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FOREWORD

The Characterization, Monitoring, and Sensor Technology Integrated Program
(CMST-IP) within the Office of Technology Development (OTD) has responsibility for
identification, evaluation, and delivery of technologies needed for the work of the
Department of Energy's Office of Environmental Restoration and Waste Management.
This report addresses part of that responsibility by providing summary information on

DNAPL site characterization.

PREFACE

A dense nonaqueous phase liquid (DNAPL) is a source of contamination that can
persist in the subsurface for decades before dissipating completely into the vapor phase
and groundwater. The DNAPL chemicals of particular concern to the DOE are
chlorinated volatile organic compounds (Cl VOCs) such as carbon tetrachloride (CCl4),
trichloroethylene (TCE), and perchloroethylene (PCE). These Cl VOCs were used in
multiple ton quantities at DOE sites and were often released to the subsurface. The
predicted fate of released Cl VOC liquid is downward movement through the soil under
the force of gravity. As it moves, some of the Cl VOC liquid becomes trapped in the soil
pores as residual saturation. The liquid also moves rapidly downward if small fractures
are present. This migration continues until an impermeable or semi-permeable layer is
encountered. Then lateral movement or spreading occurs. The downward and lateral
migration in the subsurface leads to DNAPL pools, lenses, and residual saturation that
can cause long-term contamination of groundwater at levels well above drinking water
standards.

Although CI VOCs have been detected as dissolved components in the groundwater
and as vapor in the soil gas at several DOE sites, direct evidence of their presence as

DNAPL is sparse and no measurements of the amounts of DNAPL present within a



given volume of subsurface have been made. Consequently, unresolved DNAPL issues

exist at DOE sites.
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EXECUTIVE SUMMARY

This report presents:

* a roadmap to literature resources for DOE personnel interested in DNAPLs;

* a brief background for a beginning understanding of the complexity of DNAPL
migration and contamination of groundwater,

* a short summary of the EPA-recommended conceptual model approach to
DNAPL site characterization;

e an overview of characterization technologies applicable to DNAPLs;

« conclusions and summary statements (see Appendix A) about DNAPL site
characterization; and

 general recommendations concerning development of technologies for DNAPL
site characterization.

The recommendations, listed below, are based on interpretation of the DNAPL

literature, information presented in the body of this report, and the authors’ knowledge of

DOE sites. Implementation of these recommendations is expected to expedite DNAPL

site characterization.

1.

Technology development decisions should be made recognizing that the EPA
approach to DNAPL site characterization, as summarized here and detailed in
EPA documents, will probably be followed at DOE sites.

Proposals claiming to address DNAPL site characterization should be evaluated
by people familiar with sound approaches for that work as well as by experts in
the proposed technology area(s).

Better ways to estimate the boundaries of a DNAPL zone should be developed.

Research aimed at providing methods for estimating the amount present within a
DNAPL zone, and the distribution as pools, lenses, and residual saturation
should be encouraged.

Development of devices that require deployment into the subsurface for DNAPL
measurement should not be supported because they have limited value for the
characterization of DNAPL sites.

innovative applications of soil gas measurements, such as during changing,
continuous, and intermittent sampling, should be explored for usefulness in
DNAPL site characterization.

Improvement of existing characterization technologies should be sought rather
than development of new ones because timely decisions concerning
characterization, risk, and remediation of DNAPL sites and return on investment
are desired.

vii
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DNAPLs AT DOE SITES: BACKGROUND AND
ASSESSMENT OF CHARACTERIZATION
TECHNOLOGIES

Gregor A. Junk and William J. Haas Jr.
Ames Laboratory
lowa State University
Ames, IA 50011

INTRODUCTION

The literature related to DNAPLs has been under study recently by the
Characterization, Monitoring, and Sensor Technology Integrated Program for the
following reasons:

* the probable existence of DNAPL problems at DOE sites;

» the presence of DNAPLs can dramatically increase the duration and cost of
remediation efforts; and

* the need to acquire better background for evaluation of technology
developments pertinent to DNAPL site characterization.

Fortunately, in the same period, the U. S. EPA Robert S. Kerr Environmental
Research Laboratory was instrumental in the generation of several excellent reports that
provide detailed discussions of DNAPL issues (Cohen and Mercer 1993; Harwell and
Krebs-Yuill 1992; Henrysson and McCarty 1992; Huling and Weaver 1991; Kimball and
Bates 1992; Mercer and Spalding 1991; Miller 1992; Newel! et al. 1992; Newell and
Ross 1992; Olhoeft 1992; U. S. EPA 1992; Wilson et al. 1990). We have drawn heavily
wom these works in our attempt to produce a report focused on suspected DNAPL
problems at DOE sites, currently available technologies for DNAPL site characterization,
and recommendations concerning development of those technologies. Features of this

report and the EPA DNAPL reports are compared in Table 1.
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Table 1. Features of this repornt and the EPA DNAPL reports.

This report

EPA reports

Presents two simplistic scenarios of DNAPL
migration and contamination.

- S
Present many detailed scenarios.

Provides a limited discussion of DNAPL properties
and subsurface characteristics.

Provide a broad range of detailed discussions.

Focuses on DNAPL problems at DOE sites.

Address all DNAPL sites.

Addresses DNAPL problems only.

Give some attention to LNAPL as well as DNAPL
problems.

Addresses only Cl VOCs as DNAPLs.

Consider all chemicals that can exist as DNAPLs.

Principal focus is on characterization.

Address remediation and characterization, with
emphasis on remediation.

BACKGROUND TO DNAPLs AT DOE SITES

Some basic information concerning DNAPLs is presented here as background for

the following sections on characterization technologies, conclusions, and

recommendations. Additional summary statements pertinent to DNAPL site

characterization and associated technologies are given in Appendix A.

Probable Occurrence of Cl VOCs as DNAPLs at DOE Sites
The EPA has published a valuable report on categorizing the probability of a DNAPL

occurrence at a site (Newell and Ross 1992). This report is attached as Appendix B. In

Figure 1, somewhat different language has been used and three of the EPA charts have

been combined along the lines employed by Cohen and Mercer (1993) to produce a

decision tree and a DNAPL potential matrix for Cl VOCs at DOE sites.



per year?

NO

Do records
indicate the use and
release of Cl VOCs
' at the site?

at the site suggest probable
historical release of

Cl VOCs used in
quantities >1000 galions

YES

YES

Is
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Has
DNAPL been
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NO
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Do
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the possible presence
YES of DNAPL?

the available
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conclude that DNAPL is
not present?

YES

DNAPL POTENTIAL
MATRIX

Figure 1. Decision tree and matrix for estimating potential of DNAPL presence:

I=cenfirmed or high potential; ll=moderate potential; llI=low potential [modified

from Newell and Ross (1992) and Cohen and Mercer (1993)].



When the history of DOE production processes and estimated release data such as
the very few examples given in Table 2 are considered, the potential for presence of
DNAPL at DOE sites is moderate to high. For a contamination perspective, one
kilogram of Cl VOC in the subsurface can eventually contaminate 200 million liters of

groundwater at the drinking water standard of 5 parts per billion.

Table 2. Examples of some estimated Cl VOC releases at selected DOE sites.

SITE Kg Released

TCE PCE CCl4
Savannah River, Settling Basin@ 140,000 820,000 b
Westinghouse Hanford Corporation® b b 750,000
Radioactive Waste Management Center, 35,000€ 39,000€ 140,000
INELd
Paducah Gaseous Diffusion Plant, 2,000,000 b b
C400 Degreasing Facilityf
Chemical Waste Landfill, Sandia9 32,000 b b

from Looney, Rossabi, et al. (1992, p. 15)

no estimated amount given

from Last and Rohay (1993, p. 5.1)

from Walton et al. (1992, p. 92)

assuming the release of equal volumes of TCE, PCE, TCA, and CHCI3

from J. L. Clausen, Oak Ridge National Laboratory (personal communication,
November 1993). !t is assumed that the majority was lost to the atmosphere by
volatilization, with an unknown quantity released to the subsurface through a sump.
9 from Conrad et al. (1992, p. 137)

0 Q00D

The migration of these Cl VOCs as DNAPLSs that eventually contaminate the
groundwater depends on the properties of the Cl VOCs and the subsurface
characteristics. Some of these properties and characteristics are discussed here as an

introduction to two simplistic illustrations of how groundwater becomes contaminated.



The illustrations and discussion are intended to provide only a cursory understanding of
DNAPL behavior in the subsurtace. For more detailed treatment, the reader is referred

to the documents listed in the reference section.

Cl VOC Properties

Properties that influence the migration of Cl VOCs in the subsurface are density,
viscosity, solubility, vapor pressure, volatility, interfacial tension, and wettability. These
properties are discussed in detail by Cohen and Mercer (1993). For a cursory
understanding of groundwater contamination by Cl VOCs, the most important properties
are density, viscosity, and solubility.

The CI VOC liquid is more dense than water so it will sink as a separate phase;
the Cl VOC vapor is more dense than air so it will tend to move downward in the vadose
zone. The liquid is less viscous than water so it will infiltrate the subsurface more
rapidly and even penetrate layers impermeable to water. The solubility of a CI VOC is
sufficient to contaminate water above the drinking water standard, but so low that a

separate phase exists in the presence of water.

Subsurface Characteristics

The most important subsurface characteristic is heterogeneity. Differences in the
subsurface, between and within sites, complicate DNAPL migration and the eventual
contamination of groundwater. Consequently, the EPA documents (Cohen and Mercer
1993; Huling and Weaver 1991; U. S. EPA 1992; Newell and Ross 1992) provide many
excellent illustrations and discussions of DNAPL migration and contamination and
effectively stress that the characterization and remediation actions are site specific.
Only two simplistic contamination scenarios are illustrated here to provide background

for a beginning understanding of DNAPL migration and contamination of groundwater.



lllustrations of Cl VOC Migration and Contamination of Groundwater
In the illustrations given here, TCE is used as an example of Cl VOC present as
DNAPL. The definitions of the terms used in the discussions of these illustrations of

DNAPL migration and contamination are given in the Appendix C glossary.
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Figure 2. Groundwater contamination caused by release of sufficient TCE liquid to
establish DNAPL as residual saturation in the vadose zone [modified from

Newell and Ross (1992)].

Plume A - contamination from density-driven migration of vapors from the
vadose zone to the water table plus contamination caused by
infiltration through the vapor zone.

Plume B - contamination caused mainly by infiltration and leaching of the
residual saturation.

The first illustration (Figure 2) addresses the release of sufficient TCE liquid, a
potential DNAPL typical of Cl VOCs at DOE sites, to establish residual saturation in the
vadose zone. Here the TCE migrates downward, primarily under the force of gravity.

When there is no excess of liquid TCE at the surface, the subsurface liquid no longer
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holds together as a continuous phase and small isolated pockets‘of liquid TCE are
retained in the porous media as residual saturation. The groundwater becomes
contaminated by the following mechanisms: (1) density-driven migration of the vapor to
the water table, where a portion of it dissolves to form a shallow plume of contamination;
(2) infiltration through the vadose zone, where TCE vapor is dissolved and carried to the
‘water table (indicated by half arrows in Figure 2); and (3) infiltration and leaching
through the residual saturation (indicated by full arrows).

When considering contamination from DNAPL, it is important to realize that the
residual saturation is essentially an immobile source of groundwater contamination and
that the volumetric retention capacity of the soil is very large. For example, a vadose
zone soil column at residi:al saturation can immobilize an amount of TCE equal to about
10% of the pore volume. In the saturated zone, the subsurface column can retain as

high as 50% of the pore volume as trapped TCE.
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Figure 3. Groundwater contamination caused by release of sufficient TCE liquid to
establish DNAPL as residual saturation in both the vadose and saturated
zones and a DNAPL pool.

Plume A - shallow contamination from density-driven migration of vapors from
the vadose zone to the water table.

Plume B - contamination caused by dissolution from residual saturation in the
saturated zone.

Plume C - deep contamination caused by continuous dissolution from the
DNAPL pool. '

i

T

SATURATED
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The second illustration (Figure 3) addresses the release of sufficient TCE to
establish residual saturation in both the vadose and saturated zones and to form a
DNAPL pool at the impermeable boundary. In this case, the groundwater becomes
contaminated primarily by dissolution of the TCE from the residual saturation in the
saturated zone and from dissolution from the DNAPL pool. As can be seen in Figure 3,

the DNAPL pool also causes unexpected upstream extension of the plume. The actual



situation is more complicated because of the additional contamination, not shown in
Figure 3, caused by infiltration and leaching from the vadose zone. Consequently, the
DNAPL, under the conditions shown in Figure 3, creates a considerably more complex
pattern of contamination than that shown in Figure 2. This complexity is present even
when the subsurtace, as shown in both figures, is homogeneous.

In the real world, of course, the subsurface is heterogeneous. As a result, the
migrations and contaminations are even more complex. For example, complicated
migrations of DNAPL through subsurface fractures certainly occur at many DOE sites
contaminated by Cl VOCs. These migrations, as well as confounding factors such as
DNAPL mixtures, phase interactions, degradations, and especially the heterogeneity
and even microheterogeneity of the subsurface, create an extremely complex DNAPL
situation. This complexity necessitates careful and intelligent use of the conceptual

model approach for site characterization.

Site Characterization Approach and Conceptual Models

When DNAPLs are suspected, an iterative approach based on the development and
refinement of a conceptual model is used. This approach to site characterization is
shown in the Figure 4 flow chart. The process begins with review of all existing data as
potential inputs for the development of the initial conceptual model by personnel having
an understanding of the DNAPL issue (i. e., DNAPL properties and migration,
subsurface characteristics, and the contamination mechanisms). The first field work
involves invasive and noninvasive activities outside the suspected DNAPL zone and
only noninvasive actions inside the zone. Then, if invasive actions inside the DNAPL
zone must be undertaken to obtain information essential for characterization, risk, or
remediation decisions, that work should be conducted with extreme caution to avoid

mobilization of the DNAPL.



Understanding of DNAPL
Review of and Subsurface
Existing Data Properties and
Contamination
Mechanisms
Develop
Conceptual
Model
Conduct
Characterization Activities
A )
Noninvasive Invasive
Methods First Methods Second
Obtain Establish Estimate Determine Determine Determine
DNAPL Probable DNAPL Subsurface Stratigraphy Extent of
Properties DNAPL Properties Contamination
Entry Points and Probable
DNAPL Fate
Refine
Conceptual
Modael
Make Decisions
If additional characterization is required Regarding
< Characterization,
Risk,
Remaediation,
Monitoring

Figure 4. Flow chart for characterization of DNAPL sites [modified from Cohen and

Mercer (1993)].
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CHARACTERIZATION TECHNOLOGIES
FOR DNAPL SITES
Ideal Site Characterization

Ideal site characterization would include a complete description of the normally
complex subsurface, detailed knowledge of the behavior of a DNAPL or mixture in that
subsurface, and information concerning the DNAPL boundarizs, the amount present
within those boundaries, and the distribution as free-phase pools, lenses, and residual
saturations. This cannnt be dona using existing technologies.

Previous sections of this report suggest that the behavior of DNAPLs in the comj 'ex
heterogeneous subsurface is one reason site characterization is likely to be less than
ideal. Another reason is deficiencies in the available characterization technologies.
Tool improvements and the development of new tools such that the ideal site
characterization can be accomplished is not expected.

In the absence of ideal characterization, intelligence must be applied to the
interpretation of archived and newly obtained data such that good, albeit still
questionable, decisions regarding characterization, risk, and remediation can be made.
Naturally, this interpretation should be performed by personnel who have detailed
knowledge of the sampling procedures and the geophysical, subsurface access, and

chemical analysis technologies.

Background to Sections on Site Characterization Technologies
Geophysical, subsurface access, and chemical analysis technologies used for site
characterization are discussed separately below. The chemical analysis technologies
generally provide more definitive information than the geophysical methods. For
example, some chemical methods can directly detect the presence of DNAPL. In
contrast, none of the geophysical methods have clearly demonstrated potential for
detecting the presence of DNAPL or for addressing the two major problems of defining

the boundaries of the DNAPL zone and of determining the amounts of the different

11



forms of DNAPL that may be present. Chemical analysis technologies have reasonable
potential for addressing both these problems.

Two subsections of chemical analysis titled "Sample Collection for Cl VOCs
Analyses" and “Tools for Analyses of Cl VOCs" are included. These subsections are
presented because data from measurements of CI VOCs in gas, water, soil, and

sediment samples are essenlial inputs to developing and refining the conceptual model.

Geophysical Technologies

The noninvasive geophysical technologies, ground-penetrating radar,
electromagnetic conductivity, electrical resistivity, and seismic refraction and reflection,
are discussed by Cohen and Mercer (1993). These and some invasive methods are
useful for the delineation of subsurface geology and stratigraphy. This information is
essential for making defensible risk and remediation decisions. It also has clear value
for predicting where DNAPLSs are likely, or unlikely, to be found.

In dynamic situations, geophysical methods such as ground-penetrating radar have
some potential for monitoring DNAPL movement. This was shown in connection with
the controlled release of PCE at the Borden site in Canada (Greenhouse et al. 1993).
Further tests and development of these methods for application to monitoring
remediation processes are probably justified.

In static situations, no current geophysical methods have clear capability for
detecting the presence of DNAPL or for the determination of the boundaries and
amounts of the diiferent DNAPL formis. In the near term, the potential appears to be low
for development of geophysical methods to detect static DNAPLs and define
boundaries. In both the near and long term, the potential seems very low for

Jecphysical defarmination of amounts of the different DNAPL forms.
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Subsurface Access Technologies

Subsurface access technologies employ a wide variety of drilling, coring, and push
equipment. Descriptions and discussions of their use and limitations are given in Cchen
and Mercer (1993). These technologies are used to acquire information about the site
based on observations recorded during the penetration of the subsurface and to collect
samples for chemical and other analyses. These analyses produce data that aid in
characterization of the site.

In general, current subsurface access tools are adequate for drilling boreholes and
installing wells. Satisfactory tools are also available for deployment of chemical sensors
and for collecting gas, liquid, ard solid samples. Development of new or modified
access technologies should only be supported if a significant cost advantage can be

projected and useful characterization data are likely to be produced.

Chemical Analysis Technologies

Noninvasive chemical analysis technologies for DNAPLs involve some form of soil
gas measurement. These soil gas surveys are usually considered noninvasive even
though most involve some minimal invasiveness, either to emplace a sorbent for
passive sampling, or to drive a small hollow probe for active sampling. Data from a
properly conducted soil gas survey can be used to infer the presence of a DNAPL zone
above the water table and to estimate its areal boundary. In some cases where shallow
DNAPL is present, the depth boundaries may also be estimated.

All the other chemical analysis technologies used to measure directly DNAPLS, or to
infer or suspect the presence of DNAPLs, involve some form of current or past invasive
activity. These invasions of the subsurface for direct DNAPL measurements are
required to coliect samples for analysis or *» emplace sensors for detecting the DNAPL.

Some technigues for direct detection of Ci VOCs as DNAPL are outlined in Table 3.

13




Table 3. Some techniques for direct detection of Ci VOCs as DNAPL.

Technique

Interface probe

Application

Measurement Principle

electrical resistance

liquid in well
Transparent bailer liquid from well visual
Weighted string liquid in well smell, visual
Hydrocarbon paste liquid in weli chemical reaction

Hydrophobic dye collected soil, sediment add water -- visual
Hydrophobic dye liquid from well visual

Centrifuge collected soil, sediment add water -- phase separation
Extraction” collected soil, sediment GC, GC/MS, IR, etc.

" Not exactly direct detection but gives evidence of DNAPL presence and guantitative
results.

Cohen and Mercer (1993) provide detailed discussion of these techniques. They
have high value for site characterization when collected samples are already available
or sample collection or access is convenient, i. e., when wells are already available or
being drilled. However, adequate site characterization using such direct detection
techniques may require examination of a very large number of samples taken from
various depths over a considerable area. Although it may be possible to develop less
expensive detection techniques, the cost of accessing the subsurface will likely remain
high and the largest part of the total analytical cost.

Frequently, the presence of DNAPL in the subsurface is not measured directly but is
inferred or suspected. The inference is based on measurement of Cl VOCs in: (1)
groundwater at concentrations >1% of the aqueous solubility; (2) soil or sediment at
concentrations >1% by weight; or (3) soil gas at concentrations >100 parts per million.

Suspicion of DNAPL presence can be based on the following anomalous Cl VOC

results: (1) concentrations increase inexplicably with depth; (2) Cl VOCs found

14




upgradient from the suspected release area; (3) erratic patterns in groundwater
concentrations; (4) erratic and localized high concentration in soil gas; (5) water
concentrations that decrease during pump-and-treat but then rebound when pumping is
stopped.

All the concentration data used to infer or suspect the presence of DNAPL are
accumulated by chemical analysis of gas, water, soil, or sediment samples. The

procedures for the analysis of Cl VOCs in these kinds of samples are well established.

Sample Collection for Cl VOCs Analysis

Various collection procedures are available for gas, water, soil, and sediment
samples. In general, no technology development is needed here. The major problem is
obtaining samples representative of the region of interest. This is particularly true for
DNAPLs since they are not uniformly distributed in the subsurface and small isolated
pockets of DNAPL, capable of contaminating large quantities of water, can exist within a
few feet of a chosen sample volume.

A problem may occur when historical data from core and water samples are used to
inter the presence or absence of Cl VOCs in the subsurface. Frequently, these samples
were handled in a manner that led to loss of some or all of the Cl VOCs prior to
analysis. Conclusive results confirming these losses for core samples were reported at
the National Symposium on Measuring and Interpreting VOCs in Soils: State of the Art
and Research Needs, Las Vegas, January 12-14, 1993. Robert Siegrist, Oak Ridge
National Laboratory, has indicated that summaries and conclusions from this meeting
will be available early in 1994 (pers. comm. November 1993). Losses of Cl VOCs
caused by improper collection and preservation of sediment samples taken from the
saturated zone have undoubtedly led to erroneous conclusions of the absence of

DNAPL when the Feenstra et al. (1991) procedure was employed. Similar losses
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leading to erroneous conclusions of DNAPL absence can also occur for samples taken

from the vadose zone.

Tools for Analyses of CI VOCs

Adequate and reliable tools for the analyses of CI VOCs in gas, water, soil, and
sediment samples have been available for many years. This is especially true for gas
samples. Although OTD support for the development of new instruments has paid
dividends in the past, continued funding of such work is not expected to yield a
significant return on investment. Nevertheless, some ongoing support for modification
of existing instruments to make them more user friendly and field deployable is
defensible. Development of simple, rapid, and inexpensive screening procedures for Cl
VOCs should also be supported. The ideal screening procedure would be simple, have
sufficient sensitivity, and be free of both false positives and negatives.

Investment in additional techniques for direct detection of DNAPL in the subsurface
is not likely to provide a return. This conclusion is reached from consideration of the
heterogeneity of the subsurface, the nature of the DNAPL, and the almost certain
existence of residual saturation zones where the pockets of DNAPL are very small.
Even if inexpensive miniature probes could be developed and emplaced, the number
required for adequate definition of a DNAPL zone could be enormous. In some
instances, such devices may be useful for detecting pools by probing boreholes but
procedures already exist for these measurements and the probability of adequately

determining pool volumes with these probes is small.
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CONCLUSIONS

The more important conclusions of this work are consolidated below. Some

additional conclusions are contained in the summary statements of Appendix A.

1.

The EPA approach to DNAPL site characterization will probably be employed
with only minor modifications at DOE sites because it is fundamentally sound and
consistent with regulatory requirements.

The probable deep contamination by Gl VOCs as DNAPLs at some DOE sites
further complicates the characterization efforts.

No technologies are currently available for measurement of the amount of
DNAPL presen: i nools, lenses, and residual saturation.

Soil gas surveys appear to have unexploited potential for noninvasive, or at least
minimally invasive, characterization of Cl VOCs as DNAPL at DOE sites.

Current technologies for measuring Cl VOCs in the vapor phase, dissolved in
water, and as part of a soil or sediment sample are satisfactory; however, the
development of simple field screening methods might significantly reduce
characterization costs.

Appreciable support for development of geophysical methods for locating and
estimating the amounts and forms of DNAPLSs is probably not warranted.

A memorandum similar to U. S. EPA Directive (1992), but specific to Cl VOCs as

DNAPLs, would provide useful policy guidance for decisions regarding
characterization, risk, and remediation at DOE facilities.
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RECOMMENDATIONS

The recommendations, listed below, are based on interpretation of the DNAPL
literature, information presented in the body of this report, and the authors’ knowledge of
DOE sites. Implementation of these recommendations is expected to expedite DNAPL

site characterization.

1. Technology developm ant dacisions should be made recognizing that the EPA
approach to DNAPL site characterization, as summarized here and detailed in
EPA deocuments, will probably be followed at DOE sites.

2. Proposals claiming to address DNAPL site characterization should be: evaluated
by people familiar with sound approaches for that work as well as by experts in
the proposed technology area(s).

3. Better ways to estimate the boundaries of a DNAPL zone should be developed.

4. Research aimed at providging methods for estimating the amount present within a
DNAPL zone, and the distribution as pools, lenses, and residual saturation
should be encouraged.

5. Development of devices that require deployment into the subsurface for DNAPL
measurement should not be supported because they have limited value for the
characterization of DNAPL sites.

6. Innovative applications of soil gas measurements, such as during changing,
continuous, and intermittent sampling, should be explored for usefulness in
DNAPL site characterization.

7. Improvement of existing characterization technologies should be sought rather
than development of new ones because timely decisions concerning
characterization, risk, and remediation of DNAPL sites and return on investment
are desired.
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APPENDIX A

Summary Statements About DNAPL Characterization and

Associated Technologies

The statements marked with an asterisk below were adapted from Cohen and

Mercer (1993); those marked with a dagger were contributed by Thomas O. Early, Oak

Ridge National Laboratory.

1.

1

10.

Chlorinated VOCs have been used in production processes at many DOE sites
and have been released to the subsurface in quantities that strongly suggest a
DNAPL problem.

In only a few cases has direct positive evidence been obtained for Cl VOC
presence as DNAPL.

The solutions to DNAPL problems are site specific and all rely on the development
of an initial conceptual model and its refinement as new information becomes
available.

For Cl VOCs, an understanding of the DNAPL contamination of groundwater can
be obtained from straightforward consideration of their density, viscosity, and
solubility.

The EPA approach to “Estimating Potential for Occurrence of DNAPL at Superfund
Sites” (See Appendix B) is applicable to DOE sites.

Although some technologies are available for the direct detection of pools of
DNAPL, and others could easily be developed, none are expected to become
available for the direct determination of the amounts of DNAPL present in various
forms, particularly residual saturation, in a defined subsurface volume.

. Noninvasive geophysical technologies are applicable for obtaining subsurface

information useful in developing a conceptual model but have very limited
usefulness in direct detection and quantification of DNAPL because of a lack of
demonstrated methods, documented successes, and personnel trained in using
these techniques for DNAPLs.

There are no effective, non-intrusive methods to locate DNAPL pools or residuum
in a static system.

Noninvasive geophysical techniques could possibly detect very large pools of
DNAPL and be able to track the progress of a remediation process.

Any device or method developed to merely detect DNAPL should be extremely
simple and even then the development may not give a reasonable return on
investment.




11.

12

13.

141,

15.

16 .

17t

18.

19,

20 .

21.

22.

23.

Cl VOCs migrate in the subsurface as vapor in soil gas, solutes in groundwater,
and as DNAPL; the DNAPL migration is governed by saturation, interfacial tension,
waettability, capillary pressure, residual saturation, permeability, solubility, vapor
pressure, density, and viscosity.

Conceptual models describe the behavior of DNAPL in the subsurface and are
used to guide site characterization and remedial activities.

Without adequate precautions and understanding of DNAPL behavior, site
characterization activities may enhance contamination by DNAPL and increase
remedial cost.

Intrusive methods of DNAPL detection have a low probability of encountering free-
phase and can result in a worsening of the problem by causing remobilization of
stable pools.

Documentation of observations made during drilling, such as the occurrence of
distinctive chemical odors, can be very useful for DNAPL site characterizaticn.

Subsurface characteristics should be delineated, particularly the presence of fine
grained capillary barriers and preferential DNAPL migration pathways.

Subsurface heterogeneities at a site make it difficult to predict with any degree of
certainty the migration pathways of DNAPLs and regions of accumulation of
DNAPL pools and residuals.

DNAPL presence can be: (1) determined directly by various visual examinations of
subsurface samples; (2) inferred by chemical analysis of subsurface samples;
and/or (3) suspected based on interpretation of anomalous chemical distributions
in water and soil gas.

Information obtained from noninvasive methods such as surface geophysical
surveys, soil gas analysis, and current and archived aerial photographs are used to
refine the conceptual model of a site and to guide subsequent invasive field work.

Soil gas surveys are effective in guiding invasive field work because they yield data
concerning contaminant source areas, contaminated shallow groundwater, and
contaminated soil gas.

Invasive activities are required to gather information necessary to refine the
conceptual model for use in estimating the nature and extent of the contamination
and in making decisions regarding possible remedies.

Monitoring activities during remediation should be regarded as a continuation of
characterization activities.

When DNAPLs are present or suspected, intelligent interpretation of all the site and
laboratory data is essential during all phases of characterization and remediation.
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APPENDIX B

United States R.S. Kerr - Office of Solid Waste Publication: 9355.4-07FS
Environmental Environmental and Emergency January 1992
Protection Agency Research Laboratory Response

SEPA Estimating Potential for Occurrence |
of DNAPL at Superfund Sites

Office of Emergency and Remedial Response
Hazardous Site Control Division (OS-220W) Quick Reference Fact Sheet

GOALS

The presence of Dense Nonaqueous Phase Liquids (DNAPL) in soils and aquifers can control the ultimate success or failure
of remediation at a hazardous waste site. Because of the complex nature of DNAPL transport and fate, however, DNAPL
may often be undetected by direct methods, leading to incomplete site assessments and inadequate remedial designs. Sites
affected by DNAPL may require a different "paradigm,” or conceptual framework, to develop effective characterization and
remedial actions (2).

To help site personnel determine if DNAPL-based characterization strategies should be employed at a particular site, a
guide for estimating the potential for DNAPL occurrence was developed. The approach, described in this fact sheet,
requires application of two types of existing site information:

¢ Historical Site Use Information ¢ Site Characterization Data

By using available data, site decision makers can enter a system of two flowcharts and a classification matrix for estimating
the potential for DNAPL occurrence at a site. If the potential for DNAPL occurrence is low, then conventional site
assessment and remedial actions may be sufficient. If the potential for DNAPL is moderate or high, however, a different
conceptual approach may be required to account for problems associated with DNAPL in the subsurface.

BACKGROUND

DNAPLSs are separate-phase hydrocarbon liquids that are denser than water, such as chlorinated solvents (either as a single
component or as mixtures of solvents), wood preservative wastes, coal tar wastes, and pesticides. Until recently, standard
operating practice in a variety of industries resulted in the release of large quantities of DNAPL to the subsurface. Most
DNAPLSs undergo only limited degradation in the subsurface, and persist for long periods while slowly releasing soluble
organic constituents to ground water through dissolution. Even with a moderate DNAPL release, dissolution may continue
for hundreds of years or longer under natural conditions before all the DNAPL is dissipated and concentrations of soluble
organics in ground water return to background levels.

DNAPL exists in the soil/aquifer matrix as free-phase DNAPL and residual DNAPL. When released at the surface, free-
phase DNAPL moves downward through the soil matrix under the force of gravity or laterally along the surface of sloping
fine-grained stratigraphic units. As the free-phase DNAPL moves, blobs or ganglia are trapped in pores and/or fractures by
capillary forces (7). The amount of the trapped DNAPL, known as residual saturation, is a function of the physical
properties of the DNAPL and the hydrogeologic characteristics of the soil/aquifer medium and typically ranges from 5% to
50% of total pore volume. At many sites, however, DNAPL migrates preferentially through small-scale fractures and
heterogeneities in the soil, permitting the DNAPL to penetrate much deeper than would be predicted from application of
typical residual saturation values (16).

Once in the subsurface, it is difficult or impossible to recover all of the trapped residual DNAPL. The conventional aquifer
remediation approach, ground water pump-and-treat, usually removes only a small fraction of trapped residual DNAPL
(11, 21, 26). Although many DNAPL removal technologies are currently being tested, to date there have been no field
demonstrations where sufficient DNAPL has been successfully recovered from the subsurface to return the aquifer to
drinking water quality. The DNAPL that remains trapped in the soil/aquifer matrix acts as a continuing source of dissolved
contaminants to ground water, preventing the restoration of DN APL-affected aquifers for many years.

.
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DNAPL TRANSPORT AND FATE - CONCEPTUAL APPROACHES

G

The major factors controlling DNAPL migration in the subsurface include the following (5):

the volume of DNAPL released;

the area of infiltration at the DNAPL entry point to the subsurface;

the duration of release;

properties of the DNAPL, such as density, viscosity, and interfacial tension;

properties of the soil/aquifer media, such as pore size and permeability;

general stratigraphy, such as the location and topography of low-permeability units;

micro-stratigraphic features, such as root holes, small fractures, and slickensides found in silt/clay layers.

® o & o o o o

To describe the general transport and {ate properties of DNAPL in the subsurface, a series of conceptual
models (24) are presented in the following figures:

Case 1: DNAPL Release to Vadose Zone Only Residual

Saturation of

DNAPL in
Vadose Zope A

After release on the surface, DNAPL moves
vertically downward under the force of gravity
and soil capillarity. Because only a small amount
of DNAPL was released, all of the mobile DNAPL
is eventually trapped in pores and fractures in the
unsaturated zone. Infiltration through the
DNAPL zone dissolves some of the soluble
organic constituents in the DNAPL, carrying il
organics to the water table and forming a S - Dissolved Contaminant
dissolved organic plume in the aquifer. Migration e .)"/' Plume From DNAPL

of gaseous vapors can also act as a source of Dissolved Contaminant Plume  Residual Saturation
dissolved organics to ground water (13). From DNAPL Soil Vapor

Infiltration, Leaching
and Mobile DNAPL
Vapors

Ground Water
Flow

After, Waterloo Centre for Groundh R h, 1989.

Case 2: DNAPL Relcase to Unsaturated and
Saturated Zones

Residual
Saturation of

If enough DNAPL is released at the surface, it can DNAPL in Soil
migrate all the way through the unsaturated zone oY % v/ From Spill
and reach a water-bearing unit. Because the Ry e —_— I
specific gravity of DNAPL is greater than water, it T Vadose '« Infiltration and
continues downward until the mobile DNAPL is v Zone Leaching
exhausted and is trapped as a residual = T
hydrocarbon in the porous media. Ground water Ground Water

<+—— Flow

dissolves soluble components of the DNAPL,
forming a dissolved plume downgradient of the
DNAPL zone. As with Case 1, water infiltrating
down from the source 7one also carries dissolved
constituents to the aquifer and contributes further
to the dissolvedd plume.

—)
flowing past the trapped residual DNAPL %\ RS
o

Residual

Dissolved Saturation in Saturated Zone ~
Contaminant Plume
After, Waterloo Centre for Groundwater Research, 1989,




CONCEPTUAL APPROACHES - Continued

Case 3: DNAPL Pools and Effect of Low-

Permeability Units ) %

Mobile DNAPL will continue vertical migration Dissolved ‘w___,
until it is trapped as a residual hydrocarbon (Case | Contaminant o

1 and Case 2) or until low-permeability | Plume _DNAPL o
stratigraphic units are encountered which create \ Low Permeable

DNAPL "pools” in the soil/aquifer matrix. In this . Stratigraphic Unit

figure, a perched DNAPL pool fills up and then -
spills over the lip of the low-permeability
stratigraphic unit. The spill-over point (or points)
can be some distance away from the original
source, greatly complicating the process of
tracking the DNAPL migration.

Sand
Ground Water
Flow

A

Clay

After, Waterloo Centre for Groundwater Research, 1989

Case 4: Composite Site

In this case, mobile DNAPL migrates vertically
downward through the unsaturated zone and the
first saturated zone, producing a dissolved
constituent plume in the upper aquifer. Although
a DNAPL pool is formed on the fractured clay
unit, the fractures are large enough to permit
vertical migration downward to the deeper
aquifer (see Case 5, below). DNAPL pools in a
topographic low in the underlying impermeable \
unit and a second dissolved constituent plume is -

formed.

Dissolved
Contaminant -
Plumes

Residual DNAPL

- Sand
DNAPL Pool

Case 5: Fractured Rock or Fractured Clay System

DNAPL introduced into a fractured rock or

fractured clay system follows a complex pathway . Residual Sand

based on the distribution of fractures in the Vadose - DNAPL

original matrix. The number, density, size, and Zone

direction of the fractures usually cannot be

determined due to the extreme heterogeneity of a ‘Lﬁ#
l

fractured system and the lack of economical Fractured
aquifer characterization technologies. Relatively \ Rock or
small volumes of DNAPL can penetrate deeply S — Fractured
into fractured systems due to the low retention L —

capacity of the fractures and the ability of some / ]

DNAPLs to migrate through very small (<20 | ¢ + i
microns) fractures.  Many clay units, once T +—I
considered to be relatively impermeable to Ater, Walerioo Centre far Ground Waler Research, 1999,
DNAPL migration, often act as fractured media
with preferential pathways for vertical and
horizontal DNAPL migration.
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Does Historical Site Use Information Indicate Presence of DNAPL?

r—(
e
ot Does the
2 indus{’ryb!.)l(fc s;xf,gt;st a h‘igh YES >
probability of historica

o DNAPL release? INSTRUCTIONS

o "' \ ) .
] (see Table | 1. Answer questions in Flowchart 1
9 (historical site use info. - page 4).
n
LH) 2. Answer questions in Flowchart 2
] (site characterization data - page 5).

Does o
D ,P“‘CES? or waste YES 3. Use "Yes,"” "No,” and "Maybe"
| practice employed at the site > answers from both flowcharts and enter
. stiggest a high probability of Occurrence of DNAPL matrix
historical DNAPL. release? (page 6)
L¢ .

% (see Table 2) |
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@) Were any
) DNAPL-related chemicals YES
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see Table 3
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Go To Next Page

§ w 0 To Next Pag

Industries with high probability
of historical DNAPL release:

TABLE 1 TABLE 2

Industrial processes or waste
disposal practices with high
probability of historical DNAPL

* Wood preservation (creosote) release:

¢ Old coal gas plants
(mid-1800s to mid-1900s) * Metal cleaning/degreasing
Electronics manufacturing * Metal machining
Solvent production * Tool-and-die operations
Pesticide manufacturing * Paint removing/stripping
Herbicide manufacturing * Storage of solvents in

TABLE 3 DNAPL-Related Chemicals (20):

Halogenated Volatiles Non-Halogenated

Semi-Volatiles
Chlorobenzene

1,2-Dichloropropane
1,1-Dichloroethane
1,1-Dichioroethylene p-Cresol
1,2-Dichloroethane 24-Dimethylphenol
Trans-1,2-Dichloroethylene m-Cresol

2-Methy! Napthalene
o-Cresol

Airplane maintenance
Commercial dry cleaning
Instrument manufacturing
Transformer oil production
Transformer reprocessing
Steel industry coking
operations (coal tar)

* Pipeline compressor stations

underground storage tanks

* Storage of drummed solvents
in uncontained storage areas

* Solvent loading and unloading

¢ Disposal of mixed chemical
wastes in landfills

* Treatment of mixed chemical
wastes in lagoons or ponds

Note:

Cis-1,2-Dichloroethylene  Phenol
1,1,1-Trichloroethane Naphthalene

Methylene Chloride Benzo(a)Anthracene
1,1,2-Trichloroethane Fluorene
Trichloroethylene Acenaphthene
Chloroform Anthracene

Carbon Tetrachloride Dibenzo(a,h)Anthracene
1,1,2,2-Tetrachloroethane  Fluoranthene
Tetrachloroethylene Pyrene

Ethylene Dibromide Chrysene

2,4-Dinitrophenol

Halogenated

Semi-Volatiles Miscellaneous
1,4-Dichlorobenzene Coal Tar
1,2-Dichlorobenzene Creosote

Aroclor 1242, 1254, 1260

The potential for DNAPL release increases with the size
and active period of operation for a facility, industrial
process, or waste disposal practice.

Chlordane

Dieldrin
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Note: Many of these
chemicals are found
mixed with other chemicals
or carrier oils.




Has DNAPL

(see Table 4)

Do chemical

(see Table 5)

(see Table 6)

Occurrence of DNAPL - Decision Chart 2

been found in monitoring wells,
observed in soil cores, or physically
observed in the aquifer?

analyses of ground water
or soil indicate the possible presence of
DNAPL at the site?

Is it likely that
the existing field program could
miss DNAPL at the site?

(Extensive Field Program)

YES

YES

(Standard
Field
Program)

YES

Y

Do Site Characterization Data Indicate Presence of DNAPL?

INSTRUCTIONS

1. Answer questions in Flowchart 1

(historical site use info. - page 4.

2. Answer questions in Flowchart 2

(site characterization data - page 5).

3. Use "Yes,” "No," and "Maybe"

answers from both flowcharts and enter
Occurrence of DNAPL matrix
(page 6).

Go To Next Page

MAYBE

YES

TABLE 4

Methods to confirm DNAPL in wells:

¢ NAPL/water interface probes that signal a
change irt conductivity of the borehole fluid

* Weighted cotton string lowered down well

* Pumping and inspecting recovered fluid

* Transparent bottom-loading bailers

¢ Mechanical discrete-depth samplers.

In general, the depth of DNAPL accumulation
does not provide quantitative information
regarding the amount of DNAPL present (24).

Methods to confirm DNAPL in soil samples:

Visual examination of cores or cuttings may not
beeffective for confirming the presence of
DNAPL except in cases of gross DNAPL
contamination. Methods for enhancing visual
inspection of soil samples for DNAPL include:

* Shaking soil samples in a jar with water to
separate the DNAPL from the soil (14).

¢ Performing a paint filter test, in which soil is
placed in a filter funnel, water is added, and the
filter is examined for separate phases (20).

TABLE 5

Conditions that indicate potential for
DNAPL at site based on laboratory data:

Condition 1:

Concentrations of DNAPL-related chemicals
(see pg. 3) in ground waler are > 1% of pure
phase solubility or effective solubility,
(defined in Worksheet 1, pg. 7) (25).

Condition 2:

Concentrations of DNAPL-related chemicals
on soils are > 10,000 mg/kg (equal to 1% of
soil mass) (6).

Condition 3:

Concentrations of DNAPL-related chemicals
in ground water calculated from water/soil
partitioning relationships and soil samples
are > pure phase solubility or effective
solubility(see Worksheet 2, pg. 7).

Condition 4:

Concentrations of DNA{'] -related chemicals
in ground water increase with depth or
appear in anomalous upgradient/across
gradient locations (25).

—— N

Note: This procedure is designed primarily for hydrogeologic settings comprised of gravel, sand, silt, or
clay and may not be be applicable to karst or fractured rock settings.

TABLE 6

Characteristics of extensive field
programs that can help indicate the
presence or absence of DNAPL (if
several are present, select "NO"):

Numerous monitoring wells, with
wells screened in topographic lows
on the surface of fine-grained,
relatively impermeable units.

Multi-level sampling capability.

Numerous organic chemical analyses
of soil samples at different depths
using GC or GC/MS methods.

Well-defined site stratigraphy, using
numerous soil borings, a cone
penetrometer survey, or geophysics.

Data from pilot tests or "early action”
projects that indicate the site
responds as predicted by
conventional solute transport
relationships, rather than responding
as if additional sources of dissolved
contaminants are present in the
aquifer (11, 25).




( Potential for Occurrence of DNAPL at Superfund Sites )

DNAPL Category

Do Characterization Data Indicate
Presence of DNAPL? (Chart 2)

Yes Maybe No

Yes I I-11 I1

Maybe I I I1- 11

Does Historical Use Indicate
Presence of DNAPL? (Chart 1)

Z
S
st

Il I

Category

Confirmed or
high potential
for DNAPL

at site.

Implications for Site Assessment

The risk of spreading contaminants increases with the proximity to a potential DNAPL zone. Special
precautions should be taken to ensure that drilling does not create pathways for continued vertical
migration of free-phase DNAPLs. In DNAPL zones, drilling should be suspended when a low-
permeability unit or DNAPL is first encountered. Wells should be installed with short screens (< 10
feet). If required, deeper drilling through known DNAPL zones should be conducted only by using
double or triple-cased wells to prevent downward migration of DNAPL. As some DNAPLs can
penetrate fractures as narrow as 10 microns, special care must be taken during all grouting,
cementing, and well sealing activities conducted in DNAPL zones.

In some hydrogeologic settings, such as fractured crystalline rock, it is impossible to drill through
DNAPL with existing technology without causing vertical migration of the DNAPL down the
borehole, even when double or triple casing is employed (2).

The subsurface DNAPL distribution is difficult to delineate accurately at some sites. DNAPL
migrates preferentially through selected pathways (fractures, sand layers, etc.) and is affected by
small-scale changes in the stratigraphy of an aquifer. Therefore, the ultimate path taken by DNAPL
can be very difficult to characterize and predict.

In most cases, fine-grained aquitards (such as clay or silt units) should be assumed to permit
downward migration of DNAPL through fractures unless proven otherwise in the field. At some
sites it can be exceptionally difficult to prove otherwise even with intensive site investigations (2).

Drilling in areas known to be DNAPL-free should be performed before drilling in DNAPL zones in
order to form a reliable conceptual model of site hydrogeology, stratigraphy, and potential DNAPL
pathways. In areas where it is difficult to form a reliable conceptual model, an "outside-in" strategy
may be appropriate: drilling in DNAPL zones is avoided or minimized in favor of delineating the
outside dissolved-phase plume (2). Many fractured rock settings may require this approach to
avoid opening further pathways for DNAPL migration during site assessment.

810

Moderate
potential for
DNAPL at site.

Due to the potential risk for exacerbating ground-water contamination problems during drilling
through DNAPL zones, the precautions described for Category | should be considered during site
assessment. Further work should focus on determining if the site is a "DNAPL site.”

Low potential
for DNAPL
at site.

DNAPL is not likely to be a problem during site characterization, and special DNAPL precautions
are probably not needed. Floating free-phase organics (LNAPLs), sorption, and other factors can
complicate site assessment and remediation activities, however.
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Worksheet 1: Calculation of Effective Solubility (from Shiu, 1988; Feenstra, Mackay, & Cherry, 1991)

For a single-component DNAPL, the pure-phase solubility of the organic constituent can be used to estimate the theoretical
upper-level concentration of organics in aquifers or for performing dissolution calculations, For DNAPLs comprised of a
mixture of chemicals, however, the effective solubility concept should be employed:

e
S i = the effective solubility (the theoretical upper-level dissolved-phase concentration
of a constituent in ground water ir equilibrium with a mixed DNAPL; in mg/1)

Where X; = the mole fraction of component i in the DNAPL mixture (obtained from a lab
analysis of a DNAPL sample or estimated from waste characterization data)
S; = the pure-phase solubility of compound i in mg/1 (usually obtained from

literature sources)

For example, if a laboratory analysis indicates that the mole fraction of trichloroethylene (TCE) in DNAPL is 0.10, then the
effective solubility would be 110 mg/1 [pure phase solubility of TCE times mole fraction TCE: (1100 mg/1) * (0.10) = 110
mg/1]. Effective solubilities can be calculated for all components in a DNAPL mixture. Insoluble organics in the mixture
(such as long-chained alkanes) will reduce the mole fraction and effective solubility of more soluble organics but will not
contribute dissolved-phase organics to ground water. Please note that this relationship is approximate and does not account for
non-ideal behavior of mixtures, such as co-solvency, etc.

Worksheet 2: Method for Assessing Residual NAPL Based on Organic Chemical
Concentrations in Soil Samples (From Feenstra, Mackay, and Cherry, 1991)

To estimate if NAPLs are present, a partitioning calculation based on chemical and physical analyses of soil sampies from
the saturated zone (from cores, excavations, etc.) can be applied. This method tests the assumption that all of the urganics
in the subsurface are either dissolved in ground water or adsorbed to soil (assuming dissolved-phase sorption, not the
presence of NAPL). By using the concentration of organics on the soil and the partitioning calculation, a theoretical pore-
water concentration of organics in ground water is determined. If the theoretical pore-water concentration is greater than
the estimated solubility of the organic constituent of interest, then NAPL may be present at the site. A worksheet for
performing this calculation is presented below; see Feenstra, Mackay, and Cherry (1991) for the complete methodology.

| Step 1: Calculate Sf , the effective solubility of organic constituent of interest. |See Worksheet 1, above. I

Step 2: Determine Koc, the organic carbon-water partition coefficient from one of the following:
A) Literature sources (such as 22) or
B) From empirical relationships based on Kow, the octanol-water partition coefficient, which is also found in the
literature (22). For example, Koc can be estimated from Kow using the following expression developed for

polvaromatic hydrocarbons (8): o ) )
‘ I Log Koc = 1.0 * Log Kow - 0.21 I Other empirical relationships between Koc
and Kow are presented in refs. 4 and 15.

Step 3: Determine foc, the fraction of organic carbon on the soil, from a laboratory analysis of clean soils from the site.
Values for foc typically range from 0.03 to 0.00017 mg/mg (4). Convert values reported in percent to mg/mg.

Step 4: Determine or estimate pb, the dry bulk density of the soil, from a soils analysis. Typical values range from 1.8 to 2.1
g/ml (kg/1). Determine or estimate @w, the water-filled porosity.

Step 5: Determine Kd, the partition (or distribution) coefficient between Kd = Koc * foc §
the pore water (ground water) and the soil solids:

*
Step 6: Using Ct, the measured conc. of the organic compound in saturated soil in mg/kg, Cw = (Ct* pby
calculate the theoretical pore water conc. assuming no DNAPL (i.e., Cw in mg/1): W= (Kd*pb + ow)

. € .
e . . > OC » . YN b)

Step 7: Compare Cw and §;  (from Step 1): { suggests possible presence of DNAPL

¢

Cw < S suggests possible absence of DNAPL




GLOSSARY (adapted from Cherry, 1991):

DNAPL: A Dense Nonaqueous Phase Liquid. A DNAPL can be either a single-component DNAPL (comprised of only
one chemical) or a mixed DNAPL (comprised of several chemicals). DNAPL exists in the subsurface as free-phase DNAPL
or as residual DNAPL (see following definitions). DNAPL does not refer to chemicals that are dissolved in groundwater.

DNAPL ENTRY LOCATION: The area where DNAPL has entered the subsurface, such as a spill location or waste pond.
DNAPL SITE: A site where DNAPL has been released and is now present in the subsurface as an immiscible phase.

DNAPL ZONE: The portion of a site affccted by free-phase or residual DNAPL in the subsurface (either the unsaturated
zone or saturated zone). The DNAPL zone has organics in the vapor phase (unsaturated zone), dissolved phase (both
unsaturated and saturated zone), and DNAPL phase (both unsaturated and saturated zone).

DISSOLUTION: The process by which soluble organic components from DNAPL dissolve in ground water or dissolve in
infiltration water and form a ground-water contaminant plume. The duration of remediaticn measures (either clean-up or
long-term containment) is determined by 1) the rate of dissolution that can be achieved in the field, and 2) the mass of
soluble components in the residual DNAPL trapped in the aquifer.

EFFECTIVE SOLUBILITY: The theoretical aqueous solubility of an organic constituent in ground water that is in
chemical equilibrium with a mixed DNAPL (a DNAPL containing several organic chemicals). The effective solubility of a
particular organic chemical can be estimated by multiplying its mole fraction in the DNAPL mixture by its pure phase
solubility (see Worksheet 1, page 7).

FREE-PHASE DNAPL: Immiscible liquid existing in the subsurface with a positive pressure such that it can flow into a
well. If not trapped in a pool, free-phase DNAPL will flow vertically through an aquifer or laterally down sloping fine-
grained stratigraphic units. Also called mobile DNAPL or continuous-phase DNAPL.

PLUME: The zone of contamination containing organics in the dissolved phase. The plume usually will originate from
the DNAPL zone and extend downgradient for some distance depending on site hydrogeologic and chemical conditions.
To avoid confusion, the term "DNAPL plume” should not be used to describe a DNAPL pool; "plume” should be used only
to refer to dissolved-phase organics.

POOL and LENS: A pool is a zone of free-phase DNAPL at the bottom of an aquifer. A lens is a pool that rests on a fine-
grained stratigraphic unit of limited areal extent. DNAPL can be recovered from a pool or lens if a well is placed in the
right location.

RESIDUAL DNAPL: DNAPL held in soil pore spaces or fractures by capillary forces (negative pressure on DNAPL).
Residual will remain trapped within the pores of the porous media unless the viscous forces (caused by the dynamic force
of water against the DNAPL) are greater than the capillary forces holding the DNAPL in the pore. At most sites the
hydraulic gradient required to mobilize all of the residual trapped in an aquifer is usually many times greater than the
gradient that can be produced by wells or trenches (26).

RESIDUAL SATURATION: The saturation (the fraction of total pore space containing DNAPL) at whicli DNAPL
becomes discontinuous and is immobilized by capillary forces (14). In unsaturated soils, residual saturation typically
ranges from 5% to 20% of total pore volume, while in the saturated zone the residual saturation is higher, with typical
values ranging from 15% to 50% of total pore volume (14,17). At many sites, however, DNAPL migrates preferentially
through small-scale fractures and heterogeneities in the soil, permitting the DNAPL to penetrate much deeper than would
be predicted from application of typical residual saturation values (16).

o S A

. . DNAPL ZONE issolved-Phase PLUME
Defgned Areas at a DNAPL Site (contains free-phase DNAPL in pools or Dissolved-Fhase
lenses and/or residual DNAPL) /

Y

Ground Water Flow Direction

DNAPL ENTRY LOCATION
(such as a former waste pond)
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APPENDIX C
Glossary

The unmarked terms listed below are used in the text; those indicated with an
asterisk are included because they are frequently used in other reports that address
DNAPL problems.

*Advection - the transport of contaminating material by the bulk mass of flowing fluid.

*Capillary Fringe - the saturated zone overlying the water table where a liquid is under
tension.

*CERCLA - an acronym for the Comprehensive Environmental Response
Compensation and Liability Act of 1980 which established a national program in the
U. S. to respond to past releases of hazardous substances into the environment.
Chlorinated VOCs - chlorinated volatile organic compounds such as carbon
tetrachloride (CCly), trichloroethylene (TCE), trichloroethane (TCA), and
tetrachloroethylene (PCE).

C1 VOCs - chlorinated VOCs

CMST-IP - Characterization Monitoring and Sensor Technology- Integrated Program of
the Office of Technology Development (OTD) of DOE.

Conceptual Model - a formulated hypothesis about the presence of DNAPL, its

transport and fate based on available information about a site, and the understanding of
processes that influence the distribution of a chemical in the subsurface.

*Confinement - action to restrict contamination within defined boundaries.

*Containment - ongoing activity to prevent spreading of contamination.

Data Fusion - the process whereby all the information about a site is considered
intelligently in making decisions about characterization, risk, remediation, and
monitoring.

*Desorption - the release of material from a solid to the liquid or gas phase.
Diffusion - contaminant spreading as a result of random motion of molecules.

Dispersion - spreading and mixing of contaminants in ground water caused by diffusion
and turbulence.

Dissolution - the process by which components from DNAPL dissolve in groundwater.




*Distribution Coefficient - the quantity of the solute sorbed by the solid per unit weight
of solid divided by the quantity dissolved in the water per unit volume of water.

DNAPL - an acronym for a denser-than-water nonaqueous phase liquid that is
synonymous with dense immiscible phase liquid and is used exclusively for the
nonaqueous phase liquid present in the subsurface and not for the chemical present in
solution.

DNAPL Entry Location - an area where a chemical or mixture that can form a DNAPL
has entered the subsurface by way of a leak, spill, discharge, or any other escape.

DNAPL Lens - a zone of free-phase DNAPL, smaller than a pool, resting on low
permeability strata.

DNAPL Pool - a zone of free-phase DNAPL resting on an impermeable or semi-
permeable layer in the subsurface.

DNAPL Site - a location where a chemical or mixture has been released and is now
present in the subsurface as an immiscible phase liquid.

DNAPL Zone - the portion of either the vadose or saturated zone, or both zones,
affected by the presence of free-phase or residual DNAPL that can cause contamination
as a vapor in the vadose zone and as a water solute in both the vadose and saturated
zone.

*Effective Solubility - the theoretical aqueous solubility of an organic constituent in
groundwater that is in equilibrium with a DNAPL containing several organic chemicals.

*Emulsion - the dispersion of very small drops of one liquid in an immiscible liquid,
such as DNAPL in water.

*Fingering - the movement of DNAPL in a porous medium that resulits in the formation
of finger-shaped globs of DNAPL at the leading edge of the main movement.

*Gravity Drainage - the movement of DNAPL in an aquifer that results from the force of
gravity.

Groundwater Remediation - a very general term referring to all activities taken to
improve groundwater quality or control the spread of groundwater contamination, such
as plume capture or control, DNAPL removal, or groundwater restoration.

*Groundwater Restoration - the removal of subsurface contamination to the degree
necessary to achieve appropriate cleanup levels which protect public health and the
environment.

*Groundwater DNAPL Zone - DNAPL below the water table in either the residual or
free-phase state.

*Henry’s Law Constant - the equilibrium ratio of the partial pressure of a compound in
air to the concentration of the compound in water.
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Immiscible Liquids - liquids that coexist as separate phases because they do not have
mutual solubility.

Immobiie DNAPL - DNAPL that cannot migrate as a separate phase because it is held
as residual or is constrained by a stratigraphic (capillary) trap or hydraulic forces.

LNAPL - an acronym for |ess-dense-than-water pongqueous phase liquid that is
synonymous with less-dense-than-water immiscible phase liquid.

OTD - Office of Technology Development.
*PAHSs - an acronym for polycyclic aromatic hydrocarbons.

*PCBs - an acronym for polychlorinated biphenyls.

Permeability - a property of the subsurface that is dependent on the shape and size of
the openings through which a liquid moves under a potentiai gradient.

Plume - a term almost exclusively used to refer to a zone of dissolved contamination
but sometimes used to refer to vapor contamination in the vadose zone.

Porosity - The ratio of the volume of all the pores in a material to the volume of the
whole.

*Raoult’s Law - a law used to estimate the effective solubility of individual DNAPL
components of a DNAPL mixture.

*RCRA - is an acronym for the BResource Conservation and Becovery Act which
regulates monitoring, investigation, and corrective action activities at all hazardous
treatment, storage, and disposal facilities.

Residual DNAPL - the immiscible liquid held in the pore space or fractures by capillary
tension, such that it cannot move or be mobilized by reasonable hydraulic forces.

Residual Saturation - the fraction of total pore space containing DNAPL (0.05 to 0.20
in the vadose zone and 0.15 to 0.50 in the saturated zone).

*RUFS - an acronym for remedial jnvestigation / feasibility study.

Risk Assessment - an evaluation of the potential for exposure to contaminants and the
associated hazard.

Soil Gas - gas (vapors) in the soil above the saturated zone.

Soil Gas Survey - collection and analysis of samples of soil gas for investigation of the
presence of volatile organic compounds in soil and shallow groundwaters.

*Sorption - capture of material from a fluid phase by a solid phase.

Source - within the context of conceptual models of DNAPL, a source is a mass of
DNAPL present below ground level as a residual, pool, lens, or finger.
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*Threshold Entry Pressure - the capillary pressure that must be overcome for a
DNAPL to enter a water-saturated medium.

Vadose DNAPL Zone - DNAPL present above the water table in either the residual or
free-phase state and generally the cause of contaminated soil gas, residual water, and
groundwater.

Vadose Zone - the unsaturated zone of the subsurface that extends between the
ground surface and the water table.

Viscosity - internal friction within a liquid that causes it to resist flow.
VOCs - an acronym for yolatile grganic compounds.

Volumetric Retention Capacity - the capacity of the vadose zone to trap DNAPL which
is typically reported in liters of residual DNAPL per cubic meter of media.
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