course of three days, they injected over 8,900 gallons of a 95% ethanol/5%
water solution and recovered approximately 10 gallons of PCE (Jawitz et al., 2000). The
hydraulic conductivity of the sands containing the DNAPL zone at Jacksonville was measured to
be between 3 and 7 x 107 cm/sec.

The U.S. Navy conducted a surfactant flood demonstration in similar Atlantic Coastal Plain
sediments in North Carolina at Marine Corp Base Camp Lejeune, where the average hydraulic
conductivity was an order of magnitude or more lower than at the Jacksonville dry cleaner site
(Holzmer et al., 2000). They reported a high recovery of PCE DNAPL by surfactant flooding in
aquifer materials, with a hydraulic conductivity of 0.5 x 10~ cm/sec but very little in the lower,
less permeable silts, which had a hydraulic conductivity of 1 x 10 cm/sec. A total of 76 gallons
of PCE was recovered from a swept pore volume of approximately 6,000 gallons.

Working in similar sedimentary materials in San Francisco Bay in 1999, the U.S. Navy also
removed 320 kg of TCA and TCE from fill at the Alameda Naval Air Station (NAS) over a 24-
day period during a surfactant flood demonstration. The hydraulic conductivity at the Alameda
site is between 1.7 x 10~ cm/sec to 2.6 x 10 cm/sec.

At the Spartan Chemical Company Superfund site in Wyoming, Michigan, a surfactant flood
pilot test was conducted during 3 days. The hydraulic conductivity at the Spartan site was
between 1.1 x 10 cm/sec to 2.1 x 107 cm/sec. A total of 93.6 Ibs of TCE, methyl ethyl ketone
(MEK), methylene chloride, acetone and toluene was recovered.

A large-scale surfactant flood and two large-scale surfactant/foam floods were completed at Hill
Air Force Base (AFB) Operable Unit 2 (OU2) with a combined swept pore volume of
approximately 120,000 gallons that recovered over 1750 gallons of TCE-rich DNAPL from a
large source zone. In contrast to the Atlantic Coastal Plain sediments at Camp Lejeune and the
sediments at Alameda NAS, these aquifer materials are very heterogeneous and permeable, with
measured hydraulic conductivities of 0.001 to 0.01 cm/sec.

Additional information on the above-mentioned cases can be found in Appendix D.
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2.3  Applicability

Chemical flooding is primarily used to target the removal of DNAPLs and is not well suited for
the remediation of dissolved, sorbed, or volatilized plumes. However, surfactant/cosolvent
flooding may be used in conjunction with other technologies such as bioremediation or chemical
oxidation to bring a contaminated site to closure. Advantages of surfactant/cosolvent flushing
include the following:

e [t can rapidly remove a large fraction of the total DNAPL mass trapped in the subsurface.

e [t is an in-situ technology with a relatively small surface footprint that can access
obstructed source zones (e.g., under buildings).

e As an in-situ technology, it eliminates the need to excavate, handle, and transport large
quantities of contaminated soil/sediment.

e It enhances conventional pump and treat by removing contaminant mass, thus speeding
up site remediation and closure.

e It is applicable to a wide range of contaminants, including spent degreasing solvents
(TCE and TCA), dry cleaning solvents (PCE), and heavy fuel oils. Laboratory work has
also demonstrated applicability for coal tar/creosote and PCB-containing mineral oils.

e [t is applicable as a stand-alone technology or as an element in a more complex
alternative or “treatment train” depending on site-specific remediation goals.

In considering the applicability of surfactant/cosolvent flushing, two key aspects of a site must
be considered: the hydrogeologic setting and the characterization of the contaminant(s). Porous
media sand and/or gravel settings are preferred to fractured rock, fractured clay, or low-
permeability settings. This reflects the need to cycle fluids through a target zone in a reasonable
period of time. The greater applicability of surfactant/cosolvent flushing in sands, silts, and
gravels is supported by the generally poor results that have been achieved in silty clays and
fractured rock. The hydrogeologic setting must be carefully taken into account during the design
phase such that the application of surfactants or cosolvents into the subsurface does not create
unwanted migration of contaminants. Table 2-1 outlines the general relative applicability of
surfactant/cosolvent flushing for different contaminant phases in different geologic
environments.
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Table 2-1: Relative Applicability of Surfactant/Cosolvent Flushing

Contaminant Type or Phase

Hydrogeology DNAPL Sorbed Aqueous

Less Heterogeneous

High Permeability 1 2 N/A

sand and gravel, >107% cm/sec
g

Moderate Permeability 2 3 N/A
(silts, silty sands and clayey sands,
107> to 107* cm/sec)

Low Permeability 4 4 N/A
(silty clays and clay, <107° cm/sec)

Heterogeneous

Moderate Contrasts 1 2 N/A
Large Contrasts 3 4 N/A
Fractured Rock 4 N/A  N/A

Dissolved

Note: 1 is the most favorable and 5 the least favorable N/A = Not Applicable
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Limitations

Disadvantages of surfactant/cosolvent flushing include the following:

Surfactant/cosolvent flushing technology is truly an interdisciplinary and complex
technology, requiring site-specific and contaminant-specific design, optimization, and
control.

It’s applicable to DNAPLs, not to dissolved-phase plumes.

Selection of a surfactant/cosolvent solution is not a simple task, but a process requiring
laboratory batch and column studies, and in some cases, field trials.

A considerable amount of laboratory and modeling work is required to design a
surfactant flood, which requires a financial investment prior to potential application of
the technology.

Long-term post-treatment data is currently not available to evaluate rebound effects and
the ability of the technology to help attain MCLs.

Regulatory requirements may prevent chemical injection in some states.

Control of fluids within the subsurface must be addressed.

This technology is probably not effective in clays or fractured rock.

A good understanding of the location of the DNAPL is required.



ITRC — Technical and Regulatory Guidance for April 2003
Surfactant/Cosolvent Flushing of DNAPL Source Zones

e Uncontrolled mobilization of DNAPL or elutriate can result in migration of contaminants
into previously uncontaminated aquifer regions.

e There is a risk that DNAPL could be mobilized and not recovered with the extraction
system.
The performance of this technology can be limited by aquifer heterogeneities.

e Extracted groundwater with surfactant/cosolvent and DNAPL requires a significant
degree of handling through ex-situ treatment for ultimate disposal/reinjection.

Technical challenges to the successful use of chemical flooding (and other aggressive DNAPL
source-removal technologies) include locating the DNAPL and obtaining an adequate estimate
of the initial DNAPL mass. In addition, finding the optimum composition of the injected fluids
for a given DNAPL composition and soil type and characterizing the hydraulic properties of the
aquifer are necessary to implement a successful flood. The implementability of surfactant/
cosolvent flushing will depend on site-specific geologic conditions and on the type of DNAPL
contaminating the site.

2.4.1 Heterogeneity

As an advective-based remediation technology, the performance of surfactant/cosolvent flushing
can be adversely affected by geologic heterogeneity. Aquifer heterogeneities can cause poor
surfactant/cosolvent sweep of the area targeted for remediation. Therefore, the success of
surfactant/cosolvent flushing depends upon an adequate characterization of not only the aquifer,
but also the NAPL saturation and its spatial distribution in the aquifer.

Heterogeneity in geologic materials is a function of the environment of deposition and the
resulting distribution of grain size and sediment textures. In an environment with low-
permeability layers or units interspersed with higher permeability zones, fluids preferentially
flow through higher permeability zones, thereby reducing the performance of the chemical
injectate in the lower permeability zones. In the case of surfactants, a more uniform sweep may
be induced by mobility control using either polymer or surfactant foam addition. “Mobility” and
“mobility ratio” are multiphase fluid flow concepts that are used to describe how efficiently one
fluid (e.g., DNAPL) can be swept from a porous media by another fluid (e.g.,
surfactant/cosolvent solution). Mobility control mechanisms are means developed by the
petroleum industry to overcome the effects of geological heterogeneities. Traditional mobility
control techniques have involved the use of polymer, which increases the viscosity of the
injected solutions and the in-situ generation of foam in high permeability zones to divert flow
into low-permeability zones.

At heterogeneous sites, mobility control is considered a necessary and integral component of
surfactant/cosolvent flushing design and implementation. Mobility control improves the
effectiveness of surfactant/cosolvent flushing in two important ways: (1) it significantly
mitigates the effects of heterogeneities with respect to remedial performance, and (2) decreases
costs, primarily by reducing the amount of surfactant required. If the hydrogeologic setting at a
heterogeneous site does not allow the use of mobility control (e.g., because the aquifer will not
support the necessary hydraulic gradients for propagating polymer in a timely fashion across the
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zone of interest), then surfactant/cosolvent flushing may not be effective as a remedial
technology at that site.

2.4.2 Low-Permeability Soils

Sediments with low intrinsic permeabilities can also limit the effectiveness of a
surfactant/cosolvent flood. In addition to the sweep-efficiency issues discussed above, other
challenges presented by low-permeability materials are the large hydraulic gradients and long
time frames required to propagate the injectate, which may or may not be feasible in shallow
subsurface formations. Low-permeability soils can be treated more effectively if the aquifer is
deep (~ 50 ft below ground surface [bgs] to the aquitard), allowing higher induced gradients.

2.4.3 Migration of Mobilized DNAPL

In order to prevent potential downward migration of DNAPLs during SEAR, a competent
aquitard or capillary barrier (an aquitard of appropriate thickness and k = < 10 cm/sec) is
usually needed to prevent downward migration of mobilized DNAPL. The type of surfactant/
cosolvent flooding that can be implemented at a given site is determined by the presence or
absence of a capillary barrier and the structure of the capillary barrier (e.g., fractures or macro-
porosity, pore-size distribution, thickness, discontinuities, etc.). Therefore, adequate information
about capillary barriers is necessary to properly design a surfactant/cosolvent flood. This
information includes an evaluation of the continuity and competence of the unit, including
estimates of pore throat size distributions and characterization of the type of clay mineralogy.
Section 3.3.6 discusses how a capillary layer might be characterized.

At a site with a competent capillary barrier, a mobilization-type surfactant/cosolvent flood may
be preferable, as the mobilized DNAPL will not penetrate such low-conductivity units. A
mobilization flood generally uses a surfactant/cosolvent that effects ultralow interfacial tensions
(IFTs) between the DNAPL and water. Such a surfactant/cosolvent will first mobilize and then
rapidly begin to solubilize the DNAPL it contacts. For homogeneous aquifers, the combination
of ultrahigh contaminant solubilization and mobilization of NAPL induced by the ultralow IFTs
often requires a small amount of surfactant/cosolvent solution on the order of two or three pore
volumes (PVs). The end result will be the use of less surfactant/cosolvent, less time in the field
to implement the flood, and, therefore, lower remediation costs. More PVs of
surfactant/cosolvent flooding may be required at sites with strong heterogeneity and at sites with
complex contaminants (e.g., mixtures of contaminants with widely varying physicochemical
properties) and/or with high DNAPL saturations.

The absence of a capillary barrier necessitates either additional surfactant/cosolvent design
considerations or the placement of a horizontal barrier to prevent vertical migration. One option
is to design a surfactant/cosolvent that will solubilize DNAPL and maintain a solution that does
not significantly increase in density, thus minimizing the potential for downward DNAPL
mobilization. Some practitioners have applied the use of neutral buoyancy SEAR (SEAR-NB),
although very limited data exists on this application (Shook et al., 1998; Kostarelos et al., 1998).
The SEAR-NB application utilizes high concentrations of alcohol and viscosity controls that
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offset the DNAPL density and recover the contaminant predominantly by solubilization. Using
this method requires more surfactant/cosolvent, and high-alcohol cosolvent concentrations will
increase SEAR application and effluent treatment costs.

2.4.4 DNAPL Properties

The physicochemical properties of the DNAPL can also present limitations. For highly viscous
DNAPLSs such as coal tars, creosotes, and weathered fuel oils, recovery by mobilization may not
be feasible, as the high gradients required to mobilize these DNAPLs may not be sustainable for
a given aquifer depth. In addition, the formation of viscous and hydrodynamic instabilities
between the groundwater and surfactant/cosolvent solution created by the low viscosity of the
water and surfactant solutions compared to the DNAPL lead to fingering and bypassing of
NAPL-contaminated zones. This situation may be alleviated by the use of a viscosifier such as
xanthum gum polymer for mobility control. The higher viscosity of the polymer mitigates
viscous fingering and also the effect of aquifer heterogeneities to provide better sweep of
contaminated zones. If the DNAPL viscosity is extremely high, preheating the aquifer and the
surfactant solution may be necessary.

Because a selected alcohol is not as effective as a carefully selected surfactant at dissolving
DNAPL, an alcohol flood requires many more PVs of flushing solution than a well-designed
surfactant flood to achieve the desired performance objective. Furthermore, for DNAPLs
exhibiting higher molecular weight, viscosity, and compositional complexity, the low molecular
weight alcohols are less effective at DNAPL dissolution, while the higher weight or more
complex alcohols are immiscible and much less soluble in water. Therefore, the range of
DNAPL types that can be flushed with cosolvent alcohols alone is relatively limited, mostly
restricted to the lighter chlorinated ethanes and ethenes.

2.5 Cost

The cost of surfactant/cosolvent flushing is highly variable and is dependent on many site-
specific factors such as the size of the source zone, the hydraulic conductivity of the source, the
type and amount of contamination, the type of flushing application, and regulatory factors. The
cost of the surfactant/cosolvent can be relatively low or extremely high depending on the size of
the site, geological characteristics, and the number of PVs required to obtain the remedial
objective. Recycling and reuse of the flushing solution as well as dividing the site up into parcels
and treating one parcel at a time have shown the potential to greatly reduce the cost for larger
sites by reducing volume and, therefore, the cost of the flushing solution. Reuse also reduces the
volume of waste generated and, therefore, disposal costs. Proper selection of a flushing agent is
essential for the efficiency of the flush, and bench-scale treatability testing is often required.

Estimated costs for surfactant/cosolvent flushing of DNAPL typically range between $65 and
$200 per cubic yard of DNAPL-contaminated aquifer. As the technology advances and is applied
at more sites, this range may decrease. However, hydraulic conductivity and solubility-
enhancement additives are factors to likely increase the cost. The cost of surfactant/cosolvent
flushing is comparable to other in-situ technologies such as in-situ stabilization/solidification,
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steam injection and extraction, and enhanced bioremediation (Roote, 1997). Additional
information regarding costs for surfactant/cosolvent flushing can be found in Appendix D of this
document.

3.0 PREDESIGN CHARACTERIZATION

This section provides a brief summary of the DNAPL source characterization information
necessary to design a surfactant or cosolvent flood. More detailed information on this subject can
be found in the ITRC document on DNAPL source characterization and in the SEAR Design
Manual (NAVFAC, 2002a).

Locating and adequately delineating the DNAPL source zone is a key step in gaining a sufficient
understanding of subsurface conditions to design a successful chemical flood. Source-zone
characterization often is more complex than traditional site characterization efforts because
DNAPL migration and behavior generally create extremely heterogeneous DNAPL distributions
in the subsurface. Planning and executing an adequate source-zone characterization program
requires a multidisciplinary approach founded on the applied sciences of multiphase fluid flow
(petroleum engineering), hydrogeology, geochemistry, and environmental engineering. All
DNAPL remediation technologies (including flushing technologies) require source-specific data
usually not collected during “conventional” site characterization efforts focused on the
dissolved-phase plume. Remediation system failures are often attributed to poor site
characterization and incomplete laboratory feasibility studies, rather than to shortcomings of the
applied remedial technology.

3.1 Purpose and Objectives

The primary purpose of DNAPL source-zone characterization is to provide a framework for
remedy selection and a design basis for subsequent remediation of the site. Source-zone
characterization must be sufficiently complete to ensure efficient and cost-effective design,
installation, and operation of the remedy.

The purpose of a predesign characterization program is to compile a design basis for the
surfactant or cosolvent flood. At a minimum, the program should consist of the following
elements:
e measuring the physical and chemical properties of the DNAPL that pertain to
surfactant/cosolvent selection and flood design parameters;
determining how the DNAPL is distributed in the subsurface; and
e understanding how the aquifer (geosystem) contaminated with DNAPL will affect the
application, control, and extraction of chemical fluids injected into the subsurface.

The chemical composition of the sitt DNAPL and any variations in the composition across the
contaminated zone of interest dictate the components and composition of the chemical
formulation selected for a surfactant or cosolvent flood. The DNAPL composition can be
determined from chemical analyses of soil samples if free-phase DNAPL is not present at the
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site. Physical properties are determined from DNAPL samples or analogues based on sampling
results and/or information about the process that created the DNAPL problem.

Determining the extent and spatial distribution of DNAPL ensures that the chemical flood targets
the proper subsurface volume. There are many techniques that investigators have used to map
DNAPL distribution. Perhaps the most precise and appropriate parameter to measure when
characterizing a DNAPL source zone is saturation. Saturation is defined as the fraction of the soil
pore volume that is filled with DNAPL. Depending on the degree of saturation, DNAPL will
exist as either free-phase DNAPL or as residual DNAPL. Free-phase or mobile DNAPL exists
when the saturation is high enough to form pore-to-pore connections over a large area, producing
a continuous fluid capable of flowing under an imposed gradient or its own gravitational
potential. Residual or entrapped DNAPL exists when the soil pores have been drained of mobile
DNAPL, leaving behind some amount of liquid trapped by capillary forces or the surface tension
that holds a liquid to a solid surface. DNAPL at residual saturation is discontinuous and
immobile, unable to flow under normally imposed hydraulic gradients.

Aquifer characterization is also an important part of developing a design basis for flushing
technologies. Adequate data are needed to design a system that delivers the correct amount of
surfactant to the right location while maintaining hydraulic control over the injected fluids.
Several aquifer characteristics (e.g., hydraulic conductivity, hydraulic gradient and aquitard
surface topography) need to be defined to ensure that DNAPL removal and hydraulic control will
be effectively accomplished. Detailed information concerning the heterogeneity of the
contaminated zone and of low-permeability and relatively impermeable units is necessary to
mitigate the effects of these and help delineate the source zone.

3.2  Geosystem Model Development

Understanding how DNAPL migrates and is trapped in the subsurface is essential to developing
the conceptual model needed to guide this type of investigation. DNAPL in an aquifer is
subjected to (1) viscous forces exerted by flowing groundwater, (2) gravity forces due to the
difference between the density of the DNAPL and the surrounding groundwater, and (3)
capillary forces caused by fluid properties and the sizes of the porous geologic media’s void
spaces. Void space sizes are determined by the grain-size distribution or texture of the geologic
media, so heterogeneity in soil properties strongly influences DNAPL migration and distribution.
Usually, both the viscous forces and the gravity forces are much lower than the capillary forces,
and the DNAPL remains trapped indefinitely. However, if the combination of the viscous and
gravity forces exceeds the capillary forces, trapped DNAPL will be mobilized in the direction of
the effective force. Fluid properties that influence capillary forces include the surface tension of
the DNAPL and interfacial tensions between the DNAPL and water. These basic concepts of
multiphase flow can be used in the assessment of DNAPL migration at a given site.

A “geosystem” is the sum of all physical/chemical subsurface components that comprise a
DNAPL source zone. Developing a geosystem model that includes all of the relevant information
collected from the site investigation program helps to organize data collection and use and
ultimately becomes the quantitative design basis for the selected remedy. The geosystem model
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begins as a conceptual description of the hydrogeologic characteristics of a site and the estimated
nature, volume, and spatial distribution of the DNAPL (a conceptual site model). It is formulated
early in the site investigation program using available site data to build a foundation for the
ensuing work and identify data gaps. The model then guides further source characterization
efforts as DNAPL zone data is collected, analyzed, and incorporated into the model.

The geosystem model becomes increasingly quantitative as new data are collected and the model
is iteratively updated throughout the duration of the project. The end product is a quantitative
model that reflects those properties of the aquifer and its fluids that may influence surfactant or
cosolvent flow through a contaminated subsurface zone. The term “model” in this context refers
to a coherent description of the parameters needed to fully describe a design basis for a remedial
action and does not refer to a mathematical model simulated numerically (much like a conceptual
site model does not refer to a mathematical model). In the final design stage, the geosystem
should be compiled into a numerical model so that predictive simulations can be used to assist
the in-situ flushing design process. Table 3-1 summarizes the elements of a geosystem model
that are collected during DNAPL site investigations and laboratory testing for chemical flood
design (Modified from NAVFAC, 2002a). Ultimately, these data are used as input to a numerical
simulator, along with surfactant phase behavior data, to simulate surfactant injection and
extraction operations for SEAR design. SEAR design is discussed further in Section 4.0.

SITE HISTORY

Site plans

Chemical inventory
records

Contaminant release
records

Previous site
investigation reports

Find the entry location(s) if possible. Use chemical inventory and contaminant
release records to identify the potential location, nature, and history of previous
releases or sources at the site. Use current and historic site plans to identify
suspect areas such as pits, ponds, lagoons, storage tanks, and/or other chemical
disposal or storage areas. Estimate the type and quantity of chemicals used at
the site. Review existing site data to determine which parameters have been
properly defined and which still need to be evaluated.

PHYSICAL SETTING

Weather, topography,
land use, site
infrastructure

Utilities, pipelines,
and other surface
and subsurface
structures

Determine the site’s climate for hydrogeological and logistical purposes.
Topography and land use may constrain site investigation techniques and the
configuration/design of the flushing process system. Site infrastructure may
impact the cost and duration of the site investigation and the chemical flood.
Information about surface and subsurface structures should be obtained in order
to avoid interference during the site investigation program or in selection of the
injection/extraction wells.
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GROUNDWATER CHARACTERISTICS

Nature and extent of
dissolved-phase

Although surfactant and cosolvent flushing is a source-zone technology,
information about the dissolved-phase plume can be helpful in delineating source

plume zones. Contaminant concentration gradients in groundwater, in conjunction with
aqueous solubility information, and biodegradation data can be used to indicate
the presence of hot zones.
Aqueous Obtain pH, conductivity values, total dissolved solids, and levels of cations/anions
Geochemistry in groundwater and the water source to be used for surfactant formulation.
Temperature The average temperature of the groundwater in situ should be measured.
Surfactant/cosolvent performance must be optimized for this temperature.
SITE GEOLOGY/HYDROGEOLOGY
Stratigraphy and Characterize site stratigraphy and hydrostratigraphy. The term “hydrostratigraphy”
Hydrostratigraphy denotes the classification of geological media into groups defined by hydraulic

properties such as aquifers and aquitards. Identify the character of the principal
hydrostratigraphic units, including their extent, geometry, and structure. Note any
permeability variations, heterogeneity, structural traps, or capillary barriers.
Understand the environment of deposition and the corresponding geologic
structure/heterogeneities.

Capillary barriers/flow
boundaries

Based on the above information, detail the extent, nature, and thickness of
capillary barriers or low-permeability units, which will tend to inhibit downward
migration of the DNAPL. Also, determine if there are breaks in the capillary barrier
due to geologic unit changes, fractures, etc.

Aquifer saturated
thickness

A measure of the thickness of the saturated zone.

Permeability and
hydraulic conductivity
distribution

Intrinsic permeability is the capacity of a porous media to transmit fluid
independent of the type of fluid. Hydraulic conductivity by definition is specific only
to groundwater. Since flushing technologies deal with fluids with different
physicochemical characteristics, permeability distributions should be
characterized.

Hydraulic gradient

A measure of the driving force for groundwater flow. Gradients influencing the
targeted treatment zone must be understood to ensure that hydraulic control is
achieved in the flood design.

Piezometric surface

A map of the hydraulic head in the aquifer.

Water-table Seasonal changes in the water table elevation should be observed, and the
fluctuations impact on DNAPL migration and on flushing system operation evaluated.
Grain-size Grain-size distribution provides information about site stratigraphy, permeability,
distribution and porosity. Generally, the less permeable stratigraphic units will be more poorly

sorted and have smaller average grain sizes than more permeable units (see
ASTM Method No. D422).

Porosity, Fraction of
organic carbon (f,.)

These parameters are used to calculate the DNAPL saturation from the soil-
contaminant concentration. Porosity is a measure of the amount of pore space or
void space in a soil matrix (see ASTM Method No. D5084). F,. is the fraction of
soil that consists of sedimentary organic matter (not anthropogenic) (see ASA
Method No. 29-3.5.2).

Geochemistry

Obtain information on soil mineralogy, soil structure, clay content, and pH.

DNAPL CHARACTERISTICS

Density Mass per unit volume of a substance. Measured with a pyncometer (see ASTM
Method Nos. D1217 or D1480).
Viscosity A physical property of a fluid that characterizes its resistance to flow (see ASTM

Method No. D445).
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Chemical
composition

The constituents of concern detected on site should be reviewed. Categorize all
detected constituents as DNAPL-related or not DNAPL-related. Many solvents
used in degreasing processes contain significant amounts of stabilizers and other
impurities such as oil, grease, and surface-active agents that markedly change
their properties.

Interfacial tension

The tension, described as force per unit length or energy per unit area, that occurs
between two immiscible liquids or a liquid and a solid. Can be measured with a
ring tensiometer using ASTM Method No. D971 or a spinning drop tensiometer
method (see Cayais et al, 1975).

Aqueous solubility for
each component

The maximum concentration of a chemical that will dissolve into water at a
specified temperature and pressure. Standard literature values can be used;
adjust for a multicomponent mixture using Roult’s law.

Organic carbon
partition coefficient,
Ko for each
component

A measure of the affinity of a given contaminant for the organic matter in soil.
Standard literature values can be used; site-specific values should be obtained
from noncontaminated media similar in nature to that found in the source, so that
the sedimentary organic carbon is measured rather than that from anthropogenic
sources.

MULTIPHASE MEDIA SYSTEM CHARACTERISTICS

Wettability

A measure of the preferential spreading of one fluid over a solid surface in a two-
fluid system. A soil-NAPL-water system is said to be water-wet, oil-wet, or mixed-
wet depending on which liquid (water or oil) has a greater affinity or preference for
coating the soil surfaces (see ASTM Method No. D3152).

DNAPL saturation

Measure the contaminant concentration present in each major hydrostratigraphic
unit and use the partitioning algorithm NAPLANAL and the organic partition
coefficient, solubility data, soil porosity, and fraction of organic carbon data to
estimate the local DNAPL saturation.

Fate and migration

Apply knowledge of DNAPL behavior to assess relative importance of dissolution,
volatilization, immobilization, adsorption, and degradation mechanisms in
determining DNAPL fate and migration at a given site.

Capillary pressure
and capillary
desaturation curves

Capillary pressure involves the combined effects of interfacial tension and
wettability. It is the force per unit area, which acts to hold DNAPL in a pore throat
by compressing the nonwetting-phase fluid (DNAPL) relative to the wetting-phase
fluid (water). Capillary desaturation curves can be developed from laboratory
experiments to describe the process of imbibition and drainage. The experimental
methods are described in Bear (1972) and Corey (1986).

3.3

DNAPL Source Zone Delineation

At a site where DNAPL has not been located, site historical information, dissolved concentration
plume data, and DNAPL property data will assist in defining the initial investigation areas.
Defining an appropriate target treatment area is paramount to effective and efficient flushing
technology implementation. Given that the purpose of chemical flooding is to remove DNAPL
mass from the aquifer, proper site characterization and delineation of the DNAPL-contaminated
area will ensure that the flood design targets the correct subsurface volume, thus ensuring
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efficient removal of the maximum amount of DNAPL and minimizing the costly treatment of
zones without DNAPL.

Historical information is invaluable in determining which areas of the site are likely to contain
DNAPL sources. Existing geologic information, predominantly in the form of boring and drilling
logs, can also provide insight on where the hunt for DNAPL should be focused. Because these
type of data are typically sparse, and because source zones almost always have relatively small
areal footprints compared to the dissolved-phase contaminant plume, the usefulness of
previously collected geologic data is mainly limited to defining the extent of vertical
heterogeneity and determining the environment of deposition. In general, existing site data
collected for investigations focused on site-wide groundwater and soil contamination are too
sparse to have a statistically significant chance of having detected the source, or to provide the
level of detail needed at the scale of the source zone. The concept of investigation scales and
other important aspects of drilling and soil sampling in the context of DNAPL site
characterization are discussed below.

Source identification and characterization efforts should start with rapid noninvasive screening
tools that can be used to cost effectively investigate large areas. As the program progresses and
the geosystem model becomes more quantitative, more invasive techniques focused on the
DNAPL source should be utilized. High-end characterization tools can be used at the end of the
predesign characterization phase to provide the best possible estimate of DNAPL volume and
extent and to provide a baseline with which to measure remediation performance. This is also
known as the Triad Approach, which includes systematic planning, dynamic work plans, and on-
site analytical tools. The methods for subsurface investigation are presented below in order of
implementation during a predesign characterization program.

3.3.1 Geophysical Methods

Geophysical data provide information about site stratigraphy and geologic structure, which can
be used to help identify the likely migration pathways for DNAPL for a more focused source
investigation. There are many geophysical methods, including seismic surveys, ground-
penetrating radar (GPR), natural gamma logging, and other electrical and magnetic techniques
that can provide valuable information regarding the hydrostratigraphy and structure of potential
DNAPL zones. Because geophysical methods are noninvasive and can provide relatively low-
cost data sets quickly compared to other methods (e.g., drilling or excavation), they should be
used early in the characterization program, especially when DNAPL investigations are being
conducted over large areas. A major limitation of geophysical methods is that typically the data
resolution is not fine enough to provide detailed quantitative data (e.g., hydraulic conductivity or
DNAPL detection) necessary for surfactant/cosolvent design. Instead, geophysical surveys
produce a broad and qualitative picture of the subsurface environment. They should be used to
obtain general hydrostratigraphic information, locate large-scale substructures such as underlying
aquitards, and investigate aquifer heterogeneity. GPR has proven extremely useful in providing
high-resolution stratigraphic data in NAPL source zones in geologically conducive environments
(predominately sand and gravel with a deeper water table). In addition, down-hole natural
gamma logging has proven very effective for locating the contacts between clays and sands.
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Other geophysical logging tools include electric resistance tomography, thermal-neutron tools,
cross-hole radar, and emerging acoustic impedance methods.

3.3.2 Direct Push Technology and Cone Penetrometer Testing

Direct push technology (DPT) is a cost-effective alternative to conventional drilling for rapid site
characterization of unconsolidated formations. DPT equipment uses hydraulic equipment to push
specialized tools that provide groundwater samples, soil samples, and other geophysical
measurements. A significant logistical advantage of using DPT is that the generation of
investigation-derived hazardous waste is minimized. DPT-based methods provide “local” or
“point” measurements, much the same as soil borings or multilevel samplers but on a much
smaller scale. Groundwater wells provide depth-integrated values but still are considered to be
“local” values.

Cone penetrometer testing (CPT) is a type of DPT that provides a quantitative, high-resolution
tool for interpreting soil classifications. The cone penetrometer consists of an instrumented
probe, which is advanced vertically into the subsurface at a constant rate. The probe consists of a
standardized conical tip and a friction sleeve that provide independent measurements of vertical
(tip) resistance and frictional (sleeve) resistance as a function of depth. CPT allows
determination of soil permeability, stratigraphy, and strength, as well as some estimate of the rate
and direction of groundwater flow through the use of a pore pressure transducer. Best suited for
unconsolidated fine-grained sediments, a CPT can investigate to significant depths (typically 100
feet or more) and provide data for analysis in real time. The use of DPT is strongly
recommended to facilitate the collection of closely spaced quantitative and objective
hydrostratigraphic data. Various chemical sensors and other tools specifically for DNAPL site
investigations have been developed recently. Although some of these can provide direct
detection of DNAPL in the subsurface, a major limitation for all DPT-based tools is that the
scale of investigation is miniscule compared to the volume that needs to be investigated to find
discrete heterogeneously distributed DNAPL-contaminated zones.

3.3.3 Soil Borings

The objectives of a drilling program in a DNAPL zone may include one or more of the
following: (1) Determine subsurface properties not obtainable by other methods; (2) Collect
samples to identify contaminants, quantify contaminant mass, determine geologic properties,
and/or conduct bench-scale testing; (3) Install a well or other subsurface instrumentation (e.g.,
lysimeter); and (4) Ground truth/calibration for geophysical methods and DPT-based tools.
These objectives must be balanced against the risk of compromising capillary barriers and
facilitating further downward migration of the DNAPL. Drilling in source zones should,
therefore, proceed cautiously inward from outside of the source area and should be conducted
with the proper precautions for protecting the integrity of capillary barriers. When drilling within
the DNAPL source zone, extreme care should be taken to ensure that conduits for vertical
migration are not created. Important information can be obtained from this area (i.e., depth of
contamination, residual saturation, etc.), but if the investigation is not conducted properly, the
DNAPL and/or the dissolved plume could be spread. Completed wells or abandoned soil borings
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must be properly sealed to mitigate the potential for vertical migration. Surface casing may be
used to seal off an upper contaminated zone from uncontaminated lower zones in a multilayered
source zone.

Although there are a wide variety of drilling methods, many are not appropriate for DNAPL
zones, especially if the objective is to sample DNAPL saturations. Wash rigs and mud rotary
methods may displace significant amounts of DNAPL in front of the bit due to the delivery and
recirculation of drilling fluids through the stem. Similarly, the use of air to evacuate cuttings
from around the drill bit can volatilize DNAPL components in a manner equivalent to soil vapor
extraction. Rotosonic drilling is an excellent method for continuous sampling and provides a
large volume of core in a manner that minimizes the risk of compromising the integrity of
capillary barriers. Rotosonic drilling, also known as vibratory drilling, uses an oscillating drill
head or core barrel to quickly advance through the subsurface. Drill cuttings are limited and are
forced into the walls of the borehole. Water or air is required to remove cuttings when drilling
through rock. However, in certain environments, this type of drilling generates significant
amounts of heat at the cutting bit and thereby compromises the quality of VOC sampling. For
most DNAPL sites in unconsolidated sediments, drilling with a hollow stem auger (HSA) is the
preferred method. Segments of the borehole can be cased off to protect uncontaminated zones by
driving larger diameter surface casing to the necessary depth, and the auger itself acts as a
protective casing for the sampler installed just slightly ahead of the auger bit. Also, a variety of
efficient sampling systems (e.g., wireline) and sampling tools are available for use with HSA.

3.3.4 Ribbon NAPL Sampler

The Ribbon NAPL Sampler is a sampling device that can provide detailed qualitative delineation
of the vertical distribution of DNAPL encountered in a borehole created by a DPT tool or
conventional drilling techniques. This tool uses a dye-impregnated ribbon, which is installed in a
borehole by deploying a liner in the hole. The system is inflated against the walls of the
borehole, and the ribbon absorbs any DNAPL in the formation that comes into contact with the
ribbon membrane. The dye in the ribbon reacts with the DNAPL, causing a significant color
change. The membrane is then retrieved with a tether connected to the bottom of the liner that
turns the liner inside out. At the surface, the liner is reverted, and the ribbon is examined. The
presence of DNAPL is indicated by discoloration marks on the ribbon. Although DNAPL
saturations cannot be quantified with the ribbon, some indication of the amount of DNAPL
encountered is obtained by the relative brightness of the discoloration. The ribbon sampler was
designed for site screening and is best used during early stages of site characterization to focus
and optimize subsequent characterization and remediation activities.

3.3.5 Soil Sampling

This section provides an overview of collecting and analyzing soil samples from the DNAPL
zone. Soil samples can be used to provide an estimate of how DNAPL is distributed vertically in
the source zone by providing contaminant concentration data that can be converted to saturation
estimates. Soil samples also provide an indication of the vertical heterogeneity in the zone of
interest and can be used to investigate variations in DNAPL composition. Depending on the
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plume size and depth, a soil-sampling program alone may be too costly to provide an accurate
estimate of the volume and extent of DNAPL impact. Other methods, such as partitioning
interwell tracer tests (PITTs), can be used in conjunction with soil sampling to provide DNAPL
saturation and volume estimates over a meaningful scale in the field (see Section 3.5.4).

Selection of the proper sampling devices to use in recovering soil samples from a DNAPL zone
depends mainly on the type of soil to be sampled. The objective is to choose a sampler that will
not only maximize the recovery of sediment, but also retain as much of the fluid in the pore
spaces as possible. The manner in which the recovered core is handled and sampled can help to
minimize volatile losses. The rapid loss of volatile DNAPL components (up to three orders of
magnitude) during standard sample handling and preparation has been well documented and has
given rise to the practice of performing solvent extractions in the field (Hewitt et al., 1995).
Quickly placing a portion of the soil from the sampler directly into a solvent (usually methanol)
at the logging table preserves the volatile compounds in the resulting sample by lowering their
partial vapor pressures. Field preservation of soil samples with solvent is necessary to obtain
meaningful analytical results from a DNAPL zone.

Laboratory analyses will yield a measurement of the total concentration of each constituent
detected in the soil sample. To provide meaningful source-zone data, these results need to be
converted to an estimated DNAPL saturation in the subsurface. The total contaminant mass
reported by the laboratory in the soil sample ideally represents mass distributed (or partitioned)
between the soil, groundwater, free phase, and/or air phase. Because flushing applications are
almost exclusively implemented in the saturated zone, the air phase is assumed to be negligible
in partitioning calculations conducted for source zones below the water table. The partitioning of
contaminant mass between soil, groundwater, and DNAPL depends on parameters such as the
fraction of organic content (f,.), the porosity of the sediment, and well-established partition
coefficients and solubility constraints. Using these relationships and published values of
equilibrium solubility data, analytical expressions can be solved to determine if enough
contaminant mass is present to indicate a DNAPL. Moreover, using an iterative solver and an
algorithm that conserves mass allows a saturation to be calculated if DNAPL is present in the
soil sample. NAPLANAL is a freeware program developed by INTERA to convert the
laboratory soil sample results to estimated DNAPL saturations (Mariner et al., 1997).

Soil samples are also collected to measure the bulk density, the grain-size distribution, and the f.
of the geologic media. Grain-size analyses are used to define heterogeneity and point
permeabilities in the subsurface and should be collected at a frequency sufficient to define the
major hydrostratigraphic units in the DNAPL zone. The results of these tests are also used during
the design process to estimate hydraulic properties based on empirical correlations (Vukovic and
Soro, 1992). Samples for determination of fraction of organic carbon are collected from areas
with little to no contamination and analyzed for total sedimentary organic carbon (TOC). The
TOC results are then converted to f,. by dividing the measured TOC by the mass fraction of dry
soil.
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3.3.6 Characterizing Capillary Barriers

One of the primary concerns in remediating a DNAPL zone is the potential for vertical migration
of DNAPL. Vertical DNAPL migration usually is arrested by a capillary barrier (e.g., a clay
aquitard) that is characterized by a pore throat distribution that prevents NAPL entry. Data on the
integrity of the capillary barrier is necessary to design a chemical flood properly. The ability of a
capillary barrier to prevent entry and downward flow of DNAPL is influenced by the pore-size
distribution of the medium, the driving forces affecting DNAPL transport, and the wetting nature
of the mineral surfaces in contact with the DNAPL. For example, very fine silt will require 100
times as much hydraulic head as medium sand before DNAPL infiltrates into it. The site
investigation program should include an evaluation of whether or not there are breaks in the
capillary barrier due to geologic unit changes, fractures, burrow holes, or inadequately sealed
wells or borings, etc. Because DNAPL migration has been shown to occur through hairline
fractures as small as 10-microns in diameter (Cohen and Mercer, 1993), it should be assumed
that an aquitard can permit downward migration of DNAPL in localized areas through fractures
unless it can be proven otherwise through the field investigation.

Characterizing a capillary barrier can be accomplished through the use of GPR, gamma logging,
and CPT data to define topography of the unit and to delineate the aquifer/aquitard contact,
analysis of clay minerals with X-ray diffraction (XRD) studies, and measurements of entry
pressure with a capillary pressure test. Capillary pressure tests should be conducted with
undisturbed aquitard samples to obtain an estimate of the entry pressure. Larger diameter
samplers (2 inches or more) that collect cores at least 6 inches in length are recommended. There
are a number of established laboratory methods, such as centrifuge, pressure cell, and mercury
intrusion that are available to determine capillary entry pressure.

The presence and competency of a capillary barrier can substantially alter the design approach
for a flushing application. If a thick clay aquitard acts as a competent capillary barrier at the
bottom of the DNAPL zone, then a mobilization-type surfactant flood with ultralow interfacial
tensions can be considered, since this is the most effective and rapid of the SEAR types.
However, if there is no capillary barrier, or if the aquitard does not have high enough entry
pressures, a solubilization or neutral buoyancy approach will be necessary. Therefore, accurately
characterizing the extent, structure, and capillary entry pressures of an underlying aquitard is
essential in designing a flood suited to the site’s conditions.

34 Characterization of DNAPL Properties

Understanding the chemical composition of the site DNAPL and any variations in the
composition across the contaminated zone of interest is important for designing an efficient
flood. The DNAPL composition can be determined from chemical analyses of soil samples or
more accurately from DNAPL samples if free-phase DNAPL is present at the site.
Approximately 80 mL of DNAPL is usually necessary to provide the physicochemical property
data needed for chemical flood design. These parameters include:
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DNAPL density,

Viscosity,

NAPL-water IFT, and
DNAPL-aquifer system wettability.

It is important to remember, however, that spent chlorinated solvents are usually not the only
components of the DNAPL, especially those that resulted from degreasing operations. The
presence of oil and grease compounds in the DNAPL can result in markedly different physical
properties than those published for the chlorinated hydrocarbon compounds in neat (i.e., pure)
form. This is especially true of DNAPL IFTs, which are typically much lower than the “book”
values expected for hydrocarbon compounds. In the case of spent degreasing solvents, these low
IFTs are typically due to small amounts of surface-active agents used during maintenance
operations.

Free-phase DNAPL samples or a reasonable analog formulated from stock chemicals based on
the chemical composition indicated by the results of soil and water samples collected at the site
are also needed to conduct soil column experiments in support of the flood design. Although not
routinely conducted, one type of column experiment is a capillary desaturation test. The primary
objective of the capillary desaturation experiment is to provide design information about the
mobilization of DNAPL for the selection of an appropriate surfactant. In these experiments, the
capillary forces trapping the DNAPL are first overcome by lowering the IFT with surfactant, and
then allowing the viscous forces (e.g., advection) to cause the DNAPL to drain from the soil
matrix. Capillary desaturation experiments determine the critical trapping number by increasing
the viscous forces relative to the capillary forces. The critical trapping number is an important
parameter in modeling multiphase flow in the subsurface. Available references that describe the
experimental setup for measuring the capillary pressure saturation relationship include Bear
(1972) and Corey (1986).

Routine column experiments conducted as part of bench-scale treatability testing involve using
sediment from the source zone and site DNAPL or an analog and testing surfactant formulations
for undesirable behavior (gel formation, precipitation, sorption, mass transfer limitations) at
aquifer temperatures. Protocols and procedures for conducting chemical-flooding column tests
can be found in Dwarakanath et al., 1999.

3.5  Aquifer Characterization Methods

Characterization of the source-zone hydrogeology is needed to predict and/or optimize flood
performance. Adequately characterizing the hydrogeology of the DNAPL zone is one of the most
critical components of the SEAR design process. The hydraulic properties of the contaminated
aquifer directly affect the design of the flushing well field, as well as the flow rates, amounts of
chemical reagents needed, and the duration of flushing operations. Optimization of the chemical
flood performance is conducted in tandem with numerical modeling of the aquifer conditions.
The objectives of the aquifer characterization program include obtaining estimates of hydraulic
conductivity and the pore volume of the DNAPL zone, and testing sustainable injection and
extraction rates for the aquifer and the wells. The SEAR hydraulic testing program generally
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consists of installation and construction of injection/extraction wells, slug/bail tests, pumping
tests, and conservative interwell tracer tests (CITTs). Finally, the design and implementation of a
PITT can assist in predicting the quantity and distribution of DNAPL mass in the subsurface for
a robust flood design.

3.5.1 Well Installation and Construction

The stratigraphy of the DNAPL-contaminated zone should be understood prior to well
installation to properly position the screen and provide representative data on the hydraulic
properties of the DNAPL-contaminated zone(s), as well as to prevent DNAPL migration into
uncontaminated areas. Well-construction details are provided in Section 4.0 of this document,
and detailed information on well construction can be found in Groundwater and Wells, edited by
Driscoll (1986). As a general rule, aquifer test and process wells should have a large diameter
and be constructed carefully in accordance with technical specifications for high-performance
process wells (not monitoring wells). Well-installation practices should include accurate
calculation and documentation of all materials used in constructing the well, the filter pack, and
the seal and in grouting/cementing the remaining annulus. The final step in constructing a high-
efficiency well is to develop it properly using surge blocks or similar devices that can effectively
move fine-grained sediments from the filter pack and even the aquifer itself into the well bore,
where the sediments are evacuated with a pump or bailer. Development should be conducted in
stages across successively lower segments of the screen, while periodically removing the
sediment-laden water in the well bore.

3.5.2 Slug Tests

Slug testing is a relatively inexpensive and quick way of obtaining hydraulic conductivity from a
short single-well test. The slug tests provide hydraulic conductivities and transmissivity for the
immediate region surrounding each well. By testing each well in a well array, an indication of
the spatial variation of hydraulic conductivity in a well field can be obtained. Slug tests are also
useful in testing the hydraulic performance of a remediation well. Slug tests can be conducted on
extraction, injection, and monitoring wells. Pneumatic slug tests are usually preferred to ensure
that as large of an aquifer volume as possible for slug tests is tested, and to minimize both the
production of contaminated groundwater and the need to decontaminate equipment. Test results
need to be carefully analyzed to separate out skin and filter pack effects from the aquifer
response. A drawback to slug tests is their relatively small scale of investigation.

3.5.3 Pumping Tests and Conservative Interwell Tracer Tests (CITTs)

While slug and bail tests only provide information about the subsurface environment in the
vicinity of one well, pump tests and more complex multiple-well tracer tests provide estimates of
the hydraulic properties of the flow system at the scale of the entire pore volume of the treatment
area. In these types of tests, water is pumped from one or more wells, and the resulting hydraulic
response is measured in other nearby wells. These responses can then be analyzed to provide
hydraulic parameters for use in designing a chemical flood, including hydraulic conductivity and
permeabilities for the hydrostratigraphic units incorporated into the geosystem model. The
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collection of depth-discrete hydraulic information using multilevel samplers (MLS) is
recommended in aquifers with layered heterogeneity for improved remedial design parameters.
Additionally, pump tests can be used to determine parameters relating to individual wells in the
well field, including specific capacity and well efficiency. Detailed discussions for the analysis
of pump test data for various aquifer types and conditions can be found in most hydrogeology
textbooks, such as Domenico and Schwartz (1998).

Due to the importance of hydraulic control in flushing operations, a multiple well-forced
gradient hydraulic test has been developed that provides well field—scale transport properties in
addition to the hydraulic parameters derived from pump tests. This test, known as a conservative
interwell tracer test (CITT), involves not only injection and extraction operations in the well field
similar to the planned flood, but also the transport of a nonpartitioning or conservative tracer
across the target zone. CITTs are usually essential to the SEAR design process because they
provide the swept pore volume (how much of the DNAPL zone is contacted by the injected
fluid), the residence time (how long it takes the advective front of the injected fluid to traverse
the contaminated zone), and tracer recoveries (a measure of how much of the injected fluid was
captured at the extraction wells). Ultimately, CITTs provide an understanding of how forced-
gradient flow systems behave in the aquifer volume affected by the well field array, and how
well those fluids are controlled during injection/extraction operations. These issues have been
critical to obtaining regulatory approval for SEAR applications. Conducting a CITT also allows
injection/extraction processes and methods to be tested and refined in the field before conducting
the more complex and expensive PITT and chemical flushing operations. The main objectives of
a CITT include obtaining the following:

hydraulic parameters of the aquifer,

data on the heterogeneity of the aquifer,

sufficient information to calibrate the geosystem model of the aquifer,

an estimate of the swept pore volume for each well array,

an estimate of the tracer residence time in the subsurface, and

estimates of the sustainable injection and extraction rates.

Arrival times and other results from CITTs can be analyzed using several techniques, including
curve matching and the method of moments. Method of moments analysis can be used to analyze
CITTs for hydraulic parameters such as swept pore volume, residence time, Darcy velocity, and
hydraulic conductivity. Additionally, the second temporal moment of the tracer concentration
curve can be used to compute an estimate of the Péclet number and the longitudinal dispersivity,
both measures of heterogeneity in the geosystem (Jin, 1995a, b).

3.5.4 Partitioning Interwell Tracer Tests (PITTs)

In certain cases, a partitioning interwell tracer test (PITT) can be used as an additional remedial
design tool to the CITT to better evaluate the volume and spatial distribution of DNAPL within
the subsurface. It can provide data useful for predicting the quantity of chemicals required to
achieve target cleanup levels and, subsequently, the anticipated duration and cost of flushing
implementation. Several studies have concluded that a soil-coring program alone is unlikely to
provide reliable estimates of the volume of DNAPL at the field scale (Mayer and Miller 1992;
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Bedient et al., 1999). PITTs have also been used as remediation performance assessment tools to
measure system effectiveness by determining how much DNAPL remains in the subsurface
(Meinardus et al., 2002).

The field implementation of a PITT consists of the injection of a suite of conservative and
nonconservative tracers into one or more wells and the subsequent production of the tracers from
one or more nearby extraction wells. PITTs conducted in the saturated zone use groundwater as
the carrier fluid, while air is used as the carrier for PITTs conducted in the vadose zone. The
nonpartitioning (conservative) tracers pass unhindered through the DNAPL zone, while transport
of the partitioning tracers is retarded by interaction with the DNAPL. After the tracer slug is
injected, potable water is injected to drive the tracers across the zone of interest. The tracer
responses at monitoring and extraction wells are used to estimate the average DNAPL saturation,
the swept pore volume, and the total volume of DNAPL in the subsurface. The experimental and
theoretical basis for the use of partitioning tracers is presented in detail in Jin (1995), Jin et al.
(1995), and Dwarakanath (1997). The execution of a PITT requires the completion of a series of
tasks, including tracer selection, design simulations, implementation, and analyses.

Because the PITT is a relatively new and innovative technology, it is useful to be aware of its
limitations and some of the consequences associated with improper tracer test design and/or
implementation. In a heterogeneous aquifer, PITT performance may be limited by permeability
contrasts that cause tracers to preferentially flow through the more permeable zones of the
aquifer. Tracer response data from an alluvial aquifer at Hill AFB OU2 illustrate that it is
possible to measure the volume of DNAPL in low-permeability sand underlying a sandy zone
with a permeability contrast of one order of magnitude between the sand units (Meinardus et al.,
2002). However, at the Marine Corps Base Camp Lejeune site, where there was a similar
permeability contrast of about an order of magnitude, a poor sweep of tracers was experienced
through a low-permeability, clayey silt unit (hydraulic conductivity of 5 x 107 cm/sec), which
resulted in an underestimate of DNAPL volume (NAVFAC, 2002a). Since the PITT did not
effectively penetrate the bottom one to two feet of the aquifer, DNAPL saturations from soil-
sampling results were used to estimate the DNAPL volume in the lower portion of the aquifer.
The geometry of the capillary barrier/aquifer contact can also add uncertainty to the PITT
estimate for similar reasons.

The PITT technology continues to develop, with recent advancements that make the test more
cost-effective, including less costly tracers and better detection limits and detection systems.
DPT-based “quick-PITT” systems should be available for rapid DNAPL site assessments in the
future.

3.6 Characterizing Groundwater and Source Water Chemical/Fluid Properties

Table 3-1 includes a summary of the suggested parameters for groundwater characterization for
flushing design purposes, along with the appropriate analytical methods. During the hydraulic-
testing phase, groundwater samples are typically collected and analyzed for geochemical
parameters. Background concentrations of anions and cations derived from certain inorganic
minerals and clays including iron species, potassium, sodium, and chloride should be measured,
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because they can significantly alter the behavior of the surfactant formulation. For example,
cation exchange involving calcium in soils can cause mobilization of soil fines that will plug the
aquifer formation and drive the surfactant molecules into the DNAPL, resulting in loss of
surfactant and inability to recover DNAPL. Potential cation exchange concerns are specific to the
site’s geochemistry and to the particular surfactant being utilized. Additionally, groundwater
samples collected before the remediation effort and analyzed for the constituents of concern
provide a baseline that can be used for long-term comparisons with post-SEAR data as the plume
undergoes natural attenuation. In addition to groundwater samples, the samples from the source
of water, i.e., the potable water source to be used on site for mixing the surfactant solution,
should be collected and tested. Source water samples should be analyzed for geochemical
parameters and temperature. Bench-scale tests for flushing design should be conducted with site
groundwater and site source water.

4.0 SYSTEM OPERATION CONSIDERATIONS

Designing and implementing a DNAPL source removal operation is with few exceptions an
intrinsically complex endeavor. Chemical flushing activities (and any other aggressive source-
removal technology) must be designed in such a way that uncontrolled vertical and horizontal
migration of contamination is avoided. A comprehensive understanding of the subsurface
environment, multiphase fluid flow, and the physical processes being employed is required to
prevent remediation failure and avoid contaminating previously uncontaminated portions of the
aquifer.

The purpose of this section is to familiarize the reader with the design and operation of flooding
operations and to discuss the important issues that need to be resolved to effect a successful and
economical remediation. Chemical flood design is an iterative process that proceeds by
identifying and filling data gaps to achieve a final design that is tailored to the specific site to be
remediated. The primary objective in designing a chemical flood is to remove the maximum
amount of contaminant with a minimum amount of chemicals and in minimal time while
maintaining hydraulic control over the injected chemicals and contaminant. Design challenges
include determining the extent and volume of the DNAPL, finding the optimum surfactant
solution for a given DNAPL composition and soil type, and accounting for heterogeneities
present in the subsurface environment. In order to design a robust flood for the expected
heterogeneities in the treatment zone, numerical modeling tools should be used in the design
process. Sensitivity simulations conducted during the design work can indicate what parameters
are particularly important and can simulate how the system may respond to heterogeneities that
may be present in the source zone. However, simulations are only as useful as they are accurate
in reflecting actual site conditions and surfactant flow properties. The accuracy of field and
laboratory data is, therefore, important.

4.1 Design & Construction

The selection of the most appropriate surfactant/cosolvent approach is made only after
considering the issues of applicability and limitations as outlined in Section 2.0 and thoroughly
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assessing the characterization criteria described in Section 3.0. The design process should begin
with a conceptual design and proceed through a final design that results in a process flow and
instrumentation diagram, a site layout plan, and a work plan. Field personnel can use these
documents to properly implement the system as designed. Figure 4-1 is a general schematic of a
surfactant/cosolvent process system, which illustrates the different types of components typically
incorporated into a flooding operation.

Although surfactant/cosolvent flushing solutions vary substantially, there are similarities in
process design and construction across the spectrum. Each technology variant requires that a
fluid be flushed through the subsurface and contact the zones containing DNAPL. The hydraulic
design must strive for effective sweep efficiency and hydraulic control. Also, key logistical and
field implementation issues must be accounted for in the plan. For example, variations in the
chemical composition of the flushing solution can have a profound effect on the performance of
the technology. It is, therefore, imperative that the mixing and the delivery systems provide
acceptable accuracy in mixing and injection.

The major design and construction issues can be categorized into four major subsystems:

e Laboratory Studies and Chemical Selection: focusing on the selection of the
surfactant/cosolvent, the optimum formulation for the site, and the amount of chemicals
needed;

e Subsurface Design: involving delivery and recovery system (injection and extraction
wells);

e Unit Process Design: including the design and installation of the chemical mixing and
injection system and the attendant control and sampling systems; and

e Waste Management Operation: focusing on the treatment of the extracted groundwater
and elutriate.

Surfactant Retentate VOC Removal

Recirculation Air Strippin
( pping) Retentate

Oil/lWater »>VOC
Separator
pH | 4 pH Effluent for Disposal
e L o™

Surfactant Prefiltration Ultrafiltration

Injection
Surfacifj
Micelles
NAPL | '?\
5 > = o
/\\ Soil

Recovery Well

FIGURE 4-1. Schematic of Surfactant/Cosolvent Process System
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The injection system and recovery infrastructure should be designed concurrently. This includes
injection wells, extraction wells, hydraulic control wells, monitoring wells, and all piping
connecting the wells to the injection and recovery system. Much of the injection/recovery system
design is completed during the modeling stage of the design process. The modeling results are
used to determine well spacing, screened intervals, injection and extraction rates, required
chemical volumes, and remediation durations. A wide variety of injection and extraction
scenarios or configurations can be used, depending on site conditions and remedial objectives.
These include injection wells, horizontal wells, trenches, infiltration galleries, or aboveground
sprayers or leach, vertical circulation wells, and others. The delivery infrastructure must be
chemically and physically compatible with the contaminant, the flushing solution, and the
geochemical profile of the groundwater system. The piping and process equipment connecting
the systems must also be designed to handle the design flow rates.

Another major component of the flushing system involves the collection and subsequent
treatment of the extracted groundwater and elutriates. The design of this subsystem will in part
depend on the extraction technique, which might utilize submersible pumps or vacuum-enhanced
extraction. The treatment process components should be selected based on the composition of the
effluent streams. It will be necessary to characterize the type and concentrations of contaminant,
surfactant, and/or cosolvents; the potential need to recycle or reinject some portion of the treated
streams or components; and the final disposition of the streams, e.g., discharge to publicly owned
treatment works (POTW) or other waste-disposal options. Predictions of the amount and
chemical composition of the recovered fluid to treat throughout the flood are obtained from
numerical simulations conducted during the design process.

Flood-based remediation technologies require not only a careful and systematic design process,
but also an extremely reliable, robust, and well monitored process system to implement the test
successfully in the field. The first field applications involving modern surfactant/cosolvent
flushing were labor-intensive, requiring continuously manned operations for several weeks at a
time to control and monitor the batch-mode injection, extraction, and sampling operations
manually. In the late 1990s, flushing implementations began benefiting from use of innovative
and portable process systems. These systems, designed to automate the conduct of the floods as
much as possible, are controlled by a supervisory data acquisition and control system (SCADA).
A SCADA is capable of monitoring and supervising the injection and extraction of fluids and
automatically controls sampling from various monitoring locations. It can also log and store
system parameters such as injection and extraction rates, chemical parameters, and the various
water pressures in the process system. Flow rates can be controlled by an automated flow-control
system located in a trailer-mounted mobile unit. Samples can be taken and analyzed
automatically with an in-line system such as a direct-injection gas chromatograph (GC) system.
This analytical automation greatly reduces labor requirements and provides both real-time
process data and data of higher quality.
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4.1.1 Laboratory Studies and Chemical Selection

Laboratory studies are an essential component in the design of a successful surfactant/cosolvent
system. Laboratory studies are typically carried out prior to field-scale demonstrations and are
generally conducted in a university or specialty-consulting laboratory. These studies should be
undertaken to select or design the specific chemical formulation that will effectively remove
DNAPL from the contaminated soil. It is important to realize that each site requires a tailored
design and that simply taking a formulation that was successful at one site and applying it to
another site will most likely lead to failure (AATDF, 1997).

The contaminant type, matrix characteristics, and groundwater geochemistry are unique for each
site, so that a site-specific laboratory program will be necessary to design an effective
surfactant/cosolvent system. Laboratory studies can also provide information on the potential
field performance of a surfactant/cosolvent flushing system. While laboratory studies will not
ensure that DNAPL can be efficiently removed by surfactant/cosolvent flushing at the site, if a
chemical system does not remove DNAPL from soil samples in the laboratory, the chemical
system will likely not effectively remove DNAPL contamination from soil at the site.

The hundreds of different surfactants commercially available can be grouped into one of four
categories: anionic, nonionic, cationic, and zwitterionic. Generally, only anionic and nonionic
surfactants are acceptable for most flushing applications. Even within these two categories, there
are hundreds of surfactant structures derived from synthetic and natural sources. Factors to
consider in screening and selecting surfactants and cosolvents include

e prior application experience;
potential effectiveness for the desired application;
cost;
public and regulatory perception;
biodegradability and degradation products;
toxicity to humans, animals, and plants; and
ability to treat/handle resulting extracted fluids (AATDF, 1997).

As discussed in Section 2.1, there are two main mechanisms for DNAPL recovery: mobilization
and enhanced solubilization. Surfactants/cosolvents can be selected to emphasize one mechanism
over the other. Laboratory screening for the two mechanisms are different. Mobilization requires
reducing the capillary forces that trap the DNAPL in the saturated soil by reducing the interfacial
tension. By definition, all surfactants/cosolvents reduce interfacial tensions (IFTs). However, the
degree of IFT reduction may be controlled by tailoring the surfactant/cosolvent formulation. For
example, ultralow IFTs may be induced to produce a mobilization-dominated system if a
sufficient volume of DNAPL is present in the target zone. If the DNAPL saturations are low, the
ultralow IFT system will act as a super-solubilization system and solubilize any mobilized
DNAPL. This behavior was observed in the 1996 AFCEE surfactant flood described in
Londergan et al. (2001). Solubilization consists of incorporating the contaminant in the micelles,
requiring that surfactant concentrations be greater than the critical micelle concentration (CMC),
and maintaining the surfactant concentrations as the surfactant flows through the soil. In some
cases, such as in fractured media, it is necessary to use a high-IFT surfactant system to
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emphasize solubilization. The solubilization properties of an anionic surfactant can be adjusted
and optimized by varying the electrolyte concentration; thus, the formulation typically includes
an electrolyte (e.g., sodium chloride and calcium chloride [CaCl,]). A cosolvent, such as
isopropyl alcohol, often is added to prevent surfactant gel formation (also called liquid crystals),
so that the resulting microemulsion (or surfactant-contaminant-water phase) has an acceptable
viscosity. The addition of cosolvent also influences the surfactant-phase behavior, so the effects
of cosolvent addition on the surfactant solution must be examined under a range of system
salinities. Because cosolvents complicate wastewater treatment, ongoing technology
development has focused on surfactants that have no or minimal cosolvent requirements
(NAVFAC, 2002a).

Laboratory testing of interfacial tension also can be used to evaluate the effects of surfactant
class and structure, surfactant concentration, salinity and ionic strength, pH, makeup and dilution
water effects, and effects of exchanged calcium. Phase-behavior tests involve mixing the
surfactant solution with the DNAPL and allowing it to equilibrate at the appropriate ambient
aquifer temperature. The number of resulting phases and the volume changes are characteristics
of the phase behavior (i.e., the interaction of the phases) (AATDF, 1997).

Component solution stability should be monitored throughout the laboratory studies (i.e., the
phase behavior should be monitored over time). If chemical combinations or phases separate
during laboratory testing, that combination can be eliminated from further study. Precipitation of
surfactant or other components from solution when mixed with DNAPL, groundwater, or matrix
material is a cause for concern, and alternate formulations should be considered (AATDF, 1997).

4.1.2 Subsurface Design

Most of the major subsurface design issues should be identified during the predesign stage of the
process. The injection/recovery design (i.e., well spacing, number of wells) should be completed
in conjunction with the numerical simulation phase of the project. The selection of well spacing
and geometry (i.e., an injection and extraction well pattern) is an important first step in the
design process. The adverse effects of hydrogeologic factors, such as the natural hydraulic
gradient and aquifer heterogeneity, can typically be offset by the selection of a robust well
pattern.

Key issues to be considered in designing a well field for surfactant/cosolvent flushing include the
following:

e DNAPL extent/distribution: As described in Section 3.0, careful site characterization is
required to identify the location of the contaminant in terms of the extent of the
contaminated zone and the distribution of the DNAPL within the source zone. Estimating
the extent of DNAPL target zones at a site and the volume of DNAPL in those zones
(both pooled and residual) is often the most difficult aspect of site characterization.
Surfactant/cosolvent flushing is applicable for contamination in the vadose and saturated
zones, but the distribution must be known in order to develop a practical flushing scheme.
The permeability of the various contaminated layers is more of a key factor for
consideration than the depth of the contaminant.
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e Permeability: Surfactant/cosolvent flushing solutions must be able to pass through the
contaminated zones to contact the contaminant in a reasonable period of time. This
depends on the permeability of the strata, which can be measured as hydraulic
conductivity, with favorable values in the range of 1.0 x10™ cm/sec or higher, and
limiting factors in the range of >1.0 x 10 cm/sec (Sabatini et al., 2000). The more
thorough the evaluation of the distribution of hydraulic conductivities within the
remediation zone, the more effective the design of the flushing system. This parameter is
also used to define the degree of hydraulic control that must be incorporated into the
injection/extraction system design.

e Heterogeneity: The degree of permeability variation within the target DNAPL zone will
also dictate sweep efficiency and to what degree vertical DNAPL mobilization will take
place. The presence of low-permeability units, for example, may provide adequate
capillary barriers to arrest downward DNAPL migration.

o Sweep efficiency: This issue is related to heterogeneity and permeability. There are a
multitude of injection/recovery scenarios that could be used at a site. When dealing with
purely saturated flow, the key issue is to achieve uniform flow path distribution within
the flushed zone. By achieving a uniform flow field, dead spots are minimized, and
removal efficiency is maximized. The design should also take into account preferential
flow paths and be designed to eliminate short-circuiting within the subsurface. The most
proven and accepted field-flushing methodologies include a five-spot configuration, line
drive, and in some special cases, vertical well circulation. Sweep efficiency can be
improved by incorporating mobility-control techniques, such as injecting foam and/or
polymer.

e Practical issues: Infrastructure such as buildings and buried utilities can significantly
impact the system’s layout and footprint. Sufficient space needs to be provided to
construct the required systems. For example, pile drivers for sheet pile walls, backhoes
for trench construction, and tankage for fluids, all have significant space requirements.

Achieving sufficient hydraulic control to minimize the risk of injectate or DNAPL escaping out
of the well field is of great importance in the design of chemical-flushing operations. Although
incorporating physical groundwater barriers such as slurry walls or sheet piling to affect
containment has been used on some small-scale field demonstrations, installing physical barriers
for larger-scale flushing applications is unrealistic. In the absence of such physical barriers,
incorporating hydraulic control wells into the well field, along with the optimization of
extraction and injection flow rates, is an effective and cost-efficient method of achieving
hydraulic containment. The number of hydraulic control wells necessary to accomplish hydraulic
containment will vary with the hydrogeological characteristics of the site. For example at Hill
AFB OU2, due to the narrow basin shape of the underlying aquitard and the low hydraulic
gradients at the site, a single hydraulic control well upstream of the injection wells was adequate
to maintain hydraulic control. At other sites, two or three hydraulic control wells could be
required for a similar well configuration. An appropriate strategy for achieving hydraulic control
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should be selected and verified during the conduct of the design simulations. In many cases, a
combination of slight over-extraction (higher pumping rates) and the use of hydraulic control
wells is sufficient to provide hydraulic control. A dual injection system, in which injection wells
are installed with multiple screened intervals, can help provide vertical hydraulic control.

In order to develop an optimal design that meets the above listed objective, the SEAR design
process utilizes simulations to predict the dynamics of the surfactant flooding process. Numerical
models provide a tool for investigating and predicting how variations in subsurface properties
will affect a chemical flood design. The design process typically involves iterative runs of a
numerical model that represents the geosystem. The resulting numerical model is used to design
the well field, to design tracer tests that amplify and refine the geosystem data, and finally to
select the key design parameters for the surfactant/cosolvent flushing. Modeling results can be
used to make the design more robust with respect to potential performance variations caused by
uncertainties in site characterization. The following paragraphs discuss the use of simulations for
SEAR system design and optimization.

Elements of a chemical flood design that are typically optimized using numerical models include
e injection and extraction flow rates necessary for adequate hydraulic control;
e mass of surfactant required to solubilize and/or mobilize the DNAPL;
e ecffect of heterogeneities on recovery of the DNAPL and chemical injectate; and
e duration of the preflush water flood, chemical flood, and postflush water flood.

A multiphase fluid flow and transport model such as the University of Texas chemical flooding
simulator (UTCHEM) is required to solve the multiphase flow problems posed by in-situ
flushing. UTCHEM is a multiphase, multicomponent, three-dimensional modeling program
capable of simulating DNAPL migration and groundwater flow and transport in aquifers.
However, a basic single-phase groundwater flow model, such as MODFLOW, can be used in a
limited capacity to represent the geosystem to assist in preliminary well field design, including
the selection of the well pattern, well spacing, and flow rates. It may also be used to design a
conservative tracer test; however, a nonconservative, or partitioning, tracer test and the flushing
process itself require a three-dimensional (3-D) multiphase transport model.

The numerical simulation design process typically includes model construction, model
calibration, and, finally, predictive simulations to assist in the selection of operational parameters
for the flood. The first step involves implementing the available and pertinent geosystem
parameters (as described in Section 3.2) into the numerical simulator and utilizing that model to
help design a well field for the flood. Following development of a well field design including
well locations and screen intervals, simulations may be conducted to design interwell tracer tests.
Tracer test data and available aquifer test data is then used to calibrate the final numerical model
for permeability and DNAPL volume and distribution. The final step in the design simulation
process requires incorporating surfactant-phase behavior data collected during chemical selection
studies. At this point, a multiphase fluid flow and transport model must be used. Multiphase flow
simulations are conducted to study the dynamics of flooding the DNAPL-contaminated zone
with the selected chemical formulation. The variables that have a major influence on the flood
design but are uncertain are investigated using sensitivity simulations to affect a design robust
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enough to overcome these uncertainties. These variables include uncharacterized heterogeneities
in permeability and DNAPL distribution. Results of these sensitivity studies are then used to
select the surfactant injection scheme, determine chemical requirements, and establish injection
and extraction rates for different phases of the flooding operations. The modeling predictions
typically utilized to finalize a design study are
e amount of DNAPL (and contaminant) recovered from within the model aquifer (by each
extraction well);
e amounts of surfactant and cosolvent (if used) recovered by each extraction well;
e pressure/water level at the injection and extraction wells;
e histories of contaminant, surfactant, DNAPL saturation, microemulsion, and pressur