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EXECUTIVE SUMMARY

Sites contaminated with dense nonaqueous phase
liquids (DNAPLs) and DNAPL mixtures present sig-

nificant environmental challenges. Despite the dec- Cods

ades spent on characterizing and attempting to Revise the 2003 ITRC document
remediate DNAPL sites, substantial risk remains. Inad- with updated information to
equate characterization of site geology as well as the improve DNAPL site char-
distribution, characteristics, and behavior of con- acterization in the following areas:

taminants—by relying on traditional monitoring well

methods rather than more innovative and integrated * assessing ongoing con-

approaches—has limited the success of many remedi- . ?ﬂgﬁ;fnzxgg /f;wr/f;n il
ation efforts. transport, storage, and
) o attenuation patterns

The Integrated DNAPL Site Characterization Team « predicting future exposures
has synthesized the knowledge about DNAPL site that would occur without
characterization and remediation acquired over the intervention
past several decades, and has integrated that inform- « predicting changes in future
ation into a new document that revises and replaces exposures that would occur
the 2003 ITRC technology overview document titled Inresponse to remedial
An Introduction to Characterizing Sites Contaminated act/on§ .

) . > . « Selecting and designing
with DNAPLs. Since 2003, experience and applied P

research have resulted in a better understanding of sub-
surface science and the impact of system het-
erogeneity on remediation efficacy. Because
understanding the complexity of subsurface geologic conditions is paramount in improving
DNAPL site characterization, this updated guidance document begins by reviewing current know-
ledge of DNAPLSs and their subsurface contaminant behavior. By describing an integrated site char-
acterization (ISC) approach, under which data of adequate resolution are collected to fully
characterize a site, this new guidance recommends aligning data on contaminant distribution with
site geologic heterogeneity and groundwater flow conditions at a spatial resolution appropriate to
the site-specific remedial objectives. Thus, this guidance describes how, with the current under-
standing of subsurface contaminant behavior, both existing and new tools and techniques can be
used to measure physical, chemical, and hydrologic subsurface parameters to better characterize the
subsurface.

This guidance is a resource to inform regulators, responsible parties, other problem holders, con-
sultants, community stakeholders, and other interested parties of the critical concepts related to char-
acterization approaches and tools for collecting subsurface data at DNAPL sites.

TYPES OF DNAPLS AND DNAPL PROPERTIES

Although DNAPLSs and their characteristics are addressed in peer-reviewed literature, a thorough
understanding of DNAPL properties is crucial to designing an adequate characterization program.
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Therefore, this guidance first addresses types of DNAPLs and the characteristics that control their
distribution, fate, and transport in the subsurface.

What is a DNAPL Source Zone? A Changing Perspective...

The concept of a DNAPL site source zone has evolved in recent years. In the
1990s and early 2000s, source zones were considered to be the areas affected
by DNAPL phase contamination; however, the current understanding has
broadened that definition to include contaminant mass stored in low-per-
meability zones within the plume bodly.

This evolution in understanding the extent of source material reflects the
increasing recognition that, at many sites, DNAPL is not the primary factor in
contaminant mass that sustains a plume over time. Especially at late-stage

sites, the contaminant mass stored in low-permeability zones within the plume
body acts as a primary source to help sustain the dissolved plume through
back-diffusion processes. Thus, many of the improved characterization meth-
ods described in this document focus on delineating the geologic heterogeneity
and contaminant mass distribution across different geologic units and across dif-
ferent contaminant chemical phases.

DNAPLSs are denser than water, with limited and varying solubilities in water, and thus tend to
occur in a separate nonaqueous phase in the subsurface. Common DNAPL compounds include
materials that have been or are still widely used in industrial and commercial processes, such as
chlorinated solvents and coal tar. Different types of DNAPLs have varying physical and chemical
properties that govern their subsurface behavior. For example, chlorinated solvent DNAPLs have
high solubility relative to other DNAPLSs. Nevertheless, a number of primary fluid and formation
properties affect all DNAPL interactions with porous media (or with other fluids) as well as their
subsurface behavior. Some of these properties are inherent to the DNAPL fluid, while others
involve the combined properties of the fluid and its interaction in a particular subsurface media.

The key properties at DNAPL contaminated sites include: aqueous solubility, density, viscosity,
volatility, interfacial tension, wettability, residual saturation, saturation, relative per-
meability, and capillary pressure. Because the physical properties of DNAPLSs affect their fate
and transport in the subsurface, it is important to consider these properties at sites where DNAPL is
found or existed at the site following the initial contaminant release or spill (although, as discussed
below, many late-stage sites do not contain any residual DNAPL). The physical properties of pure
chemical compounds that include DNAPLSs are readily available in many references; however, the
actual DNAPL at a site may be a mixture of chemicals with significantly different physical and
chemical properties than that of fresh DNAPL or the pure-phase components.



DISTRIBUTION OF DNAPLS AND ASSOCIATED AQUEOUS, SORBED, AND
VAPOR PHASES

In developing a thorough site characterization program, it is critical to determine the relative pres-
ence and distribution of DNAPL, vapor, dissolved, and sorbed chemical phases of contamination
across the various geologic media and understand that the distribution of these contaminants will
change over the lifecycle of the site (Figure ES-1). Furthermore, the characteristics of the sub-
surface control the fate and transport of DNAPL and aqueous- and vapor-phase contaminants.
Therefore, both the contaminant distribution and the subsurface characteristics are vital information
in developing or revising a site-specific conceptual site model (CSM).

Zone Source Plume

Lower-K Transmissive Transmissive Lower-K
Vapor Low Moderate Low Low
DNAPL Low High
Aqueous Low Moderate Moderate Low
Sorbed Low Moderate Low Low
Zone Source Plume

Lower-K Transmissive Transmissive Lower-K
Vapor Moderate Moderate Moderate Moderate
DNAPL Moderate Moderate
Aqueous Moderate Moderate Moderate Moderate
Sorbed Moderate Moderate Moderate Moderate
Zone Source Plume

Lower-K Transmissive Transmissive Lower-K
Vapor Low Low Low Low
DNAPL Low Low
Aqueous Moderate Low Low Moderate
Sorbed Moderate Low Low Moderate

Figure ES-1. Illustration of the progression of a DNAPL-source zone and associated dis-
solved phase plume through time that results from mass transfers between compartments,
using the 14-compartment model (Sale and Newell 2011). Groundwater flow (advection) car-
ries contaminants from the source zone into the plume zone, and both diffusive and advect-
ive mass transfers can eventually distribute contaminants to all compartments. Over
extended periods, contaminants can be diluted to lower concentrations, with stored mass in
the lower-permeable zones acting as persistent sources of contamination.



The presence of DNAPL constituents rep-
resents a potentially persistent reservoir of
contaminant mass that can continue to
release dissolved contaminants over long
periods; thus, understanding the potential
presence and distribution of DNAPL in the
subsurface is critical to long-term envir-
onmental site management. DNAPL migra-
tion is governed by scientific principles of
multiphase flow in porous media. Down-
ward migration of DNAPLSs is largely
driven by gravity. Additionally, subsurface
lithologic heterogeneity leads to dif-
ferences in subsurface pore structure and
capillary properties. As a result, downward
migration of DNAPL results in flow

New Concepts for the Evaluation of Fate
and Transport

Heterogeneity replaces homogeneity.

Anisotropy replaces isotropy.

Diffusion replaces dispersion.

Back-diffusion is a significant source of

contamination and plume growth.

o Non-Gaussian distribution replaces
Gaussian.

« Transient replaces steady-state con-
ditions.

« Nonlinear replaces linear sorption.

o Nonideal replaces ideal sorption.

instability where isolated fingers of preferential DNAPL migrating along preferred pathways

develop, leaving a highly variable distribution. These variations are commonly present in the sub-
surface matrix, even in formations that initially appear to be homogeneous. The existence of these
highly variable fingers of DNAPL in the subsurface makes the detection of DNAPL challenging,

driving the need for improved site characterization methods.

The perspective on what represents a source zone at a DNAPL site has evolved over the past few
decades, and this broader understanding of the extent of source material has led to the realization

that, at many sites, DNAPL may not be the primary factor in contaminant mass that sustains a

plume over time. Moreover, differences in solubility significantly affect the lifecycles of DNAPLs
in the subsurface. Most chlorinated solvent DNAPL sites can be described in terms of three stages

of development, as discussed below and as shown in Figure ES-2 (Sale and Newell 2011).
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Figure ES-2. Evolution of a DNAPL source/plume.

In the initial (early) stage, DN APL predominates and contaminants migrate downward through
pore spaces of more transmissive zones of the geologic formation, leaving ganglia of residual
(immobile) DNAPL held within the pores by capillary forces. In the middle (mature source) stage
of the source zone DNAPL lifecycle, a significant portion of the contaminant mass has migrated
into vapor, aqueous, and sorbed phases in both transmissive and low-permeability zones of the
formation. In the late (weathered, aged/treated sources) stage of chlorinated solvent sites, DNAPL
is often no longer detected and chlorinated solvent concentrations may persist in the aqueous phase
of the transmissive zone due to desorption and back-diffusion from the contaminant mass in the
low-permeability matrix into the higher-permeability matrix. A late-stage site that no longer con-
tains DNAPL is still considered to be a “DNAPL site” because DNAPL was an important part of
the historical CSM.

Including the DNAPL life cycle and matrix diffusion in a CSM has several important implications
for initial site characterization and remediation-based characterization activities. For example, low-
solubility DNAPL sites (coal tar, creosote sites) are often dominated by the early phase of the
DNAPL life cycle. At these sites, the transport of the DNAPL itself is important in understanding
the DNAPL properties described above. High-solubility DNAPL sites (chlorinated solvent sites)
are more likely to be middle- and late-stage sites. At these sites, the transport of the DNAPL itself
is typically not important, but a good understanding of matrix diffusion is critical. Appendix F con-
tains a tool to help determine if a site is in the early, middle, or late stage of its life cycle.
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INTEGRATED DNAPL SITE CHARACTERIZATION

ISC is a process for improving the efficiency
and effectiveness of characterization efforts at
DNAPL sites. ISC encourages characterization

Is ISC only applicable to DNAPL?

at a sufficient resolution to capture the effects Although this guidance specifically

of the heterogeneities that direct contaminant addresses characterization of DNAPL S,
distribution, fate and transport, and remediation an ISC process can and should be used
effectiveness, so that an integrated three-dimen- at any site with subsurface con-

sional CSM can be developed. The specific tamination. Additionally, many of the

tools included in this guidance can collect
data that is relevant to characterization of
o the subsurface contaminated by other
o Define the problem and uncertainties in chemicals, including petroleum hydro-

the CSM. carbons and metals.
o Identify the data gaps and spatial res-

olution required in the investigation.
« Establish the data collection objectives.
o Design the data collection process.
 Select the appropriate investigative tools.
o Manage, evaluate, and interpret the data.

steps in an ISC process are as follows:

This guidance provides a Tools Selection Framework for the interactive selection of over 100 tools
based on geologic, hydrologic, and chemical data needs at a site. The Tool Selection Worksheet is
linked to more detailed descriptions of each tool—including its applicability, data quality cap-
ability, and limitations or challenges. In addition, case studies are presented to illustrate the applic-
ation of ISC principles (for example, linking characterization objectives to data needs, resolution,
and tools selection) at sites with various scales of heterogeneity and investigation complexity. Fin-
ally, methods and models for managing, evaluating, and visualizing data are discussed. Evaluating
the data against characterization objectives and updating the CSM will reduce uncertainty and sup-
port decision making. Data analysis is linked back to characterization objectives to identify any fur-
ther data gaps and assess the value of additional site characterization.

REGULATORY PERSPECTIVES

To improve upon the characterization of subsurface geological, hydrological, and chemical con-
ditions, new characterization tools and technologies are required; the ISC approach for developing
CSMs incorporates these new tools and technologies. For regulatory agency personnel who may
have limited training opportunity and have been operating under what may now be considered out-
dated conceptual models for subsurface contamination, there is a clear challenge to incorporate the
newer views of contaminant behavior into already ongoing cleanups.

Many of the regulatory challenges regarding advanced site characterization approaches and tools
result from unfamiliarity with, and a lack of understanding of, the new methods and changing
knowledge base. Some of the prominent issues are as follows:

X


http://www.itrcweb.org/DNAPL-ISC_tools-selection

o lack of familiarity and understanding of subsurface dynamics
« objectives-based characterization

« mass discharge as a regulatory metric

« use of nontraditional characterization methods

« use of collaborative data sets to refine the CSM

« differentiating between matrix storage and DNAPL

There are great benefits to accepting advanced characterization methods and gaining familiarity
with collaborative data sets (Figure ES-3). Improved characterization methods, with representative
resolution, can clarify nonuniform source distribution, subsurface heterogeneities, and geochemical
variations. This should produce a more refined CSM with a more efficient allocation of resources,
resulting in greater accuracy in subsurface characterization. These methods will improve remedial
design and monitoring and result in a shorter remedial time frame and reduced life cycle costs.

Environmental

Benefit —
LOSS - Better remedy
Uncertainty performace
enhances
Greater Detail g::::::lble
enhances docisi \:1
Stakeholder ecisions
understanding
and trust
’Cost
Effectiveness
reduces
financial
burdens

Figure ES-3. Benefits of integrated DNAPL site characterization.

There is an inherent challenge in explaining the data-dense outputs of the new characterization
methods. Traditional characterization approaches, relying on relatively few soil, sediment, and
groundwater samples, were often presented graphically with intense extrapolation between data
points. In any outreach setting, higher resolution and attention to the development of a scientifically
based CSM allows all interested parties to discuss the future of the site based on science, con-
taminant transport, and long-term protection of drinking water resources, human health, surface
water, and the environment (Figure ES-3).



STAKEHOLDER AND TRIBAL PERSPECTIVE

The ISC approach outlined in this guidance includes a process for selecting and applying new tools
and approaches to characterize sites contaminated by DNAPLs. The science supporting these tech-
nologies and approaches is based on quantifying how geology, chemistry, and hydrogeology inter-
act to influence contaminant transport in rock, soil, sediments, and groundwater. This new ISC
approach allows more detailed and representative interpretations without what has been tra-
ditionally referred to as data gaps from conventional limited data investigation techniques. It should
therefore follow that regulatory performance and remedies implemented to protect human health
and the environment would be greatly improved through the application of these investigative
strategies and technologies. Stakeholders are likely to embrace these tools and analysis techniques
because they are specifically designed to better characterize and define contaminated sites to more
effectively clean them up.

SUMMARY

This guidance document contains the following two elements:

1. It acts as a resource, describing important DNAPL characteristics and the behavior of
DNAPL and its various phases in the subsurface. An understanding of DNAPL char-
acteristics and behavior are critical when developing and testing a CSM.

2. Tt covers the ISC process—including planning; a Tool Selection Worksheet to assist in select-
ing a parameter-driven suite of tools to test geologic, hydrologic, and chemical characteristics
of the subsurface; and data management and interpretation. Over 100 tools are contained in
the Tool Selection Worksheet, and selecting various search parameters reduces the list of
applicable tools to a manageable number. The Tool Selection Worksheet is downloadable,
and each tool links to additional resources that describe the applicability, advantages, and lim-
itations of that tool.
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1.0 INTRODUCTION

Sites contaminated with dense nonaqueous phase liquids (DNAPLs) and DNAPL mixtures present
significant environmental challenges. Despite the decades spent on attempts to characterize and
remediate DNAPL sites, substantial risk remains. Inadequate characterization of site geology and
the distribution, characteristics, and behavior of contaminants—by relying on traditional monitoring
well methods rather than more innovative and integrated approaches— has limited the success of
many remediation efforts; however, the amassed experience and applied research have resulted in a
better understanding of how subsurface heterogeneity affects remediation.

This document synthesizes the knowledge of DNAPL site characterization and remediation
acquired over the past several decades, and provides guidance on concurrent characterization of
contaminant distributions, hydrogeology, and attenuation processes to allow for improvements in
the following areas:

« assessment of ongoing contaminant exposures

« quantification of contaminant transport, storage, and attenuation patterns

« prediction of future exposures that would occur without intervention

« prediction of changes in future exposures that would occur in response to remedial actions
« selection and design of remedial actions

An integrated site characterization (ISC) approach, under which data of adequate resolution are col-
lected to fully characterize a site, significantly reduces uncertainty and enables the development of
cost-effective solutions to manage contaminated sites. By applying proven scientific principles,
investigation approaches, and characterization tools, a rigorous three-dimensional conceptual site
model (CSM) can be constructed to more effectively support environmental management decision
making.

1.1 Background of an Integrated Site Characterization Approach

The recent innovations and advancements in site characterization allow for more effective site man-
agement, remedy selection, and remedy implementation (Stroo et al. 2012). Adequate subsurface
characterization of sites where DNAPLSs have been released is essential to the development of
effective groundwater protection strategies. Site characterization and research conducted over the
past decades, together with basic scientific concepts, demonstrate the following understanding of
subsurface science:

o What were sometimes treated as disparate elements (physical, chemical, and biological), are
now recognized as interrelated elements of a larger whole, with interactions between dif-
ferent processes.
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o Contamination sources and plumes are integrated systems (ITRC 2011b; NRC 2013), and
contaminant storage in lower-permeability regions outside a release area is now recognized
as a primary source of persistent long-term groundwater impacts.

« Site conditions are not static, and understanding the evolution of a site is critical to under-
standing source and plume behavior.

o The geologic setting (in particular, the distribution of low-permeability zones) is the primary
factor controlling the location, storage, and migration of DNAPL mass (ITRC 2011b; Stroo
et al. 2012; Payne, Quinnan, and Potter 2008; NRC 2013).

o DNAPL migration processes are especially sensitive to lithologic heterogeneity and sec-
ondary porosity.

In understanding contaminant fate and transport in the subsurface, the complexity of subsurface
geologic conditions, and especially the system heterogeneity, can cause DNAPL to persist. This
remnant DNAPL may persist at the interface between strata with contrasting permeability or in
interbedded zones that are difficult to flush. Diffusive interchange between higher- and lower-per-
meability zones slows the propagation of dissolved-phase contaminants during early stages of
plume development and then sustains the dissolved-phase concentrations over extended periods.
Moreover, contamination that reaches low-permeability zones can be highly resistant to treatment.
Collectively, these processes fall under the term matrix diffusion. In many older sites that initially
contained DNAPL, matrix diffusion processes have driven the bulk of the contaminant mass into
lower-permeability zones (ITRC 2011b; Payne, Quinnan, and Potter 2008; Stroo et al. 2012; NRC
2013).

Whether a remediation effort succeeds or fails depends largely on a thorough understanding of, and
a remedy implementation tailored to, site-specific geology and the specific properties of the chem-
ical contaminants. Subsurface cleanup challenges and limitations are less related to differences in
remedial technologies and more related to the difficulty of identifying and targeting treatment in the
most affected geologic zones (Stroo et al. 2012).

This emerging understanding holds that site conditions are dynamic, such that the evolution of a
site and the trajectory of that evolution over time are as important as the site’s current state. Key to
understanding source and plume behavior are the nature of the release, the composition of the con-
taminant, the history of the contaminant (in particular DNAPL) migration, the current contaminant
distribution between chemical phases and geologic units, and the manner in which the con-
taminants are being redistributed. Furthermore, as this understanding has developed into a con-
sensus, maintaining a useful CSM (the primary means of expressing the integrated site view) has
emerged as a critical element of DNAPL site management (ITRC 2011b).

Historically, subsurface characterization has typically involved the use of monitoring wells

screened over large vertical portions of the aquifer; however, this approach is limited in that data
collected from typical long-screen (generally 5-20 feet long) monitoring wells cannot inform the
detailed hydrostratigraphy that controls DNAPL behavior at the centimeter-to-millimeter scale. Reli-
ance on monitoring well data has resulted in poorly performing remedies and unacceptably low pre-
dictions of plume behavior and exposure risks (Stroo et al. 2012; NRC 2013).
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The complex processes of multiphase flow in porous media, which control DNAPL migration and
distribution, are especially sensitive to subsurface lithologic heterogeneity and secondary porosity.
Recent advances have demonstrated that geology and variations in permeability are important con-
trolling factors in contaminant distribution, when DNAPL is present and when contaminant trans-
port is sustained by back-diffusion (Sale et al. 2008). The now broad recognition of complex
geologic control over DNAPL migration and groundwater transport has rendered the decades-old
concept of highly dispersed plumes in homogeneous media to the category of major over-
simplification.

Based on the above concepts and their strong interrelationships, environmental management of
DNAPL sites requires a well-developed, comprehensive, holistic (and heuristic) CSM. This
requires the use of updated concepts in site characterization, better investigation strategies, and
improved characterization tools. The recent advances in subsurface characterization tools and tech-
niques included in this guidance are key to improved site management decision making and ulti-
mately to better remedy performance. The overriding regulatory challenge will be to familiarize
regulatory project managers with the new characterization tools and CSM approaches and demon-
strate their benefits and reliability.

This guidance addresses the problems expressed in the introductory paragraphs of this section by
describing an effective ISC approach—one that aligns data on contaminant distribution (and other
biochemistry and geochemistry issues) with site geologic heterogeneity and groundwater flow con-
ditions, at a spatial resolution appropriate to the site-specific remedial objectives. A key element is
the identification of contaminant distribution with respect to low-permeability vs. transmissive
zones, as suggested by Stroo et al. (2012) and NRC (2013). In its simplest form, an ISC approach
might involve overlaying well logs with existing site chemical data to correlate contaminant con-
centrations with geologic units at as fine a scale as data are available. In more complex applic-
ations, an ISC approach can involve real-time field screening techniques and temporary
exploratory borings to provide vertical profiling of subsurface conditions.

1.2 Benefits of an Integrated Site Characterization Approach

An ISC approach can result in significantly greater effectiveness of site management and remedy
decisions through improvements in characterization methods and tools. The benefits of applying an
ISC approach may include the following:

« identification of contaminant distribution, with respect to low-permeability vs. transmissive
zones—to differentiate zones of contaminant storage (which retain and slowly release con-
taminants) from zones of contaminant transport (which have relatively higher permeability)

o better-performing remedies and improved predictability of plume behavior and risks

« collection of higher quantities of screening-level data to facilitate characterization at a higher
resolution that corresponds more closely to the scale of geologic heterogeneity

« increased spatial precision and accuracy of characterization data, leading to more accurate
CSMs
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« reduced uncertainty in risk evaluation, remedy selection, and site management decisions,
leading to better reductions in risk and protection of natural resources

« more defensible knowledge of contaminant distribution

« improved selection of remedial measures to address subsurface zones that feed plumes and
drive up potential exposure

« facilitated communication of site conditions and enhanced stakeholder understanding and
involvement

ISC should lead to remedial decisions that are (1) protective of human health and the environment;
(2) provide better and more protective remedial decisions; (3) consider the necessity of source con-
trol and proactive remediation; and (4) predict a foreseeable outcome. Thus, the ISC approach is
more attractive to stakeholders who can anticipate sustained resources, cost-effective contaminant
source remediation, and the preservation of regional aquifer systems.

1.3  Return on Investigation

Remediation practitioners must evaluate the benefits of investigation costs against the value of the
outcome. Compared to other, more traditional characterization methods, ISC often incurs higher
upfront costs; however, it may also result in a more accurate CSM and thus a more effective
remedial strategy.

Understanding the heterogeneity of the subsurface, its influence on the transport of contaminants,
and the fate of the dissolved and nonaqueous phase contaminants depends largely on delineating
the distribution and frequency of fractures, faults, lithologic changes, mineralogy, grain size mor-
phology and distribution, and other physical parameters of the subsurface. As well, the hydro-
geology and chemical characteristics of the contaminants inform the CSM on the fluid dynamics
and reactions. Historically, CSM development involved collecting and analyzing data for each indi-
vidual parameter, so to keep characterization costs low and make remediation decisions early in the
process, assumptions and generalizations were made about the physical characteristics of the sub-
surface and the chemical characteristics of the contaminants. As stated previously, this traditional
approach led to poor quality remediation results and repeat treatment or to additional testing and
refinement of the remediation systems. With ISC, however, a more accurate and realistic CSM can
be developed and, consequently, the most effective remedial strategy can be chosen.

For example, in a heterogeneous aquifer where significant contaminant mass resides in relatively
thin, low-K layers, a simplified site characterization may indicate a relatively homogeneous aquifer
and fail to identify the low-K layers that act as a source of dissolved phase contamination for the
higher-K (transmissive) portions of the aquifer. Thus, a chemical oxidation remedy, which does not
address contaminant mass in the low-K zones, will fail regardless of how many injections of chem-
ical oxidants are applied in the higher-K formation materials. If, on the other hand, an ISC method
is used, the contaminant mass in the low-K layers may be identified and a more appropriate remedy
chosen.
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A well-informed remediation decision requires thorough characterization using data sets that are
integrated among the geologic, hydrologic, and chemical characteristics of the subsurface. While
higher-resolution data collection and interpretation leads to higher cost in the short term, the bene-
fits of implementing ISC ultimately lead to lower costs to the overall project. As shown in Figure
1-1, use of a higher-resolution site characterization method (such as ISC) results in better decision
making and more reliable performance when it comes to the remedial technology, thereby reducing
the remediation cost through the end of the project. The figure illustrates that, following the Stage 1
preliminary investigation (similar costs regardless of characterization methods to be used), using
ISC (dashed black line) for the Stage 2 characterization is initially more costly than using tra-
ditional characterization methods (solid blue line); however, the return-on-investigation (ROI) costs
(shown as the difference between the dashed black and solid blue curves in Stage 3) are lower.
Additionally, the lifetime of the project is likely shorter, thereby reducing ongoing liability for the
site.

Improved CSMs and focused cleanups improve reliability and certainty of outcome while also redu-
cing costs. For example, the costs of ISC and higher-resolution site characterization can be offset
by optimizing a DNAPL source zone in situ remedy. Thus, a site characterization effort that
employs the new methods and tools (such as ISC)—resulting in a more robust CSM, fewer per-
manent monitoring wells, and a focused remediation program—Ieads to reduced total life cycle
costs and an improved ROL.

Comparison of relative total site costs of a site characterization
using Integrated Site Characterization (ISC) to the total costs
of a traditional site characterization.

Stage 1 Stage 2
Preliminary Characterization
Investigations

Stage 3
Remediation

Inadequate Characterization
Ineffective Remedy

Return on Investigation

ISC Investment - -
Adequate Characterization
Effective Remedy

Cost

N
A}
Traditional Investment

Y

Time
- |SC Total Site Cost === Traditional Total Site Cost

Figure 1-1. ROI: Traditional vs. ISC costs over the project life cycle.

Table 1-1 summarizes the EAB (enhanced anaerobic bioremediation) remedy cost for Well 12A,
both with and without ISC. The cost without ISC was projected based on the actual cost of



ITRC—Integrated DNAPL Site Characterization and Tools Selection May 2015

implementation, and adjusted over the treatment volume assuming a 50 ft treatment zone. The cost
with ISC is the approximate total final costs based on a more robust CSM informed by high-res-
olution characterization. In this particular case, the characterization did not result in a significant
change in the target treatment area, but did result in a significant change in the vertical interval for
treatment. Reducing the target vertical interval for treatment from 50 ft to 12 ft (average), with a
smaller portion of the site having a deeper treatment zone of 5 ft thickness, reduced the overall treat-
ment volume by approximately 70%. This reduced the overall cost of the remediation by reducing
the costs of the amendment, well installation, and labor for amendment injection for one full-scale
injection event—from an estimated $4.66 million to $1.66 million. The cost of the higher-res-
olution characterization for the site was approximately $350,000. Even with this additional char-
acterization cost, however, the project saved an estimated $2.65 million due to the substantial
reduction in treatment volume.

Table 1-1. Example of ROI for source zone at Well 12A remediation

Characterization Costs Costs Notes
W'It's‘g“t With ISC
Pre-Design Investigation $250,000 |$250,000 | Phasel/ll
High Resolution Source Area $350,000
Investigation with Mass Discharge
Estimate (Transect Method)
Mass Discharge Evaluation $150,000 |$150,000
(GETS Pumping Test)
Total Characterization Costs $400,000 |$750,000
Remediation Unit Costs
EAB-Treatment Volume Without |With ISC
ISC
Target Area 52,000 sf |52,000sf | Nochange
Target Thickness 50 ft 17 ft Two intervals — shallow (12 feet
thick) and deep (5 feet thick)
Target Volume 300,000 cy (90,000 cy | ~70% reduction in treatment
volume
EAB-Amendment Injection Without | With ISC
Costs ISC
Total Amendment Cost $1,600,000 |$450,000
Total Drilling Cost $1,320,000 |$740,000
Total Injection Labor Cost $1,740,000 ($470,000
Total EAB Full-Scale Remedi- |$4,660,000 ($1,660,000
ation
Overall Costs (Characterization |Without [With ISC
+ Remediation) ISC
$5,060,00- | $2,410,00-
0 0
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Table 1-1. Example of ROI for source zone at Well 12A remediation (continued)

Characterization Costs Costs Notes
Without .
ISC With ISC
Cost Savings from ISC
$2,650,00-
0

Note:
GETS = groundwater extraction and treatment system

$6,000,000.00
$5,000,000.00 ® o
$4,000,000.00
$3,000,000.00
$2,000,000.00
$1,000,000.00 @ Baseline

$ - !

$(1,000,000.00)

ISC

8lS
[elpswey
1500 Apsway
nus uj

S)S00 |eniuy|
uoneblseu|
uonebisau|

Figure 1-2. Cost comparisons at Well 12A resulting from a reduced vertical interval for treat-
ment, thereby reducing the amendment, well installation, and labor costs during the life
cycle of the project.

1.4 Objective of this Guidance

This guidance describes how, with the current understanding of subsurface contaminant behavior,
both existing and new tools and techniques can be used to measure physical, chemical, and hydro-
logic parameters to better characterize the subsurface. This guidance also provides a Tool Selection
Worksheet that helps to screen out tools that are not applicable to specific data needs at a site.
Links within the Tool Selection Worksheet navigate to descriptive information on tools and offers
additional resources that, when applied properly, can improve the identification, collection, and
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evaluation of appropriate site characterization data. The expected result of using this guidance is a
more accurate site-specific CSM, which can then be applied in the ITRC Integrated DNAPL Site
Strategy (ITRC 2011b, Chapter 2).

Chapter 2 of this document reviews DNAPL types and the characteristics that control their dis-
tribution, fate, and transport in the subsurface. Although these issues are addressed in peer-
reviewed literature, they are also summarized in this document because they are crucial to design-
ing an adequate characterization program.

Chapter 3 describes the characteristics of the subsurface that control the fate and transport of
DNAPL and aqueous- and vapor-phase contaminants, information that should be considered when
developing or revising a site-specific CSM. Application of these site characterization techniques
will increase the level of understanding related to complex site contaminant behavior, leading to
more practical and effective remedy implementation and reduction in long-term costs.

Chapter 4 describes the specific steps in an ISC process, which are as follows:

« define the problem and uncertainties in the CSM

« identify the data gaps and spatial resolution required in the investigation
« establish the data collection objectives

« design the data collection process

« select the appropriate investigative tools

» manage, evaluate, and interpret the data

Chapter 4 also provides the Tool Selection Worksheet, as mentioned above, for the interactive
selection of appropriate tools based on geologic, hydrologic, and chemical data needs at a site. The
Tool Selection Worksheet links to more detailed descriptions of each tool—including its applic-
ability, data quality capability, and limitations or challenges. Case study examples illustrate the
application of ISC principles (for example, linking data collection objectives to data needs, res-
olution, and tools selection) at sites with various scales of heterogeneity and investigation com-
plexity. Methods and models for managing, evaluating, and visualizing data are also included in
Chapter 4. Evaluating the data against data collection objectives and updating the CSM will reduce
uncertainty and support decision making. Data analysis is linked back to data collection objectives
to identify any further data gaps and assess the value of additional site characterization.

Chapter 5 describes the regulatory challenges and benefits of applying an ISC approach to
DNAPL sites.

Chapter 6 describes the perspectives of community and tribal stakeholders toward an ISC
approach.

This guidance is a resource to inform regulators, responsible parties, consultants, community stake-
holders, and other interested parties of the critical concepts related to characterization approaches
and tools for collecting subsurface data at DNAPL sites.
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This document revises and replaces the 2003 ITRC Technology Overview document: An Intro-
duction to Characterizing Sites Contaminated with DNAPLs. This updated document discusses the
recent understanding of subsurface DNAPL and dissolved-phase contaminant distribution, and
presents integrated and real-time site characterization techniques.
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2.0 TYPES OF DNAPLS AND DNAPL PROPERTIES

DNAPLSs are denser than water and have limited and varying solubilities in water; thus, they tend
to occur in a separate nonaqueous phase in the subsurface. In contrast, alcohols (for example, eth-
anol) are fully soluble in water and do not form separate nonaqueous phase liquids (NAPLs).
When DNAPLSs are released to the subsurface, the DNAPL phase remains separate from the other
principle fluid phases, air and water, and their subsurface migration and physical behavior are gov-
erned by the physics of multiphase flow in porous or fractured media.

This chapter describes the fluid properties of DNAPLSs and their direct fluid-phase interaction with
porous media. Chapter 3 discusses the evolving conceptual model for distribution and transport of
DNAPL-forming compounds, which has necessitated an ongoing reevaluation of DNAPL site
characterization objectives and methods.

2.1 Types of DNAPLs

Common DNAPL compounds include materials that have been or are still widely used in industrial
and commercial processes, such as the following:

« chlorinated solvents

o coal tar

e creosote

« heavy petroleum—for example, No. 6 fuel oil products
« polychlorinated biphenyls (PCBs)

« pesticides

Possibly the most common DNAPLSs are chlorinated solvents such as trichloroethylene (TCE), tet-
rachloroethylene (PCE), and carbon tetrachloride (CCl,). PCE and TCE have been used as degreas-
ers, dry cleaning fluids, and solvents in many industrial and commercial processes, and have
frequently been released to the subsurface. These solvents have also been commonly used in house-
hold products such as spot removers, brake cleaner, penetrating oils, typewriter correction fluid,

and finishes.

Before 1985, carbon tetrachloride was used as a grain fumigant at almost every grain storage facil-
ity across the country; thus, soil and groundwater contamination with CCl, and its primary degrad-
ation product chloroform is widespread across the Midwest and Plains areas of the United States
(USEPA 1984). Also common is coal tar DNAPL contamination, resulting from historical spill-
s/releases during manufactured gas plant (MGP) operations that produced coal gas for residential,
commercial, and industrial uses. In portions of the country where wood treatment has been a major
industry, creosote DNAPL contamination is also commonly encountered. Fuel oil products (such
as No. 6 fuel oil DNAPL) may be encountered at industrial or government sites where they were
used as boiler fuel, as well as at petroleum refineries and some electrical generating plants.

10
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2.2 DNAPL Properties and Terminology

At sites where separate-phase DNAPL fluids are discovered in the subsurface, it is essential to
recover and characterize fluid properties whenever possible. Each of the DNAPL fluid properties
described in this section is important in helping assess the distribution and mobility of the separate-
phase fluid or the partitioning/dissolution of compounds from the DNAPL to groundwater or soil
vapor. Figure 2-1 describes the mobility characteristics of DNAPLSs.

Mobile DNAPL Immobile Residual Phase DNAPL

DNAPL body is continuous and its capillary “Droplets” of DNAPL called ganglia are
pressure is high enough to exceed groundwater present in the pore spaces but are not

pore entry pressure, displace groundwater, and connected to other DNAPL ganglia. They are
migrate through the subsurface. immobile because they cannot exceed the

capillary pressure and displace groundwater

Potentially Mobile DNAPL in the formation.

DNAPL body is continuous, but its capillary
pressure is not high enough to exceed
groundwater pore entry pressure; under current
conditions, it will not displace groundwater and
migrate. If conditions change (for example,
drilling through a potentially mobile DNAPL
body, soil fracturing), potentially mobile DNAPL
may mobilize and begin migrating.

Figure 2-1. Mobility characteristics of DNAPL: mobile, potentially mobile, and immobile.

Numerous references that provide fluid property data for neat (pure) liquids include Cohen et al.
(1993), Pankow and Cherry (1996), Dwarakanath et al. (2002), and USEPA (1991); however,
these data are generally not representative of DNAPL fluids after they have been released to the
subsurface, and the errors that can be induced by relying on neat fluid characteristics to represent
field conditions can be substantial. It is therefore important to measure site-specific DNAPL prop-
erties whenever possible rather than relying on literature-based values. DNAPL mixtures behave
differently in the subsurface due to changes in the fluids’ characteristics, such as solubility, vis-
cosity, and wettability. Table 2-1 (located at the end of this chapter) provides examples of changes
in fluids characteristics due to impurities and aging.

11
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Different types of DNAPLSs have varying physical and chemical properties that govern their sub-
surface behavior. For example, chlorinated solvent DNAPLSs have high solubility relative to other
DNAPLSs, and moderate solubility relative to the full spectrum of groundwater contaminants (see
Figure 2-2). This can result in the development of significant dissolved-phase groundwater
impacts. In contrast, No. 6 fuel oil has exceedingly low solubility and often does not result in sig-
nificant dissolved-phase groundwater impacts; No. 6 fuel oil is also highly viscous, which limits its
DNAPL migration in the subsurface. Furthermore, coal tar and creosote have been shown, in some
circumstances, to behave in porous media as wetting fluids as opposed to nonwetting fluids (see
Section 2.3); this has profound implications for DNAPL migration (Hugaboom and Powers 2002).
These are only a few examples of the key dissimilarities between different types of DNAPL mix-
tures.

12
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Figure 2-2. Solubilities of common DNAPLSs and other compounds (see Appendix K for
chemical acronym definitions).
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Some of the actions that affect DNAPL in the porous media involve the combined properties of the
fluid and its interaction with a particular subsurface media. As the subsurface geology creating the
aquifer matrix is heterogeneous, interactions between the DNAPL and the subsurface may change
over short distances with the changes in the aquifer matrix. Illustrating the combined matrix prop-
erties that represent conditions within a representative elementary volume (REV) helps to visualize
the interactions between DNAPL and various portions of the aquifer matrix. Figure 2-3 illustrates
that V1 and V2, both randomly selected to represent conditions of porosity of the whole mass, do
not represent a REV of this site. V3, on the other hand, does appear to closely represent the REV
of this site. An REV is the smallest subsurface element that can be considered to have homo-
geneous conditions representative of the system being evaluated.

R

Porosity n (%)

V1 V2 V3 Volume
Figure 2-3. Representative elementary volume illustrated as a % porosity compared to
increasing volumes of material. Beyond V3, the representativeness does not improve appre-
ciably.
Source: Swiss Federal Institute of Technology of Lausanne 2003; modified after Bear 1979)

Key DNAPL properties that relate to the site characterization concepts and tools described later in
this guidance are listed below.

Aqueous solubility is a key DNAPL property, because it controls not only the ability of the
DNAPL to produce and sustain a dissolved-phase plume, but also its longevity.

Density describes the mass per unit volume of the DNAPL. It is sometimes expressed as specific
gravity (SG), which is the density relative to water.

Interfacial tension represents the force parallel to the interface of one fluid with another fluid (usu-
ally air or water), which leads to the formation of a meniscus and the development of capillary
forces and a pressure difference between different fluids in the subsurface.

14
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Viscosity (dynamic) represents the thickness or resistance to shear (flow) of the fluid. For example,
honey is more viscous than water, which is more viscous than air.

Volatility represents the tendency of the DNAPL chemical constituents to evaporate into the vapor
phase.

Wettability represents whether a fluid is wicked into or repelled out of the subsurface media, and
is defined by the contact angle of the DNAPL fluid against the matrix materials in the presence of
water. Wettability is a combined property of the DNAPL and the subsurface formation materials,
and can be affected by chemistry and the presence of co-contaminants. Figure 2-4 illustrates the
wetting process as an interaction between surfaces. The wetting process is an interaction between
surfaces. In this example, the solid surface has sufficient force to overcome the surface tension on
the low-surface tension droplet on the right and the droplet is stretched out into a thin wetting layer.
The solid surface energy is not high enough to overcome the high surface tension of the droplet on
the left and wetting does not occur

high-surface-tension low-surface-lension
fluid droplet fluid droplet

5

Figure 2-4. Illustration of the wetting process as an interaction between surfaces.

Saturation (S) represents the proportion of the subsurface pore space within an REV that is occu-
pied by a fluid (either DNAPL, air, or water), ranging from 0 to 1.0. When multiple fluids are

15
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present, the sum of all fluid saturations equals 1.0. The DNAPL saturation (Sd) very rarely
approaches 1.0, because the NAPL typically shares pore spaces with water or air, and most porous
media are water wetting.

Residual saturation (Sr) is a combined property of the DNAPL and the subsurface formation
materials. S_is the fraction of pore space within a REV that is filled by the DNAPL at the point
where it becomes disconnected from DNAPL in an adjacent REV and is no longer mobile. The
value of S_represents the fraction of DNAPL potentially remaining in zones that were previously
directly exposed to DNAPL migration (Cohen et al. 1993; Pankow and Cherry 1996).

Relative permeability (kr) represents the actual or effective permeability of a fluid in a REV rel-
ative to the intrinsic water permeability of a porous medium. The value of k , ranges from 0 to 1.0
as a nonlinear function of saturation (S), where k = 1.0 at S =1.0 and k = 0 at S= 0 (Parker and
Lenhard 1987).

Capillary pressure (Pc) represents the pressure difference between two fluids sharing pore space
within a REV. Due to interfacial tension and the formation of a meniscus, the non-wetting fluid
develops a greater pressure than the wetting fluid. P_is a nonlinear function of S, with P_increasing
at greater saturation of the nonwetting fluid (Parker and Lenhard 1987).

Capillary entry pressure (Pce) represents the capillary pressure at S_of the non-wetting fluid. The
value of P_ represents the pressure that must be overcome for DNAPL (as a non-wetting fluid) to
initially displace water from initially water-saturated media. The P represents the minimum pres-
sure required for DNAPL to be mobilized into any geologic material (Cary, McBride, and Sim-
mons 1989; Dietrich and Dietz 2012; Schwille 1988; De Pastrovich et al. 1979; Cohen et al. 1993;
Wilson et al. 1990).

23 Effects on DNAPL Properties

The importance and effects of the properties defined above on understanding DNAPL distribution,
degradation, interactions with subsurface materials, and other behavior in the environment (as they
apply to both characterizing contamination and developing remedial alternatives) are addressed in
works by Cohen et al. (1993) and Pankow and Cherry (1996). Several of these key properties are
summarized below; however, additional resources should be used, as needed, to assess the specific
chemical and physical properties of the particular contaminant type(s) at a project site.

2.3.1 Aqueous Solubility

Aqueous solubility represents the maximum concentration of the DNAPL chemical constituents
that can be dissolved in an aqueous solution (groundwater for the purpose of this document). For
DNAPL mixtures, the aqueous solubility of individual components is subject to co-solvent effects.
For example, under ideal conditions, the maximum concentration of a NAPL constituent (for
example, PCE) is equal to the mole fraction of that constituent in the mixed NAPL multiplied by
the aqueous solubility of the constituent if it were a pure NAPL (for example, PCE-DNAPL). Sol-
ubility considerations include the following:
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o Low-solubility DNAPLSs such as coal tar and creosote are slow to dissolve and therefore are
more persistent over time, although other factors such as biodegradability are interrelated and
also control longevity.

o Risk-driving compounds in groundwater are often derived from DNAPLSs that have rel-
atively high solubilities, such as the chlorinated ethene DNAPLs PCE and TCE.

e A contaminant existing in mixed DNAPLSs, such as waste solvent with oil/grease content,
may exhibit lower maximum concentrations in groundwater than when the contaminant
exists as a pure DNAPL. For example, benzene typically represents approximately 2% of
the volume of gasoline, which yields a maximum concentration in water of approximately 54
milligrams per liter (mg/L) compared to 1,780 mg/L when benzene exists as pure NAPL.
Thus, at sites containing mixed NAPLs, contaminant concentrations may be much lower
than would be anticipated based on the pure compound’s aqueous solubility. These con-
taminant mixtures may persist for much longer than the equivalent mass of a single com-
pound NAPL.

o If chlorinated DNAPLSs mix with petroleum light nonaqueous phase liquid (LNAPL)
products, the chlorinated DN APLSs may preferentially partition into the petroleum rather than
into the groundwater. This will change the type and concentration of any dissolved-phase
plume partitioning from the mixed NAPL, creating a different plume than would be expec-
ted if the chlorinated DN APLs were present without the LNAPL.

o Coal tar, creosote, and No. 6 fuel oil DNAPL mixtures generally display extremely low bulk
solubility and may result in small to negligible dissolved plumes; however, these chemical
mixtures often contain soluble constituents, such as naphthalene, that dissolve into ground-
water creating plumes.

 Historically, a 1% dissolved-phase concentration of chlorinated solvent DNAPLSs, based on
compound-specific solubility in groundwater, was thought to indicate the potential presence
of DNAPL; however, this method is now viewed as unreliable (that is, either falsely positive
or falsely negative). See Appendix F for methods available to evaluate the presence of
DNAPL (USEPA 2009).

o The rate of dissolution of soluble DNAPL constituents is accelerated through aqueous phase
treatment that reduces dissolved concentrations and drives faster dissolution rates (ITRC
2008).

2.3.2 Density/Specific Gravity

Density/SG is a critical DNAPL property, as it affects the relative buoyancy of DNAPL in the sat-
urated zone. While, by definition, all DNAPLs have an SG greater than 1.0, some DNAPLSs (such
as PCE) have an SG of >1.5, while others have an SG barely greater than water. For example, No.
6 fuel oil can sometimes exist as an LNAPL with an SG of <1.0 and in other cases may exist as a
DNAPL with an SG of approximately 1.05. Denser DNAPLs have a greater driving force for
downward movement, while other DNAPLSs may be almost neutrally buoyant.
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2.3.3 DNAPL Residual Saturation

DNAPL Residual Saturation (DNAPL S ), as described above, is a REV property and therefore
represents conditions at a scale of centimeters that can vary greatly over small distances. A specific
S_atasite is a function of the DNAPL properties, including viscosity, interfacial tension, and wet-
tability, and is particularly a function of the subsurface pore structure. Residual saturation rep-
resents the saturation at which the DNAPL is immobilized by capillary forces as discontinuous
ganglia under ambient groundwater flow conditions (Cohen et al. 1993). Residual saturation can
be affected by conditions such as temperature and groundwater chemistry, which can influence vis-
cosity or interfacial tension. Residual saturation is also affected by groundwater gradients.
Increased groundwater gradients (such as from active remediation) can mobilize residual DNAPL
effectively by decreasing the residual saturation value. Similar to permeability or porosity, S is a
REV property and can vary greatly between immediately adjacent geologic materials. The ultimate
distribution of residual DNAPL is not uniform or readily predictable in the subsurface due to
minute variations in pore size distributions, soil texture, soil structure, and mineralogy. DNAPL S
typically ranges from 5% to 15%, and site-specific measurement of S_can be potentially valuable.

234 Interfacial Tension and Wettability

Interfacial tension, viscosity, fluid density, and porous media characteristics are properties that gov-
ern DNAPL migration. In the typical scenario, water is the wicking or wetting fluid (see Figure 2-
5) and DNAPL is non-wetting; however, for some aquifer matrices and some DNAPLs, the sys-
tem may be DNAPL-wetting. Also, in a low-moisture vadose zone setting above the water table,
even non-wetting DNAPL can be subject to capillary spreading, as DNAPL often acts as a wetting
fluid relative to air. Below the water table, most but not all DNAPLs behave as non-wetting fluids.
In these cases, the interfacial tension between the DNAPL and water phases act to resist DNAPL
spreading (see Figure 2-6). This resistance to DNAPL movement is expressed as a pressure dif-
ference between the DNAPL and water phases, referred to as P. Furthermore, there are dif-
ferences in the subsurface pore structure, which control the P_ that resists DNAPL movement.
Therefore, subsurface geologic heterogeneity ultimately controls DNAPL migration.
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water wetted

: aquifer matrix particle
mineral surfaces

pore water saturated
aperture pore space

aquifer matrix particle

Figure 2-5. Typical conditions found in an aquifer with water present.

Figure 2-6 depicts the invasion of a NAPL into a saturated porous medium. The pore aperture is
narrowing, from the left to the right. As the pore aperture narrows, the capillary pressure of the wet-
ting fluid (water, in this case) increases, which increases the NAPL entry pressure, Pe. On the left,
the NAPL pool pressure exceeds the entry pressure and the free water phase has been displaced,
leaving only the wetting layer on the mineral surface. In the middle, the NAPL pool pressure
matches the capillary pressure of the water, and because the two forces are in balance, the NAPL
invasion has stopped. To the right, the pore aperture is smaller and the capillary pressure of the wet-
ting fluid exceeds the NAPL pressure. As a result, the NAPL cannot invade this portion of the
pore, without a change in the fluid conditions. Changes that could permit further invasion include
(1) increased NAPL pool height, which increases the NAPL pressure; (2) decreasing interfacial ten-
sion, which can occur as a result of biodegradation of dissolved-phase NAPL; and (3) groundwater
extraction from beneath the NAPL, which increases the effective NAPL pool pressure.
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DNAPL pool water pool
pressure pressure

DNAPL

Figure 2-6. Typical conditions in an aquifer with DNAPL present when water is the wetting
fluid.

235 Saturation, Relative Permeability, and Capillary Pressure

S, P, and k are interrelated and complex properties that govern fluid movement when multiple flu-
ids are present within pore space in a REV, such as when DNAPL is present below the water
table. P_and k_are both nonlinear functions of S, and DNAPL mobility is governed by the non-
linear S-P -k _constitutive relationships. At most sites, characterization of the nonlinear constitutive
relationships is not necessary unless multiphase flow modeling is undertaken; however, some
related concepts are important in guiding the site characterization activities described in this doc-
ument.

As described above, at S, DNAPL is immobile. Similarly, at very low S, approaching the value of
S, DNAPL mobility is limited because k_is very small. Increasing DNAPL mobility (increasing

k ) can be realized most often through changes in pressure conditions affecting P_or by changes in
chemustry that affect interfacial tension. As described above, the P is the minimum pressure that
must be overcome for DNAPL to displace water and advance its migration into new geologic
materials. Subsurface geologic materials with smaller pore structure (finer grained or more densely
packed) have higher P_s; therefore, DNAPL migration tends to follow the largest, most accessible
pore structures. In fine-grained sediments or consolidated rock, large pore structures such as frac-
tures or other secondary porosity pathways (such as root holes and dissolution features) may be
available for migration.
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2.3.6 Viscosity

DNAPL viscosity affects the rate at which DNAPL can migrate through the subsurface, but does
not inherently influence whether or not DNAPL can migrate. DNAPL viscosity primarily comes
into play if there are mobile and potentially recoverable volumes of DNAPL, as highly viscous
DNAPLSs such as No. 6 fuel oil, creosote, and coal tar are slow to migrate.

2.3.7 Volatility

The volatility of DNAPL constituents, as measured by vapor pressure, directly affects partitioning
or transfer of these constituents into the vapor phase, either directly from a DNAPL that may be
present in the vadose zone or from dissolved DNAPL constituents in groundwater. Mixed
DNAPLSs have reduced component vapor pressures, which can be estimated from pure compound
vapor pressure data and by measuring the DNAPL solution composition.

2.3.8 Vapor Pressure

The vapor pressure is the pressure exerted by the vapor phase of a substance at equilibrium with
the pure condensed (solid or liquid) phase in a closed system. For ideal gases, the vapor pressure
can be converted to a concentration using the ideal gas law at a given temperature and pressure.
Vapor pressure data are used in predicting the equilibrium partitioning constants between the gas
phase and liquid or solid phases.

2.3.8.1 Henry’s Law

Py
K=
" [A water]
A .
K — [ atr]

aw [A water ]

For dilute solutions, Henry’s law is the ratio of the vapor pressure to the solubility of a substance;
that is, solubility and vapor pressure are directly proportional, at a given temperature and pressure,
for sparingly soluble compounds. Using the ideal gas constant and temperature, the Henry’s law
constant can be converted to a dimensionless form that is the ratio of concentration in air to the con-
centration in water at equilibrium at a given temperature and pressure. Use of the Henry’s law con-
stant assumes a linear relationship between the partial pressure of a substance and its concentration
in water up to saturation, which is generally only true in dilute solutions.

Where K, is Henry’s law constant, P is the partial pressure, A _ is the concentration of a sub-

stance in water, K__ is the dimensionless Henry’s law constant, and A _ is the concentration of a
substance in air.

2.3.8.2 Raoult’s Law

For an ideal solution, Raoult’s law states that the mole fraction of each substance in a mixture is
equal to the mole fraction of the vapor pressure of that substance in a closed system at equilibrium.
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P= x;P{

Where P_is the partial pressure of substance i, x, is the mole fraction of substance i in the mixture,
P. is the vapor pressure of i, n, is the number of moles of i, and j is the number of substances in the
mixture. Raoult’s law is generally used for mixtures of organic compounds, such as petroleum or
solvents.

2.3.8.3 Fick’s Law

Fick’s first law states that flux is directly related to the concentration gradient of a chemical mul-
tiplied by a diffusion coefficient for that chemical. Diffusion can only be affected by the manip-
ulation of one of these terms, which limits remedial alternatives where diffusion controls mass
transfer.

mass _ 7_ _ndC
Flux( )—J— Ddx

time— area

2.3.8.4 Peclet Number

The Peclet number is the ratio of advective transport rate to diffusive transport rate. It is used to
estimate where diffusive transport or advective transport dominate under a given set of conditions.
In low Peclet number environments, Fick’s first law predominates. In high Peclet number envir-
onments, the fluid velocity controls transport.

P,=LU/D

Where P is the Peclet number, L is the characteristic length, U is the velocity, and D is the mass
diffusion coefficient for a given chemical.

24 Special Considerations for DNAPL Mixtures

DNAPL mixtures such as creosote and MGP tars, which are characterized by high viscosity and
low solubility, generally have a higher potential to migrate in the subsurface, and for longer peri-
ods, than other DNAPL types such as chlorinated solvents. The relatively high viscosity of these
DNAPL mixtures leads to longer-term continuity of the mobile DNAPL phase, sustaining mobility
and contributing to mobility within small-scale geologic features. The relatively low solubility of
many of the components of these DNAPL mixtures leads to less weathering of the DNAPL mix-
ture in the environment, maintaining the mobile DNAPL phase longer than DNAPL types that con-
tains higher solubility components. Finally, DNAPL mixtures that contain large fractions of heavy-
weight hydrocarbons have been shown to alter the solid phase wettability that can also sustain
DNAPL mobility. For example, prolonged contact of MGP tar with soil can cause water-wet soil
to effectively become DNAPL-wet. When a soil becomes DNAPL-wet, the residual saturation
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decreases, resulting in lower DNAPL retention within the soil structure, sustaining the DNAPL
migration potential of DN APL mixtures for longer periods of time as compared to pure component
DNAPL releases.

The DNAPL may also have weathered over time in the subsurface since its release. Some indus-
trial-grade DNAPLs have impurities that, while acceptable to a manufacturing process, change the
properties enough to influence subsurface fate and transport in a manner different from those of the
pure DNAPLs. Therefore, at any DNAPL site, analysis of site-specific NAPL acquired from the
subsurface is recommended if at all possible to facilitate site assessment. In addition to the poten-
tially significant differences between pure and aged NAPLSs, properties of similar NAPLs at dif-
ferent sites and in different site areas can also vary.

Physical properties (density, viscosity, and interfacial tension) of water, select reference fluids, and
field aged/weathered DN APLs—including chlorinated solvents, mixed DNAPLs, MGP coal tar,
and coal tar creosote—are presented in Table 2-1. The published literature and the measurements
contained in Table 2-1 indicate the following:

o Coal tar creosote—a multicomponent DNAPL composed of hundreds of polycyclic aro-
matic hydrocarbons; phenols; benzene, toluene, ethylbenzene, and xylene; and other com-
pounds—has been detected at many wood-treating sites due to long periods of process
operation, large releases from multiple areas (such as drip tracks, process area, and wastewa-
ter management ponds), chemical persistence, and ease of detection (due to its characteristic
odor and dark color).

o Coal tar creosote density and viscosity can vary substantially between and within
wood-treating sites due to variation in creosote product sources and mixtures as well
as sequential weathering effects that change creosote properties over time.

o Measured physical property values from 15 wood-treating sites in the United States
range from 1.06 to 1.12 grams per cubic centimeter (g/cc) density, 12 to 57 centi-
poise (cP) viscosity, and 19 to 28 dynes per centimeter (dynes/cm) interfacial tension.

o Coal tar and creosote DNAPL is also encountered below ground at many former
MGP and wood-treating sites where substantial releases occurred over decades. The
large volume, low solubility, and high viscosity of coal tar and DNAPL released at
wood-treating and former MGP sites can result in much longer periods (often dec-
ades) of DNAPL migration than typically occurs at chlorinated solvent release sites.
Measured physical property values from former MGP sites in the Unites States typ-
ically range from 1.02 to 1.10 g/cc density, 20 to 100 cP viscosity, and 15 to 27
dynes/cm interfacial tension.

o Releases of unused and spent chlorinated solvent DNAPLs have occurred at thousands of
contamination sites, including dry cleaner, metal works, chemical manufacturing, and waste
disposal sites. Determination of chlorinated solvent DNAPL properties in samples recovered
from the subsurface, however, is relatively rare because of small release volumes, limited
and complex subsurface DNAPL distributions, low-resolution characterization, and solvent
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loss due to volatilization, dissolution, and diffusion.

o The physical properties of PCE and TCE DNAPLSs extracted from wells at several con-
tamination sites are listed in Table 2.1. As shown, measured density and viscosity values for
these samples are similar to those reported for the pure compounds, particularly where
solvent was released from product storage tanks or pipelines prior to use. Spent solvents are
frequently mixed with oil/grease that decreases DNAPL density and increases DNAPL vis-
cosity. The interfacial tension of chlorinated solvent DNAPLs in the subsurface is generally
much lower than that of pure solvent compounds due to the admixture of surface-active
agents from soil humus and other waste materials.

« DNAPLs in the subsurface at mixed chemical waste release sites (associated with chemical
manufacturing, waste disposal, and waste recycling facilities) can have highly variable phys-
ical properties, as shown in Table 2-1.

o PCB DNAPL releases in the United States may have occurred at facilities where PCBs were
produced (for example, Monsanto plants in Sauget and Anniston, Alabama); used as insu-
lating and cooling fluids (for example, GE Fort Edward and Hudson Falls, New Y ork plants
and Westinghouse Bloomington, Indiana plant); used to manufacture or recycle high-tem-
perature capacitors, transformers, hydraulic oils, and other products; and used at former
solvent and waste oil reprocessing and disposal sites (for example, Smithville, Ontario).
Monsanto Aroclor PCB products consisted of a series of technical mixtures in which fluid
density and viscosity increased with chlorine content and decreased with increasing carrier
fluid content, which typically consisted of up to 70% chlorobenzenes or mineral oil (Wis-
chkaemper et al. 2013).

o Although site data are generally unavailable for PCB DNAPLSs, based on product spe-
cifications, the density and viscosity at contaminated sites are expected to vary between 1.1
and 1.5 g/cc and 10 and 50 cP, respectively. PCB-rich LNAPLSs are also encountered at
some sites. Interfacial tension data for field-weathered PCB samples were not readily found
in available literature. The high viscosity of PCB oils indicates that the timescale of their sep-
arate phase migration may occur over decades at some sites (Kueper et al. 2003).
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Table 2-1. Physical properties (density, viscosity, and interfacial tension) of water, select reference fluids, pure NAPLs, and field
aged/weathered DNAPLSs (including chlorinated solvents, mixed DNAPLs, MGP coal tar, and coal tar creosote). All values were
measured at 20° to 25°C unless noted otherwise.

Interfacial
Sample Tension,
Liquid Release Source and Age/Date | Source and NAPL. (.:om- Density, Viscosity | Water References
Date position (g/cc?) (cP) Interface
(dynes-cm
.1)
Water 0.998 (1.0 74.4 (air)
. 0.71- 27 Wang et al.
Gasoline 0.77 0.5 (15°C) 2006
Diesel fuel 0.80- | 1.1-3.5 27 Wang et al.
0.85 (15°C) 2006
Pankow and
TCE, pure 100% TCE 1.46 | 057 34.5 Cherry 1996
Cohenet al.
1993
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Table 2-1. Physical properties (density, viscosity, and interfacial tension) of water, select reference fluids, pure NAPLSs, and field
aged/weathered DNAPLSs (including chlorinated solvents, mixed DNAPLs, MGP coal tar, and coal tar creosote). All values were

measured at 20° to 25°C unless noted otherwise. (continued)

Interfacial
Sample Tension,
Liquid Release Source and Age/Date | Source and NAPL. (.:om- Density, Viscosity | Water References
position (g/cc?) (cP) Interface
Date
(dynes-cm
.1)
TCE-rich spent vapor degreas-| Spent degreasing solvents ~41,000 gal- | DNAPL con- 1.38 0.78 9 Oolman et al.
ing solvent DNAPL at Hill Air | (mainly TCE) were disposed of | lons of sisted of TCE 1995
Force Base, UT OU2 in unlined trenches between DNAPL (53%—-60%), Jackson and
1967 and 1975. have been TCA (5%-12%), Dwarakanath
pumped PCE (3%—5%), 1999
fromasand | and other chlor- Meinardus et
and gravel inated degreas- al. 2000
channel ing solvents and Dwarakanath
aquifer ~45— | oil and grease et al. 2002
50 ft bgs that | (~25%). USAF 2009
is underlain
by clay.
DNAPL
sampled
from recov-
ery wells
was ana-
lyzed circa
1994,
DNAPL,
TCE degreasing solvent TCE was apparently released which had 0 Parker et al.
; accumulated | >99.5% TCE
DNAPL (unused) from a metal | from leaking USTs and product . . 2003
. e at the bot- with minor PCE, | 1.45 0.54-0.55 | 21.1-23.5
parts manufacturerin Con- distribution lines between the cCl and TCA Chapman and
necticut (Site A) late 1950s and the early 1970s. | tomof agla- @ Parker 2005
cial outwash
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Table 2-1. Physical properties (density, viscosity, and interfacial tension) of water, select reference fluids, pure NAPLSs, and field
aged/weathered DNAPLSs (including chlorinated solvents, mixed DNAPLs, MGP coal tar, and coal tar creosote). All values were
measured at 20° to 25°C unless noted otherwise. (continued)

Interfacial
Sample . . . Tension,
Liquid Release Source and Age/Date | Source and NAPL. (.:om- Density, Viscosity | Water References
Date position (g/cc?) (cP) Interface
(dynes-cm
.1)
sand aquifer
(~30 ft bgs)
above a
thick clay
layer, was
pumped
from two
wells and
analyzedin
1996.
PCE, pure 100% PCE 1.63 0.9 44 4 Pankow and
Cherry 1996
Cohenet al.
1993
DNAPL was
located adja-
centtoand | Thereduced
. . beneath the | density suggests Duke Engin-
PCE DNAPL from a dry clean- PCE dry cleaning fluid releases dry cleaning that the PCE eering & ger—
ing facility at Camp Lejeune, | °¢curred betweenthe 1970s and) yyjjgingin | DNAPLCon- 1y 5eg 16 g5 4 10| 10.4 vices 1999
: 1995 from leaking USTs, floor fi d tained a small
NC, Site 88 drains, and pipes e fraction of dis- Dwarakanath
’ ' and silt at : et al. 2002
17-20 ft bgs solved mineral
just above a oils and grease.
clay layer.
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Table 2-1. Physical properties (density, viscosity, and interfacial tension) of water, select reference fluids, pure NAPLSs, and field
aged/weathered DNAPLSs (including chlorinated solvents, mixed DNAPLs, MGP coal tar, and coal tar creosote). All values were

measured at 20° to 25°C unless noted otherwise. (continued)

Liquid

Release Source and Age/Date

Sample
Source and
Date

NAPL Com-
position

Density
(g/cc?)

Viscosity
(cP)

Interfacial
Tension,
Water
Interface
(dynes-cm

_1)

References

PCE-rich vapor degreaser
solvent DNAPL recovered
from a well in shallow alluvium
at Kelly Air Force Base, TX

Solvents, which leaked from
degreasers and piping between
the 1940s and 1980s, migrated
to and pooled in alluvial deposits
at ~40 ft bgs.

The ana-
lyzed
DNAPL
sample was
pumped
from a well
in 1997.
DNAPL was
discovered in
1997
beneath
buildings that
housed metal
plating and
degreasing
operations.
Approx-
imately 1,000
gallons of
DNAPL was
pumped from
the alluvium
in 1998.

PCE-rich
DNAPL

1.60

0.9

14.6

USEPA 2000
Dwarakanath
et al. 2002

PCE degreasing solvent
DNAPL (unused) from a
former plating shop degreaser
and a PCE bulk storage tank

PCE solvent was apparently
released from degreasers and
USTs between 1950 and the
late 1980s.

DNAPL
presentin
fine to
coarse sand

>99.9% PCE,
<0.1% TCE

1.62

23.6-34.2

Parker et al.
2003
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Table 2-1. Physical properties (density, viscosity, and interfacial tension) of water, select reference fluids, pure NAPLSs, and field
aged/weathered DNAPLSs (including chlorinated solvents, mixed DNAPLs, MGP coal tar, and coal tar creosote). All values were
measured at 20° to 25°C unless noted otherwise. (continued)

Interfacial
Sample Tension,
Liquid Release Source and Age/Date | Source and NAPL. (.:om- Density, Viscosity | Water References
position (g/cc?) (cP) Interface
Date
(dynes-cm
.1)
layers was
pumped
at the Connecticut ‘B’ Site from two
wells in
2003.
Mixed TCE and PCE vapor- An estimated 80,000 gallons of | DNAPL Lab analysisofa | 1.43 4 NR Young et al.
degreasing DNAPL from Site solvent waste from degreasing | Migrated into | DNAPL sample 1999
X701B at the USDOE's Ports- and other operations was the lower indicated three
mouth Gaseous Diffusion Plant, . sand and times more TCE
OH rbeliaased ‘;c;agold(;nf;ggc;nd gravel unitof | than PCE, but con-
etween 1953 an : the Gallia taminant recov-
Sand at eriesin the
approx- analysis were
imately 30 ft | very low.
bgs. Sample
analysis was
performed in
1995.
DNAPL was
Mixed chemical waste . sampled Lab analyses
DNAPLS, including chloroben-| A\ €stimated 22,000tons of - ¢ fouou | ingicate that the
chemical plant wastes was .
zenes, chlorophenols, and o wells com- | DNAPLs are vari{ 1.09- Cohenet al.
deposited in an abandoned \ <16-270 | NR
chlorotoluenes from the Love . pleted into able complex 1.50 1993
) .| canal and pits between 1942 . .
Canal chemical waste landfill the buried multi-component
. and 1954. .
in Niagara Falls, NY waste cells | mixtures.
in 1988.
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Table 2-1. Physical properties (density, viscosity, and interfacial tension) of water, select reference fluids, pure NAPLSs, and field
aged/weathered DNAPLSs (including chlorinated solvents, mixed DNAPLs, MGP coal tar, and coal tar creosote). All values were
measured at 20° to 25°C unless noted otherwise. (continued)

Interfacial
Sample . . . Tension,
Liquid Release Source and Age/Date | Source and NAPL. (.:om- Density, Viscosity | Water References
Date position (g/cc?) (cP) Interface
(dynes-cm
.1)
Chlorobenzene 100% chloroben- | 1.11 0.799 37.4 Mercer and
zene Cohen 1990

DNAPL was

documented

in silt and

sand lenses
DNAPL (mixed chloroben- Mixed chlorobenzene and DDT | at ~70 ft— 95 Hargis and
zene and DDT) from the Mon- | DNAPL was released from the | ft bgs within | Mixed chloroben- Associates
trose Chemical Superfund Central Processing Area of the | anaquitard | zene and DDT, 1.24— 2528 13-15 2004
Site, aformer DDT man- Montrose facility, presumably unit. DNAPL | multicomponent | 1.25 o Davis and
ufacturing facility in Los between the 1950s and early samples DNAPL Hayworth
Angeles County, CA 1980s. were 2006

pumped

from four

wells in

2003.
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Table 2-1. Physical properties (density, viscosity, and interfacial tension) of water, select reference fluids, pure NAPLSs, and field
aged/weathered DNAPLSs (including chlorinated solvents, mixed DNAPLs, MGP coal tar, and coal tar creosote). All values were
measured at 20° to 25°C unless noted otherwise. (continued)

Interfacial
Sample Tension,
Liquid Release Source and Age/Date | Source and NAPL. (.:om- Density, Viscosity | Water References
position (g/cc?) (cP) Interface
Date
(dynes-cm
.1)
DNAPL (mixed chemicals) from | An estimated 5.6 billion pounds of | DNAPL Complex mixture| 1.01- | 3.3-9.7 2.8-71 Casmalia
the Casmalia Resources Super-| mixed chemical wastes were dis- | samples of numerous 1.09 Resources
fund Site in Santa Barbara posed of in landfills, ponds, were VOCs and Site Steering
County, CA renches, and shallow wells | mpedin | SVOCs Committee
' 2003 to 2004 2011
from wells
completedin
fractured
claystone at
~75-150 ft
bgs.
DNAPL has
migrated Lab analyses
down indicate major
through ~90 com onenté of
Mixed chlorinated solvent An estimated 14 million kg of ft of sand to the n?ixed
DNAPL (such as PCE or chlorinated hydrocarbons, aclay layer. ]
. . . DNAPL area: Golder and
CCl)) from chemical man- including PCE, TCE, 1, 2-DCA, | Samples .
A L PCE (55%-— 1.6 0.63-3.8 | 10-15 Associates
ufacturing releases the at and CCl , were released in dif- | taken from
. . A 60%), CCI 2011
ICI/Orica Botany Bay site, ferent site areas between 1944 | three wells (25% _300/4) and
Sydney, Australia and the 1990s. in the south- hexz:- o
gig:lwu::rg chloroethane
: (7%—9%).
analyzed in
2006.

31



ITRC—Integrated DNAPL Site Characterization and Tools Selection May 2015

Table 2-1. Physical properties (density, viscosity, and interfacial tension) of water, select reference fluids, pure NAPLSs, and field
aged/weathered DNAPLSs (including chlorinated solvents, mixed DNAPLs, MGP coal tar, and coal tar creosote). All values were
measured at 20° to 25°C unless noted otherwise. (continued)

Interfacial
Tension,
NAPL Com- ([Density|Viscosity | Water
position (g/cc?) (cP) Interface
(dynes-cm
.1)
Creosote wood-preservative 1.01- | 20-50 NR Kueper et al.
DNAPL 1.13 2003
Foster 2013
Personal com-
munication
regarding phys-
ical property
meas-
urements
made by Key
Envir-
onmental,
11.8-57.1| 19.5-27.8 | Inc., on
DNAPL
samples taken
from 16
Beazer East,
former Kop-
pers, wood-
treating and
coal tar refin-
ing sites in the
United States)

Sample
Liquid Release Source and Age/Date | Source and
Date

References

Creosote wood-preservative 1.065—
DNAPL from 17 sites 1.128
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Table 2-1. Physical properties (density, viscosity, and interfacial tension) of water, select reference fluids, pure NAPLSs, and field
aged/weathered DNAPLSs (including chlorinated solvents, mixed DNAPLs, MGP coal tar, and coal tar creosote). All values were
measured at 20° to 25°C unless noted otherwise. (continued)

Interfacial
Sample Tension,
Liquid Release Source and Age/Date | Source and NAPL. (.:om- Density, Viscosity | Water References
position (g/cc?) (cP) Interface
Date
(dynes-cm
.1)
Weathered creosote DNAPL Creosote used to preserve utility | Creosote Weathered creo- | 1.02— | 4.9-25.5 | 17-23 Mercer et al.
pumped from seven wells atthe | poles and timbers between 1916 | DNAPL has | sote DNAPL 1.10 (40°C) 2006
Cabot Carbon/Koppers Super- | and 1992 was released in lagoon, | migrated (60°C)
fund site, FL cooling pond, and drip track through sur-
areas. ficial aquifer
sand (~20-
25 ft thick)
and into the
Upper
Hawthorne
Group clay.
DNAPL
samples
pumped from
seven wells
were ana-
lyzed in
2006.
20-100 See data and
Former MGP coal tar typical ~1850 t