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FOREWORD

The Characterization,Monitoring,and SensorTechnologyIntegratedProgram

(CMST-IP) withinthe Officeof TechnologyDevelopment(OTD) has responsibilityfor

identification,evaluation,and deliveryof technologiesneededfor the workof the

Departmentof Energy'sOfficeof EnvironmentalRestorationandWaste Management.

This reportaddressespartof that responsibilityby providingsummaryinformationon

DNAPL sitecharacterization.

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 (CI VOCs) such as carbon tetrachloride (CCI4),

trichloroethylene (TCE), and perchloroethylene (PCE). These CI VOCs were used in

multiple ton quantities at DOE sites and were often released to the subsurface. The

predicted fate of released CI VOC liquid is aownward movement through the soil under

the force of gravity. As it moves, some of the CI 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;

• 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.

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 providing 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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DNAPLs AT DOE SITES: BACKGROUND AND
ASSESSMENT OF CHARACTERIZATION

TECHNOLOGIES

Gregor A. Junk and William J. Haas Jr.

Ames Laboratory

Iowa State University

Ames, IA 50011

INTRODUCTION

The literature related to DNAPLs has been under study recentlyby the

Characterization,Monitoring,and SensorTechnologyIntegratedProgramfor the

followingreasons:

• the probableexistenceof DNAPL problemsat DOE sites;

• the presence of DNAPLscan dramaticallyincreasethe durationand cost of
remediationefforts;and

• the need to acquirebetterbackgroundfor evaluationof technology
developmentspertinentto DNAPL sitecharacterization.

Fortunately,inthe same period,the U. S. EPA RobertS. KerrEnvironmental

Research Laboratorywas instrumentalin the generationof severalexcellent reportsthat

providedetaileddiscussionsof DNAPL issues(Cohen and Mercer 1993; Harwelland

Krebs-Yuill1992; Henryssonand McCarty 1992;HulingandWeaver 1991; Kimballand

Bates 1992; Mercerand Spalding1991; Miller1992; Newelt et al. 1992; Newelland

Ross 1992; Olhoeft1992; U. S. EPA 1992;Wilsonet al. 1990). We have drawnheavily

;,'orethese worksinourattemptto producea reportfocusedon suspectedDNAPL

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 report and the EPA DNAPL reports.

This report EPA reports
, i _l|f ii

Presentstwo simplisticscenariosof DNAPL Presentmanydetailedscenarios.
migrationand contamination.

Providesa limiteddiscussionof DNAPLproperties Providea broadrangeof detaileddiscussions.
and subsurfacecharacteristics.

Focuseson DNAPLproblemsat DOEsites. Addressall DNAPLsites.

AddressesDNAPLproblemsonly. Givesomeattentionto LNAPLaswell as DNAPL
problems.

AddressesonlyCI VOCsas DNAPLs. Considerall chemicalsthatcan existas DNAPLs.

Principalfocusis on characterization. Addressremediationand characterization,with
emphasison 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 CI VOCs at DOE sites.
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Figure 1. Decision tree and matrix for estimating potential of DNAPL presence:
I=confirmed or high potential; II=moderate potential; Ill=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 CI 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 CI VOC releases at selected DOE sites.

SITE Kg Released

TCE PCE CCI4
, ,,ll'r ' ' ,., 'h,' ,, .............

Savannah River, Settling Basina 140,000 820,000 b
i i i

Westinghouse Hanford CorporationC b b 750,000
ii i

Radioactive Waste Management Center, 35,000e 39,000e 140,000
INELd

i

Paducah Gaseous Diffusion Plant, 2,000,000 b b
C400 Degreasing Facilityf

i i i

Chemical Waste Landfill, Sandiag 32,000 b b

a from Looney, Rossabi, et al. (1992, p. 15)
b no estimated amount given
c from Last and Rohay (1993, p. 5.1)
d from Walton et al. (1992, p. 92)
e assuming the release of equal volumes of TCE, PCE, TCA, and CHCI3
f from J. L. Clausen, Oak Ridge National Laboratory (personal communication,

November 1993). It is assumed that the majority was lost to the atmosphere by
volatilization, with an unknown quantity released to the subsurface through a sump.

g from Conrad et al. (1992, p. 137)

The migration of these CI VOCs as DNAPLs that eventually contaminate the

groundwater depends on the properties of the CI 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 subsurface. For more detailed treatment, the reader is referred

to the documents listed in the reference section.

Cl VOC Properties

Properties that influencethe migrationof CI VOCs in the subsurfaceare density,

viscosity,solubility,vapor pressure,volatility,interfacialtension,andwettability.These

propertiesare discussedin detailby CohenandMercer (1993). Fora cursory

understandingof groundwatercontaminationby CI VOCs, the mostimportantproperties

are density,viscosity,and solubility.

The CI VOC liquidis moredense than waterso itwill sinkas a separatephase;

the CI VOC vaporis moredense thanair so itwilltend to movedownwardin the vadose

zone. The liquidis lessviscousthanwaterso itwill infiltratethe subsurfacemore

rapidlyand evenpenetratelayersimpermeableto water. The solubilityof a CI VOC is

sufficientto contaminatewaterabovethe drinkingwaterstandard,butso low thata

separatephaseexistsin the presenceof water.

Subsurface Characteristics

The mostimportantsubsurfacecharacteristicis heterogeneity. Differencesinthe

subsurface,betweenand withinsites,complicateDNAPL migrationandthe eventual

contaminationof groundwater. Consequently,the EPA documents(Cohen and Mercer

1993; HulingandWeaver 1991; U. S. EPA 1992;Newell and Ross1992) providemany

excellentillustrationsand discussionsof DNAPL migrationand contaminationand

effectivelystressthat the characterizationandremediationactionsare sitespecific.

Onlytwo simplisticcontaminationscenariosare illustratedhere to providebackground

fora beginningunderstandingof DNAPL migrationand contaminationof groundwater.



Illustrations of Cl VOC Migration and Contamination of Groundwater

In the illustrationsgiven here, TCE is usedas an example of CI VOC presentas

DNAPL. The definitionsof the termsused inthe discussionsof these illustrationsof

DNAPL migrationandcontaminationare giveninthe AppendixC glossary.

IMPERMEABLE BOUNDARY

Figure 2. Groundwater contaminationcausedby release of sufficientTCE 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 CI 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



holdstogetheras a continuousphaseandsmall isolatedpocketsof liquidTCE are

retainedinthe porousmedia as residualsaturation.The groundwaterbecomes

contaminatedby the followingmechanisms:(1) density-drivenmigrationof the vaporto

the water table,wherea portionof it dissolvesto forma shallowplumeof contamination;

(2) infiltrationthroughthe vadosezone, whereTCE vaporis dissolvedandcarriedto the

water table (indicatedby halfarrowsin Figure2); and (3) infiltrationand leaching

throughthe residualsaturation(indicatedbyfullarrows).

When consideringcontaminationfrom DNAPL, it is importantto realize thatthe

residualsaturationis essentiallyan immobilesourceof groundwatercontaminationand

that the volumetricretentioncapacityof the soil is verylarge. Forexample,a vadose

zonesoilcolumnat residt_alsaturationcan immobilizean amountof TCE equal to about

10% of the porevolume. In the saturatedzone, the subsurfacecolumncan retainas

highas 50% of the pore volumeas trappedTCE.
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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.
!

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 subsurface, 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 CI 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 iterativeapproachbased onthe developmentand

refinementof a conceptualmodel is used. Thisapproachto sitecharacterizationis

showninthe Figure4 flowchart. The processbeginswith reviewof allexistingdataas

potentialinputsfor the developmentof the initialconceptualmodel by personnelhaving

an understandingof the DNAPL issue(i. e., DNAPL propertiesand migration,

subsurfacecharacteristics,and the contaminationmechanisms).The firstfield work

involvesinvasiveand noninvasiveactivitiesoutsidethe suspectedDNAPL zone and

onlynoninvasiveactionsinsidethe zone. Then, if invasiveactionsinsidethe DNAPL

zone mustbe undertakento obtaininformationessentialfor characterization,risk,or

remediationdecisions,thatworkshouldbe conductedwithextreme cautionto avoid

mobilizationof the DNAPL.



Reviewof , , anclSubsurface I
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i ii,
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Figure4. Flowchart for characterizationof DNAPLsites[modifiedfrom Cohenand
Mercer(1993)].
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CHARACTERIZATION TECHNOLOGIES
FOR DNAPL SITES

Ideal Site Characterization

Idealsitecharacterizationwouldincludea completedescriptionof the normally

complexsubsurface,detailedknowledgeof the behaviorof a DNAPL or mixtureinthat

subsurface, and information concerning the DNAPL boundafi3s, the amount present

within those boundaries, and the distribution as free-phase pools, lenses, and residual

saturations. This ca,"",_tbe done using existing technologies.

Previous sections of this report suggest that the behavior of DNAPLs in the comLqex

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 CI VOCs

Analyses" and "Tools for Analyses of Ci VOCs" are included. These subsections are

presented because data from measurements of CI VOCs in gas, water, soil, and

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

Geophysical Technologies

The noninvasivegeophysicaltechnologies,ground-penetratingradar,

electromagneticconductivity,electricalresistivity,and seismicrefractionand reflection,

are discussedby Cohenand Mercer (1993). These andsome invasivemethodsare

useful for the delineationof subsurfacegeologyand stratigraphy.Thisinformationis

essentialformakingdefensibleriskand remediationdecisions. It also hasclear value

forpredictingwhere DNAPLsare likely,or unlikely,to be found.

In dynamicsituations,geophysicalmethodssuchas ground-penetratingradarhave

somepotentialfor monitoringDNAPL movement.This wasshowninconnectionwith

the controlledreleaseof PCE at the Bordensite inCanada (Greenhouseet al. 1993).

Furthertestsanddevelopmentof thesemethodsfor applicationto 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 different DNAPL forms. 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

:geophysicaldeI_,rminationof amounts of the different DNAPL forms.

12



Subsurface Access Technologies

Subsurfaceaccess technologiesefnploya wide varietyof drilling,coring,and push

equipment. Descriptionsand discussionsof their useand limitationsare given inCohen

and Mercer (!993). These technologiesare usedto acquireiniormationaboutthe site

based on observationsrecordedduring the penetrationof the subsurfaceandto collect

samplesforchemical and otheranalyses. These analysesproducedata 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, and 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 i

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 coltect samples for analysis or _ emplace sensors for detecting the DNAPL.

Some techr_iquesfor 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.
,,, _ , i _ i i illl .i i i i ................ ii

Technique I Application Measurement Principlei i , ,
1 L 1 II II li,. I,, " 'r , "'1' I1'1 ' I

Interface probe liquid in well electrical resistance
,, i ,.=.=., , L __

Transparent bailer liquid from well visual

Weighted string liquid in well smell, visual

Hydrocarbon paste liquid in well chemical reaction

Hydrophobic dye collected soil, sediment add water -- visual
, i J,, .,, , ,..,,,,, , ,..

Hydrophobic dye liquid from well visual

Centrifuge collected soil, sediment add water -- phase separation

Extraction* collected soil, sediment GC, GC/MS, IR, etc.
,,.,m. ........

'i

Not exactly direct detection but gives evidence of DNAPL presence and qL,antitative
results.

I

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 CI VOCs in: (1)

groundwater a_,concentrations >1% of the aqueous solubility; (2) soil or sediment at

concentrati_r,s >1% by weight; or (3) soil gas at concentrations >100 parts per million.

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

results: (1) conceqtrations increase inexplicably with depth; (2) CI 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.
i

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 Ci VOCs in these kinds of samples are well established.

Sample Collection for CI 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 CI VOCs in the subsurface. Frequently, these samples

were handled in a manner that led to loss of some or all of the CI 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 CI 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 whP.nthe Feenstra et al_(1991) procedure was employed. Similar losses

15



leading to erroneous conclusions of DNAPL absence can also occur for samples taken

from the vadose zone.

Tools for Analyses of CI VOCs

Adequateand reliabletools for the analysesof CI VOCs in gas, water,soil, and

sedimentsamples havebeen available for manyyears. This isespeciallytrueforgas

samples. AlthoughOTD supportfor the developmentof new instrumentshas paid

dividendsin the past, continuedfundingof suchworkis notexpectedto yielda

significantreturnon investment. Nevertheless,someongoingsupportfor modification

of existinginstrumentsto make them more user friendlyand field deployable is

defensible. Developmentof simple, rapid, and inexpensivescreeningproceduresfor CI

VOCs shouldalso be supported. The idealscreeningprocedurewouldbe simple, have

sufficientsensitivity,and be free of bothfalse positivesand negatives.

Investmentin additionaltechniques for directdetectionof DNAPL inthe subsurface

is not likelyto providea return. This conclusion is reachedfrom considerationof the

heterogeneityof the subsurface,the natureof the DNAPL, and the almost certain

existence of residual saturationzones where the pocketsof 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.

16



CONCLUSIONS

The more important conclusions of this work are con._olidatedbelow. 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 DQE sites because it is fundamentally sound and
consistent with regulatory requirements.

2. The probable deep co,_tan,lination by CI VOCs as DNAPLs at some DOE sites
further complicates thu characterization efforts.

3. No technologies are currently available for measurement of the amount of
DNAPL presets! i- oools, lenses, and residual saturation.

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

5. Current technologies for measuring CI 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.

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

7. A memorandum similar to U. S. EPA Directive (1992), but specific to CI 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.entdecisions 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.

2. Proposals claiming to address DNAPL site characterization should be evaluated
by people familmr 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 providing 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 statementsmarkedwith an asteriskbelowwere adapted from Cohen and

Mercer (1993); thosemarkedwitha daggerwerecontributedby ThomasO. Early,Oak

Ridge NationalLaboratory.

1. ChlorinatedVOCs have been usedin productionprocessesat many DOE sites
and have been releasedto the subsurfaceinquantitiesthat stronglysuggesta
DNAPL problem.

2. In onlya few caseshas directpositiveevidencebeen obtainedfor CI VOC
presenceas DNAPL.

3. The solutionsto DNAPL problemsare sitespecificandall relyonthe development
of an initialconceptualmodeland its refinementas new informationbecomes
available.

4. For CI VOCs, an understandingof the DNAPL contaminationof groundwatercan
be obtainedfromstraightforwardconsiderationof theirdensity,viscosity,and
solubility.

5. The EPA approachto "EstimatingPotentialfor Occurrenceof DNAPL at Superfund
Sites" (See AppendixB) isapplicableto DOE sites.

6. Althoughsome technologiesare availablefor the directdetectionof poolsof
DNAPL, andotherscouldeasilybe developed,noneare expectedto become
available for the directdeterminationof the amountsof DNAPL presentinvarious
forms, particularlyresidualsaturation,in a definedsubsurfacevolume.

7". Noninvasivegeophysicaltechnologiesare applicablefor obtainingsubsurface
informationusefulin developinga conceptualmodel buthavevery limited
usefulnessin directdetectionandquantificationof DNAPL becauseof a lackof
demonstratedmethods,documentedsuccesses,and personneltrainedin using
these techniquesfor DNAPLs.

8t. There are no effective,non-intrusivemethodsto locateDNAPL poolsor residuum
in a staticsystem.

9. Noninvasivegeophysicaltechniquescouldpossiblydetectvery largepoolsof
DNAPL and be able to trackthe progressof a remediationprocess.

10. Any deviceor methoddevelopedto merelydetectDNAPL shouldbe extremely
simpleand eventhen the developmentmay notgive a reasonablereturnon
investment.
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11". CI VOCs migrate in the subsurfaceas vapor in soilgas, solutesingroundwater,
and as DNAPL; the DNAPL migration is governed by saturation, interfacial tension,
wettability, capillary pressure, residual saturation, permeability, solubility, vapor
pressure, density, and viscosity.

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

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

14t. 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.

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

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

17t. 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.

18". 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.

19". 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.

20". 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.

21". 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.

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

23. 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
ProtectionAgency Research Laboratory Response

@EPA Estimating Potential for Occurrence
of DNAPL at Superfund Sites

Officeof EmergencyandRemedialResponse
HazardousSiteControlDivision(OS-220W) QuickReferenceFactSheet

GOALS
The p_'esence 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
DNAPLs 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
DNAPLs 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 DNAPL-affected aquifers for many years.
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DNAPL TRANSPORT AND FATE - CONCEPTUAL APPROACHES
I I I . III II i II I I I

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.

To describe the general transport and i"ate properties of DNAPL in the subsurface, a series of conceptual
mode!_ (24) are presented in the following figures:

I II I II _ I_111Illlll II III I I IIII

Case 1: DNAPL Release to Vadose Zone Only Residual
Saturation of

After release on the surface, DNAPL moves DNAPL f DNAPL in

vertically downward under the force of gravity _ Vadose Zone
and soil capillarity. Because only a small amount Va
of DNAPL was released, all of the mobile DNAPL Infiltration, Leaching

is eventually trapped in pores and fractures in the Vadose and Mobile DNAPLZone Vapors
unsaturated zone. Infiltration through the ......
DNAPL zone dissolves some of the soluble Ground Water

organic constituents in the DNAPL, carrying _ Flow

organics to the water table and forming a ..... Dissolved Contaminant
dissolved organic plume in the aquifer. Migration Pluma 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
After, Watedoo Centre for Groundwater Research, 1980,

Case 2: DNAPL Release to Unsaturated and

Saturated Zones Residual
Saturation of

[f enough DNAPL is released at the surface, it can _" DNAPL in Soil

migrate all the way through the unsaturated zone i/t From Spill
and reach a water-bearing unit. Because the

specific gravity of DNAPL is greater than water, it Vadose Infiltration and
continues downward until the mobile DNAPL is Zone Leaching
exhausted and is trapped as a residual .... : ............ •

• Ground Waterhydrocarbon in the porous media. Ground water .
• _ Flow

flowing past the trapped residual DNAPL .: •

dissolves soluble components of the DNAPL,
Residual

forming a dissolved plume downgradient of the Dissolved Saturation in Saturated Zone
DNAPL zone. As with Case 1, water infiltrating Contaminant Plume
down from the so_, rcc ;,.,-_nealso carries dissolved a,e,,waterlooCentretorGroundwalerResearch,1989,
constituents to the aquifer and contributes further
to the dissolve, t plume,

iii_ ilill I I I I I II II



CONCEPTUAL APPROACHES - Continued

liili II II I li I I I I I III I lill . I

Case 3: DNAPL Pools and Effect of Low-

Permeability Units

Mobile DNAPL will continue vertical migration Dissolved .1_
until it is trapped as a residual hydrocarbon (Case Contaminant Residual
1 and Case 2) or until low-permeability Plume DNAPL v

stratigraphic units are encountered which create Low Permeable
DNAPL "pools" in the soil/aquifer matrix. In this • Unit
figure, a perched DNAPL pool fills up and then
spills over the lip of the low-permeability DNAPL Sand. Ground Water
stratigraphic unit. The spill-over point (or points) Pools _ Flow
can be some distance away from the original
source, greatly complicating the process of
tracking the DNAPL migration. Clay

After, WatedooCentrefor GroundwatBrResearch,1989,

i i I i ii i I ii

Case 4: Composite Site

In this case, mobile DNAPL migrates vertically
downward through the unsaturated zone and the
first saturated zone, producing a dissolved Residual"

4_ _ .... Sand
constituent plume in the upper aquifer. Although / _ DNAPL
a DNAPL pool is formed on the fractured clay
unit, the fractures are large enough to permit Dissolved Fractured

vertical migration downward to the deeper Contaminant ClayPlumes
aquifer (see Case 5, below). DNAPL pools in a
topographic low in the underlying impermeable \ Residual DNAPL
unit and a second dissolved constituent plume is 4-- _ 4--- Sand
formed. DNAPL Pool

Clay
After, WaterlooCentre for GroundWater Research,1989.

I ii ii ii i I iii i i i i i I

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 I

fractured system and the lack of economical l
aquifer characterization technologies. Relatively Rock or
small volumes of DNAPL can penetrate deeply _ I __Fractured

into fractured systems due to the low retention t Clay
capacity of the fractures and the ability of some _/
DNAPLs to migrate through very small (<20 ....
microns) fractures. Many clay units, once T
considered to be relatively impermeable to After, WatedooCentre forGroundWater Research,1989

DNAPL migration, often act as fractured media
with preferential pathways for vertical and
horizontal DNAPL migration.

in i il I I I
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Does Historical Site Use Information Indicate Presence of DNAPL?

Does the

('_ industry type suggest a high YES
probability of historical

_,) DNAPL release? INSTRUCTIONS
(see Table 1)

1. Answer in Fhnvchart 1
questions

. _ (historical site use info.- page 4).
NO.P.4

¢..,t 2. Anszver questions in Flowchart 2
(site characterization data - page 5).(_) Does a

process or waste
I practice employed at the site YES 3. Use "Yes," "No," and "Maybe"

- answers from both flowcharts and enter
suggest a high probability of Occurrence of DNAPL matrixhistorical DNAPI. release?

(see Table 2) (page 6).
<:
Z NO

Were any
DNAPL-related chemicals YES

r,.9 ised in appreciable quantities a| the site?
(> 10-50 drums/year)

¢D (see Table 3) |

0 Go To Next Pa,_le

C) ( ....NO ,,,,, ( MAYBE )

TABLE1 TABLE 2 TABLE3 DNAPL-Related Chemicals (20):
Industries wifll high probability Industrial processes or waste

of historical DNAPL release: disposal practices with high Halogenated Volatiles Non-Halogenated
probability of historical DNAPL Semi-Volatiles

• Wood preservation (creosote) release: Chlorobenzene
1,2-Dichloropropane 2-Methyl Napthalene

• Old coal gas plants 1,1-Dichloroethane o-Cresol

(mid-1800s to mid-1900s) • Metal cleaning/degreasing 1,l-Dichloroethylene p-Cresol
• Electronics manufacturing • Metalmachining l,2-Dichloroethane 2,4-Dimethylphenol
• Solvent production • Tool-and-die operations Trans-l,2-Dichloroethylene m-Cresol
• Pesticide manufacturing * Paint removing/stripping Cis-l,2-Dichloroethylene Phenol

1,1,1-Trichloroethane Naphthalene
• Herbicide manufacturing • Storage of solvents in Methylene Chloride Benzo(a)Anthracene
• Airplane maintenance underground storage tanks 1,1,2-Trichloroethane Fluorene
• Commercial dry cleaning • Storage of drummed solvents Trichloroethylene Acenaphthene

• Instrument manufacturing in uncontained storage areas Chloroform Anthracene
Carbon Tetrachloride Dibenzo(a,h)Anthracene

• Transformer oil production • Solvent loading and unloading 1,1,2,2-Tetrachloroethane Fluoranthene

• Transformer reprocessing • Disposal of mixed chemical Tetrachloroethylene Pyrene
• Steel industry coking wastes in landfills Ethylene Dibromide Chrysene

operations (coal tar) • Treatment of mixed chemical 2,4-Dinitrophenol
• Pipeline compressor stations wastes in lagoons or ponds Halogenated

Semi-Volatiles Miscellaneous

. _ - H_ _ _ 1,4-Dichlorobenzene Coal Tar
1,2-Dichlorobenzene Creosote

Note: Aroclor 1242, 1254, 1260

The potential for DNAPL release increases with the size Chlordane Note: Many of these
and active period of operation h_r a facility, industrial Dieldrin chemicaisare found

2,3,4,6-Tetrachlorophenol mixed with other chemicals
process, or waste disposal practice. Pentachlorophenol or carrier oils.
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Do Site Characterization Data Indicate Presence of DNAPL?

c,,I
"_ Has DNAPL
¢_ found in monitoring YES

observed in soil cores, or physically INSTRUCTIONS
observed in the aquifer?

(see Table 4) 1. Answer questions in Flowchart 1
0 (historical site use info.- page 4)..1..,4
¢.t3 NO

"_ 2. Answer questions in Flowchart 2 i
(site characterization data - page 5).

Do chemical
! analyses of ground water YES 3. Use "Yes," "No," and "Maybe"answers from both flowcharts attd enter

or soil indicate the possible presence of Occurrence of DNAPL matrixDNAPL at the site?
(see Table 5) (page 6).

<

Z
(Standard

Field
0 Is it likely that Program)
_) the existing field program could

miss DNAPL at the site? YES

(see Table 6)

_2[ NO (Extensive Field Program) Go To Next Page
II llll lib i III l liil .

O NO ( YES ")

TABLE4 TABLE 5 TABLE 6

Methods to confirm DNAPL in wells: Conditions that indicate potential for Characteristics of extensive field
DNAPL at site based on laboratory data: programs that can help indicate the

• NAPL/water interface probes that signal a presence or absence of DNAPL (if
change in conductivity of the borehole fluid Condition 1: several are present, select "NO"):

• Weighted cotton string lowered down well Concentrations of DNAPL-related chemicals

• Pumping and inspecting recovered fluid (see pg. 3) in ground water are > 1%of pure • Numerous monitoring wells, with
• Transparent bottom-loading bailers phase solubility or effective solubility, wells screened in topographic lows
• Mechanical discrete-depth samplers. (defined in Worksheet 1, pg. 7) (25). on the surface of fine-grained,

relatively impermeable units.
In general, the depth of DNAPL accumulation Condition 2:
does not provide quantitative information Concentrations of DNAPL-related chemicals • Multi-level sampling capability.

regarding the amount of DNAPL present (24). on softs are > 10,000 mg/kg (equal to 1%of • Numerous organic chemical analyses
soil mass) (6). of soil samples at different depths

Methods to confirm DNAPL in soil samples: Condition 3: using GC or GC/MS methods.

Visual examination of cores or cuttings may not Concentrations of DNAPL-related chemicals • Well-defined site stratigraphy, using
beeffective for confirming the presence of in glound water calculated from water/soil numerous soil borings, a cone
DNAPL except in cases of gross DNAPL partitioning relationships and soil samples penetrometer survey, or geophysics.
contamination. Methods for enhancing visual are > pure phase solubility or effective
inspection of soil samples for DNAPL include: solubility(see Worksheet 2, pg. 7). • Data from pilot tests or "early action"

projects that indicate the site
• Shaking soil samples in a jar with water to Condition 4: responds as predicted by

separate the DNAPL from the soil (14). Concentrations of DNA t'l.-related chemicals conventional solute transport
• Performing a paint filter test, in which soil is in ground water increase with depth or relationships, rather than responding

placed in a filter funnel, water is added, and the appear in anomalous upgradient/across as if additional sources of dissolved

filter is examined for separate phases (20). gradient locations (25). contaminants are present in the
,, , , ,, ,, , , aquifer (11, 25).

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.
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Potential for Occurrence of DNAPL at Superfund Sites ]
IIIII I I III II tllllll I . II II IIII I

DNAPL Categonj
Do Characterization Data Indicate

Presence of DNAPL? (Chart 2)

Yes Maybe No

_ , .... ._ ..................... . _ ..... ! . _ _ ,,,,,,, __

_ Yes I I - II II
_t,-.

_'_ a II I IIIIIII I. II IIII II ___.JI ---

'_ Maybe I II II-IIi

. ,..................
No I II III

Category Implications for Site Assessment

I Confirmed or • The risk of spreading contaminants increases with the proximity to a potential DNAPL zone. Special
high potential precautions should be taken to ensure that drilling does not create pathways for continued vertical
for DNAPL migration of free-phase DNAPLs. In DNAPL zones, drilling should be suspended when a low-
at site. permeability unit or DNAP/. 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 l0 microns, special care must be taken during all grouting,
cementing, and well sealing activities conducted in DNAPL zones.

• In some hydrogeok)gic 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.

_

Ill II II _ I II I I II I lrll II

II Moderate • Due to tile potential risk for exacerbating ground-water contamination problems during drilling
potential for through DNAPL zones, the precautions described for C,degory 1sh(_ukl be considered during site
DNAPL at site. assessment. Further work should focus on determining if the site is a "DNAPL site."

Ill I I I II IIIII II I III I I I II I I

III Low potential * DNAPL is not likely to be a problem during site characterization, and special DNAPI, precautions
for DNAPL are probably not needed. Floating free-phase organics ([.NAPLs), s_rption, and _>ther factors can
at site. 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

e ! of a constituent in ground water ip equilibrium with a mixed DNAPL; in rag/l)
S i = Xi S i | Where X i = the mole fraction of component i in the DNAPL mixture (obtained from a lab

I analysis of a DNAPL sample or estimated from waste characterization data)

S i = the pure-phase solubility of compound i in mg/l (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 rag/1 [pure phase solubility of TCE times mole fraction TCE: (1100 rag/l) * (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.
I I II III I IIHI IIIII I I lill . IIIIII

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 samples from
the saturated zone (from cores, excavations, etc.) can be applied. This method tests the assumption that all of the ,,rganics
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.

e
Step 1: Calculate S i , the effective solubility of organic constituent of interest. See Worksheet 1, above.

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
polyaromatic hydrocarbons (8):

Log Koc = 1.0 * Log Kow - 0.21 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 o1"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 q0w, 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:

(Ct * pb)
Step 6: Using Ct, the measurect conc. of the organic compound in saturated soil in mg/kg, Cw =

calculate the theoretical pore water conc. assuming no DNAPL (i.e., Cw in rag/l): (Kd*pb + q_w)

Step 7: Compare Cw and sei (from Step 1): Cw > S i suggests possible presence of DNAI_L
e

Cw < S i suggests possible absence of I)NAPL
. II IIII IIIn _ _1
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GLOSSARY Cd pt df omCherry, 1991):
I I II _ ii II I illllli . II I I II liil I .... li I illilllil ill I I I

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 affected 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 _oluble organic components from DNAPL dissolve in ground water or dissolve in
infiltration water and form a ground-water contaminant plume. The duration of remediation 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 Jt 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 whictl 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).

I il I i'l . _ I l i lii _ i _ iii

DNAPL ZONE Dissolved-Phase PLUME
Defined Area.s at a DNAPL Site (co.tain_free-phase DNAPLin pools or

lenses and/or residual DNAPL) /

DNAPL ENTRYLOCATION Ih_ ___"I|P _'_
(such as a former waste pond) >

Ground WaterFlowDirection
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APPENDIX C

Glossary

The unmarked terms listedbelow are used inthe 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 _ct 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 (CCI4), trichloroethylene (TCE), trichloroethane (TCA), and
tetrachloroethylene (PCE).

Cl 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.

*Containrnent- 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.
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*Distribution Coefficient - the quantityof the solutesorbedby the solidper unitweight
of soliddividedbythe quantitydissolvedin the waterper unitvolumeof water.

DNAPL - an acronymfor a denser-than-waternonaqueousphaseliquidthat is
synonymouswithdense immisciblephase liquidand is usedexclusivelyforthe
nonaqueousphase liquidpresentinthe subsurfaceand notforthe chemicalpresentin
solution.

DNAPL Entry Location - an area where a chemicalor mixturethat can forma DNAPL
has enteredthe subsurfaceby way of a leak,spill,discharge,or any otherescape.

DNAPL Lens - a zone of free-phaseDNAPL,smallerthana pool,restingon low
permeabilitystrata.

DNAPL Pool - a zone of free-phaseDNAPL restingon an impermeableor semi-
permeablelayer inthe subsurface.

DNAPL Site - a locationwherea chemicalor mixturehas been releasedand is now
presentinthe subsurfaceas an immisciblephase liquid.

DNAPL Zone - the portionof eitherthe vadoseor saturatedzone, or bothzones,
affectedby the presenceof free-phaseor residualDNAPL thatcan cause contamination
as a vaporinthe vadosezoneand as a watersolutein boththe vadoseand saturated
zone.

*Effective Solubility - the theoreticalaqueoussolubilityof an organicconstituentin
groundwaterthat is in equilibriumwitha DNAPL containingseveralorganicchemicals.

*Emulsion - the dispersionof verysmalldropsof one liquidinan immiscibleliquid,
suchas DNAPL inwater.

*Fingering - the movementof DNAPL ina porousmediumthat resultsinthe formation
of finger-shapedglobsof DNAPL at the leadingedge of the mainmovement.

*Gravity Drainage - the movementof DNAPL inan aquiferthat resultsfromthe forceof
gravity.

Groundwater Remediation - a verygeneral term referringto all activitiestaken to
improvegroundwaterqualityor controlthe spreadof groundwatercontamination,such
as plumecaptureor control,DNAPL removal,or groundwaterrestoration.

*Groundwater Restoration - the removalof subsurfacecontaminationto the degree
necessaryto achieveappropriatecleanuplevelswhichprotectpublichealthand the
environment.

*Groundwater DNAPL Zone - DNAPL belowthe watertable in eitherthe residualor
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 - liquidsthat coexistas separatephases because theydo nothave
mutualsolubility.

Immobile DNAPL- DNAPL that cannotmigrateas a separatephasebecause it is held
as residualor isconstrainedby a stratigraphic(capillary)trap or hydraulicforces.

LNAPL - an acronymfor |ess-dense-than-waternonaqueous12haseJiquidthat is
synonymouswithless-dense-than-waterimmisciblephase liquid.

OTD - Officeof TechnologyDevelopment.

*PAHs - an acronymfor12.olycyclicaromatichydrocarbons.

*PCBs - an acronymfor12oly_c.hlorinatedbiphenyls.

Permeability - a propertyof the subsurfacethat is dependenton the shapeandsize of
the openingsthroughwhicha liquidmovesundera potentialgradient.

Plume - a term almostexclusivelyusedto referto a zoneof dissolvedcontamination
butsometimesusedto refer to vaporcontaminationinthe vadose zone.

Porosity - The ratioof the volumeof all the poresina materialto the volumeof the
whole.

*Raoult's Law - a law usedto estimatethe effectivesolubilityof individualDNAPL
componentsof a DNAPL mixture.

*RCRA - is an acronymfor the ResourceConservationandRecoveryActwhich
regulatesmonitoring,investigation,and correctiveactionactivitiesat all hazardous
treatment,storage,and disposalfacilities.

Residual DNAPL - the immiscibleliquidheld inthe porespace or fracturesby capillary
tension,suchthat it cannotmoveor be mobilizedby reasonablehydraulicforces.

Residual Saturation - the fractionof totalporespace containingDNAPL (0.05 to 0.20
in the vadosezone and 0.15 to 0.50 inthe saturatedzone).

*Ri/FS - an acronymfor remedial investigation/ feasibilitystudy.

Risk Assessment - an evaluationof the potentialforexposureto contaminantsand the
associatedhazard.

Soil Gas - gas (vapors)inthe soilabovethe saturatedzone.

Soil Gas Survey - collectionand analysisof samplesof soilgas for investigationof the
presenceof volatileorganiccompoundsin soiland shallowgroundwaters.

*Sorption - captureof materialfrom a fluidphasebya solidphase.

Source - withinthe contextof conceptualmodelsof DNAPL, a sourceis a massof
DNAPL presentbelowgroundlevel 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 entera water-saturatedmedium.

Vadose DNAPL Zone - DNAPL presentabove the water table in eitherthe residualor
free-phase stateandgenerallythe causeof contaminatedsoilgas, residualwater, and
groundwater.

Vadose Zone. the unsaturatedzoneof the subsurfacethat extendsbetweenthe
groundsurfaceand the watertable.

Viscosity - internalfrictionwithina liquidthatcausesit to resistflow.

VOCs - an acronymforvolatileorganiccompounds.

Volurnetri¢ Retention Capacity - the capacityof the vadosezone to trap DNAPL which
istypicallyreportedin litersof residualDNAPL per cubicmeterof media.
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