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Preface

A decade ago, little was known concerning the behavior of dense chlorinated solvents
and other dense non-aqueous phase liquids (DNAPLS) in the subsurface. Even less was
known about what options and prospects existed for the remediation of sites contami-
nated with DNAPLs. Research activity in this area grew rapidly in the late 1980s, and has
accelerated in the current decade. The first major research program in North America to
focus on dense organic solvents was the University Consortium Solvents-In-Groundwater
Research Program. This program was initiated in 1987, became well-established in 1988,
and continues today. The consortium is made up of four principal collaborating univer-
sities: two in Canada (University of Waterloo and Queens University), and two in the
United States (Colorado State University and the Oregon Graduate Institute). Several
other universities and government organizations have been involved as collaborators
over the years. These include SUNY/Buffalo, the University of Toronto, the University
of Western Ontario, Environment Canada (National Water Research Institute), the U.S.
Geological Survey (Water Resources Division), and Mitre Corporation. Most recently,
the University of Stuttgart and the Danish Geological Survey have become collaborating
organizations.

Financial support for the Solvents-In-Groundwater Research Program has come
from The Boeing Company, Ciba-Geigy Corporation, Dow Chemical Canada/USA, East-
man Kodak Co., General Electric Co., Laidlaw Environmental Systems Ltd., Mitre Cor-
poration, The Natural Sciences and Engineering Research Council of Canada, the Ontario
University Research Incentive Fund, PPG Industries Corporation, and United Technolo-
gies Corporation. Infrastructure support has been provided by the Waterloo Centre for
Groundwater Research (an Ontario Centre of Excellence) at the University of Waterloo
and Canadian Forces Base Borden. The administrative framework for the corporate and
government funding for the program is distinctive. Each member company and govern-
ment agency makes an equal, annual contribution to the research program. The funds are
pooled, and then allocated to the researchers based on an annual plan determined by the
university consortium members in consultation with the sponsors. The goal has been to
provide a maximum of scientific and operational flexibility with a minimum of bureau-
cracy. The research program has many components. As components are completed, the
results are presented in M.S. and Ph.D. theses, and published as peer-reviewed journal
articles, conference proceedings, and symposia. Many of these publications are cited in
the chapters in this book. Each year, new projects within the program are begun.

XV



xvi Preface

The goals of the research program are to acquire and integrate information re-
garding DNAPLSs in the subsurface, and the associated groundwater- and vadose-zone
contamination. A range of laboratory experiments, field experiments, and mathematical
modeling studies have been used in this work. The research is being conducted by a
group of faculty members, research associates, technicians, and graduate students in sci-
ence and engineering, a group whose size varies from 50 to 70 people. Large, controlled,
field experiments in which liquid chlorinated solvents have been introduced into a sandy
aquifer on a military base (Canadian Forces Base Borden) and into large tanks packed
with layered porous media have been used as reality checks on the mathematical models,
and for performance assessments of selected technologies for remediating contaminated
groundwater and vadose zone systems.

Much of the information presented in this book has been developed in the context
of the above research program. Although our understanding of the behavior of dense
chlorinated solvents and other DNAPLSs in groundwater systems is continuing to advance,
the body of scientific knowledge on many aspects of this subject has reached sufficient
maturity to warrant a synthesis at this time. The intention of this book is to provide that
synthesis. We thank the corporate sponsors and government agencies that have made this
work possible, and we thank the authors whose commitment and attention to detail have
made this book a reality.

John A. Cherry
Waterloo, Ontario
June 1995

James F. Pankow
Portland, Oregon
June 1995
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ABSTRACT

Chlorinated organic solvents like trichloroethylene are common groundwater contami-
nants. Contamination levels are usually in the pg/L to mg/L range (dissolved). The U.S.
production is in the hundreds of millions of kg per year for most of the chlorinated
solvents. When found in the subsurface as organic liquids, these compounds are denser
than water, and are then commonly referred to as “dense non-aqueous phase liquids”
(DNAPLs). If spilled into the subsurface in sufficient quantities, a DNAPL has the ca-
pacity to penetrate below the water table where it can provide a long term source of
contamination. Other reasons why chlorinated solvents are common groundwater con-
taminants are that they exhibit: 1) low liquid viscosities (are able to move easily into
the subsurface); 2) low interfacial tensions with water (are able to enter into water-wet
fractures relatively easily); 3) high volatilities (are able as gases to diffuse rapidly down-
wards into the unsaturated zone); 4) low absolute solubilities (are difficult to remove
from the groundwater zone); 5) high solubilities relative to drinking water limits (are
able to cause significant contamination even when small amounts dissolve); 6) low par-
titioning to soils (are not retarded by aquifer materials); and 7) low degradabilities. At
many sites of contamination by chlorinated solvents, the amounts that are present in
dissolved form in the groundwater are relatively small, often no more than the equiva-
lent of a few tens of drums liquid solvent. Since spill volumes have in most cases been
much larger than this, significant DNAPL solvent still exists in the subsurface at most of
these sites.

The history of the problem of chlorinated solvents in groundwater is examined in
this chapter in the hopes that doing so will help scientists and engineers avoid other envi-
ronmental problems in the future. The physical and chemical properties of the chlorinated
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solvents should have led scientists and engineers to anticipate that these compounds would
be prone to causing groundwater contamination. Unfortunately, their common presence
in important aquifers was only discovered by accident during the mid-to-late 1970s as
a result of an interest in the trihalomethane compounds (e.g., chloroform) that can be
formed when drinking water is chlorinated. Late 1981 can be viewed as the point in time
at which the problem of dissolved chlorinated solvents in groundwater became widely
recognized. However, the fact that chlorinated solvents also exist in the subsurface in
DNAPL form at many important sites did not become generally recognized until the
mid-to-late 1980s. By this point in time, many remediation efforts had already failed
because they had not taken into account the large, persistent DNAPL sources present in
the subsurface at those sites.

1.1 BACKGROUND
1.1.1 General

Chlorinated solvents were first produced in Germany in the nineteenth century; produc-
tion in the United States began around 1906. Widespread use of chlorinated solvents
in manufacturing industries began during World War II, and increased markedly during
the next three decades. Contamination of groundwater by these compounds went largely
unrecognized until the late 1970s. The denser-than-water nature of liquid chlorinated sol-
vents has led to their becoming known as “dense non-aqueous phase liquids” (DNAPLs,
see Tables 1.1 and 1.2).

Like petroleum products (e.g., gasoline and fuel oil), chlorinated solvents are pro-
duced and usually used in an organic liquid form (i.e., as “neat”, “free product” liquids),
but are generally found in water supplies in dissolved form at pg/L (ppb) to mg/L (ppm)
concentrations. Unlike petroleum products, however, the chlorinated solvents are gener-
ally: 1) not noticed by taste or odor at typical groundwater contamination levels; and
2) not stopped at the water table when released in DNAPL form to the subsurface in
significant quantities. Once in an aquifer, DNAPL source material is usually very difficult
to find. In contrast, when petroleum products are spilled in significant volumes, being
light NAPLs (i.e., being LNAPLSs), they “float” on the water table where they can be
detected easily (e.g., see McKee et al., 1972). Historically, since chlorinated solvents in
DNAPL form were found only rarely in wells, recognition of the problems posed by
these compounds in groundwater had to await the development and general availability
of analytical methods which allowed the determination of dissolved organic contaminants
in water at the pg/L to mg/L level.

It is now apparent that of the many industrial organic chemicals identified to date
in groundwater, the common chlorinated organic solvents are the most ubiquitous. In a
survey in New Jersey of 1,070 wells, trichloroethylene (TCE) was found in 58% of the
wells, carbon tetrachloride in 65%, and tetrachloroethylene (PCE) in 43% (Page, 1981).
Because of the DNAPL nature of many of the corresponding contamination source zones,
the chlorinated solvents pose great challenges in groundwater remediation (Plumb and
Pitchford, 1985; Abelson, 1990).
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TABLE 1.1 Organic Compounds That Are DNAPLs.

Compound class Compound
Chlorinated solvents Tetrachloroethylene
Trichloroethylene

1,1,1-Trichloroethane
Dichloromethane
Chloroform

Carbon tetrachloride
1,2-Dichloroethane
Chlorobenzene
1,2-Dichlorobenzene
1,3-Dichlorobenzene
1,1,2-Trichloroethane
1,2,4-Trichlorobenzene

Other halogenated Benzyl chloride

organics Bromobenzene
Bromochloromethane
Bromodichloromethane
Bromoform

4-Bromophenyl phenyl ether
bis(2-Chloroethyl)ether
2-Chloroethyl vinyl ether
bis(2-Chloroisopropyl)ether
1-Chloro-1-nitropropane
4-Chlorophenyl phenyl ether
Dibromochloromethane
1,1-Dichloroethane
1,2-Difluorotetrachloroethane
1-Iodopropane
Hexachlorobutadiene
Pentachloroethane
1,1,2,2-Tetrabromoethane
1,1,2,2-Tetrachloroethane
1,2,3-Trichloropropane
1,1,2-Trichloro-1,2,2-trifluoroethane

The first significant recognition in the research community of the potential DNAPL
character of chlorinated solvents in groundwater is attributable to Friedrich Schwille.
As a result of two case studies in West Germany during the late 1960s and early 1970s
involving chlorinated solvents, Schwille developed conceptual models and conducted
physical model studies on the behavior of these compounds at the Federal Institute of
Hydrology in Koblenz from 1977 to 1984. Schwille examined how and when chlorinated
solvents could penetrate into unsaturated and saturated sands, and into fractured media,
and how liquid solvents could be dissolved by flowing groundwater. Unfortunately, this
research remained largely unknown in North America and even in Europe until the late
1980s. At that time, an understanding of the behavior of chlorinated solvents in the
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TABLE 1.1 (continued)

Substituted aromatics, Chloroanilines
phthalates, and Chlorotoluenes
miscellaneous Nitrotoluenes
organics Nitrobenzene

Benzyl butyl phthalate

Di-n-butyl phthalate

Diethyl phthalate

o-Anisidine

Pheny! ether

Tri-o-cresol phosphate
PCB mixtures Aroclor 1221

Aroclor 1232

Aroclor 1242

Aroclor 1248

Aroclor 1254

Pesticides Chlordane
Chloropicrin
1,2-Dibromo-3-chloropropane
1,2-Dichloropropane
1,2-Dichloropropylene
Dichlorvos
Disulfoton
Ethion
Ethylene dibromide
Malathion
Parathion

TABLE 1.2 The Most Common Chlorinated Solvents With Some of Their Chemical Synonyms and
Commerical Product Names (Merck Index, 1989).

Chemical name Synonyms

Perchloroethylene PCE, tetrachloroethylene, ethylene tetrachloride, Nema, Tetracap, Tetropil,
Perclene, Ankilostin, Didakene, PerSec

Trichloroethylene TCE, ethinyl trichloride, Tri-Clene, Trielene, Trilene, Trichloran, Trichloren,
Algylen, Trimar, Trline, Tri, Trethylene, Westrosol, Chlorylen, Gemalgene,
Germalgene

1,1,1-Trichloroethane TCA, methyl chloroform, Chlorothene, Solvent 111, TRI-ETHANE

Dichloromethane DCM, methylene chloride, methylene dichloride, methylene bichloride

subsurface was being developed independently, largely without knowledge of Schwille’s
pioneering studies!.

tSchwille was also involved in early research into the behavior of LNAPLs in the subsurface
(Schwille, 1967).
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Schwille (1981) was the first English language publication to present the concept
of heavier-than-water solvents sinking below the water table. Feenstra (1984), Cherry
(1984a, 1984b), Villaume (1985), and Feenstra (1986) also provided descriptions of the
general concepts governing DNAPL behavior in the subsurface. A summary report on
Schwille’s impressive accomplishments was published in German (Schwille, 1984a), then
in English translation (Schwille, 1988). More recent discussions have been presented by
Feenstra and Cherry (1988), Hunt et al. (1988a, 1988b), Mercer and Cohen (1990), and
Cohen and Mercer (1993).

This chapter provides background information on chlorinated solvent usage, and
examines the history of the two-staged discovery of the extent and causes of groundwater
contamination by these compounds. The first stage of the discovery involved the simple
recognition of the prevalence of chlorinated solvents as groundwater contaminants; the
second stage involved the recognition of the common presence of these compounds as
difficult-to-remediate DNAPL source zones in the subsurface at many sites of contami-
nation. This history is presented so as to place the following chapters in context in the
field of contaminant hydrogeology, and also to permit an understanding how and when
we came to only belatedly appreciate the nature and magnitude of this problem. Indeed,
an analysis of how we came to appreciate the chlorinated solvents problem will permit
us to critically evaluate the way in which science has progressed in the groundwater
community.

1.1.2 DNAPLs and LNAPLs

Historically, the term “NAPL” was coined in 1981 during studies of a hazardous waste
landfill (the “S-Area Landfill”) in Niagara Falls, New York. At this site, a black, denser-
than-water, “immiscible” organic liquid was discovered in the soil and bedrock underlying
the site. The liquid was found to be a complex mixture of halogenated benzenes, chlori-
nated solvents, and other halogenated hydrocarbons. Engineers, scientists, and attorneys
dealing with the site selected the term “NAPL” to differentiate this liquid from other
contaminated materials, and from the groundwater (Kolmer, 1991), though we would
now refer to it more specifically as a “DNAPL”.

DNAPLs have sometimes also been referred to as “dense immiscible liquids”,
and LNAPLs have sometimes been referred to as “light immiscible liquids”. However,
as with the use of “non-aqueous” in the terms DNAPL and LNAPL, the descriptor
“immiscible” is misleading. Indeed, an organic liquid can exist as a stable, separate phase
in equilibrium with water only after its dissolved concentration in the water has reached
the saturation limit for that liquid. Thus, no organic liquid is ever totally immiscible with
water. We also note that there will always be some water dissolved in any “non-aqueous”
phase.

Although DNAPL solvents are now recognized as a major groundwater problem,
only a few published descriptions of actual field cases are readily available at this time.
We have, however, reviewed unpublished data pertaining to a large number of industrial
and waste disposal sites across North America where DNAPL solvents are the key cause
of groundwater contamination. These include many sites at which data has been collected
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as a result of Superfund (i.e., CERCLA) and RCRA legislation, though most of this
voluminous information lies buried in the files of regulatory agencies.

1.2 CHLORINATED SOLVENT USAGE

In hindsight, it is not surprising that widespread groundwater contamination by chlo-
rinated solvents has occurred. Very large quantities of these chemicals have been, and
continue to be produced, transported, used, and disposed of by many sectors of our mod-
ern society. Production of chlorinated solvents began in the U.S. in 1906 with carbon
tetrachloride, which remained the main solvent used in North America for the first half
of the century. Production of TCE and PCE began in 1923. Carbon tetrachloride was
commonly used for dry cleaning in the 1930s, having replaced gasoline. TCE and PCE
became the most commonly used solvents in the 1960s when the post-World War II
manufacturing economy expanded greatly. Increased chlorinated solvent use paralleled
economic growth into the 1970s. Human health and environmental concerns, first raised
in the 1970s, have since caused a decline in the production of PCE and TCE to fifth and
sixth rank in U.S. production (Figure 1.1). Table 1.3 shows the 1986 U.S. production
of selected chlorinated organic solvents. Production quantities range from hundreds of
millions to billions of kg per year.

A very wide range of industries use chlorinated solvents in large quantities. The
principal current uses of the four most common chlorinated solvents are given in Ta-
ble 1.4, and the principal uses of several less common chlorinated solvents are given
in Table 1.5. As a result of their widespread use, the release of chlorinated solvents to
the subsurface has by no means been limited to the “smoke stack” industries that have
traditionally been associated with pollution. Indeed, the electronic, instrument manufac-
turing, and aerospace industries, all generally regarded as relatively “clean” with respect
to pollution, have used very large quantities of chlorinated solvents, and have caused
numerous spills. Also, a range of small businesses in virtually every community use
chlorinated solvents, and have been responsible for problematic spills. These include dry
cleaning, machine, photographic processing, and printing shops. The principal uses of
other organic chemicals which are DNAPLs in pure form are given in Tables 1.6 to 1.9.
An overview of the industrial and commercial activities which have produced or used
DNAPL chemicals is given in Table 1.10.

1.3 SOURCE TYPES FOR SOLVENTS IN GROUNDWATER

Table 1.11 summarizes the different ways in which chlorinated organic solvents have been
released to the subsurface environment. Because chlorinated solvents are now recognized
as being among the most problematic groundwater contaminants in industrialized coun-
tries, some major solvent users are switching to other chemicals where possible, and/or
are implementing much more careful solvent-handling procedures. For example, many
underground solvent storage tanks are being replaced with above-ground tanks which can
be more effectively inspected for leaks. However, usage has been and will continue to be
widespread because the common chlorinated solvents have exceptionally good properties
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Figure 1.1 U.S. production of common chlorinated solvents during the period 1960-
1990. Data are from the Halogenated Solvents Industry Alliance (1987) and the U.S.
International Trade Commission (1991).
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TABLE 1.3 1986 U.S. Production of Chiorinated Organic Solvents.

Compound Abbreviation (10 1b.) (10° kg) Drums®
1,2-Dichloroethane? 1,2-DCA 12,940 5,871 22,900,000
1,1,1-Trichloroethane® 1,1,1-TCA 648 294 1,100,000
Carbon tetrachloride® CTET 627 284 890,000
Methylene chloride® DCM 561 255 960,000
Chloroform® TCM 422 191 640,000
Tetrachloroethylene® PCE 405 184 560,000
Trichloroethylene® TCE 165 75 260,000

2American Chemical Society (1986)
®Halogenated Solvents Industry Alliance
®Based on 200 L, or approximately 55 US gallons per drum

TABLE 1.4 Principal Current Uses of the Major Chlorinated Solvent
Products. (Data from Halogenated Solvents Industry Alliance, 1987.)

Percentage use

Application 1,1,1-TCA DCM PCE TCE
Adhesives 9 — — 1
Aerosols 11 29 — —
Chemical intermediate — — 29 —
Cold cleaning 20 — — —
Dry cleaning/textile production — — 56 —_
Electronics 6 8 — —
Metal cleaning/degreasing 4 9 11 85
Paint removal/stripping —_— 27 —
Urethane foam — 10 — —
Miscellaneous 3 8 4 6

1,1,!~ TCA - 1,1,1-Trichloroethane
DCM - Methylene chloride
PCE - Tetrachloroethylene
TCE - Trichloroethylene

for their intended uses. Thus, it seems likely that releases of chlorinated solvents to the
subsurface (and therefore to groundwater zones) will continue to occur at some rate in
nearly all urban or suburban areas in the industrialized world.

1.4 THE PHYSICAL, CHEMICAL, AND BIOLOGICAL PROPERTIES OF
CHLORINATED SOLVENT COMPOUNDS

In addition to the facts that: 1) large quantities of DNAPL solvents have been produced
and used (Table 1.3); and that 2) these solvents have been able to enter the subsurface
environment due to a variety of different source types (Table 1.11), it is important to
recognize that the physical, chemical, and biological properties of the chlorinated sol-
vents have made these chemicals particularly likely causes of groundwater contamination
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TABLE 1.5 Principal Uses of Other Common Chlorinated Organic Compounds Which Are DNAPLs
or DNAPL Components.

Chemical Uses

Chloroform Solvent for fats, oils, rubber, waxes, resins; manufacture of rubber

Carbon tetrachloride Solvent in oils, fats, laquers, varnishes, waxes, resins; dry cleaning; seed
fumigant; extraction of seed oils

1,2-Dichloroethane Solvent for fats, oils, waxes, gums, resins, rubber; seed fumigant, manufacture
of acetyl cellulose; manufacture of vinyl chloride

Chlorobenzene Solvent for paints; manufacture of phenol, aniline, DDT, dyes; heat transfer
liquid

1,2-Dichlorobenzene Solvents for waxes, gums, resins, tars, rubber, oils, asphalts; insecticide for
termites; degreasing of leather and wool; manufacture of dyes; heat transfer
medium

1,3-Dichlorobenzene Fumigant and insecticide

1,1,2-Trichloroethane Solvent for fats, waxes, resins

1,2,4-Trichlorobenzene Dielectric fluids; manufacture of chemicals, dyes; heat transfer medium

(Pankow and Cherry, 1988). These properties and their implications are summarized in
Table 1.12.

As pointed out in Tables 1.1 and 1.5-1.9, organic compounds besides the chlori-
nated solvents are classifiable as DNAPLs. These compounds include the halogenated
benzenes, the polychlorinated biphenyls (PCBs), some pesticides, coal tar, and creosote.
These chemicals have not been found in groundwater nearly as frequently as have the
chlorinated solvents. There are several reasons for this. Firstly, compared to the chlori-
nated solvents, these other chemicals have not been used in as many industrial applica-
tions, or in quantities that are nearly as large. Secondly, they do not possess a combination
of physical and chemical properties that impart a high propensity for widespread ground-
water contamination. For example, some of these other DNAPL chemicals are much less
soluble than the chlorinated solvents, and so they are much less mobile because they
partition strongly to soil materials. As another example, important soluble components
of creosote and coal tar are more degradable in the groundwater zone than are most
chlorinated solvents.

1.5 DRINKING WATER LIMITS

The drinking water limits (or “maximum concentration limits”, MCLs) for several of
the chlorinated solvents have been set at very low levels, e.g., 5 ug/L for TCE (EPA,
1987a). The justification for these standards has been that compounds like TCE,
chloroform, and carbon tetrachloride are suspected carcinogens. There is also evidence
that excessive exposure to carbon tetrachloride and PCE may result in kidney and
liver damage. Table 1.13 illustrates how the solubilities of the chlorinated solvents are
all many orders of magnitude higher than their corresponding drinking water limits.
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TABLE 1.6 Principal Uses of Less Common Halogenated Industrial Chemicals Which Are DNAPLs.

Chemical

Uses

Benzyl chloride

Bromobenzene
Bromochloromethane

Bromodichloromethane

Bromoform
4-Bromophenyl phenyl ether
bis(2-chloroethyl) ether

2-chloroethyl vinyl ether
bis(2-chloroisopropyl) ether

1-Chloro-1-nitropropane
4-Chlorophenyl phenyl ether

Dibromochloromethane
1,1-Dichloroethane
1,2-Difluorotetrachloroethane

1-Iodopropane

Hexachlorobutadiene

Pentachloroethane
1,1,2,2-Tetrabromoethane
1,1,2,2-Tetrachloroethane

1,2,3-Trichloropropane

Manufacture of benzyl compounds, perfumes, pharmaceuticals,
dyes, tannins, resins

Organic synthesis; solvent; additive in motor oils
Used in fire extinguishers; organic synthesis

Solvent for waxes, oils, fats, resins; used in fire extinguishers;
flame retardant; organic synthesis

Mineral separations
Research chemical

Cleaning textiles; soil fumigant; Processing of fats, waxes,
greases; solvent in paints, varnishes, lacquers; manufacture of
lubricating oils, finish removers, cleaners

Manufacture of anesthetics, sedatives, cellulose ethers

Manufacture of dyes, resins, pharmaceuticals; solvent for fats,
waxes, greases; used in textile manufacturing; paint and spot
removers

Fungicide

Research chemical

Used in fire extinguishers; aerosol propellants; refrigerants;
organic synthesis

Used in paint, varnish and finish removers; manufacture of
vinyl chloride and 1,1,1-TCA; mpber cement; solvent for
plastics, oils and fats; insecticide and fumigant

Used in organic synthesis
Used in organic synthesis

Solvent for elastomers, rubbers; manufacture of fluorinated
lubricants and rubber compounds; heat transfer medium;
transfomer and hydraulic fluid; fumigant for grapes

Solvent for oil and grease in metal cleaning
Mineral separation

Solvent for chlorinated rubber; manufacture of insecticides,
bleach, paint/varnish/polish removers; metal cleaning;
manufacture of 1,1-DCE; solvent for oils and fats, pesticides

Solvent; paint and varnish remover

1,1,2-Trichloro-1,2,2-triftuoroethane Solvent used in electronics and precision equipment manufac-
ture; used in fire extinguishers; dry cleaning; blowing agent

The chlorinated solvents are thus characterized by high solubility/MCL ratios (see
also item 6 in Table 1.12). Therefore, although the chlorinated solvents have low abso-
lute solubilities, the contamination coming off of a pool of chlorinated solvent DNAPL
will typically be greatly in excess of its MCL: even relatively small quantities of
these materials in the subsurface can result in large-scale groundwater contamination
problems.
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TABLE 1.7 Principal Uses of Substituted Aromatic Compounds and Phthalates Which Are DNAPLs.

Chemical Uses
Chloroanilines Manufacture of dyes, pharmaceuticals and agricultural chemicals
Chlorotoluenes Manufacture of dyes; organic synthesis
Nitrotoluenes Manufacture of dyes, nitrobenzoic acids, toluidenes; organic synthesis
Nitrobenzene Solvent for cellulose ethers; used in metal and shoes polishes; manufacture of

aniline, benzidine, quinoline, azobenzene, drugs, photographic chemicals

Benzyl butyl phthalate Plasticizer for polyvinyl chloride (PVC); additive in polyvinyl actetate

emulsions, ethylene glycol, ethyl cellulose

Di-n-buytl phthalate Plasticizer; organic synthesis; insect repellant

Diethyl phthalate

o-Anisidine
Phenyl ether

Plasticizer; denaturant for ethanol; ingredient in insecticide sprays, explosives;
used in dyes, perfumes; solvent for nitrocellulose and cellulose acetate
Manufacture of azo dyes

Heat transfer medium; perfuming soaps; resins for laminated electrical
insulation; organic synthesis

Tri-o-cresol phosphate Plasticizer in lacquers, varnishes, PVC, polystrene, nitrocellulose;

waterproofing; heat transfer medium; hydraulic fluids; fire retardant for plastics;
additive to high pressure lubricants

TABLE 1.8 Principa! Uses of PCB Aroclors Which Are DNAPLs.

PCB mixture

Uses

Aroclor 1221
Aroclor 1232
Aroclor 1242

Aroclor 1248

Aroclor 1254

Capacitors, gas-transmission turbines, hydraulic fluids, adhesives, plasticizer in rubbers
Hydraulic fluids, adhesives, plasticizer in rubbers

Transformers, hydraulic fluids, adhesives, plasticizer in rubbers, heat transfer medium,
wax extender, carbonless reproducing paper

Vacuum pumps, gas-transmission turbines, hydraulic fluids, plasticizer in resins,
adhesives, plasticizer in rubbers

Capacitors, transformers, vacuum pumps, hydraulic fluids, plasticizer in resins,
adhesives, plasticizer in rubbers, wax extender, dedusting agent, extender in
pesticides/inks/lubricants/cutting oils

1.6 TYPICAL CHLORINATED SOLVENT PLUMES IN GROUNDWATER

Mackay and Cherry (1989) have calculated that the dissolved solvents in several prob-
lematic plumes measuring up to several kilometers in length represent the equivalent of
only 0.5 to 70 drums of liquid solvent. Our unpublished assessments of more than 30
other major chlorinated solvent plumes at Superfund sites show that this range for plume
mass is typical of large plumes. These amounts represent small fractions of the quanti-
ties of solvent that presumably entered the groundwater zone at these sites. Therefore,
significant DNAPL source zones presumably: 1) still exist at these sites; 2) will be feeding
their respective plumes long into the future.
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TABLE 1.9 Principal Uses of Pesticide Products Which Are DNAPLs.

Pesticide product

Uses

Chlordane
Chloropicrin
1,2-Dibromo-3-chloropropane
1,2-Dichloropropane
1,3-Dichloropropylene
Dichlorvos

Disulfoton

Ethion

Ethylene dibromide
Malathion

Parathion

Insecticide, acaricide, termite control

Seed and grain fumigant

Soil fumigant, nematocide

Soil fumigant, nematocide; manufacture of PCE; solvent
Soil fumigant, nematocide

Insecticide and fumigant

Insecticide for tobacco and vegetables

Insecticide, acaricide

Grain and fruit fumigant; anti-knock additive in gasoline
Insecticide

Insecticide, acaricide

TABLE 1.10 Industrial and Commercial Activities Which Produced or Used

DNAPL Chemicals.

Chemical production and distribution

Manufacturing uses

Solvents

Solvents (recycled)
Dyes and paints
Adhesives
Pharmaceuticals
Plastics and polymers
Pesticides

Coal tar distillates
Creosote

Transformer and capacitor production

Foundry operations and castings

General metal fabrication

Tool and die making

Aircraft production
Electronics/electrical fabrication
Automobiles and parts production
Printing

Weapons production
Photographic work

Wood preserving

Service uses

Waste products

Commercial and retail dry cleaning

Pesticide application

Food processing (decaffeinated coffee)

Coal and oil gasification by-products
Blast furnace coking by-products

13

Compared to the number of DNAPL sites, there are many more sites where
LNAPLs (e.g., gasoline, fuel oil, and aviation fuel) have been spilled or leaked into
groundwater systems. However, large plumes of dissolved chemicals (e.g., benzene,
toluene, ethyl benzene, and the xylenes) from LNAPL source zones are rare in comparison
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Source Types for Chlorinated Solvent Contamination of
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Leaking underground or above-ground storage tanks.

Leaking drum storage areas.

Leaking, buried chemical distribution pipelines.

Spillage at chemical loading and off-loading facilities.
Spillage during highway accidents and train derailments.

Intentional disposal into the subsurface in various ways, including:
a. domestic septic tile fields (due to the use of solvent-containing

septic tank cleaning fluids);
. municipal landfills;

. settling ponds and lagoons;

- e T

. chemical waste disposal landfills;

. landfarming of contaminated sludges and solids; and
. injection well disposal of either used liquid solvent, or contaminated liquids.

TABLE 1.13 Pure Compound Solubilities at ~20 °C for Selected
Chlorinated Organic Solvents and Corresponding Maximum Concentration

Limits (MCLs) for Drinking Water Set By EPA (1987).

Solubility MCL (EPA) Solubility/MCL
(mg/L) (mg/L) ratio
1,2-Dichloroethane 8,690 0.005 2 x 10°
1,1,1-Trichloroethane 720 0.2 4 x 10°
Carbon tetrachloride 785 0.005 2% 10°
Methylene chioride 20,000 0.012 2 x 10°
Chloroform 8,200 0.12 8 x 10*
Tetrachloroethylene 200 0.005 4 x 104
Trichloroethylene 1,100 0.005 2 % 10°

New York State Department of Environmental Conservation Guidelines for

Groundwater

to plumes of dissolved chlorinated solvents. The fact that LNAPLs do not penetrate much
below the water table, and the fact that the most mobile chemicals from LNAPLs are
prone to microbial degradation apparently account for the large difference in groundwater

impacts of chlorinated solvents and petroleum products.

Spills uf chlorinated solvents in aquifers are, in general, exceptionally difficult to
clean up. At some sites, the plumes have reached water supply wells at concentrations
that are much above the MCLs for drinking water, thereby threatening public health
and valuable groundwater resources. Although some steps must be taken in such cir-
cumstances, given the typically long term nature of chlorinated solvent sites, it may
sometimes be more cost effective to simply prevent further release by isolating and/or
controiling the source zone rather than attempting a complete remediation. At other sites,
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TABLE 1.12 Physical, Chemical, and Biological Properties of the Chlorinated Solvent Compounds
Which Have Helped Lead to Extensive Groundwater Contamination by this Compound Class.

1.

The high volatilities of the chlorinated solvents led to a false sense of security regarding how these
chemicals must be handled. Historically, it was believed that chlorinated solvent released to the unsat-
urated zone would easily volatilize to the atmosphere. Thus, when poured on dry ground, although a
chlorinated solvent may appear to be lost entirely to the atmosphere, some will be transported into the
subsurface by gaseous diffusion, by infiltration of contaminated water, and as a moving DNAPL phase.
And, once contamination reaches the saturated zone (including direct releases to the saturated zone),
high volatility is of little assistance in removing the solvents: transport across the capillary fringe can
be exceedingly slow (McCarthy and Johnson, 1992).

The high densities of the chlorinated solvents (1.2 to 1.7 g/cm3) relative to that of water (1 g/cm3)
mean that if a sufficient volume of a typical chlorinated solvent is spilled, then liquid solvent may be
able to penetrate the water table. In the saturated zone, the unstable nature of the solvent flow causes
the solvent to form thin “fingers” which can lead to the collection of large amounts of solvent in one
or more “pools” on top of less permeable layers. Since a pool presents a very low cross section to
on-coming groundwater flow, absolute removal rates of dissolved solvent from the pool will usually be
very low (Johnson and Pankow, 1992).

The relatively low viscosities of the chlorinated solvents allow relatively rapid downward movement in
the subsurface. Chlorinated solvent mobility in the subsurface increases with increasing density/viscosity
ratios (Cohen and Mercer, 1993).

. The low interfacial tension between a liquid chlorinated solvent phase and water allows a liquid

chlorinated solvent to enter easily into small fractures and pore spaces, facilitating deep penetration
into the subsurface. Low interfacial tension also contributes to the low retention capacities of soils for
chlorinated solvents.

. The low absolute solubilities of the chlorinated solvents (typically on the order of hundreds of mg/L)

mean that when a significant quantity of such a compound is spilled on the ground surface, liquid
solvent will be able to migrate as a DNAPL phase in the subsurface, potentially accumulating as one
or more pools on the tops of low permeability layers. The low solubility will then permit such pools to
persist for decades to centuries (Johnson and Pankow, 1992).

The high relative solubilities of the chlorinated solvents mean that a solvent spill can cause groundwater
contamination at levels which are high relative to concentrations which appear harmful to human health.

The low partitioning to soil materials exhibited by the chlorinated solvents means that soil and rock
materials will bind these compounds only weakly. This applies to both the unsaturated and saturated
zones. Thus, sorption to soils will not significantly retard the movement of a chlorinated solvent, and
zones of contamination can grow essentially as quickly as the groundwater can move.

The low degradabilities of the chlorinated solvent compounds, either by biological means, or by
abiotic-chemical reactions, mean that subsurface lifetimes of these chemicals can be very long.

the plumes terminate at hydrologic boundaries such as rivers or lakes. In such cases, the
mass flux is transferred from the groundwater zone to surface waters where, because of
dilution and volatilization, usually little or no degradation of the water quality occurs.
Large remediation efforts may not always be warranted at sites where the plumes have
reached surface water bodies: unlike many other well-known industrial contaminants such
as PCBs and some pesticides, the chlorinated solvents do not accumulate in ecological
food chains.



16 Dense Chlorinated Solvents: Background and History of Problem Chap. 1

1.7 A HISTORY OF HOW WE BECAME AWARE THAT DENSE
CHLORINATED SOLVENTS CAN POSE SERIOUS THREATS TO
GROUNDWATER SYSTEMS

1.7.1 General
1.7.1.1 Basis of interest

Widespread understanding in government, industry, and the professional groundwater
community of the exceptional propensity for chlorinated solvents to cause severe and
persistent contamination of groundwater was not achieved until most of today’s problems
had already been created. It is now apparent that if the groundwater research community
had been quicker to recognize the importance of chlorinated solvents, many crucial
studies of solvent behavior in the subsurface could have been carried out decades earlier,
even though advanced methods for chemical analyses were not yet available. (All of
Schwille’s work was conducted without such methods.) And, if awareness of and concern
for solvent hazards to groundwater had developed earlier, then practices for storage,
handling, transportation, and disposal of solvents could also have been improved more
quickly so that much of today’s contamination of groundwater by chlorinated solvent
compounds could have been averted.

With the benefit of hindsight, it is apparent that the late awareness of the hazards
posed by chlorinated solvents to groundwater represents a failure of several segments of
modern society: governmental regulation, industrial practice, and environmental research
in the professional groundwater community. This failure makes it important to analyze
the history according to which our society came to realize that chlorinated solvents
must be handled with exceptional care. Such an analysis may: 1) provide insight that
will reduce the possibility for other environmental problems: and 2) result in research
and government regulations that prevent future problems in all compartments of the
environment.

We also note that the history according to which the threats posed by chlorinated
solvents to groundwater became recognized is a matter of current legal interest to the
site owners, insurance companies, local governments, lawyers, and consulting scientists
and engineers that are involved in disputes over matters of liability at contaminated
sites. For example, at a site where agreement has been reached as to who caused the
contamination problem, there is oftentimes considerable disagreement regarding when
and if the responsible party should have been aware of the threats posed by chlorinated
solvents.

1.7.1.2 The history has two stages

As noted in Section 1.1.1, the discovery of the chlorinated solvents problem occurred in
two stages: 1) the simple recognition of their prevalence as groundwater contaminants;
and 2) the recognition of the common presence of these compounds as difficult-to-
remediate, subsurface DNAPL source zones. Neither of these discoveries was anticipated
by the North American groundwater community.
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1.7.2 Timelines in the History

The evolution of knowledge regarding the threats posed by chlorinated solvents to ground-
water has been reconstructed in Table 1.14 as four parallel timelines detailing events in
four different areas: Analytical Developments, Societal and Anecdotal Events, Literature
Reports, and Federal (U.S.) Government Actions.

Analytical Developments (column a) is a crucially important category for the his-
tory in Table 1.14 since it may have been unreasonable to have expected industrial or
consulting parties to analyze groundwater for chlorinated solvents before routine ana-
lytical methods were available. For example, since analytical methods were not readily
available in the early 1960s to detect chlorinated solvents at a level like 5 ug/L, then
that situation makes it difficult to argue that a site owner should have been analyzing
groundwater samples at that time to ensure that contamination at that type of level had
not occurred.

Societal and Anecdotal Events (column b) is a significant category for the history
because it is important to document the evolution of environmental issues and perceptions
during the last 40 or so years.

Literature Reports (column ¢) is an important component of the history because
many reports of important developments regarding chlorinated solvents first appeared in
the scientific and engineering literature. Once those publications began to appear, then
one can argue that after some reasonable length of time, responsible parties should have
begun to take appropriate precautions to prevent further releases of contamination.

Federal (U.S.) Government Actions (column d) is included as a category in the
history because there are many examples of how a step taken by the federal government
was either an important regulatory climax of other events in the history, and/or an ac-
tion that initiated additional developments in the other categories. For example, the Safe
Drinking Water Act of 1974 was the culmination of events in the other three categories,
and then itself caused further developments in the other categories. In the next section, a
reference to one of the elements in one of the timelines will be followed by a bold letter
which will indicate the column in which that element appears. For the sake of brevity,
not all of the elements in Table 1.14 will be discussed; the reader can examine the table
to fill in some of the details.

1.7.3 The First Stage: Discovering that Chlorinated Solvents are
in Groundwater

1.7.3.1 The 1950s to mid-1960s: the early years

Prior to the 1960s, the measurement of organic contamination in water was largely
limited to a few indicator parameters such as biological oxygen demand (BOD) and
bacterial concentration counts. It was generally assumed that groundwater quality was
largely unaffected by man. The subsurface was believed to be particularly capable of
absorbing “organic” contaminants: organic contaminants were thought at that time to
include mainly putrescible waste and sewage, which, indeed, are substantially renovated
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by natural processes in the subsurface. In one of the early textbooks on groundwater,
Thomas (1951) stated that organic wastes are “the easiest to eliminate [through the]
natural processes of separation, filtration, dilution, oxidation, and chemical reaction”,
and that if “powerful influences of protection or purification were not at work in nature,
it would be almost impossible to find unpolluted [ground]water anywhere.” Thus, in
the nascent field of contaminant hydrogeology, “organic” contaminants (including those
which could be detected by taste or smell) were receiving very little attention. The
contaminant that received the most attention in the early decades of the field was salt,
mostly from seawater intrusion.

Table 1.14 begins in 1953 (a) when the prominent journal Analytical Chemistry
published an article entitled “Mass Spectrometer Determination of Volatile Contaminants
in Water” by Melpolder et al. (1953). This article described a primitive purge and trap
method that involved the use of mass spectrometry to measure ug/L levels of petroleum
products in water. The authors stated: “The method may be extended to volatile com-
pounds other than hydrocarbons, such as industrial solvents and cleaning fluids”. On the
basis of this publication and others (e.g., Seto and Schultze, 1956 (a); Montgomery and
Conlon, 1967 (a)), it can be argued that if an analyst had set out with determination and
good laboratory resources to measure chlorinated solvents at tens of pg/L and higher in
groundwater, then suitable methods could probably have been derived from publications
available in the 1950s and 1960s.

As evidence in support of the above argument, we note that during the 1950s to
1960s time frame, chemists had undertaken to measure trace levels of certain organic
contaminants in water in which they were especially interested. For example, alkyl ben-
zene sulfonate (ABS) detergents were being measured at this time in surface waters at
the ~10 pg/L level (Rosen et al., 1956 (a)). (Interest in the ABS detergents was due to
their increasingly ubiquitous presence as foaming agents in waste waters and in certain
receiving waters.) A concerted effort was also made in the late 1950s to measure pg/L
levels of certain organic pesticides like DDT and aldrin (Middleton and Lichtenberg,
1960 (a); see also the history provided by Rosen, 1976), and methods for the determi-
nation of selected pesticides were published in the water works literature in the 1960s
(Goodenkauf and Erdie, 1964 (a),; Gutenmann and Lisk, 1964 (a)).

We can conclude that while anthropogenic organic compounds in general were not
of widespread interest during this time period, when there was a will to measure specific
organic compounds in water, then analytical methods suitable for use at the pg/L level
could be developed. And, although the chlorinated solvents were being produced in
quantities that were similar to those of the pesticides and the foaming, ABS detergents,
the inability to detect the chlorinated solvents by taste, smell, or sight caused them to be
simply overlooked as groundwater contaminants until much later in time.

1.7.3.2 The Mid-1960s to 1972: finding toxic organic
compounds in some drinking water supplies

On March 23, 1967 (b), Dr. Leslie L. Glasgow, Chairman of the Louisiana Stream
Control Commission, wrote to the Commissioner of the U.S. Federal Water Pollution
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Control Administration' requesting technical assistance in determining the extent to which
organic chemicals were affecting the quality of New Orleans drinking water. The rea-
son for the request was that there were many complaints of “chemical” and “oily”
flavors in the Mississippi River-derived water. These complaints resulted in a concerted
effort to identify and measure trace organics in water using gas chromatography coupled
with mass spectrometry (GC/MS). Most of this work was carried out at the Southeast
Water Research Laboratory in Athens, Georgia in the late 1960s (d) (Keith, 1974)t.
EPA, formed in October of 1970 (d) by President Nixon, continued the study. Using
an analytical method using adsorption on carbon followed by solvent extraction with
chloroform, the study was completed in April, 1972 (d), confirming the presence of
a wide variety of “extractable” organic compounds in New Orleans drinking water.
EPA (1972) concluded that the problem was due to industrial wastes discharged to
the river, and that chlorination of the drinking water may also have been playing a
role. As a direct result of these findings, Congress enacted the Clean Water Act (CWA)
on October 18 of 1972 (d) to regulate waste discharges into all navigable waters of
the U.S. The CWA did not deal in a significant way with groundwater, and ironically,
had an adverse effect on groundwater because it directed waste discharges from sur-
face waters to the land, where they no doubt degraded groundwater quality in some
locations.

Since the method that EPA (1972) (d) used to analyze the New Orleans samples
used recovery with chloroform, no other volatile, chlorinated solvents that might have
been present could be easily determined at that time in the face of the overwhelming
amount of that chlorinated solvent. Therefore, there was as yet little indication that
volatile organic compounds (VOCs) might be a problem in drinking waters obtained
from surface water supplies, and certainly no indication to the hydrogeology, industrial,
or regulatory communities that chlorinated solvent VOCs might be prevalent groundwater
contaminants. Indeed, the Manufacturing Chemists’ Association was stating in “Chemical
Safety Data Sheets” for TCE, PCE, and 1,1,1-TCA distributed as late as 1968 (b) that for
disposal, these solvents “. .. may be poured on dry sand, earth, or ashes . . . and allowed to
evaporate into the atmosphere.” The disposal method suggested in a similar data sheet for
TCE dated 1971 (b) and distributed by a large manufacturer stated that one should “Bury
[the TCE] away from water supply or allow solvent to evaporate to atmosphere at a safe
distance from inhabited buildings™. Despite the widespread ignorance of the effects that

iThe Federal Water Pollution Control Administration was one of the federal agencies that formed the
basis of, and was superceded by the EPA.

By 1970, computerized GC/MS equipment had become commercially available, greatly increasing the
speed of organic pollutant analysis (Keith, 1974).

*Prior, related comments on this subject were made in the Handbook of Vapor Degreasing (American
Society for Testing and Materials (ASTM), 1962) This handbook advised that for the disposal of spent solvents,
“If there are no local regulations forbidding it, the sludge may be poured on dry ground at a safe distance from
buildings and allowed to evaporate. If the solvent is free-flowing and can soak into the ground before the solvent
evaporates, it may be poured into shallow containers to permit the solvent to evaporate before dumping”. We
note in this context that in the U.S. in the 1960s, no local regulations of which we are aware forbade ground
disposal of solvent sludge.
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such chlorinated solvent disposal practices would have on groundwater quality, as seen
by various entries in column b in Table 1.14, concern regarding the safety of groundwater
supplies was nevertheless beginning to grow in the late 1960s and early 1970s.

1.7.3.3 1972 to 1975: finding the first chlorinated VOCs in
drinking water; the trihalomethanes (THMs)

With interest increasing during the early 1970s in the matter of organic compounds in
drinking water, Rook (1972) (a) adapted a method from the field of beverage flavor
analysis to determine VOCs in water. In this method, a large (10 L) sample was heated
to 60°C, and the “headspace” gas above the liquid was directed over silica gel to concen-
trate the VOCs. After concentration, the VOCs were determined by gas chromatography
(GC). In the same article, Rook (1972) (¢) went on to discuss the fact that analyses
at a Rotterdam drinking water plant indicated that trihalomethane (THM) compounds
(e.g., chloroform) were somehow being formed during the chlorination of the drinking
water. Then, in the summer of 1974, Rook (1974) (¢) made the connection that it was
reactions between aqueous chlorine and natural humic materials that were responsible
for the formation of the haloforms.

In December of 1974, using an approach for VOC analysis that was similar to
that devised by Mieure and Dietrich (1973) (a), Bellar and Lichtenberg (1974) (a) de-
veloped the current form of the now very-well-known purge and trap method. Purge and
trap was used by Bellar et al. (1974) (¢) in conjunction with GC/MS in a study which
revealed that haloform compounds were also present in U.S. drinking waters. Conse-
quently, in December of 1974 (d), EPA began the National Organics Reconnaissance
Study (NORS) which examined surface water and groundwater supplies used to provide
drinking water for 80 U.S. cities. The water samples were analyzed for several THMs,
1,2-dichloroethylene, and carbon tetrachloride (Symons et al., 1975). In May of 1975 (d),
results of the NORS project revealed the essentially ubiquitous presence of haloforms
in chlorinated drinking water in the U.S.

During the same time period that the issue of haloforms in drinking water was
being investigated in Europe and in the U.S., the matter of organic contaminants in New
Orleans drinking water came to a climax when EPA (1974) (d) reported to the public in
November of 1974 that at least 66 trace organic chemicals (including four chlorinated
solvents: carbon tetrachloride, 1,1,1-TCA, TCE, and PCE) had been identified in Mis-
sissippi River water. Almost immediately thereafter, the Safe Drinking Water Act was
signed into law on December 16, 1974 (d) by President Ford. This act dealt primarily
with the protection of surface waters, though it also brought the first Federal action to
protect groundwater resources inasmuch as it required the States to regulate all direct
injections of wastes to the subsurface.

We see then that by the end of 1975, concern about organic contaminants in wa-
ter was focussed primarily on: a) the new issue of contamination of drinking water by
THMs as produced during chlorination; and b) problems with contamination of sur-
face water supplies, primarily by industrial pollutants. Concern about contamination of
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groundwater by organic chemicals, however, was as yet very limited. Indeed, in a Chem-
ical Safety Data Sheet that was dated 1973 (b) and distributed over the next several
years, the same large chemical manufacturer of chlorinated solvents discussed in the
previous section stated for the disposal of waste methylene chloride that “In some cases,
it can be transported to an area where it can be placed on the ground and allowed to
evaporate”.! Thus, since direct pouring of solvents on the ground was not ruled out
in this recommendation, the likely impact on groundwater of chlorinated solvents had
not yet been clearly recognized. And, although some specialists were beginning to fear
that groundwater supplies were in danger (e.g., see the opinions of Geraghty and Miller
published in June of 1973 (b) as well as the discussion in ES&T in December of 1973
(c) of a national policy on subsurface management), there was as yet no clear evidence
that groundwater contamination was actually already a problem.

1.7.3.4 1976 to 1979: widespread testing for THMs in drinking
water reveals the presence of other VOCs: coming
to the conclusion that many important aquifers are
contaminated with chlorinated solvents

As noted above, the NORS project demonstrated that chloroform and other THMs were
very common in U.S. drinking waters, and that the chlorination process was responsible
for that presence. However, NORS revealed relatively little about VOCs other than the
THMs. Therefore, in order to: 1) investigate the relationships between the nature of a
water supply and the resulting degree of THM formation upon chlorination; and to 2)
expand the list of VOCs of interest beyond the THMs, in March of 1976 (d), EPA initi-
ated the National Organics Monitoring Study (NOMS). In NOMS, 113 different public
drinking water supplies representing various types of raw water sources and drinking
water treatment processes were selected for examination. Of these supplies, 21 depended
primarily on groundwater. Several important chlorinated solvent compounds were in-
cluded as target analytes. The detection limits by the purge and trap method used (with
GC/MS) ranged from 0.01 to 0.3 pg/L.

The first published NOMS results appeared in 1977 (c¢) in a book chapter by Brass
et al. (1977). For the “Phase II” portion of the NOMS sampling (May to July of 1976),
Brass et al. (1977) noted that TCE was found in 28 of the 113 drinking water systems.
There was no discussion of the implications of this EPA finding either in Brass et al.
(1977), or in the final EPA report for NOMS (EPA, 1977b) even though some of these
systems were supplied by groundwater. This meant that it would be necessary for other
studies of THMs in drinking water to rediscover the presence of chlorinated solvents in
important groundwater supplies. Fortunately, the publicity surrounding the THM problem
generated by the study of Bellar et al. (1974), by NORS, and by NOMS led directly to a
large number of local studies of THMs in drinking water. The fact that the chlorinated

YEven in 1976, in their new edition of Handbook of Vapor Degreasing, ASTM (1976) used wording

regarding spent solvent disposal which was identical to that given in the preceding footnote regarding the 1962
edition.
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solvents are VOCs just as are the THMs meant that chlorinated solvent compounds would
be found in many of these local studies.

Facilitating the local studies of THMs in drinking water was the important fact
that by 1977, purge and trap had become a tested and proven method for determining
VOCs at the low ppb level. Also, during this same general time period, rapid improve-
ments were being made in the application of GC/MS in environmental organic analysis
(Heller et al., 1975 (a)). In addition, micro-solvent extraction with ~5 mL of pentane
and ~35 mL of water (Henderson et al., 1976, (a)) became available as an alternative
to purge and trap with GC/MS for trace levels of chlorinated compounds in water sam-
ples. The main advantage of micro-solvent extraction in analyses for aqueous chlorinated
compounds is that the extract can be analyzed on a GC fitted with an electron capture
detector (ECD): a GC/ECD allows the sensitive and rather specific detection of many
chlorinated compounds at very low levels, without requiring the complexity and cost of
a GC/MS.

The ready availability of suitable analytical methods for VOCs together with
the motivation to look for THMs in local water supplies quickly led to a series of re-
ports of local groundwater contamination by chlorinated solvents. As examples, consider
the following occurrences. In 1976 (b), New York State revealed that aquifers on Long
Island were severely contaminated with TCE that had been used by many homeowners
as a septic tank cleaner. In 1977 (b), 16 private wells in Gray, Maine were found to be
contaminated with various chlorinated solvents. In 1978 (b), New York State officials
reported that a search for THMs in drinking water had led to the discovery of a well
field that was highly contaminated with TCE: the well field was closed. In 1978 (b), of-
ficials of the Nassau-Suffolk (L.ong Island, New York) Regional Planning Board reported
widespread contamination by several chlorinated solvents: up to 375 ug/L of PCE, up
to 310 pg/L of 1,1,1-TCA, and up to 300 pg/L of TCE were found in 36 wells; the
wells were quickly closed (Koppleman, 1978). In May of 1978 (b), 80% of the drinking
water of Bedford, Massachusetts was found to be contaminated with TCE at levels as
high as 500 pg/L. Towards the end of the 1970s, hundreds of water supply wells had
been closed in the U.S. due to contamination by chlorinated solvent compounds. The in-
creasing evidence of contamination of groundwater was reviewed during this time frame
by Pojasek (1977) (c¢).

As the evidence mounted that many groundwater supplies were contaminated
with chlorinated solvents, some local reconnaissance studies were begun which had the
goal of determining the extent of the contamination. For example, in 1978 (¢), New Jersey
began testing 500 public and private wells located near industrial sites for 50 organic
compounds; a number of these compounds were chlorinated solvents. This reconnaissance
for chlorinated solvents in groundwater was very analogous to EPA’s use of NORS
to determine the extent of the nation’s THM problem in chlorinated drinking water
supplies.

Drinking water regulations for various VOCs began to be promulgated in the U.S.
in the late 1970s. New York State (1978) (b) published standards which included limits
for three chlorinated solvent compounds; these are the first drinking water limits for
chlorinated solvents of which we are aware. On November 20, 1979 (d) EPA’s final
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THM regulations stated that total THMs in drinking water should not exceed 100 pg/L,
foreshadowing the regulations that would later be put in place for chlorinated solvents
like TCE (see 1987 (d)). In 1979 (d), EPA also promulgated their list of “priority pol-
lutants” (see Keith and Telliard, 1979) which were to be determined in waste water
discharges. The priority pollutant list includes all of the common chlorinated solvents,
and has become a commonly-used list of target analytes in many environmental water
analyses. In this same context, we note that EPA’s 600 series methods for VOCs were
also formally issued in 1979 (a). Since these methods were designed to be sensitive at
the pg/L level, additional advances in analytical chemistry had virtually no further effect
on the history of interest here, and so entries in column a in Table 1.14 end at this point
in time.

We see then that by the end of 1979, a reasonable amount of hard evidence had
accumulated indicating that groundwater contamination by solvent chemicals might be
a significant problem, especially in densely populated and/or industrialized areas. How-
ever, as has been typical in the discovery of other environmental problems (e.g., strato-
spheric ozone depletion by chlorofluorocarbons), the general recognition of the prob-
lem of solvents in groundwater was not to take place until the weight of the evidence
became overwhelming. Thus, the same major producer of chlorinated solvents men-
tioned above for 1973 was still saying in 1979 (b) that, for the disposal of methylene
chloride, one could: “Send solvent to a reclaimer. In some cases, small amounts can
be transported to an area where it can be placed on the ground and allowed to eva-
porate safely if local, state, and federal regulations permit”.! There is also evidence
that throughout the 1970s, chlorinated solvents were being disposed of at U.S. military
bases by pouring them on the ground (New York Times, November 2, 1980; Schroeder,
1985; Schaumburg, 1990). Thus, since: 1) disposal on the ground was still viewed by
many as a viable disposal option; and 2) groundwater protection was as yet largely
not provided at either the state or federal level, it would not be until sometime in the
1980s that the dangers posed by chlorinated solvents to groundwater would receive
widespread recognition in government, industry, and in the professional groundwater
community.

1.7.3.5 1980 to 1981: The evidence that chlorinated solvents
are widespread groundwater contaminants becomes
overwhelming

The period 1980 to 1981 was characterized by a virtual explosion of reports which
indicated that many important groundwater supplies were contaminated by chlorinated
solvents. As an important example, the January 1980 (c) issue of the widely-read journal
Environmental Science and Technology gave a cover-story account of the facts that: 1)
groundwater contamination (including contamination by chlorinated organic compounds)
had become a matter of very serious concern; and that 2) tight federal and state rules

TWe note that relative to the 1973 recommendations, the qualifier concerning “local, state, and federal
regulations” was now included, and so apparently the company’s concern about chemicals such as methylene
chloride was increasing.
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requiring groundwater monitoring and protection would soon be coming. In the same
month (b), public health officials for the State of California closed 39 TCE-contaminated
public wells that had been providing water to 400,000 people in 13 cities in the San
Gabriel Valley. 1980 (b) was also the year of discovery of the now well-known, large
scale contamination of groundwater in California’s Santa Clara “Silicon” Valley. By May
of 1980 (b), agencies in 18 states had measured numerous VOCs, most commonly TCE,
in 2894 wells (see CEQ, 1981).

As of early 1980, although reasons to be concerned with groundwater contamination
by chlorinated solvents were accumulating at a rapid pace, other than the rules regarding
the injections of waste imposed by the Safe Drinking Water Act (see above), there were
very few regulatory protections in place for groundwater resources. Indeed, in May of
1980 (b) in a special, red-paged “Regulatory Alert”, ES&T (1980) reported that: “Approxi-
mately 50% of the [nation’s] population depends on groundwater for its drinking water
supply. Yet, unlike surface water or air, there is no specific federal statute to protect it
Jrom pollution.” In the same month, the Environment Reporter (1980a) (b) stated that
few states had acted as yet to declare authority to protect groundwater supplies, and
that most did not even recognize the magnitude of the problem. In August of 1980
(b), Environment Reporter (1980b) stated that existing federal regulations were still
being viewed by some as so weak that new laws would be needed to provide effective
groundwater protection.

In terms of EPA’s role in the evolving circumstances, it was in May of 1980 (d)
that EPA Administrator Costle, speaking on NBC’s Meet the Press (see Josephson, 1980),
identified groundwater protection as a principle EPA priority. In the same month (d), in
an effort to deal with the deficiencies in groundwater legislation that were discussed in
the preceding paragraph, EPA promulgated the RCRA regulations that required large scale
groundwater monitoring at disposal sites. By the mid-1980s, groundwater from tens of
thousands of monitoring wells at industrial sites had been analyzed for chlorinated solvent
compounds and other VOCs: in an early survey of data from 183 hazardous waste sites
in the U.S., four of the top five!, and 10 of the top 20 most-frequently identified organic
chemical contaminants were chlorinated solvents (Plumb and Pitchford, 1985)F. In June
of 1980 (d), EPA (1980a) conducted a planning workshop on the groundwater conta-
mination problem, and in November of 1980 (d), EPA (1980b) announced their resulting
National Ground Water Protection Strategy, with publication of the strategy to occur
in the Federal Register in January 1981. In December of 1980 (d), U.S. Congress passed
the EPA-administered Superfund (i.e., CERCLA) Program to deal with “uncontrolled”
hazardous waste sites.

Naturally, a great deal of publicity surrounded the events described in the pre-
ceding paragraph. It is not surprising therefore that in 1980, just one year after the

1 The four were TCE, PCE, dichloromethane (DCM), and 1,[-dichloroethane.

tMore recently, EPA’s 1993 Superfund Chemical Analysis Result Report indicated that seven of the 20
most frequently detected organic contaminants at Superfund sites are chlorinated solvents. The Comprehensive
Environmental Response, Compensation and Liability Information System (CERCLIS) lists over 32,000 sites
in the U.S., and EPA has estimated that over one third of these are contaminated with solvents (EPA, 1991).
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release of its prior version of its Chemical Safety Data Sheet on methylene chloride,
the same major chemical company mentioned above for 1973 and 1979 tightened con-
siderably its recommendations for disposal of this chemical. In particular, in 1980 (b),
the data sheet on methylene chloride was revised to state: “... Dumping into sewers,
on the ground, or into any body of water is strongly discouraged, and may be ille-
gal”

The arrival of January 1981 (b) brought a landmark report from the President’s
Council on Environmental Quality (CEQ). Entitled Contamination of Groundwater by
Organic Chemicals, this report detailed the avalanche of reports on groundwater con-
tamination in the U.S. Identifying chlorinated solvents as the most common type of
contaminants, CEQ (1981) noted that “These incidents involve discoveries — sometimes
completely accidental [e.g., looking for THMs, but finding other compounds as well] —
of high concentrations of synthetic organic chemicals in a community or private drinking
water well. It is now evident that hundreds of drinking water wells affecting millions of
people have been closed because of contamination by toxic organic chemicals. ... No one
can say for sure how long the contamination has existed, ...”. “. .. the EPA regions report
serious contamination of drinking water wells in 34 states, and there are indications that
the true number is at least 40”. The release of this study was immediately reported upon
in the February 1981 issue of ES&T (1981b) (c), and again in the July issue (c). With
respect to what was beginning to occur at this time on the remediation front, we note
that the January 1981 issue of ES&T (1981a) (c) reported as a news item that Recon
Systems, Inc. (Somerville, NJ) had built and was operating an air stripping tower to
remove 1,1,1-TCA from groundwater that was being pumped at 100,000 gpd from an
aquifer in the Northeast.

ES&T was not the only journal reporting with urgency during early 1981 on the
problem of chlorinated solvents in groundwater systems. For example, in April of 1981
in the Journal of the American Water Works Association, Petura (1981) (c) wrote an ar-
ticle entitled “Trichloroethylene and methyl chloroform [1,1,1-TCA] in groundwater: A
problem assessment”. The article stated that groundwater pollution was a “problem of
immense concern”, with TCE and 1,1,1-TCA having been found in groundwater in numer-
ous states including Pennsylvania, Delaware, New Hampshire, and California. “Hundreds
of wells, many in totally unrelated aquifers” were described as being contaminated with
these two compounds. At about the same time, in a book entitled Quality of Ground-
water, Giger and Schaffner (1981) (c¢) and Zoeteman et al. (1981) (¢) documented the
presence of chlorinated hydrocarbons (including TCE, chloroform, and carbon tetrachlo-
ride) in groundwater at various sites in Switzerland and The Netherlands, respectively.
Zoeteman et al. (1981) found TCE in 67% of the wells tested, carbon tetrachloride
in 43%, and PCE in 19%. 1981 (¢) also brought Schwille’s first mainstream, English
language journal article on the behavior of NAPLs in subsurface systems (Schwille,
1981).

Perhaps the clearest indication of the widespread nature of groundwater contam-
ination by chlorinated solvents in the Northeast appeared in December of 1981 (c) in
a study published in ES&T by Page (1981). Using data for 1076 wells in New Jer-
sey, Page (1981) found that NJ groundwaters were at least as contaminated as
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NJ surface waters. A total of 17 halogenated solvent compounds were found in the
groundwaters. For TCE, of 669 wells sampled, 388 were found to be contaminated,
with 635 pug/L being the highest concentration. For 1,1,1-TCA, of 1071 wells sampled,
835 were contaminated, with 608 ug/L being the highest concentration. For PER, of
421 wells sampled, 179 were contaminated, with 91 ug/L being the highest concen-
tration.

By mid-1981, EPA was beginning to recognize the scale of the problem posed by
chlorinated solvents. In particular, on June 9, 1981 (d), in a presentation at a national
meeting of the American Water Works Association, EPA employee Herbert J. Brass
discussed results of the nationwide Community Water Supply Survey (CWSS) (Brass
et al., 1981). Based on samples from 106 surface water sources and 330 groundwater
sources, Brass et al. (1981) found clear evidence for the presence of compounds like
PCE, TCE, and 1,1,1-TCA in many groundwater supplies. These three compounds were
found in about 5% of the groundwater sources tested, with maximum concentrations of
30, 650, and 210 pg/l.. Of the 330 groundwater systems tested, 50 (15%) were found to
be contaminated with some VOCs.

Based on the above evidence, we believe that it is clear that it is the end of 1981
that provides the milestone for the end of the period of general ignorance of the fact that
poor solvent handling practices and careless disposal can cause severe contamination of
groundwater. Nevertheless, we know that contamination continued to take place beyond
this date. For example, in their January 1981 (b) report, CEQ (1981) discussed the fact
that septic tank cleaning fluids (most of which contained TCE, benzene, and/or methylene
chloride) could still be purchased in most of the U.S. during 1981, with the 1979 usage
estimated at 400,000 gallons on Long Island alone. Also, some of the common chlorinated
solvents were still being used as “inactive” ingredients in pesticide formulations; these
“inactive” ingredients often comprised most of the mass of such products. Regulations
forbidding their use in this manner were not promulgated until the late 1980s (d) (EPA,
1987b).

What is notable about the discovery of the prevalence of dissolved-phase chlori-
nated solvents in groundwater is that it occurred almost entirely outside the realm of the
groundwater science and engineering community. Nearly all of the surveys that revealed
such contamination were conducted by state and federal agencies using samples pumped
from water supply wells. We also note that in the late 1970s through 1981, there was es-
sentially no discussion of dissolved chlorinated solvent contamination of groundwater in
the major journals dedicated to groundwater science and engineering, e.g., Ground Water
and Water Resources Research; hydrology professionals were learning of the problem
from developments taking place outside of their field.

1.7.4 The Second Stage: Discovering the DNAPL Nature of
Liquid Chlorinated Solvents

1.7.4.1 1982 to the late 1980s

From 1982 onward, new reports of groundwater contamination by chlorinated solvents
continued to appear (see columns b and ¢ in Table 1.14). The issue of solvents in ground-
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water had by then evolved from the stage wherein the problem was being discovered
and understood, to a stage wherein the goal was to have contamination contained, re-
mediated, and prevented. Thus, in 1982 (b), the San Francisco Bay Regional Water
Quality Control Board (RWQCB) launched a program to inventory underground sto-
rage systems in the industrialized areas under its jurisdiction. The resulting survey by
mail to 2644 companies in the key groundwater basins ultimately lead to the publication
of RWQCB’s “205J” report (Industry Clean Water Task Force, 1985) which indicated
that a significant amount of the contamination in the valley was due to high-tech indus-
trial operations. As of September of 1985, the RWQCB had listed 75 sites within their
jurisdiction at which groundwater contamination was: 1) under investigation; 2) in the
process of being defined; 3) being cleaned up; or 4) had been cleaned up. On the Federal
scene, in July of 1982, EPA (1982) (d) issued new rules governing hazardous wastes in
landfills, surface impoundments, and other repositories. In 1986 (d), the Hazardous and
Solid Waste Amendments to RCRA were passed mandating monitoring of the ground-
water and vadose zones at many underground storage tank locations. On July 8, 1987
(d) a final drinking water standard value for TCE of 5 pg/L. was published by EPA
(1987a).

Although they had become aware of the general presence of dissolved chlori-
nated solvents in groundwater by about 1981, for perhaps five to seven years afterward,
groundwater scientists and engineers in North America and in Europe remained almost
entirely unaware of two facts: 1) that DNAPL-phase solvent could be present in large
amounts in the subsurface at sites contaminated with chlorinated solvents; and 2) that
such a presence posed many difficult problems in remediating such sites. In the
early 1980s, the pioneering laboratory experiments of Schwille in these topic areas were
largely unknown to these scientists and engineers (most of the European groundwa-
ter community was also unaware of this work). Although Schwille had published two
English-language papers in the early 1980s (Schwille, 1981; Schwille, 1984b) (¢), nei-
ther had been placed in the widely-read literature, and Schwille’s (1984a) (¢) summary
report on the behavior of chlorinated solvents as DNAPLs in subsurface systems had
been published in German. Thus, although the general presence of chlorinated solvents
in groundwater had become recognized, it was not yet realized that long term source
zones of DNAPL-phase chlorinated solvent were present below the water table at many
contamination sites. Without knowledge of Schwille’s work, North American ground-
water scientists and engineers began now to rediscover what Schwille had concluded a
decade earlier.

An understanding of how DNAPLs behave in the subsurface evolved in North
America within a few groups of groundwater scientists and engineers who had each
encountered DNAPLs at depth in the subsurface in the late 1970s. As was discussed
in Section 1.1.2, the term “NAPL” was first coined in 1981 (b) during studies of a
hazardous waste landfill in Niagara Falls, New York. At this site, a denser-than-water,
organic liquid was discovered when it was bailed from wells installed in the soil and
bedrock underlying the site. The liquid was a complex mixture of halogenated benzenes,
chlorinated solvents, and other halogenated hydrocarbons. Similar organic liquids were
discovered at about the same time at two other sites in the Niagara area, the Hyde Park
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Landfill and Love Canal, and at a handful of unrelated sites elsewhere in North America.
Thereafter, it soon became clear that NAPLs were an important source of the groundwater
contamination at these sites. Unfortunately, nearly all of the information regarding NAPL
and DNAPL behavior at those sites was the subject of litigation, usually in the context
of RCRA and Superfund issues, and so that information did not become available until
the late 1980s.

The development of conceptual models regarding how DNAPLs behave in the
subsurface began in North America with conference proceedings and publications of
limited circulation (e.g., Feenstra, 1984; Cherry, 1984a and 1984b; Miller, 1984) (c).
Although the number of mainstream, English-language publications reporting the pres-
ence of dissolved chlorinated solvents in groundwater had exploded in the 1980-1981
time frame, the first widely-read publications to discuss DNAPL behavior were those
of Villaume (1985) and Mackay et al. (1985) (¢). Both of these publications con-
tained schematic diagrams of plumes emanating from DNAPL source zones in the
subsurface, both as residual zones and as pools. However, neither of these publica-
tions emphasized the far-reaching implications of subsurface DNAPLs for groundwater
quality.

1.7.4.2 The late 1980s to the present

At the time that the papers discussed in the preceding paragraph were being published,
tremendous efforts and finances were being directed towards remediation efforts at count-
less Superfund and RCRA sites. Unfortunately, many of these efforts were largely un-
successful. These efforts failed because in their design, the likely presence and nature of
DNAPL source zones had not been considered (Bredehoft, 1992).

Schwille’s work finally received wide North American recognition when an En-
glish translation of his comprehensive monograph was published in 1988 (¢) (Schwille,
1988). The first textbook to include the DNAPL conceptual model, at least in a cur-
sory way, was Fetter (1988) (c). The first substantive textbook treatment of DNAPLs
appeared in Domenico and Schwartz (1990) (c). These and other publications brought
at least a general understanding of how DNAPL solvents behave in the subsurface into
full circulation within the groundwater science and engineering community. However,
even into the early 1990s, only a relatively small fraction of the groundwater and envi-
ronmental science community was aware of how DNAPL solvents could behave in the
subsurface.

The first indication that EPA, the agency regulating the Superfund investigations,
recognized some aspects of the DNAPL issue consists of a cursory reference in their
document entitled Guidance on Remedial Actions for Contaminated Ground Water at
Superfund Sites (d) (EPA, 1988). Evidence that EPA recognized the full implications
of DNAPL behavior for Superfund investigations was not apparent until the publica-
tion of a Ground Water Issue Paper on DNAPLs (d) (Hurling and Weaver, 1991), and
their sponsorship of a two day DNAPL workshop at the Kerr Laboratory in Ada, Okla-
homa in April, 1991 (d). A comprehensive monograph entitled DNAPL Site Investigation
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sponsored by EPA was published in 1993 (d) (Cohen and Mercer, 1993). 1993 also
brought the EPA report entitled “Evaluation of Likelihood of DNAPL Presence at NPL
Sites - National Results (EPA, 1993). Thus, although EPA had led the way in identifying
and determining trace organic contaminants in groundwater in the 1970s, official recogni-
tion by EPA of the important ways in which DNAPLs affect groundwater contamination
and remediation came more than a decade after the presence of dissolved chlorinated sol-
vents had been generally recognized around 1981. We conclude from this that a strong
science program within EPA is still needed to support its official and regulatory actions.

1.8 CONCLUSIONS

Major production and use of dense chlorinated solvents began in the 1950s and 1960s.
Given the properties of these compounds, in hindsight, it is not surprising that these
compounds are now problematic groundwater contaminants. Simply put, it was the ex-
tensive and widespread industrial usage of these compounds coupled with some naive
attitudes about how they could be handled that led to most of today’s problems with
these compounds.

Recognition of the importance of chlorinated solvents in groundwater arrived very
late in the research community. Indeed, after about 30 years of unwise practices, it was
in the late 1981 time frame that our industrialized society came to a wide recognition
of the environmental hazards posed by this class of chemicals. The special DNAPL
nature of chlorinated solvents in the subsurface became recognized in the late 1980s/early
1990s; other than Schwille’s studies of the late 1970s and early 1980s, there had been
little substantial research directed specifically at the behavior of chlorinated solvents in
groundwater.

The ability of chlorinated solvents in DNAPL form to persist in the subsurface for
long periods of time, even in the face of aggressive remediation efforts, is the most vexing
aspect of groundwater contamination by such compounds. The length of time required
to dissolve a typical accumulation of solvent on top of an aquitard can be hundreds of
years under natural conditions; significant decreases in the time for complete dissolution
for such an accumulation will in general require aggressive treatment efforts (Johnson
and Pankow, 1992).

Much of the information presented in the chapters of this book is the result of
recent study. Some of the topics included are the subjects of intensive on-going research.
Our understanding of the movement and fate of chlorinated solvents in groundwater has
now advanced sufficiently that most of the major aspects of how chlorinated solvents
move in the subsurface after spills are reasonably well understood. In contrast, much less
is known about the behavior of chlorinated solvents in the subsurface when subjected
to remediation efforts. The remaining chapters in this book will seek to provide a clear
understanding of the pertinent properties of the chlorinated solvents so that contamination
assessment, control, and remediation (when possible) can take place at sites of interest
throughout the world.
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TABLE 1.14 A History of the Problem of Chlorinated Solvents in Groundwater in Four Parallel

Timelines.

a. Analytical
developments

1953: The journal Analytical
Chemistry publishes the article
“Mass Spectrometer Determination
of Volatile Contaminants in Water”
by Melpolder et al. (1953).

1956: The journal Analytical
Chemistry publishes the article

“Determination of Trichloroethylene,

Trichloroacetic Acid, and
Trichloroethenol in Urine” by Seto
and Schultze (1956).

1964: Methods for the determination

of various pesticides are published
in the water works literature by
Goodenkauf and Erdie (1964) and
Gutenmann and Lisk (1964).

1967: The journal Water Pollution
Control publishes the article “The
Detection of Chlorinated Solvents
in Sewage Sludge” by Montgomery
and Conlon (1967).

b. Societal and
anecdotal events

1967, March 23: Dr. Leslie L. Glasgow (Chairman, Louisiana
Stream Control Commision) asks the Commissioner of the U.S.
Federal Water Pollution Control Administration for technical
assistance in determining the extent to which organic chemicals
are affecting water quality in the Mississippi River. There have
been many complaints that the drinking water in New Orleans
has “chemical” and “oily” flavors.

1967 and 1968: In Chemical Safety Data Sheets SD-14, SD-24,
SD-90, dated 1956, 1948, and 1965, respectively, but still
being distributed, the Manufacturing Chemists Assoc. states that
“Residue(s] [of TCE, PCE, and 1,1,1-TCA] may be poured on
dry sand, earth, or ashes ... and allowed to evaporate into the
atmosphere.” The Chemical Hazards Bulletin of the American
Insurance Association (1967) contains similar wording.

1969: Charles F. Luce, chairman of the National Water
Commission, tells the Sth Annual Meeting of the Ground Water
Resources Institute at Gov. Winthrop Rockefeller’s Winrock Farm
(Morrilton, Ark.) that the quality of ground water is in grave
danger. Carl F. Klein, Asst. Secretary of Interior, reports that
“Most of the same types of pollution that affect surface water
will eventually affect groundwater with greater impact and longer
lasting harm.”
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c¢. Literature d. Federal governmental
reports actions

1956: Rosen ef al. (1956) report the
identification of anionic synthetic
detergents in surface waters,

1960: Middleton and Lichtenberg
(1960) report the presence of
pesticides like DDT and aldrin in
certain of the nation’s rivers.

Late 1960s: Most of the work to identify and measure the organic
contaminants in the Mississippi River water is conducted at the
federal Southeast Water Research Laboratory in Athens, Georgia
(see Keith, 1974).

1970, October: EPA is established by President Nixon.

1971: A patent is given to Warner 1971, February 22: William Ruckelshaus is sworn in as first
Co. (Philadelphia, Penn.) for an Administrator of EPA.

impermeable membrane to line the

base of a landfill.
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TABLE 1.14 (continued)

a. Analytical
developments

1972, Fall: Rook (1972) adapts a
beverage analysis method for use
in determining VOCs in drinking
water. The headspace above 10 L
of 60 °C water is passed through
silica gel. Compounds collected on
the silica gel are analyzed by gas
chromatography with detection by
mass spectrometry (i.e., by GC/MS).
This a forerunner of the P&T
method later developed by EPA.

1973, November: Mieure and
Dietrich (1973) publish a method
for determining VOCs in which the
headspace over a sample of water is
passed through a trap (Tenax-GC).
The contents of the trap are
subsequently thermally desorbed to
a gas chromatography column for
analysis. This is a forerunner of the
P&T method developed later by
EPA.

Chap. 1

b. Societal and
anecdotal events

1971: A large manufacturer states in a chemical data handling
sheet for TCE that one should “Bury [the TCE] away from water
supply or allow solvent to evaporate to atmosphere at a safe
distance from inhabited buildings.”

1972, March: ES&T (1972) reports that: “After many years of
apathy and indifference, private citizens, industry, and government
are now advocating national policies for groundwater pollution
and conservation.” Although groundwater has always been
considered insulated against contamination, ES&T notes that
groundwater contamination is increasing.

1972: The revised Chemical Hazards Bulletin of the American
Insurance Association (1972) contains the same wording given
above regarding disposal, but does add a qualifier regarding
complying with new federal regulations.

1973, June: ES&T (1973) reports that “Geraghty and Miller,
a firm of consulting groundwater specialists, is performing a
14 month study of groundwater contamination problems in

11 northeastern states which account for 26% of the nation’s
population. Project leader David Miller says, ‘No one really
knows how severe the groundwater contamination problem is in
the Northeast and one of the goals of the study is to put this
problem in its proper perspective.’”

1973: A major chemical company recommends for disposal that
users of methylene chloride can “Send solvent to a reclaimer.
In some cases, it can be transported to an area where it can be
placed on the ground and allowed to evaporate.”

1974, July: State of Louisiana and City of New Orleans ask EPA
Region VI to undertake another analytical survey of the organic
chemicals present in the finished water of three drinking water
treatment plants in New Orleans.
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c. Literature
reports

1972, Fall: Rook (1972) reports
that haloform compounds are
somehow formed during the
chlorination of Rotterdam drinking
water.

1972, November: Kleopfer and
Fairless (1972) report the presence
of numerous, industrially-related
organic compounds in the municipal
water obtained for Evansville,
Indiana from the Ohio River. The
compounds that were found include
toluene, ethylbenzene, the xylenes,
and PCE.

1973, December: ES&T (1973)
reports that “Injection wells for
industrial and sewage waste waters
increase slowly in number as the
call goes out for a national policy
on underground space and wastes
management.”

1974, Summer: Rook (1974)
shows that haloform compounds
like chloroform can form during
chlorination of drinking water due
to reactions with natural humic
compounds present in raw drinking
water. (As a group, trihalomethanes
are referred to as “THMs”.)
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d. Federal governmental
actions

1972, April: EPA (1972) reports that there is a problem with
New Orleans drinking water that is drawn from the Mississippi
River. Using a solvent extraction based method, 46 specific
organic compounds are found in drinking water from three
drinking water treatment plants. (44 more compounds are found in
wastewaters discharged by 10 industrial plants to the Mississippi
just above New Orleans.) EPA (1972) concludes that the problem
is due to wastes from industries discharging to the river, and the
chlorination of the drinking water may also be playing a role.

1972, October: The Clean Water Act (CWA) is enacted over a
Nixon veto as a major amendment to the Federal Water Pollution
Control Act (Public Law 92-500). The CWA provides for the
regulation of the discharges into all navigable waters of the U.S.
There are two goals: 1) “fishable” and “swimmable” waters by
1983; and 2) eventually, no discharges at all of pollutants into
waterways. The Act provides federal funding to states to set up
and implement water quality management programs. Although the
main focus of the Act is the protection of surface water quality,
some funding is provided to protect groundwater resources from
contamination due to the land application of municipal wastes.

1974, July: EPA Region VI accepts the request of the State of
Louisiana and City of New Orleans for more help with their
drinking water problem, and begins a study using GC/MS and
other methods to determine organic compounds in selected
samples.

1974, November: EPA (1974) releases a preliminary report

on the New Orleans situation, listing 66 organic chemicals in
the finished water from the three New Orleans drinking water
treatment plants. Most concentrations range from 0.01 to 5 ug/L.
Later, the total number of compounds identified is raised to 94.

1974, November 8: Concurrently with releasing the report on
New Orleans drinking water, EPA announces plans for a National
Organics Reconnaissance Survey (NORS) of water supplies for
many of the nations’ cities (see Symons et al., 1975). Both raw
and finished water are to be studied to see how raw water quality
and chlorination affect the concentrations of THMs. NORS will
begin as soon as the Safe Drinking Water Act is signed.
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TABLE 1.14 (continued)

a. Analytical
developments

1974, December: Working for
EPA, Bellar and Lichtenberg
(1974) publish the basis of EPA’s
purge and trap (P&T) procedure.
Gas is bubbled through a water
sample, the VOCs are stripped
from the water, adsorbed on a
trap containing adsorbents like
Tenax-GC and carbon, and the trap
is then thermalty desorbed to a
gas chromatography column for
analysis.

1975, March: EPA scientists Heller
et al. (1975) advocate GC/MS as an
accurate and economical approach
for the determination of organic
pollutants in all media.

1976, January: Henderson et
al. (1976) publish a method

for determining trace levels of
chlorinated organic compounds
using micro solvent extraction
(1SE). A portion of the solvent
extract is injected onto a gas
chromatograph, and detection is
with an electron capture detector
(ECD).

b. Societal and
anecdotal events

1975, November: The Safe Drinking Water Committee of the
National Research Council holds its first public meeting. The
study will evaluate health effects due to contaminants in drinking
water. (See ES&T, 1976a.)

1976: New York State Department of Health (1980) first learns of
severe groundwater contamination on Long Island due to TCE
and other chemicals. TCE is being used extensively as a septic
tank cleaner by homeowners.
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c. Literature
reports

1974, December: Bellar et al.
(1974) report that haloforms are
formed when drinking waters
are chlorinated in the U.S., just
as Rook (1972) has found in
The Netherlands. (As a group,
trihalomethanes are referred to as
“THMs”.)

1975, August: Dowty et al.

(1975) report the presence of
numerous industrial-waste and
chlorination-related organic
compounds in New Orleans drinking
water. GC/MS was used to identify
major aromatic and halogenated
aliphatic compounds. Approximately
60-70 compounds were commonly
found in the finished drinking water.
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d. Federal governmental
actions

1974, December 16: Safe Drinking Water Act is signed into law
by Pres. Ford. Although originally expected to be vetoed, its
passage is due in large part to the storm of controversy that has
erupted over the New Orleans problem (see above). The Act
gives the EPA Administrator the power to take such action as is
needed to protect drinking water supplies. Also, to help protect
groundwater resources, the Act requires that EPA must develop
regulations governing how states control the disposal of wastes
by underground injection.

1974, December 18: The 80 cities selected for NORS are
identified. 16 cities depend on groundwater, 64 depend on
surface water. Of the 80 cities, 10 cities have been selected
for comprehensive study. Two of these ten, namely Miami and
Tucson, are selected as representatives of cities depending on
groundwater. The compounds to be quantitated in the samples
will be the THMs (e.g., chloroform), plus 1,2-dichloroethane
and carbon tetrachloride. Other VOCs like TCE and PER are
not included in the study because they cannot be determined
easily using the existing P&T method. The compound-dependent
detection limits ranged from 0.2 (1,2-dichloroethane) to 2 ug/L
(carbon tetrachloride).

1975, January-April: Sampling for NORS is carried out.

1975, May: EPA (1975) releases interim report to Congress

on results of the National Organics Reconnaissance Survey
(NORS) for halogenated organics. NORS confirms that THMs are
essentially ubiquitous in chlorinated drinking water, and that their
formation involves the chlorination process (see discussion in
Symons et al., 1975).

1976, March: In part because of the limited nature of the group
of compounds determined in NORS (i.e., primarily THMs), EPA
begins the National Organics Monitoring Study (NOMS) of 113
public water supplies representing various types of sources

and drinking water treatment processes (21 of these supplies
depend primarily on groundwater). The goal is to provide data
for possible establishment of additional maximum concentration
levels of organic compounds in drinking water. NOMS will
include as target analytes several important chlorinated solvent
compounds. Detection limits for various halogenated purgeables
vary from 0.01 to 0.3 ug/L. (See Brass et al., 1977.)

1976, October 11: Toxic Substances Control Act is signed. The
Act establishes a regulatory framework for controlling the release
of toxic substances to the environment.
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a. Analytical
developments
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b. Societal and
anecdotal events

1977: 16 private wells are closed in Gray, Maine due to
contamination with various chlorinated solvents, as well as certain
other compounds.

1977: In this year alone, in 58 square miles of densely populated
Nassau County (Long Island, New York), homeowners buy
67,500 gallons of septic tank cleaners (NRC, 1984). CEQ (1981)
notes that such fluids are typically used in a dose of 1 gallon to
dissolve sludge (i.e., grease) in a septic tank. The cleaners contain
80% aromatic and chlorinated solvents (NRC, 1984).

1978: In anticipation of the Feb. 9, 1978 EPA regulations, New
York State undertakes a statewide survey to evaluate the degree to
which THMs (and other selected compounds) are present in their
drinking waters. As described by Schreiber (1981), New York
State discovers definite evidence of groundwater contamination,
e.g., a well supply is found to be highly contaminated with TCE.
The well field is closed.

1978: Nassau-Suffolk (Long Island, New York) Regional
Planning Board finds that organic chemical contamination is
widespread in the upper glacial aquifer (Koppleman, 1978). 36
wells are closed. The closed wells contain up to 375 ug/L of
PER, 310 ug/L of 1,1,1-TCA, and 300 pg/L of TCE.
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¢. Literature
reports

1977, April: Pojasek (1977) reports
that: “in the past 5-10 years, the
number of major incidents of
groundwater contamination have
increased dramatically. These
incidents involved chemical spills,
municipal landfills, wastewater
lagoon seepage, and industrial waste
burial.”

1977: In a book chapter that
precedes the final EPA report on
NOMS, Brass et al. (1977) indicate
that 1,1,1-TCA, TCE, and carbon
tetrachloride, which are not formed
in the chlorination process, are
present in raw waters used as
drinking water. For the May to July,
1976 sampling, TCE was found

in 28 out of 113 drinking waters.
While this evidence for groundwater
contamination by solvent
compounds was obtained in NOMS,
the implications of this finding were
not discussed in this chapter, nor in
the final report (EPA, 1977b). It

is only much later that Westrick
(1990) will note that 6 of the 21
groundwater-dependent supplies
were found to be contaminated
with TCE, and that such “industrial
chemicals can occur frequently in
water supplies using either surface
water or groundwater.”

1978, February: Barrett (1978)
reports on the “EPA Consent
Decree that ultimately leads to
the promulgation of the “priority
pollutant” list. This list contains
many of the important chlorinated
solvents.
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d. Federal governmental
actions

1976, October: Resource Conservation and Recovery Act (RCRA)
is passed by Congress as an amendment to the Solid Waste
Disposal Act of 1965. The main purpose of RCRA is to address
the problem of how to safely dispose of the huge volumes of solid
and hazardous waste generated in the U.S. each year. However, it
is not until 1980 that regulations authorized under RCRA bring
about large scale groundwater monitoring at disposal sites, and
not until 1986 that amendments to RCRA mandate monitoring of
the groundwater and vadose zones at many underground storage
tank locations.

1977, February 9: EPA proposes regulations to limit certain
organic contaminants (including THMs) in drinking water because
there is a reason to believe that such compounds pose a serious
threat to health (Kimm, 1978).

1977, June: Interim EPA drinking water regulations go into effect
for 10 inorganics and 6 organic pesticides, but no other organic
compounds (ES&T, 1976b).

1977, December: Amendments to the Clean Water Act of 1977
give EPA’s Environmental Monitoring and Support Laboratory in
Cincinnati (EMSL/Cin) the responsibility for developing adequate
and sensitive methods for the determination of trace organic
compounds in municipal and industrial wastewater, including the
chiorinated solvents (EPA, 1977a).

1978, February 9: Under provisions of the Safe Drinking Water
Act, EPA (1978) publishes interim primary regulations for certain
organics in drinking water, including THMs. Total THMs not to
exceed 100 pg/L.

1978: EPA (1978) publishes results of the National Organics
Monitoring Survey (NOMS) for Halogenated Organics. NOMS
confirms the widespread occurrence of THMs in chlorinated
drinking water.
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TABLE 1.14 (continued)

a. Analytical
developments

1979, April-May: GC/MS is
proposed in the literature as

the best all around method for
determination of organic compounds
in environmental samples (Keith and
Telliard, 1979; and Finnigan et al.,
1979).

1979, December: EPA (1979)
publishes a series of organic
analytical methods (including purge
and trap) that use GC/MS and other
forms of gas chromatography. The
methods have been developed for
use in determining toxic organic
pollutants in wastewaters as
mandated by the 1977 Amendments
to the Clean Water Act, and
specifically for the list of 114
organic “priority pollutants” arising
from the EPA Consent Decree of
1978.

1980, August: Mieure (1980)
reviews methods that can be used to
determine trace levels of chlorinated
solvents in water: headspace, purge
and trap, and the micro solvent
extraction (#SE) method proposed
by Henderson et al. (1976). uSE
needs to be used with a specific
detector such as an electron capture
detector (ECD). Detection limits for
numerous chlorinated solvents are:
tens of ug/L by headspace/FID,

Chap. 1

b. Societal and
anecdotal events

1978, May: Four wells providing 80% of the drinking water to
Bedford, Mass. are found to be contaminated with dioxane at up
to 2100 pg/L and with TCE at up to 500 ug/L. The discovery
was accidental: a resident engineer was testing the water in
preparation for a paper he was writing (Mass. Special Legislative
Commission on Water Supply, 1979).

1978: New York State publishes drinking water standards for
three chiorinated solvent compounds.

1979: The same major chemical company mentioned in 1973
above qualifies its prior recommendations for disposal of
methylene chloride. It now says: “Send solvent to a reclaimer. In
some cases, small amounts can be transported to an area where it
can be placed on the ground and allowed to evaporate safely if
local, state, and federal regulations permit.”

1980, January: California public health officials close 39 public
wells providing water to 400,000 people in 13 cities in the San
Gabriel Valley, due to TCE contamination.

1980, March: By this point in time, agencies in 18 states have
measured VOCs, most commonly TCE, in water from 2894 wells
(see CEQ, 1981).

1980, May: In a special, red-paged “Regulatory Alert”, ES&T
(1980) reports that: “Approximately 50% of the [nation’s]
population depends on groundwater for its drinking water supply.
Yet, unlike surface water or air, there is no specific federal statute
to protect it from pollution. ... Recently, EPA set as one of its
‘highest priorities’ the development of a National Groundwater
Protection Strategy.”

1980, May: Few states have as yet acted to declare authority to
protect groundwater supplies, and most do not even recognize the
magnitude of the problem (Environ. Reporter, 1980a).

1980, August: Existing federal regulations are viewed by some
as still so weak that new laws will be needed to provide effective
groundwater protection (Environ. Reporter, 1980b). In this time
frame, the federal government promulgates new regulations
affecting: 1) waste disposal sites under RCRA in May 1980; and
later 2) uncontrolled sites under CERCLA in December 1980; and
3) underground storage tank sites under amendments to RCRA in
1986.
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c. Literature
reports

1978, May: ES&T (1978) reports
that: “The New Jersey Dept. of Env.
Protection is testing 500 public and
private wells located near industrial
sites for 50 selected toxic and
cancer causing chemicals, including
organic compounds.”

1980, January: In a cover story
on groundwater contamination, the
journal ES&T (1980) discusses
how groundwaters can become
contaminated, how they can be
protected, and how tight federal and
state rules requiring monitoring and
protection will be coming.

1980, February: Smith er al.
(1980) discuss a careful study of
variations in THM concentrations in
a chlorinated drinking water supply.
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1978, June 7: The “EPA Consent Decree” is signed by EPA and
several environmentally-concerned plaintiffs (Natural Resources
Defense Council, Environmental Defense Fund, Businessmen for
the Public Interest, National Audubon Society, and Citizens for a
Better Environment). The Consent Decree starts the process by
which the EPA establishes their list of 129 priority pollutants; 114
of these pollutants are organic. The list, which includes nearly
all of the chlorinated solvent compounds, is to be the basis for
regulation of effluent discharges (see Keith and Telliard, 1979).

1979, July 30: EPA (1979) publishes the list of “priority
pollutants” in the Federal Register as mandated by the EPA
Consent Decree of 1978.

1979, November 20: Under provisions of the Safe Drinking Water
Act, EPA releases final regulations to control total trihalomethanes
(THMs) in drinking water at 100 pg/L.

1980, May: EPA Administrator Costle identifies groundwater as a
principle EPA priority on NBC’s Meet the Press (see Josephson,
1980).

1980, May: Regulations authorized under RCRA are promulgated
by EPA, and bring about large scale groundwater monitoring at
disposal sites.

1980, June: EPA (1980a) discusses in a planning workshop that
a landfill in Jackson Township that was licensed to accept sewage
sludge and septic wastes has caused extensive groundwater
contamination. Approximately 100 wells around the landfill are
closed. Analyses reveal concentrations of up to 3,000 ug/L of
methylene chloride, and 1,000 pg/L of TCE.
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TABLE 1.14 (continued)

a. Analytical
developments

hundredths of pg/I. by headspace/
ECD, and about 1 ug/L by both
P&T/FID and P&T/GC/MS.

b. Societal and
anecdotal events

1980: San Francisco Bay Regional Water Quality Control Board
(RWQCB) begins to receive numerous reports of leaks to the
subsurface from local industrial chemical storage systems in
“Silicon Valley” (see: Industry Clean Water Task Force, 1985).

1980: In just one year, the same major chemical company
mentioned above for 1973 and 1979 completely changes its
recommendations for disposal of methylene chloride: ...
Dumping into sewers, on the ground, or into any body of water is
strongly discouraged, and may be illegal.”

1981, January: The Council on Environmental Quality (CEQ,
1981), located in the Executive Office of the U.S.President,
releases their landmark, comprehensive report entitled
Contamination of Groundwater by Organic Chemicals. The
document painstakingly compiles the avalanche of reports on
groundwater contamination in the U.S. Chlorinated solvents are
the most common type of contaminants. CEQ (1981) notes:
“These incidents involve discoveries — sometimes completely
accidental — of high concentrations of synthetic organic chemicals
in a community or private drinking water well. It is now evident
that hundreds of drinking water wells affecting millions of people
have been closed because of contamination by toxic organic
chemicals. ... No one can say for sure how long the contamination
has existed, ... the EPA regions report serious contamination of
drinking water wells in 34 states, and there are indications that
the true number is at least 40.”

January, 1981: CEQ (1981) reports that septic tank cleaning
fluids, most of which contain TCE, benzene, or methylene
chloride, can still be purchased in most areas by homeowners.
CEQ (1981) notes that an estimated 400,000 gallons of such
septic tank cleaners were used by homeowners in 1979 on Long
Island alone. This subsurface release of solvents has been the
cause of extensive contamination.

1981: DNAPLSs are encountered in the subsurface at several sites
in the Niagara Falls area (Kolmer, 1990).
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c. Literature
reports

1981, January: ES&T (1981a)
reports that Recon Systems, Inc.
(Somerville, NJ) has built and

is operating an air stripping

tower to remove 1,1,1-TCA from
groundwater that is being pumped at
100,000 gpd from an aquifer in the
Northeast.

1981, February: ES&T (1981b)
reports that studies sponsored by the
Council on Environmental Quality
(CEQ) have found “Significant
evidence of increased cancer risks
from drinking chlorinated drinking
water”. The studies indicated
increased risk of rectal cancer

of 13-93% in groups that drank
chlorinated drinking water.

1981, April: Petura (1981) describes
groundwater pollution as a “problem
of immense concern” with TCE and
[,1,1-TCA having been found in
groundwater in numerous locations,
e.g., Penn., Del., New Hamp., and
Calif. “Hundreds of wells, many

in totally unrelated aquifers” are
described as being contaminated
with these two compounds.

1981, July: ES&T (1981d) reports
again that CEQ (1981) has found
that U.S. groundwater is surprisingly
contaminated (see also Jan. 1981,
column b).
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1980, November 24: EPA (1980b) announces a National Ground
Water Protection Strategy. The Strategy has three phases. Phase
I: data was gathered during the winter and spring of 1980.
Phase II: two workshops were conducted in June, 1980 with 80
participants. Phase III: the planning document is now released to
the public, with proposed strategy to be published in the Federal
Register in January 1981.

1980, December: U.S. Congress passes the Comprehensive
Environmental Response, Compensation, and Liability Act
(CERCLA), better known as “Superfund” to deal with the threats
caused by “uncontrolled” hazardous waste sites.

1981, April: ES&T (1981c¢) reports that: 1) despite the fact that
she has no environmental experience, Anne Gorsuch has been
named EPA Administrator; and 2) that President Reagan had
been considering doing away with the Council on Environmental
Quality (CEQ), and is proposing to cut CEQ’s budget by 70%.
Council members say that the budget cut will not permit them
to carry out the tasks that have been assigned to them by the
National Environmental Policy Act of 1979.

1981, June 9: In a presentation at the national meeting of the
American Water Works Association, EPA employee H. J. Brass
with co-authors presents results of the Community Water Supply
Survey (CWSS, Brass et al., 1981). The survey compares water
quality for surface water samples from 106 sources to ground
water samples from 330 sources. Clear evidence is found for the
presence PER, TCE, 1,1,1-TCA, and other chlorinated solvent
compounds in many groundwater supplies. These three
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TABLE 1.14 (continued)

a. Analytical b. Societal and
developments anecdotal events

1982: The San Francisco Bay area “RWQCB” launches a program
to inventory underground storage systems in industrialized areas.
RWQCB undertakes a large survey by mail to 2644 companies
in the key groundwater basins. Most of the sites are in the
Santa Clara (“Silicon”) Valley. The survey ultimately leads

to the publication of RWQCB’s “205J” report (see: Industry
Clean Water Task Force, 1985). A significant amount of the
contamination in the valley is due to high tech industrial
operations.
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¢. Literature
reports

1981: Giger and Schaffner (1981)
and Zoeteman et al. (1981)
document the presence of TCE,
chloroform, and carbon tetrachloride
in groundwater in Europe.

1981: Schwille (1981) discusses
behavior of NAPLS in subsurface
systems (in English).

1981, December: Page (1981) notes
“contamination of public drinking
water supplies by toxic substances
poses a serious problem in the U.S.”.
Data for 1076 wells in NJ indicate
that groundwaters in NJ are at least
as contaminated as surface waters.
17 halogenated solvent compounds
are found in the groundwater. For
TCE, of 669 wells sampled, 388
were found to be contaminated,
with 635 ug/L. being the highest
concentration. For 1,1,1-TCA, of
1071 wells sampled, 835 were
contaminated, with 608 ug/L being
the highest concentration. For PER,
of 421 wells sampled, 179 were
contaminated, with 91 pg/L being
the highest concentration.

1982, August: Dyksen and Hess
(1982) state “the infiltration

of organic compounds into
groundwater resources has been
occurring for decades . ... organic
infiltration of groundwater
supplies is widespread”, e.g.,

31 municipal wells within 13
different water systems have been
closed due to high levels of TCE.
Affected groundwater supplies
typically contain numerous organic
compounds; TCE is the most
common.

1983, November: ES&T (1983)
reports on the solvent injection/tracer
test occurring at the Borden Landfill.
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compounds are each found in about 5% of the groundwater
sources tested, with maximum concentrations of 30, 650, and
210 ug/L. The large number of groundwater systems tested

(as compared to the 21 groundwater supplies tested in NOMS)
allowed some very serious groundwater contamination to be
found. Of the 330 groundwater systems tested, 50 were found to
be contaminated with some VOCs. (See also Westrick, 1990.)

1982, July: EPA (1982) issues new rules (taking effect in
January of 1983) governing hazardous wastes in landfills, surface
impoundments, and other repositories. The rules state, that liners
must be used to prevent leaching of contaminants from such
facilities, and that backup leachate collection must be provided.
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TABLE 1.14 (continued)

a. Analytical b. Societal and
developments anecdotal events

1985, September: San Francisco Bay area RWQCB lists 75 sites
within their jurisdiction at which groundwater contamination is:
1) under investigation; 2) in the process of being defined; 3)
being cleaned up; or 4) has been cleaned up (see: Industry Clean
Water Task Force, 1985).
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¢. Literature
reports

1983: Pye er al. (1983) observe:
“The contamination of groundwater
by synthetic organic chemicals

has come to light recently, mainly
because they are not routinely
monitored.”

1984: Schwille’s (1984a)
comprehensive monograph on
chlorinated solvent behavior in
subsurface systems appears, but in
German.

1984: Westrick er al. (1984)

report the findings of EPA’s
Ground Water Supply Survey
(GWSS). GWSS concludes that
contamination of groundwater by
chlorinated solvent type compounds
is common and widespread. Of
500 randomly-selected community
groundwater supplies, 230 were
found to be contaminated. (See also
Westrick, 1990.)

1984: Several reports in conference
proceedings and publications of
limited circulation describe the
DNAPL nature of liquid chlorinated
solvents, and the dangerous
implications of that nature for
groundwater (Feenstra, 1984; Cherry
1984a and 1984b; Miller, 1984).

1985: The first widely-read
publications describing the DNAPL
nature of liquid chlorinated solvents
appear (Villaume, 1985; and Mackay
et al., 1985).

1988: Schwille’s (1984a) monograph
(see above) appears in translation in
English as Schwille (1988).

1988: Fetter (1988) provides a
brief discussion of DNAPLs and
groundwater in his textbook on
applied hydrogeology.
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1986: Hazardous and Solid Waste Amendments to RCRA are
passed. The amendments mandate monitoring of groundwater and
vadose zone at many underground storage tank locations.

1987, July 8: Final drinking water standard value for TCE is
published by EPA (1987) as 5 ug/L.

1987: EPA (1987b) promulgates regulations prohibiting the used
of certain dense chlorinated solvents as “inactive ingredients” for
pesticide formulations.

1988: EPA provides a cursory reference to the behavior of
DNAPLS in the subsurface in their document Guidance on Reme-
dial Actions for Contaminated Ground Water at Superfund Sites.
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TABLE 1.14 (continued)

a. Analytical b. Societal and
developments anecdotal events
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ABSTRACT

Dense non-aqueous phase liquids (DNAPLs) behave differently in the subsurface than
do other contaminants. Their behavior normally results in complex DNAPL distributions
which are strongly influenced by geologic heterogeneities. This chapter qualitatively de-
scribes the factors that control subsurface DNAPL behavior and the plumes of vadose-
and groundwater-zone contamination that can emanate from DNAPL source zones. Also
presented are conceptual models for DNAPL behavior in permeable porous media, frac-
tured media with porous low-permeability matrix material, and fractured media with
non-porous matrix material. Most of the conceptual models apply to all DNAPLs, though
some are specific to halogenated organic solvents. The high densities, low interfacial ten-
sions, and low viscosities of halogenated solvents can lead to deep DNAPL penetration
at many sites. DNAPL movement through small fractures in low permeability aquitards
is common.

In permeable porous media, much of the DNAPL contaminant mass that enters a
groundwater zone can remain as a persistent source zone of “residual” and/or “free-phase”
DNAPL for many years and decades after the release. In some types of fractured porous
media such as fractured clay, shale, and sandstone, DNAPL dissolution and subsequent
diffusive loss from the fractures into the surrounding porous matrix can permit DNAPL
disappearance from the fractures so that most of the contaminant ends up in the dissolved
and sorbed states in the porous matrix. In either case, without appropriate remedial action,
the source zone can contribute contaminants to a groundwater plume for decades to
centuries. Plumes originating from such source zones commonly travel large distances
and ultimately impact water-supply wells, or enter rivers or lakes. The conceptual models
discussed here constitute a paradigm for DNAPL behavior which provides a framework
for developing new strategies for site investigations and remediation as discussed in
subsequent chapters of this book.

2.1 INTRODUCTION

Conceptual models for the movement, distribution and fate of “‘dense non-aqueous phase
liquids” (DNAPLs) in the subsurface have evolved from a primitive state a decade ago,
to groups of models that are designed to consider many of the large variety of hy-
drogeological conditions occurring at field sites. The conceptual models are based on
laboratory studies, field experiments, mathematical model results, as well as observa-
tions that have been made at many chemical spill and waste disposal sites across North
America. The conceptual models and the many implications derived from them constitute
a paradigm for the behavior of DNAPLs in groundwater. This paradigm provides the
scientific basis for the monitoring, diagnosis, and remediation of sites where DNAPLs
are the primary cause of subsurface contamination. Prior to the development of the
DNAPL paradigm, these sites were being assessed using the same general paradigm
applied for many decades to all types of industrial sites where groundwater contamina-
tion occurs, with the implicit assumption that DNAPLs were not present and did not
cause unique problems. It was believed during that earlier period that groundwater con-
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tamination was caused at industrial sites by discharges of aqueous waste, or because
of leaching of contaminated soil/waste situated above the water table (i.e., in the va-
dose zone). In contrast, in the DNAPL paradigm, much of the contaminant mass in the
groundwater can come from the dissolution of persistent DNAPL mass(es) situated be-
low the water table. This chapter describes conceptual models for how DNAPLs can
behave in common hydrogeologic settings. The physical and chemical processes influ-
encing subsurface DNAPL behavior as well as plume behavior are also described briefly;
detailed discussions of these behaviors and of the implications of the conceptual models
for site investigations, site diagnosis, and site remediation are presented in subsequent
chapters.

The movement and ultimate distribution of a DNAPL in the subsurface depends
on many factors, e.g., the type of geologic medium into which the DNAPL enters. Three
broad categories of geological media can be identified: 1) porous media, also referred
to as granular media; 2) fractured porous media; and 3) fractured non-porous media.
In porous media, the water and contaminant movement can occur in the connected pore
space between the solid grains or particles. At many sites, the geologic media present
fit conveniently into these categories. However, in the most general context, geologic
media offer a continuum of properties ranging from ideal porous media such as coarse-
grained sand to relatively non-porous fractured rock. Unconsolidated sand or gravel are
commonly found in porous-media aquifers. Unweathered silty or clayey strata devoid
of fractures are examples of porous-media aquitards.

In most saturated fractured porous media, the term “fractures” is used to refer
collectively to the open joints, fissures, and or faults that are present. Water flow through
a fractured porous medium occurs exclusively, or nearly so, through the fractures. The
flow of a DNAPL phase through this type of medium is also generally limited to the
fractures. The low-permeability porous medium between the fractures is known as the
matrix. Fractured silty or clayey deposits are common examples of fractured porous
media, as are many types of fractured sedimentary rocks such as fractured sandstone and
shale. The porosity of matrix material is in the range of a few percent for low porosity
sedimentary rock to 50 percent or more for some types of unconsolidated clayey deposits.
This porosity is sufficient to significantly affect the migration rates and distributions of
contaminants in these fractured porous media.

In fractured non-porous media, the matrix has both negligible permeability and neg-
ligible porosity. All significant groundwater flow and contaminant migration (including
DNAPL flow) takes place in the open space of the fracture network. Fractured crys-
talline rock such as granite and marble are common examples of fractured non-porous
rock. Fractured non-porous media differ from fractured porous media primarily by the
influence of the matrix porosity. In fractured porous media, the matrix has sufficient
interconnected porosity to allow significant diffusion of contaminants into and out of
the matrix. In fractured non-porous media, no appreciable contaminant migration occurs
within the matrix.

Figure 2.1 is a schematic representation of what can occur when DNAPLs and
LNAPLs (light non-aqueous phase liquids) are released from leaky storage tanks into a
granular porous medium. The DNAPL penetrates below the water table due to its density.
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Sorbed

Figure 2.1 Schematic illustration of a DNAPL and a LNAPL in a porous medium,
showing geologic and pore scales. A low-permeability clay layer deflects the DNAPL.
DNAPL dissolution causes a plume (from Mackay and Cherry, 1989).

Both the DNAPL and LNAPL can dissolve into water. These dissolved components
form plumes of contamination that travel in the direction of the groundwater flow. Any
partitioning of contaminants onto the aquifer solids will retard this movement relative
to the velocity of the groundwater flow.

Figure 2.2 represents a release of a DNAPL into a thin layer of permeable over-
burden overlying fractured porous bedrock. The DNAPL sinks through the overburden
into the fracture network. Once in the fractures, the DNAPL dissolves, causing a plume
of dissolved contamination in the fracture network as well as entry of dissolved contam-
ination into the matrix. The movement and distribution of DNAPL here are both very
different from that presented in Figure 2.1 for a non-fractured porous medium.

The conceptual models presented in this chapter are generally relevant to all of
the important types of DNAPLs found in groundwater, including chlorinated solvents,
creosote, coal tar, and PCB oils. While the specific intent of this chapter is to discuss
the aspects of these models that are the most relevant to chlorinated solvents, there are
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Figure 2.2 Schematic illustration of a DNAPL in a fractured porous medium showing
geologic and pore scales. The DNAPL dissolves to create contamination in the fractures
and in the low-permeability rock matrix (from Mackay and Cherry, 1989).

important differences between the groundwater impacts of solvent DNAPLs relative to
other DNAPLSs; some of these differences will be discussed.

2.2 PHYSICAL AND CHEMICAL PRINCIPLES
2.2.1 Immiscible-Phase Physics

Although the subsurface behavior characteristics of DNAPLs differ considerably from
those of petroleum hydrocarbon LNAPLs, the basic physics and mathematics describing
the multiphase flow of DNAPLs and LNAPLs in the subsurface are the same. In the
vadose zone, consideration of DNAPL migration must account for the interactions be-
tween the DNAPL, the water, and the air. In the groundwater zone, interaction between
the DNAPL and water phases are important. For the purpose of this discussion, it is
convenient to consider three different but related aspects of DNAPL migration through
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geologic media: 1) conditions of DNAPL entry; 2) conditions for DNAPL flow; and
3) the ultimate static distribution of the DNAPL after the flow of DNAPL has ceased.
Before proceeding, we emphasize that the term DNAPL refers only to an actual non-
aqueous phase so that “liquid DNAPL” would be redundant, and “dissolved DNAPL”
would be contradictory.

The entry of DNAPL into porous or fractured media is controlled primarily by
capillary phenomena arising from the facts that an interfacial tension is present between
two mutvally immiscible fluids (e.g., ait/DNAPL or water/DNAPL), and that the pores or
fracture openings are small. In addition, the wettability of the water/DNAPL/solid system
influences the conditions under which a DNAPL enters a given permeable geologic
medium. We note that most DNAPLs of interest will be non-wetting on geologic solids
with respect to water, but wetting with respect to air. This typical behavior is observed
in both laboratory and field experiments involving pure chlorinated solvents. However,
because the wettability of a given system is a function of the surface chemistry of the
solid geologic material, the groundwater composition, and the DNAPL composition, each
of which may vary greatly at a site or from site to site, complex wettability relationships
may need to be taken into consideration at actual field sites.

For a DNAPL which is non-wetting on the geologic solids with respect to water,
water will coat the soil grains and occupy the smaller pores and pore throats: the DNAPL
is restricted to the larger pore openings (see Figure 2.3). In the less common situation
where the DNAPL is the wetting phase with respect to water, the situation is reversed;
the DNAPL coats the soil grains and occupies the smaller pores. When the DNAPL is
the non-wetting phase, capillary forces oppose the entry of the DNAPL into wet geologic
media.

The forces driving subsurface DNAPL movement are a function of the DNAPL
density and the pressures resulting from its release into the subsurface. As is discussed
in detail in Chapter 3, for DNAPL movement to occur in wet media, these driving forces

Non-wetting Wetting
DNAPL DNAPL

Figure 2.3 Pore-scale representation of non-wetting and wetting DNAPL residual in:
a) water-saturated sand; and b) a fracture.
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must overcome the capillary resistance. The DNAPL in the larger pore openings must
deform to pass through smaller pore throats to reach other pore openings. The pressure
required for this deformational movement is the entry pressure. The value of the entry
pressure is proportional to the interfacial tension between the DNAPL and the water, and
inversely proportional to the size of the pore throats. Therefore, the entry of a DNAPL into
a fine-grained porous medium or into a fractured medium having small apertures requires
high driving forces to overcome high entry pressures. Consequently, low permeability
strata can be barriers to DNAPL migration. If the water/DNAPL interfacial tension is
reduced, for example as a result of surfactant compounds in the groundwater, the DNAPL
can enter fine-grained media more easily. If the DNAPL is wetting with respect to water,
capillary forces will enhance rather than resist DNAPL entry into fine-grained media;
the DNAPL in that case moves preferentially into smaller pore openings.

As is discussed in detail in Chapters 3 and 11, the rate of flow of a DNAPL
through a geologic medium depends on: 1) the density and viscosity of the DNAPL;
2) the pressure driving the DNAPL migration; 3) the intrinsic permeability of the
geologic medium; and 4) the degree of DNAPL saturation of the pore space in the
medium. More permeable media and higher DNAPL saturations will permit higher rates
of DNAPL flow. Higher density and lower viscosity fluids also permit higher flow rates.
Most pure chlorinated solvents are much denser than water, and have viscosities lower
than water, so that in a given geologic medium with conditions of high DNAPL saturation,
most liquid chlorinated solvents can migrate at rates comparable to, or faster than, those
of water.

Nearly all movement of subsurface DNAPL occurs within zones of continuous
(i.e., connected) DNAPL. In such zones, the DNAPL in different pore openings forms
an immiscible-phase continuum through the intervening pore throats. Once the release
of DNAPL into the subsurface ceases, the forces driving DNAPL movement eventually
dissipate and the DNAPL in the pore openings become disconnected to form a zone
of residual DNAPL. Very high hydraulic gradients are then required in groundwater to
induce movement of this residual DNAPL.

2.2.2 Phase Transfer Processes

We have thus far only discussed the presence of contaminants and their movement as
immiscible liquids. However, chlorinated solvents and other chemicals of interest have
tendencies to partition among all of the phases in the subsurface (DNAPL, air, water, and
geologic solids). Therefore, contaminant molecules in the subsurface will tend to parti-
tion to all local phases, seeking an equilibrium distribution condition. At equilibrium,
there is a defined contaminant concentration in each phase of the system. A partition
coefficient describes the relative abundance of a chemical between two adjacent phases
in equilibrium.

In the context of the subsurface fate and behavior of chlorinated solvent DNAPLs,
there are four phase partitioning processes of particular interest: 1) dissolution of DNAPL
into water (as has already been mentioned); 2) volatilization of dissolved chemicals from
water into air; 3) vaporization of DNAPL into air; and 4) sorption of dissolved chemicals
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from water to solid surfaces. In general, the chlorinated solvents have vapor pressures
which are relatively high, and aqueous solubilities which are low in absolute terms.
However, even though the aqueous solubilities of these compounds allow them to persist
as DNAPLs for very long times in many hydrogeologic situations, their solubilities are
still four to seven orders of magnitude greater than their current drinking water quality
standard values. These factors combine to provide DNAPL chlorinated solvents with
exceptional potential for causing significant groundwater contamination. (See also the
related discussion in Chapter 1.)

Under non-equilibrium, dynamic conditions, the relative importances of the vari-
ous phase transfer mechanisms are determined not onty by the corresponding partition
coefficients, but also by the kinetic rates at which the various interphase mass transfers
can occur. These case-dependent interphase mass transfer rates have important impli-
cations for DNAPL flow, the ultimate distance of DNAPL penetration, and the overall
contaminant mass distribution in the subsurface. Indeed, as DNAPL flows through the
unsaturated zone, mass transfer from the DNAPL to both the air and water will reduce
the DNAPL phase volume and will tend to reduce the rate of DNAPL flow and as well as
the ultimate depth of migration. Overall, this diminishes the bulk volume of the medium
containing the immiscible liquid. That is, it increases the overall retention capacity of
the medium for the DNAPL.

In the vadose zone, mass transfer to the soil air occurs directly from the DNAPL
phase as well as from the aqueous phase following dissolution. Due to the high volatilities
of the common chlorinated solvents, mass transfer from the DNAPL phase to the soil
gas is expected to be the most significant phase transfer mechanism for DNAPLs in
the vadose zone. The vaporization and vadose zone transport of chlorinated solvents is
facilitated by the very high diffusion coefficients of compounds in the gas phase. In some
circumstances, the vaporization of a DNAPL causes rapid depletion of the DNAPL phase
and significant vapor plumes can form rather quickly.

In the interface zone and below the water table, partitioning into the gas phase
is minimal to non-existent. Dissolution of DNAPL is then the most important phase
transfer process. Once in the aqueous phase, dissolved chemicals can partition to the
solids. The front of the groundwater plume emanating from a DNAPL zone will travel
in the dominant direction of groundwater flow. In situations where the DNAPL source
is removed or isolated so that the DNAPL no longer contributes dissolved contaminants
to the plume, the back end of the plume will separate from the former source zone
and travel downgradient. In all cases, part of the contaminant mass in the plume will be
dissolved, and the remainder will be sorbed (i.e., adsorbed and/or absorbed). Partitioning
in the plume prevents contaminants from being in the dissolved phase all the time, with
the result that the front of the plume as well the main body of the plume advances more
slowly than the mean groundwater velocity.

The effects of sorption on plume behavior depend strongly on the type of geologic
medium and the identities of the dissolved chemical constituents that emanate from the
DNAPL. Plumes from solvent DNAPLs are only slightly retarded by sorption because
their sorption affinities for nearly all types of geologic media are weak. In contrast, plumes
from PCB DNAPLS rarely travel far because of the strong sorption of dissolved PCBs.



Sec. 2.3 DNAPLs in the Vadose Zone 61

However, DNAPLs that contain PCBs commonly also contain other contaminants such
as chlorinated benzenes that are less sorbed, and therefore form much more extensive
plumes.

The influence of sorption is generally greater in fine-grained porous media and in
fractured porous media (e.g., unfractured and fractured clayey or silty deposits) than in
granular aquifers. In fractured porous media, sorption in the low-permeability matrix is
generally much more important than sorption in the fractures. As a plume in a fractured
porous medium advances, sorption in the matrix maintains concentration gradients that are
directed from the fractures to the matrix. This helps maintain the transfer of contaminant
mass to the matrix. Sorption processes are considered in further detail in Chapter 8.

2.3 DNAPLS IN THE VADOSE ZONE
2.3.1 The Non-Aqueous Phase

Studies at industrial sites show that, with few exceptions, DNAPLs will tend to penetrate
through the vadose zone into the groundwater zone where much of the DNAPL mass
then accumulates to cause persistent contamination. Nevertheless, at some sites, e.g. those
where the water table is exceptionally deep or where the volume of DNAPL released to
the soil is very small, it is possible that the entire mass of DNAPL will reside in the
vadose zone (Figure 2.4).

For a known volume of DNAPL released into a particular granular geologic medi-
um, the depth of penetration is influenced by the area over which the release occurs, the
rate of the release, and the nature of the geological layering in the system. The natures of
the pore-size distributions in the layers depend largely on the type and scale of geologic
heterogeneity in the system. Poulsen and Kueper (1992) performed two experimental
field releases of tetrachloroethylene (PCE), six liters each, into the vadose zone of a
slightly-stratified beach sand aquifer. One release was an instantaneous spill to 0.1 m?
on bare ground. This release caused PCE to penetrate to a depth of 2.15 m. In the second
release, the six liters of PCE were dripped onto a soil surface area of 1 cm? during 100
minutes so as to simulate a very slow, point-source leak. The PCE from the second spill
penetrated through the vadose zone to the water table.at a depth of 3.3 m, leaving a trail
of DNAPL residual all the way from ground surface to the water table. The drip release
penetrated deeper because the surface area of the input was much smailer. For both
spills, the DNAPL migration was strongly influenced by the small (millimeter) scale of
the stratifications in the sand. The DNAPL migrated preferentially along coarser-grained
layers, and did not enter fine-grained layers.

Laboratory column experiments using “homogeneous” sand indicate immiscible-
phase retention capacities for solvents in dry homogeneous sands in the range of 3 to
30 L/m’, on average, or 1 to 10% of the pore space (Schwille, 1988). For the moist
stratified vadose-zone sands considered in the field experiments of Poulsen and Kueper
(1992), retention capacities of the DNAPL-containing layers were in the range of 2 to 18%
of the pore space. These values are similar to those measured for petroleum hydrocarbons
in unsaturated sands (Wilson and Conrad, 1984). In assessing the movement and fate of
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Figure 2.4 Conceptual scenarios for a DNAPL in the vadose zone in granular geologic deposits:
a) homogeneous case - no vapor plume; b) heterogeneous case - no vapor plume; ¢) heterogeneous
case - vapor plume; and d) effect of impervious ground cover over vapor-releasing DNAPL source.

a DNAPL at a spill or disposal site, predictions of the depth of penetration based on
the DNAPL volume, the area of release, and estimates of the retention capacity of the
geologic medium beneath the spill can be useful. However, because of the influence of
site-specific geologic heterogeneities on DNAPL migration and thus on the distribution of
residual DNAPL, depth predictions are commonly so unreliable that they are misleading
or even useless.

In the experiments conducted by Poulsen and Kueper (1992), small stratifications
caused the downward-moving DNAPL to be distributed in a complex manner; they did not
serve as significant impediments to downward penetration. Impediment can nevertheless
occur where lower-permeability layers of sufficient size and permeability contrast exist in
the vadose zone. Figures 2.4.b and 2.4.c show that such layers can cause perched zones
of free-phase DNAPL in the vadose zone. DNAPL accumulation will not take place in
near-surface deposits when erosional or depositional gaps, fractures, root holes, worm
holes, and/or animal burrows exist through low permeability layers.

Because the retention capacities of most porous media are relatively small in ab-
solute terms, and because of the channels that exist through many large clay and silt
layers, at many sites where only relatively “small” volumes of solvent were released to
the soil, we can conclude that DNAPL solvent has penetrated to considerable depths.
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There is controversy over what numerical quantities should be associated with a likeli-
hood of penetration. As a general rule, we propose that at sites where the water table
exists at depths of a few tens of meters or less, and where there are no geologic strata
with exceptional capability for impeding DNAPL penetration, a solvent DNAPL release
of a few tens of liters at a single location should be considered capable of permitting
DNAPL to enter the groundwater zone. If the water table is much deeper, penetration of
the groundwater zone may require a release of a few hundred liters, i.e., a few drums of
solvent. However, repeated small releases at precisely the same location can also pro-
duce deep penetration. Indeed, we note that significant accumulation of DNAPL below
the water table can occur at sites as a result of storage and handling activities where
only small amounts of solvent are released at any single location, but the releases are
repeated.

2.3.2 The Vapor Phase

In Figures 2.4.a and 2.4.b, the DNAPL in the vadose zone has a very low vapor pressure
and therefore causes no vapor plume. In these cases, a groundwater plume results only
from leaching of the residual DNAPL when water infiltrates through it; if infiltration
is prevented by an impervious surface cover such as parking-lot asphalt or a building,
little groundwater contamination can form. In Figure 2.4.c, the DNAPL is volatile, and a
vapor plume emanates from the source zone. Indeed, as has been noted above, most lig-
uid chlorinated solvents have high vapor pressures, and therefore where solvent DNAPL
exists in the vadose zone, a vapor plume will develop in the surrounding soil air. Infil-
trating water that contacts the vapor will cause the development of a groundwater plume.
Infiltration through the residual zone will also cause groundwater contamination. Within
a period of weeks or months, a small mass of solvent DNAPL in the vadose zone can
produce a vapor plume in a sandy medium that has grown, by means of gas phase
molecular diffusion, to sizes extending to a few tens of meters. After many years or
decades, vapor can move downward through very thick vadose zones to depths of many
tens of meters or more. For high vapor pressure chemicals that also have large vapor
densities, density-driven advection in high permeability media can enhance downward
movement of vapor to the water table (Mendoza and Frind, 1990a, 1990b).

The conceptual model for a high-vapor pressure DNAPL source zone covered with
an impervious barrier is given in Figure 2.4.d. Even though no water infiltrates through
the DNAPL residual or through the vapor, a groundwater plume is caused by fluctuations
in the water table that trap vapor in the water table zone. Also, the diffusion of solvent
vapor to and across the capillary fringe contributes solvent mass to the groundwater zone.

In a field experiment in an unconfined sandy aquifer, Hughes er al. (1992) placed
a 0.5 cubic meter volume of sand mixed with trichloroethylene (TCE) at residual levels
in a one meter deep hole in the 3.5 m thick vadose zone. This DNAPL-laden sand was
removed by excavation after a month. Prior to the excavation, a vapor plume emanated
rapidly outwards 10 m, and downwards to the water table. The experiment was repeated
half a year later. After three years, the vapor plumes caused by the temporarily-emplaced
TCE sources ultimately caused a thin (1-2 m), shallow plume, 40 m wide and more than
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130 m long. Maximum concentrations in the plume were in the thousands of pg/L range.
The front of the groundwater plume was captured by pump-and-treat (Rivett, 1994).
Thin shallow plumes caused by vapor transport are difficult to locate when con-
ventional approaches to aquifer monitoring are used. Conventional monitoring wells
generally have screened intervals of two to five meters, and draw most or all of their
water from depths below the water table. The behavior of vapor in the vadose zone is
discussed further in Chapter 6; implications for monitoring are discussed in Chapter 13.

2.4 DNAPLS IN THE GROUNDWATER ZONE
2.4.1 Granular Aquifers

Much of the groundwater supply in North America and Europe comes from sand or
gravel aquifers, and many large plumes of chlorinated solvent contamination occur in
such aquifers. Some of these plumes extend for many kilometers from the industrial sites
where they originate. Almost without exception, these plumes result from the dissolution
of persistent DNAPL sources situated below the water table.

Figure 2.5.a shows the result of a release of DNAPL small enough to cause pen-
etration below the water table, but insufficient for DNAPL to reach the bottom of the
aquifer. The distribution of the DNAPL below the water table is affected by the geologic
layering present. In granular aquifers, small horizontal zones of residual or free-phase
DNAPL need not be caused by particularly low permeability zones such as silt or clay.
A minor contrast in grain size distribution and hence permeability, as from a coarse sand
layer to a finer sand, causes variation in DNAPL entry pressure (Kueper et al. 1989; see
also Chapter 3). A DNAPL moving downwards through a coarse-grained material will
encounter a higher entry pressure when a finer-grained layer is contacted. This will cause
lateral spreading of the DNAPL. The DNAPL will accumulate on the finer-grained layer
while spreading laterally until it reaches the edge of the layer (Figure 2.5.c), or until the
height of free-product accumulation on the layer exceeds the entry pressure for the layer.
In the latter case, the DNAPL will pass through the layer and continue its downward
movement towards the bottom of the aquifer.

The cases shown in Figures 2.5.b and 2.5.c have much of the DNAPL mass
in the aquifer offset horizontally from the DNAPL release point. In these particular
cases, the DNAPL mass in the groundwater zone is situated upgradient or downgradient
from the DNAPL release point. Given the subtlety of geologic heterogeneity that can
cause a deflection of DNAPL in the saturated zone, as well as the complexity of the
spatial distribution of such geologic heterogeneity in most systems, DNAPL pathways
are generally unpredictable in the saturated zone (see Section 2.3.1 for similar com-
ments about the vadose zone), even when considerable information on the stratigraphy
of the subsurface environment is available. Indeed, although site investigations normally
provide information on the macrostratigraphy, as has been noted above, the microstratig-
raphy can have an important or even dominant influence on DNAPL pathways.

The plumes of dissolved contamination shown in Figures 2.5.a and 2.5.b occupy
only the upper part of the aquifer because the residual and perched DNAPL exists only in
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Figure 2.5 Conceptual scenarios for a DNAPL in the groundwater zone in granular aquifers: a)
partial penetration; b) partial penetration with offset; ¢) full penetration with offset; and d) same
as part c, but at a later stage after DNAPL residual has disappeared due to dissolution in flowing
groundwater.

the upper portion of the aquifer. Vapor in the vadose zone contributes contaminant mass
only to the very shallow part of the plume. Locating the interface between the portion of
the plume contamination that originated in the vadose-zone with the portion originating
in the groundwater zone is difficult to impossible.

The volume of DNAPL released in the case shown in Figure 2.5.c is larger than
in Figures 2.5.a and 2.5.b, causing the DNAPL to penetrate to the bottom of the aquifer.
Therefore, in Figure 2.5.c the plume of dissolved contamination spans all depths in
the aquifer at some locations because DNAPL residual is present at all depths. An
accumulation of free-phase DNAPL occurs in a depression on the aquitard surface. This
accumulation or “pool” is a major feature of Figure 2.5.c. In field investigations of
sites where extensive solvent contamination exists, pools of free-product solvent are
found only rarely, even when their existence is not in doubt. Such accumulation zones
are rarely found because conventional site investigation techniques are not well-suited
for their detection, and because drilling and sampling the large number of boreholes
necessary to encounter small to medium size pools is usually not practical.

A considerable volume of free-phase DNAPL can occur in a relatively small de-
pression on the aquitard surface. For example, a spill of 800 liters of DNAPL could be
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contained in a pool at the bottom of a sand aquifer, with the pool measuring only 3 m
x 3 m in area and 0.3 m thick. A grid of boreholes with exceptionally close spacing,
such as 50 m, would have only a low probability of detecting such a pool. Even a pool
occupying a much larger depression on the aquitard surface would have a low probability
of being detected in most site investigations because of small pool dimensions relative to
borehole spacing, and because of the difficulty in detecting thin DNAPL accumulations
during drilling and sampling.

The few data available on residual contents of chlorinated solvents in saturated
granular materials indicate values that are higher than those for unsaturated materials
(Schwille, 1988). The values for saturated soils range from 5 to 50 L/m?, or 2 to 15%
of the pore space). Although the presence of residual solvent DNAPL in the pore space
reduces the permeability of the aquifer only slightly, in a pool, the DNAPL can occupy
40 to 70% of the bulk pore space, will preferentially occupy the larger pores, and will
therefore cause the permeability in such zones to be reduced substantially: groundwater
flow through these zones will occur only very slowly.

As is discussed in detail in Chapter 7, even though flowing groundwater causes
dissolution of DNAPL solvents, chlorinated solvents in residual zones and in pools do
not rapidly disappear from a groundwater system. Consider, for example, a 3 m cube
of sandy aquifer materials that contains TCE at residual levels. Within the cube, the
residual level varies from 0 to 15% of the pore space; the average residual content will
be assumed to be 10 L/m3. This corresponds to about 270 liters, or 1.5 drums of TCE.
The linear groundwater velocity will be assumed to be 53 m/year, i.e., the rate that would
be found for a sandy aquifer with a hydraulic conductivity of 1072 cm/s, a porosity of 0.3,
and under the influence of a hydraulic gradient of 0.005. The groundwater exiting such
a variable residual zone would likely have dissolved concentrations ranging from low
levels up to the solubility limit. Even if the average TCE concentration in groundwater
exiting this residual zone was only 10% of the TCE solubility (110,000 pg/L), and this
is higher than what is typically found at actual field sites, 25 or more years would need
to pass before the residual DNAPL was completely dissolved and thereby removed as a
source zone. Moreover, based on laboratory experiments (Schwille, 1988; Imhoff et al.,
1989), the actual time required for complete dissolution of this residual DNAPL can be
expected to be longer than 25 years because the dissolved concentrations resulting from
dissolution and consequently the mass rate of dissolution both tend to decline with time
as a residual DNAPL mass is depleted.

For a pool of DNAPL, one can expect that the time required for the complete dis-
solution by natural groundwater flushing of a given mass of DNAPL will be much longer
than for the complete dissolution of the same DNAPL mass distributed in residual form.
The low relative permeability to water in a pool zone limits the groundwater flux through
such a zone. Also, the DNAPL content is higher in a pool than in a residual zone. Based
on the results of a laboratory experiment by Schwille (1988) and the analysis by Johnson
and Pankow (1992), for a pool of TCE in a sandy aquifer in which the groundwater is
moving with a linear groundwater velocity of 275 m/year, then a 1.5 m long, 0.5 m wide,
and 0.2 m thick pool containing only 50 L of TCE would require at least 100 years to
be dissolved completely (see also Chapter 7). (We note here that this hypothetical pool
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is much smaller than pool sizes expected at many sites. Also, the assumed velocity of
275 m/year is relatively high.) Such long source lifetimes are consistent with common
field observations which indicate that severe groundwater contamination from subsur-
face DNAPL sources continues to be generated at sites where the chemical release(s) or
disposal(s) occurred decades ago, and in some cases more than 50 years ago.

Figure 2.5.d pertains to the same case as Figure 2.5.c, but at a much later time when
the zones of residual DNAPL below the water table have disappeared due to groundwater
flushing. The zone of DNAPL in the vadose zone has disappeared due to vapor loss
and infiltration leaching. Only the perched and bottom pool zones below the water table
remain. The plume of dissolved contamination now derives only from these accumulation
zones, and therefore the plume at this stage is much different than the one generated at
the early stages when the DNAPL residual zones also contributed dissolved contaminants
to the plume. At many sites where plumes of solvent contamination are observed, the
DNAPL entered the aquifers long ago. At some sites, then, one can expect that long-
term dissolution has caused disappearance of many of the residual zones, leaving only the
larger residual zones and the accumulation zones to cause continued plume generation.

Many DNAPLs are mixtures of several chemical compounds. For example, a
solvent DNAPL could be an equal mixture of TCE, PCE, and dichloromethane (DCM).
These three compounds have very different solubilities in water (DCM > TCE > PCE).
For this mixture, the high solubility of the DCM causes it to be dissolved first, followed
by the TCE, then followed by the PCE. The chemical composition of such a DNAPL
and the plume would change as this occurs. Related discussions for DNAPLs which are
mixtures can be found in Chapters 7 and 13.

2.4.2 Fractured Non-Porous Media

As mentioned above, at many DNAPL sites, where a thin overburden covers fractured
bedrock, DNAPL has moved through the overburden and into the fractures (Figure 2.2).
At some sites, the DNAPL has moved through thick overburden into fractured bedrock.
DNAPLs like the chlorinated solvents that have high densities, low water/DNAPL in-
terfacial tensions, and low viscosities, have exceptional propensity to penetrate into
small fractures in bedrock and into fractures in other geologic media such as clayey
deposits.

The pattern of DNAPL movement and ultimate distribution in fractured geologic
media is controlled primarily by the orientation and interconnection of the fractures.
Figure 2.6.a shows fractured non-porous rock that has horizontal fractures along bedding
planes, or along stress relief planes. Vertical fractures connect the horizontal fractures.
DNAPL moves downward through the vertical fractures and laterally along the horizontal
fractures. As it moves along the horizontal fractures, the DNAPL can encounter more
vertical fractures that allow downward movement to continue. The horizontal fractures,
like all fractures, have irregular surfaces. Hence, fracture apertures vary along the length
and across the plane of the fracture. The horizontal fractures therefore provide small
but numerous depressions for free-phase DNAPL to exist as small, disconnected free-
phase accumulations. This situation is accentuated in cavernous or karstic rock where
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(c)

Figure 2.6 Conceptual scenarios for a DNAPL in the groundwater zone in fractured non-porous
media: a) regular bedded rock with bedding plane fractures and connecting vertical fractures;
b) solution-channelled carbonate rock with free-phase DNAPL accumulations; ¢) layered rock with
contrasting fracture networks; and d) complex fracture network in a single rock type.

large amounts of DNAPL can accumulate in the depressions of major flow channels or
cavities (see Figure 2.6.b).

Bedrock typically has permeable zones separated vertically by less permeable zones
in which vertical fractures are much less frequent. Such a case is represented in Fig-
ure 2.5.c where a DNAPL exists in numerous fractures in the upper fractured zone.
From this zone, DNAPL has drained through sparse vertical fractures into the lower
fractured zone where it spreads along a different set of fractures. In site investigations,
detection of DNAPL in the more permeable zones could be feasible, whereas detection in
the intermediate zone where fractures are sparse is unlikely. In the deeper fractured zone,
fewer fractures contain DNAPL and therefore the dissolved concentrations observed in
monitoring wells downgradient from this DNAPL zone would be expected to be much
lower than those in the shallow plume, even though both aquifers have DNAPL in frac-
tures. Interpretation of dissolved concentrations from monitoring wells in fractured rock
is typically very difficult.

Figure 2.6.d shows DNAPL penetration into a much less ordered fracture network,
i.e., of the type commonly observed in crystalline rock such as granite. DNAPL enters
fractures at the bottom of the overburden. As in the cases already considered, these
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fractures act as conduits to other fractures. Some of these fractures are dead ends for
DNAPL, either because they do not intersect other fractures, or because they intersect
fractures that are too small for DNAPL entry.

Schwille (1988) conducted laboratory experiments using rough-walled glass plates
to represent planar vertical fractures above and below the water table. From experiments
with 200 pm apertures, he estimated the retention capacity (residual retention content)
of such fractures to be less than 0.05 L/m?. For a fractured rock of moderate hydraulic
conductivity having a three-dimensional fracture network with fracture frequency of one
fracture per meter and fracture apertures of 200 pum, this represents a residual content,
expressed relative to the bulk rock volume, of approximately 0.15 L/m?3. Although this is
large relative to the total fracture porosity, it is much smaller than the retention capacity
expected for granular aquifers which have a bulk granular porosity that is two to four
orders of magnitude larger than the fracture porosity of most bedrock. Therefore, for a
given volume of chlorinated solvent released to fractured rock, the solvent can spread to
occupy a volume of the subsurface domain that is much greater than in granular aquifers
or other porous geologic media. Indeed, in the previous example for a sand aquifer, an
800 liter pool of DNAPL was calculated to occupy a volume of aquifer measuring 3 m
x 3 m in area and 0.3 m in thickness. The same volume of DNAPL in fractured rock
with a bulk retention capacity in the fracture network of 0.15 L/m® would occupy a
zone measuring 130 m by 130 m with the same 0.3 m thickness. This could suggest that
DNAPL accumulation zones in fractured rock are much more readily detected because of
their size than those in granular aquifers. However, in fractured rock, it can be difficult
to detect free product or residual DNAPL even where boreholes penetrate such zones.
Often, so little free product drains into wells from fractures or is flushed to the surface
during drilling that its presence goes unnoticed.

The maximum depth to which a DNAPL penetrates in fracture networks depends
on several factors, including the fracture aperture, the number and type of fracture connec-
tions, the physical properties of the DNAPL, and the height of the column of continuous
DNAPL above the fractures at the front of the DNAPL zone. At some fractured-rock
sites, DNAPL is known to have penetrated to depths of several hundred meters and
more. At many fractured rock sites, investigations have not yet conclusively established
the maximum depth of DNAPL penetration. In some cases, the maximum depth is likely
greater than 1000 m. If the nature of the release and fracture network geometry are such
that a large column of continuous DNAPL forms, the propensity to travel through to great
depths is large, thereby causing deep penetration even where the fracture apertures are
very small. It is generally not possible to predict the maximum depth of DNAPL penetra-
tion at fractured rock sites even where there is exceptionally-detailed information on the
geology, groundwater flow, and fracture network properties because the fracture-specific
data for such predictions generally cannot be obtained from our limited investigative
methods. Attempts at measuring fracture apertures generally provides inaccurate values,
or the measured values reflect apertures altered due to the test methods. The maximum
depth of penetration must be inferred from monitoring of the dissolved contaminant dis-
tribution. Chapter 11 describes the physics of DNAPL behavior in fractured media in
further detail.
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2.4.3 Fractured Porous Media

In fractured porous media, the relatively large volume of voids in the matrix between the
fractures influences: 1) the migration of DNAPL and of the dissolved-plume; 2) the per-
sistence of the DNAPL phase; and 3) the design of remediation efforts. As in fractured
non-porous media, groundwater in the fractures causes DNAPL to gradually dissolve.
However, as has been noted above, in fractured porous media the dissolved-phase mass
can also enter the water in the porous matrix, and can sorb to the matrix solids. For
the most soluble DNAPLs, such as the common chlorinated solvents, mass loss from
the fractures to the matrix can eventually cause complete disappearance of the DNAPL
from some or all fractures, particularly in situations where the thickness of DNAPL in
each fracture is small and the fracture spacing and matrix porosity are appreciable (see
Figure 2.7). Thus, dissolution combined with diffusion causes a change in the physical
state of the solvent mass, from the DNAPL phase to the dissolved and sorbed phases.
As has been discussed by Parker er al. (1994), this change of state was recognized only
recently. The implications of this disappearance and the rates at which it can take place
are subjects of current research. In fracture networks in very porous geologic deposits
such as unconsolidated silt or clay, the disappearance of solvent DNAPL may occur
within days or weeks or, in some types of porous sedimentary rocks such as sandstone
or shale, within months to several years. Chapter 12 provides more details regarding this
process.

In fractured non-porous media, dissolution of DNAPL solvent feeds contaminant
mass to the plume as the plume travels along the fracture network. However, once the
DNAPL source mass is totally dissolved, groundwater flushes the remaining dissolved
and sorbed contaminant mass out of the fractures in the former source zone relatively
rapidly. In contrast, in fractured porous media, because significant contaminant mass
has dissolved and diffused into the matrix, contaminant mass can persist in the former
DNAPL zone long after the DNAPL phase has disappeared. This mass will diffuse back
out of the matrix when clean water begins to flush through the fracture network.

As noted above, once DNAPL has entered fractures in rock with a non-porous ma-
trix, the propensity for deep penetration is high because the height of free-phase DNAPL
accumulation in the fractures adds to the effective pool height. The DNAPL can then
move downward into smaller and smaller fractures as the effective pool height increases.
In fractured porous media, however, the transfer of DNAPL contaminant mass from frac-
tures to the matrix diminishes the propensity for downward penetration because loss of
mass from the DNAPL diminishes the volume of DNAPL. Given certain fracture con-
ditions, diffusion can also cause a disconnection of the DNAPL phase, further reducing
the height of the free-phase DNAPL and hence reducing downward DNAPL movement
(see Figure 2.8).

In fractured non-porous media, the total pore space in which contaminant mass
can reside is measured by the fracture porosity. In contrast, the total volume ultimately
available for contaminant mass in fractured porous media is the total of the fracture
porosity plus the matrix porosity. In situations where entry of DNAPL to the fracture
network continues (i.e., DNAPL release replenishes the DNAPL in the fractures), the
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Figure 2.7 Conceptualization of DNAPL persistence and distribution with DNAPL mass loss
due to diffusion in water-saturated fractures in a porous medium (such as a fractured clay till or
sedimentary rock) as a function of: a) time; and b) fracture size (aperture). Diffusion halos around
fractures containing DNAPL become large (more developed) with increases in time, as shown with
the concentration vs. distance plots for the three relative time periods in part a. At any particular time
1, the DNAPL mass distribution will vary in different size fractures, with DNAPL disappearance
occurring most rapidly in the smallest fractures; residual or disconnected DNAPL will be present in
medium-sized fractures, and free DNAPL will be present in the largest fractures that are connected
to overlying DNAPL pools. DNAPL disappearance times (7)) increase with an increase with fracture
aperture.

maximum storage capacity is attained when all of the pore water in the matrix is at the
solubility limit.

2.4.4 lLayered Aquifer-Aquitard Systems
There are several industrialized regions in the U.S., such as the Santa Clara (“Silicon”)

Valley in California and parts of the Gulf Coast, where solvent production, usage, and/or
disposal have been large, and where the geology comprises layered sequences of uncon-

X+
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Figure 2.8 The effects of diffusive mass loss on DNAPL invasion distances and resultant height
of interconnected DNAPL in a single, water-saturated fracture in a porous medium: a) no diffusive
mass transfer and DNAPL pool height H L'); b) reduced DNAPL invasion distance due to diffusion
into the porous matrix adjacent to the fracture with a subsequent reduction in DNAPL mass and in
the interconnected pool height H2; and ¢) reduced invasion distance due to diffusive mass loss from
DNAPL in the fracture and disconnection of DNAPL phase during flow causing further reduction
in interconnected DNAPL heights H,}) and H;‘).

solidated sandy aquifers separated by clayey or silty aquitards. The thickness of aquifers
and aquitards is variable, generally from a few meters to several tens of meters. On a
regional scale, many of the strata are not extensive. However, at many sites, the layers
are continuous across the “source zone” of DNAPL. Immense financial and technical re-
sources have been invested for the study and remediation of solvent sites in these layered
sedimentary environments.

Prior to the mid- to late-1980s, it was commonly thought that clayey or silty
aquitards situated beneath aquifers would prevent DNAPLs from penetrating below the
uppermost aquifer. However, field data from countless sites now show that many (if not
most) silty or clayey aquitards allow DNAPL to move through them, thereby causing
contamination of underlying aquifers. At some sites, solvent DNAPL has penetrated
through several aquitards to cause contamination much deeper than was believed possible
a few years ago.

Penetration of DNAPL through aquitards may occur through one or more of the
following types of vertical pathways: 1) unsealed or improperly-sealed boreholes;
2) disposal wells; 3) stratigraphic windows; and 4) open fractures or faults. The first
three types of pathways have been recognized for many years. The origin and occurrence
of open fractures in aquitards is an emerging research topic. Deep, open fractures are
now known to be common in many clayey aquitards. The intuitive notion that fractures in
unconsolidated or semi-consolidated silty or clayey deposits are closed due to overburden
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stress is generally not valid, except perhaps at very great depths or in very plastic clayey
deposits.

An accumulation of DNAPL on top of a fractured aquitard allows several possible
outcomes. Figure 2.9.a shows a static DNAPL pool resting on the top of the fractured
aquitard with no entry of DNAPL into fractures because the fracture entry pressure is not

POROUS
MEDIUM

v FRACTURED
MEDIUM

Figure 2.9 Conceptual scenarios for a
DNAPL accumulation zone on a fractured
aquitard: a) height of free-phase DNAPL
insufficient for DNAPL entry into fractures;
b) only largest fractures allow DNAPL
entry; and ¢) DNAPL entry into all
fractures.
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achieved at the bottom of the pool. Figure 2.9.b shows the same situation, except that
a few of the fractures are larger, which allow DNAPL entry into them. In Figure 2.9.c,
all of the fractures are large enough for DNAPL entry, which is a less likely situation
because it is probable that entry into the largest fractures and subsequent DNAPL flow
in these fractures would limit build up of the pool heights, thereby preventing sufficient
height to develop for entry into the smaller fractures. Given that fracture networks in
aquitards are generally difficult to delineate, and that it is expected that not all fractures
contain DNAPL, locating those particular fractures that contain DNAPL is very difficult.

Figure 2.10 shows four scenarios in which DNAPL enters into, and in some cases
travels through, an aquitard. In Figure 2.10.a, the fractures do not penetrate to the bottom
of the aquitard and therefore the aquitard protects the aquifer from actual DNAPL entry.
Figures 2.10.b and 2.10.c show aquitards that have a few fractures that extend to the
bottom of the aquitard, providing pathways for DNAPL entry to the underlying aquifers.
In Figure 2.10.d, the DNAPL pathway through the aquitard is a stratigraphic window
rather than fractures. At some sites, it is not possible to discern from the available field
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Figure 2.10 Conceptual scenarios for DNAPL movement through clayey aquitards: a) partial
penetration because open fractures do not extend to the bottom of the clay deposits; b) penetration
through a few deep fractures causes DNAPL accumulation in the underlying aquifer; c) penetration
through fractures in an aquitard between two sand aquifers; and d) a stratigraphic window in the
aquitard provides a pathway for DNAPL flow.
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data whether the cause of DNAPL contamination in an underlying aquifer is fractures or
such windows.

The capacity of fractured clayey or silty aquitards to retain DNAPL material is
small because the fracture apertures are small, generally less than 100 um for fractures
below the water table. Even if DNAPL dissolution causes the matrix pore water to reach
the solubility limit, the mass retention capacity is relatively small, ranging from the liquid
equivalent of less than 5 to 10 L/m* for the most soluble chlorinated solvent (DCM) down
to 0.05 to 0.5 L/m? for PCE, which is a low-solubility solvent. These calculations take
into consideration what would be considered typical sorption properties of aquitard solids.
Therefore, this low mass retention capacity and the small thickness of many aquitards
reduces the chances that such a fractured aquitard will be depth-limiting with respect to
the contamination. In the underlying aquifer, however, geologic heterogeneity will permit
horizontal DNAPL accumulations (perched pools) at various depths; this provides much
larger retention than in the aquitard.

The actual maximum depth of DNAPL penetration in a given system will be
attained when the driving forces for DNAPL flow are balanced by the forces resisting
flow. This can take place anywhere within a layered heterogeneous system, depending on
the volume of DNAPL released, the nature of the DNAPL, and the various sequences of
geologic conditions encountered along the pathway. At sites where multiple aquifers and
aquitards exist, there is usually no reliable basis for predicting the maximum depth of
DNAPL penetration, even when release volume, geologic, geophysical, and stratigraphic
data are available. Direct monitoring of the presence of DNAPL, and/or inferences of
such a presence based on dissolved concentrations are necessary for conclusions about
the depth of penetration to be made.

As is discussed in detail in Chapter 10, there is debate in the literature about
whether DNAPL accumulations on clayey strata can cause vertical pathways through
these strata to open up due to chemical desiccation of the clay minerals. In particular,
the desiccation is believed by some to cause bulk shrinkage and thus formation of open
fractures. However, the mineralogical properties of natural clayey strata and the chemical
properties of the common chlorinated solvent DNAPLs make this chemical desiccation
scenario unlikely, except possibly in rare specific circumstances.

2.5 PLUMES FROM DNAPLS

2.5.1 Dispersion, Diffusion, and Density

Plumes of dissolved contamination at DNAPL sites exhibit various shapes and internal
concentration distributions that depend on the aquifer characteristics and the morphology
and extent of the subsurface DNAPL source zone. Figure 2.11 shows two hypothetical
cases for sand or gravel aquifers. One of these cases assumes that hydrodynamic disper-
sion causes considerable lateral spreading; the other assumes little spreading because of
weak dispersion.

The influence of dispersion on plumes from DNAPL source zones is no different
from its influence on plumes of other types of dissolved chemicals, whether they be
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Figure 2.11 Influence of hydrodynamic dispersion on plumes from a DNAPL source
zone in a sand or gravel aquifer with uniform steady flow. The plume is long and narrow
for the weak dispersion case, and fan-shaped for the strong dispersion case.

organic or inorganic. Studies of dispersion in numerous sand and gravel aquifers in
the 1980s showed that, almost without exception, dispersion is weak, particularly in
the directions transverse to groundwater flow. In the fan-shaped plume of Figure 2.11,
transverse and longitudinal dispersion causes considerable decline in concentration as
the plume spreads in the aquifer with groundwater flow. In the narrow plume, on the
other hand, rate of concentration decline with distance in the direction of flow is much
smaller.

The type of nearly uniform plume width found in Figure 2.11 is expected in aquifers
where the groundwater flow is relatively uniform, devoid of diverging or converging
flowpaths. Because dispersion is typically weak, many solvent plumes emanating from
DNAPL source zones exhibit high concentrations far from the source zone. And, since
the maximum contaminant levels (MCLs) specified in drinking water standards are very
low, concentrations far from the source can be much above these MCLs. Although plume
concentrations for chlorinated solvents and other DNAPLs are large relative to drinking
water standards, they are not large enough to cause the plumes to sink due to density
of the aqueous solution. Density is an important factor at DNAPL sites, but only with
respect to movement of the DNAPL and not the migration of plumes.

The shape and size of a source zone has a strong influence on plume dimensions.
Thus, although many solvent plumes in granular aquifers are long and narrow, many
others are wide because their DNAPL source zones are wide. The details of the distribu-
tion of DNAPL residual and accumulation zones below the water table are rarely known.
However, at most sites, it is expected that they are complex due to geologic heterogeneity
and variable DNAPL releases. Downgradient of such DNAPL source zones, weak dis-
persion allows the distribution of dissolved concentrations to be highly variable spatially,
particularly close to the source zone. Farther downgradient, dispersion causes variability
of the concentration profiles to diminish. Figure 2.12 shows a schematic example of this
dispersion effect. The actual distance at which the concentration profiles become less
irregular depends on site conditions.

Little is known about dispersion in fractured geologic media. Although there are
many large contaminant plumes in fractured-rock aquifers, none has been monitored in
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Figure 2.12 Influence of dispersion on saturated-zone concentration distribution in a
plume caused by a complex DNAPL source zone.

sufficient detail to provide much information on dispersion. The generalizations presented
above for granular media are probably not relevant to fractured media.

In low permeability zones, molecular diffusion in the aqueous phase governs the
migration of dissolved contaminants. Where DNAPL accumulations rest on unfractured
clayey or silty layers, diffusion of dissolved contaminants occurs into these layers (Fig-
ure 2.13). The rate of penetration of the front is slow for chlorinated solvents, less
than 1 m in the first decade, and decreases with time. Therefore, molecular diffusion is
generally not the cause of significant breakthrough of contaminants through aquitards.
Unfractured low-permeability aquitards of appreciable thickness can therefore provide
long-term protection of aquifers from contamination.

Many granular aquifers have numerous thin interbeds or lenses of silt or clay. In
these aquifers, advection (bulk groundwater flow) advances the plume front and governs
the flux of contaminant mass in the flow direction. At the same time, diffusion causes
loss of mass from the permeable zones to the low-permeability layers in the aquifer.
The low permeability of these zones combined with sorption to the layer solids can
temporarily immobilize contaminants. When a plume is advancing through the aquifer,
the low-permeability layers act as a sink for contaminant mass. However, at later time
when the DNAPL source zone (or parts of this zone) is depleted by dissolution or has
been isolated by engineered enclosures or hydraulic containment, complete flushing of
the plume from the aquifer is delayed because of diffusive release from the layers.
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Figure 2.13 Diffusion profiles for dissolved TCE in an unfractured clay deposit beneath
a free-phase TCE accumulation. TCE solubility is 1100 mg/L; there is no sorption.

Loss of dissolved contaminants from a plume into low-permeability layers is shown
schematically in Figure 2.14. The concentration profiles for TCE in one of these layers
assuming a porosity of 0.3 and a retardation factor of 1.4 are represented as a function of
a dimensionless time 7. The profiles approach equilibrium (i.e., 7 > 0.9) rapidly (months)
in thin beds (< 10 cm thickness) and slowly (decades and longer) in thick beds (> 1 m).
Once the permeable zones in the aquifer are cleaned by pump-and-treat, or by natural
flushing, compared to the time required for contaminants to diffuse in, the time required
for diffusion out of the layers is longer.

2.5.2 Transformations

As described in detail in Chapter 9 and also in Vogel er al. (1987), chlorinated sol-
vents can be transformed microbiologically or abiotically to other organic compounds.
Anaerobic conditions, which will favor some of these transformations, are more preva-
lent in low-permeability zones. Therefore, in addition to providing for the temporary
storage of dissolved and sorbed solvents, low-permeability layers may act as sources
that slowly release both solvents and their transformation products to plumes. In frac-
tured porous media, the matrix blocks between fractures can act in much the same
manner.

Nearly all of the compounds produced by degradation reactions are relatively stable,
and some are more hazardous in drinking water than the initial compounds. Figure 2.15
displays the transformation sequences for PCE and TCE. Of particular importance in
the transformation series is the production of vinyl chloride (VC). VC is a known car-
cinogen for which the U.S.EPA has specified the very low MCL in drinking water of
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Figure 2.14  Loss of contaminant mass from a plume by diffusion into a low-permeability
layer. Lower insert shows calculated concentration profiles for TCE in the layer at four
values of the dimensionless time 7. Actual times for layers of various thickness are listed
in the table.

2 pug/L. VC is found in many plumes at DNAPL sites. These plumes are commonly
decades old, therefore it is evident that VC can be persistent, presumably due to continued
formation.

The formation of hazardous products such as VC complicates and enlarges the
contamination problem at chlorinated solvent sites. VC sorbs on aquifer and aquitard
solids less than does its parent compounds, and it is therefore more mobile in plumes.
Also, the complexity in the spatial and temporal distribution of contaminants at a site
caused by such transformations makes the task of site characterization and remedial in-
vestigations more difficult. This increases investigation costs and causes confusion in
data interpretation. The recognition in the scientific community that the common chlo-
rinated solvents can transform in groundwater to hazardous compounds such as VC
did not come until the early 1980s; the conclusion that these transformations are com-
mon was not established until the late 1980s. The scientific, engineering, and regulatory
communities are still adjusting to the complications and challenges posed by these trans-
formations.
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Figure 2.15 Products of biotic and abiotic transformations of chlorinated solvents dis-
solved in groundwater and their relative mobilities expressed by their organic carbon-
water partition coefficient (K,.).

2.5.3 Mass Considerations

At creosote and coal tar sites, the volume or mass of DNAPL situated in the vadose and
groundwater zones can be estimated with some degree of reliability using drilling records
and core analyses from DNAPL zones. At chlorinated solvent sites, however, residual
or free-phase DNAPL is much less frequently encountered in boreholes or wells below
the water table because of the effect of geologic variability and generally smaller release
volumes compared to creosote and coal tar sites. As a result, for chlorinated solvents,
estimates of total DNAPL mass in the groundwater zone and comparisons with the mass
in the vadose zone are unreliable; even order-of-magnitude estimates normally are very
uncertain. The uncertainty derives from difficulty in delineating the overall dimensions
of the source zone and the wide range in possible DNAPL saturations in pools and
residual zones due to microscale heterogeneities. Reliable conclusions that a DNAPL
actually exists below the water table at at given site must be based on several lines of
indirect evidence (see Chapter 13); these indirect methods do not provide DNAPL mass
estimates.
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At solvent DNAPL sites in granular aquifers where plumes are delineated using
extensive monitoring well networks, useful estimates of dissolved contaminant masses
in the plumes can be made. Table 2.1 provides six examples from Mackay and Cherry
(1989). These plumes occur in sand or gravel aquifers at Superfund or similar sites where
they have evolved over several decades. The plume mass for each plume is expressed in
terms of the equivalent number of 55 gallon drums of DNAPL, based on the dissolved
mass and the pure-phase DNAPL densities of the dominant solvents in the plumes.
Although the dissolved plumes are large, extending between 2 and 5 km downgradient
from their respective DNAPL source zones, the dissolved masses are small. These masses
range between 0.4 and 190 drums of equivalent DNAPL. When the quantities and periods
of DNAPL use and disposal at these sites as well as the persistence of the plumes are

TABLE 2.1 Solvent Plumes in Sand-Gravel Aquifers. (Reprinted with permission from MacKay and Cherry, 1989.)

Site location and plume map

Presumed sources

Predominant DNAPL
contaminants

Plume volume
(liters)

Estimated chemical mass
dissolved in plume
(as equivalent DNAPL
volume in liters
or 55-gal drums)

G

Ocean City, New Jersey

chemical plant

Trichloroethylene
1,1,1-Trichloroethane
Tetrachloroethylene

5,700,000,000

15,000 (72 drums)

Trichloroethylene

Denver, Colorado

Dibromochloropropane

electronics plant N 6,000,000,000 9800 (47 drums)
1,1,1-Trichloroethane
Mountain View, California
¢ infi i Trichl b
- sewage infiltration richloroethene 40,000,000,000 1500 (7 drums)
beds Tetrachloroethylene
Cape Cod, Massachusetts
« special waste 1,4-Dioxane
? 1 X
Gloucester, Ontario landfill Freon 113 102,000,000 90 (0.9 drum)
1,1,1-Trichloroethane
electronics plant Freon 113 5,000,000,000 130 (0.6 drum)
1,1-Dichloroethylene
San Jose, California
1,1,1-Trichloroethane
trainyard, airport Trichloroethylene 4,500,000,000 80 (0.4 drum)

0 5 km

_

Flow ————>
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considered, it appears highly likely that much larger amounts still remain in DNAPL
form in the source zones. Mass calculations for many other plumes in granular aquifers
in the U.S. provide results that are similar to those in Table 2.1.

At a given site, a number that may be of greater interest than plume mass is the
mass flux of dissolved contaminants. This flux can be estimated by multiplying the plume
concentrations by the groundwater fluxes through cross sections orthogonal to the mean
flow direction. The plume flux, expressed in equivalent drums per year, is a small fraction
of the total plume mass for the plumes in Table 2.1, and also for the many other plumes
that have been assessed in this manner. Plume fluxes range from less than 0.1 equivalent
drum per year to approximately 10 equivalent drums per year.

Near a DNAPL source zone, the plume flux equals the mass rate of dissolution of
the DNAPL. Farther downgradient, the plume flux should generally be similar, perhaps
with some decline due to transformations. Therefore, the ultimate impact of plumes
emanating from solvent DNAPL source zones can be evaluated in terms of impact of
relatively small annual mass fluxes to the receptor such as water-supply wells or surface
waters. In some cases, the fluxes present significant risk to human health and/or the
environment, and extensive remedial action is warranted. In other cases, the fluxes are
insignificant, and remedial action would provide little or no actual environmental risk
reduction.

2.5.4 Ultimate Fate

In preceding sections of this chapter, we have presented general conceptual models for
DNAPL sites that include subsurface source zones feeding dissolved contaminants to
plumes. The considerable masses of DNAPL that typically exist in the sources and the
small dissolved mass fluxes from the sources mean that such source zones will persist
for many decades or centuries. Therefore, in cases where remedial measures are not
imposed on the plume, the plume front will advance in the direction of groundwater
flow until the plume encounters a natural hydrologic boundary such as a river, lake,
or wetland, or until it enters the capture zone of a water supply well (Figure 2.16).
In some cases, the concentrations of dissolved contaminants leaving the source zone
may be sufficiently low to allow dispersion in the aquifer to diminish plume concen-
trations below regulatory MCLs prior to arrival of the plume at water supply wells
or at natural hydrologic boundaries. However, this is an unlikely scenario. Therefore,
it should be assumed that plume fronts (including unknown fronts) that have not yet
been observed at natural hydrologic boundaries are still advancing towards these bound-
aries.

Many plumes from solvent DNAPL source zones reached their natural hydrologic
boundaries long ago, and have therefore already attained their uitimate sizes. The con-
taminant flux may cross the interface between the groundwater zone and surface water
without alteration or attenuation. The ultimate fate of the contaminants then depends on
processes in the surface water systems. Some plumes enter surface waters by moving
up through organic-rich sediments at the bottoms of streams or lakes, or up through
organic-rich soils in wetlands. Little is known about the influence of such layers on
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plume chemistry or aquatic ecology. Scientific literature pertaining specifically to the
behavior and fate of solvents in surface water bodies is limited. However, it is known
that mixing as well as subsequent escape by volatilization to the atmosphere are nor-
mally rapid. Solvent concentrations above drinking water MCLs or even above very low
detection levels are rarely observed in streams or lakes downgradient of plume discharge
zones. Nevertheless, in Canada and in the northern part of the U.S., winter ice cover
can temporarily prevent escape to the atmosphere. Whether or not ice cover results in
significant adverse impacts on stream or lake ecology has not been determined.

Figure 2.16.a shows a plume that extends to a nearby river. In this case, the
plume travels in a local-scale groundwater flow system that is bounded laterally by
the river. At many sites, however, the deepest part of the DNAPL zone extends below
the bottom boundary of the groundwater flow for the local watershed. Flowpaths in such
a system can transport dissolved contamination towards natural hydrologic boundaries
that are situated at great distances from the site, often in a different watershed. For this
to occur in a system like that represented in Figure 2.16.a, the deep part of the plume
must travel beneath the river to the more distant boundary while the shallow part of the
plume discharges to the river (or to a local lake).

Many plumes are captured (and therefore contained) by water supply wells, thereby
causing contamination of the supplies (see Figure 2.16.b). If the wells are shut down,
plume containment ceases, and the plume begins to advance towards other boundaries.
Some plumes that cause contamination of supply wells are only partly captured by the
wells. The uncaptured part advances beyond the wells towards other wells or natural
boundaries.

CONTAMINANT
FLUX ACROSS
RIVER BOTTOM

. DISSOLVED
— NAPL .
[;ONE . .« CONTAMINATION

. . .
. . .

PLUME CAPTURE
IN DRAWDOWN
CONE

Figure 2.16 Two containment scenarios for a plume from a DNAPL source: a) plume
encounters a hydrologic boundary (river); and b) plume front is captured by a pumping
well.
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Monitoring required by the U.S. federal regulatory frameworks of Superfund and
RCRA has caused discovery of many thousands of solvent plumes in granular aquifers
and fractured bedrock. The average groundwater velocity in the horizontal direction
in sand or gravel is usually between 400 to 4,000 m/decade. The retardation of the
common solvents such as TCE, PCE, TCA, and DCM is generally small in such aquifers.
Therefore, plume fronts typically advance at rates close to the groundwater velocity,
although other chemical constituents of the plume may move more slowly. Plumes in
fractured rock, particularly those in relatively non-porous rock such as granite, or those
in rock with large fractures such as karstic limestone, can advance much more rapidly
than in granular aquifers. In large regional aquifers, particularly in southwestern U.S.,
the distances between recharge and discharge areas are tens to hundreds of kilometers.
Ultimately, solvent plumes in these aquifers can become immense if not contained by
extraction wells or other control systems.

2.6 IMPLICATIONS FOR SITE CHARACTERIZATION AND
MONITORING

A site investigation should provide the data necessary to determine whether the site
is a DNAPL site, and further, provide the data necessary to form technically-sound
decisions on remediation. Site characterization and monitoring at nearly all DNAPL sites
has been done using conventional methods previously developed and widely applied
to non-NAPL sites. The need to proceed rapidly with many site investigations in the
1980s, as driven by Superfund and RCRA regulations, contributed to this preference
for conventional methods: innovation requires time and flexibility. However, it is now
known that the task of delineating contamination at DNAPL sites presents unprecedented
difficulties to the scientific, engineering, and regulatory communities, and that these
difficulties can often be exacerbated when conventional methods are used. Drilling into
or through DNAPL zones poses hazards for DNAPL remobilization, and uncertainty
in the validity of sampling results.

Determination of the “nature and extent” of contamination is a demand inherent
in many regulations or guidelines for site investigations. Strictly speaking, however, this
is only very rarely accomplished at DNAPL solvent sites because DNAPL distributions
are so complex. The rarity of direct detections of residual or free-phase DNAPL in the
groundwater zone at the many intensely investigated DNAPL solvent sites is testimony
to this subsurface complexity.

Shelby-tube or split-spoon soil samples taken at selected depth levels, together
with permanent monitoring wells installed in clusters of two to four at different depths,
are common components of site investigations. For non-NAPL sites, these techniques are
often effective. For DNAPL sites, however, even after great expense has been invested in
the site investigation, they rarely provide the level of detail needed to provide a reliable
picture of the nature and extent of solvent DNAPL below the water table. In recent years,
new strategies and investigative technologies have been developed for DNAPL sites, and
their performances are being assessed at the present time.
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2.7 IMPLICATIONS FOR SITE REMEDIATION

In the 1980s, decisions were made at thousands of DNAPL sites across North America
to restore aquifers using groundwater extraction wells, above-ground water treatment,
then surface disposal of the treated water. This is the pump-and-treat method. At many
sites, the plumes are contained hydraulically in this approach, but the DNAPL source
zones persist with no apparent reduction in long-term concentrations in the source-zone.
The common futility of pump-and-treat for restoration of DNAPL source zones is now
well established.

In some hydrogeologic situations, pump-and-treat can restore the plume portion of
the aquifer to drinking water standards. However, for the restoration to be permanent, the
source zone must be isolated to prevent further contribution of dissolved contamination
to the plume. This can be done by positioning groundwater extraction wells within or
close to the source zone for hydraulic containment of the source. In order to prevent
plume re-growth, these wells must operate for as long as the DNAPL source zone exists,
which can be many decades, or probably longer at nearly all DNAPL sites.

An alternative to pump-and-treat for source zone containment is the construction of
an impervious enclosure around the entire source to prevent groundwater flow through the
source zone. Several technologies are now available for such enclosures in unconsolidated
deposits, some of which can be installed to depths of 50 to 100 m. Enclosures around
DNAPL source zones in most types of fractured bedrock are much more difficult and
expensive to construct because very closely-spaced boreholes must be used for injection
of sealants into the fractures.

Much effort in the field of groundwater remediation has been directed at cleaning
up surface soil and deeper parts of the vadose zone. This is commonly done in order
to prevent contaminants from leaching into the groundwater zone. However, at DNAPL
sites the contaminant mass flux to the groundwater zone from the vadose zone is typically
small relative to the flux contributed to the plume from the DNAPL situated below the
water table. Thus, DNAPL sites are distinct from non-NAPL sites in that remedial efforts
in the vadose zone generally contribute little or no reduction of risk resulting from the
groundwater contamination. At some DNAPL sites, however, removal or remediation of
surface soil is needed to reduce the risk at the surface to land users (e.g., homeown-
ers), or to remove the potential hazards that would be caused by soil erosion or vapor
emission.

The recent recognition that pump-and-treat is generally not effective for remediating
DNAPL source zones has prompted intense research and development efforts aimed at
identifying and developing new technologies. Some of these technologies are directed at
source zone restoration, and others at plume containment. Chapter 14 describes some of
these new and emerging technologies and indicates their current development status.

2.8 CONCLUSIONS

The retention capacity of geologic media for DNAPLs in the vadose zone, particularly
chlorinated solvent DNAPLs, is typically small. Therefore, even small releases of DNAPL
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commonly result in the movement of DNAPL all the way through the vadose zone and
into the groundwater zone. Repetitive small releases at the same location (as beneath a
leaky tank or distribution pipe) can cause penetration as deep or deeper than a single
sudden release of the same total spill volume. In some cases a water table of 50 or
100 m is not too deep to prevent DNAPL entry into the groundwater zone if solvent
leakage or disposal has occurred for many years. Lateral DNAPL movement from the
input location can also be large. We also note that low-permeability layers, either above
or below the water table, commonly contain fractures, root holes or other small openings
that allow DNAPL to move through aquitards into underlying aquifers. The DNAPL
retention capacity of most fractured rock is particularly small. This can result in very
deep DNAPL penetration, in some cases hundreds of meters or more.

Once the release of DNAPL into the subsurface ceases, subsurface movement of
DNAPL also ceases soon thereafter, perhaps within weeks or months at solvent sites.
The resulting immobile DNAPL then exists in the DNAPL source zone as “residual”
non-aqueous liquid and also possibly as “free-product” accumulations ponded on lower
permeability layers within aquifers, or on the tops of aquitards. The free-product DNAPL
will not become mobile again unless a release of more DNAPL causes further accumula-
tion in the same zones, or unless there are changes in pressure in the surrounding water
phase due to groundwater pumping or injection.

Subsurface DNAPL can act as a persistent source for contaminant plumes in both
the vadose and groundwater zones. In fractured porous media, much or all of the DNAPL
in the fractures can dissolve and diffuse into the low-permeability material surrounding
the fractures. DNAPL source zones are often persistent because the majority of the entire
subsurface contaminant mass is usually still situated in the source zone, and the release
of contaminants from the source is slow, often diffusion controlled. Source depletion
mechanisms include diffusive loss to the vadose zone and diffusive loss to flowing
groundwater.

Plumes of groundwater contamination from chlorinated solvent source zones com-
monly extend great distances (kilometers or more) because: 1) these compounds exhibit
generally weak sorption affinity for most aquifer materials; 2) they usually undergo little
dilution; and 3) the contaminants degrade slowly or not at all. Plumes at DNAPL sites
have complex shapes. Multiple plumes can occur where shallow dissolved contaminant
migrates in one direction and deeper contamination in another direction, or where the
source zone has multiple DNAPL input locations. Plume size is often increased by lateral
spreading of vapor-phase contamination. Natural attenuation is usually not sufficient to
cause the fronts of chlorinated solvent plumes to stabilize at steady-state positions. Many
such plumes are ultimately destined to reach water supply wells. If no wells exist in
the path of a plume, hydrologic boundaries such as rivers or lakes, where dilution and
volatilization will occur, often tend to minimize the severity of the environmental impact.

The overall size and internal anatomy of a DNAPL source zone and the plume(s)
caused by such a source zone will depend on many factors. These factors include the
type of DNAPL, the volume of the release, the depth to the water table, and the general
geologic and topographic settings. What normally distinguishes the degree of complexity
of a DNAPL source zone from other contaminant sources is the considerable influence of
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small-scale variabilities, geologic structure, and/or bedding. The scale at which geological
variability affects DNAPL flow and distribution is much smaller than can be studied by
current field techniques. Thus, there is a critical need to develop and depend on conceptual
models which can guide decisions regarding the nature of this problem, as well as the
suitability and practicality of various options for corrective action.

The release of a given volume of DNAPL will produce much different results
from one hydrogeologic situation to the next because the retention capacity properties of
the subsurface will vary greatly from site to site and within sites. The determination of
feasible cleanup levels, time frames, and ultimate costs depend on estimates of the total
contaminant mass and the distribution of that mass in the subsurface. It is particularly
important to understand how much of the chlorinated solvent is present in slow release
zones, fast release zones, and/or present as free-product accumulations. Usually, these
estimates must be based on conceptual models: direct answers to such questions are
generally not attainable because of the excessive cost of field investigations at the relevant
scales. The examination and interpretation of site data requires the perceptual framework
of hypotheses represented by conceptual models. It is the responsibility of practicing
groundwater scientists and engineers to further refine these conceptual models by building
site-specific conceptual models for actual sites. The more tested our conceptual models
become through data acquisition and analysis, the more effective and less risky will be
our decisions regarding corrective actions.

This chapter has provided an overview of a broad range of geological conditions
and conceptual models so as to serve as the basis for organizing the subsequent chap-
ters of this book, and to help the reader integrate the details presented in each of the
subsequent chapters into an overall paradigm for the behavior of DNAPLs in the sub-
surface. The methods that are available for the investigation of DNAPL sites as well as
the mathematical models that are available for representing subsurface DNAPL behavior

are improving rapidly. We expect that new information will permit further refinement of
the DNAPL paradigm.
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ABSTRACT

The fundamental principles governing multi-phase flow in porous media are presented.
Topics addressed include interfacial tension, capillary pressure, fluid contents, entry pres-
sure, wettability, residual and pool formation, and relative permeability. The equations
governing the static distribution and movement of non-aqueous phase liquids (NAPLs)
in the subsurface are also outlined. Simple applications involving each of these topics is
provided, including the height of dense non-aqueous phase liquid (DNAPL) in a well,
the distribution of DNAPL in unsteady horizontal flow, the Buckley-Leverett solution,
and DNAPL displacement by waterflooding.

3.1 INTRODUCTION

Chlorinated solvents entering the subsurface from a spill, leak, or other release often do
so as constituents of a nonaqueous phase liquid (NAPL). When a significant fraction
of the NAPL is made up of one or more chlorinated solvents, the specific gravity will
be greater than unity. The term dense nonaqueous phase liquid (DNAPL) is then used
to describe the fluid. DNAPLs are often described as being “immiscible” with soil
gas and subsurface waters because they can retain their identity as a separate phase,
distinguishable from contiguous fluids by distinct interfaces. Actually, no fluid can ever
be totally immiscible with another, and the constituents of a DNAPL can partition into
the gaseous and aqueous phases, and will sometimes form extensive vapor and dissolved
plumes. Indeed, a primary motivation for the study of DNAPLs in aquifers is the fact
that they can function as enduring sources for soil-gas and aqueous-phase contamination.

A working knowledge of the way in which DNAPLs migrate and distribute them-
selves at equilibrium in geologic materials is an essential ingredient of informed decisions
concerning the characterization, diagnosis, and remediation of DNAPL sites. This chap-
ter presents the physical principles regarding such knowledge. The connection between
theoretical concepts and practical considerations is demonstrated and emphasized by ap-
plication of the principles to several specific types of situations that arise at DNAPL
sites. Of course, we must do this in a rather generic way, and the practitioner is likely
to find applications confounded by heterogeneity, lack of data, and other complicating
factors. Nevertheless, the physical principles embedded in our examples form reliable
guides for appropriate transfer of experience from one site to another.
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3.2 CAPILLARY PRESSURE AND FLUID CONTENTS
3.2.1 General

The invasion of groundwater by a DNAPL is a process in which previously-existing
pore waters are displaced by the invading DNAPL. Consider, for example, the pool of
DNAPL that has accumulated on the bedrock in Figure 3.1. The upper surface of the
pool is a macroscopic interface that corresponds to the interface separating water and
DNAPL in any ordinary vessel, say a beaker in the laboratory. However, in contrast to
the situation in a beaker, the water and DNAPL coexist in the pore spaces located below
the macroscopic surface of the DNAPL pool. In fact, water is continuous throughout the
thickness of the aquifer, including through the DNAPL pool.

Pore-scale interfaces separate the water and DNAPL at points below the macro-
scopic interface. Unlike the macroscopic interface, whose orientation is controlied by
gravity, the pore-scale interfaces are primarily affected by interfacial forces that exist
between the two fluids and among the fluids and the solid. Interfaces at the pore scale
may be randomly oriented with respect to the gravitational field. Furthermore, the relative
amounts of water and DNAPL in a representative volume of the porous medium is not
constant below the macroscopic interface. The relative amounts of water and DNAPL
will depend upon the difference in pressure between the two fluids.

Based on the above discussion, we see that the intuitively appealing notion of
separate water and DNAPL bodies that interact only on their macroscopic boundaries, as
in a beaker or pipe, is inappropriate. In the remainder of this section, we explore these
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Figure 3.1 Macroscopic and pore-scale interfaces between DNAPL and water in a
porous medium.
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matters in more detail. While much of the foregoing discussion has been framed in the
specific context of a static DNAPL pool, the principles involved apply in both static and
dynamic situations.

3.2.2 Interfacial Tension, Wettability and Capillarity

The interface between two contiguous immiscible fluids experiences a tension that is
similar to that in a stretched membrane. This tension is called the interfacial tension
and arises because of unbalanced cohesional forces on molecules at the interface (Adam,
1968). The tension causes the interface between the two fluids to contract and form an
area that is as small as possible. Interfacial tension is usually expressed as a force per
unit length, but can also be thought of as energy per unit area. The tendency to contract
minimizes the excess free energy of the interface.

A force balance on a curved interface between two fluids (Corey, 1986) leads to
the conclusion that the pressures in the fluids on either side of the interface are not equal;
the difference being given by

AP:a[i-f-l:] , (3.1)
r rz

where AP is the pressure difference across the interface, o is the interfacial tension, and
ri and ry are the principal radii of curvature of the interface. The fluid on the concave
side of the interface is at the higher pressure. If the interface forms a subsection of a
sphere, then r| = r, = r, and the more familiar

AP =20/r (3.2)

is obtained. Interfacial tension is seen to be the property that permits two fluids to ex-
ist in contact at different pressures. Values of interfacial tension range from about 20
to 50 dynes/cm for most water-DNAPL fluid pairs (Mercer and Cohen, 1990). How-
ever, DNAPLs encountered at field sites are often mixtures of organic liquids and have
undergone aging processes that may have altered the interfacial properties. The inter-
facial tension of field DNAPL-water systems should therefore be measured whenever
possible.

When two fluids are in contact with a solid, one usually has a greater affinity for
the solid than the other. The fluid with the greater affinity for the solid is said to be
the wetting fluid, the other being the non-wetting fluid. The wetting fluid preferentially
spreads over the solid. The relative affinity of the two fluids for the solid (wettability)
is manifested in a contact angle, which is the angle that the fluid-fluid interface makes
with the solid. Wettability depends upon the chemical properties of the two fluids, and
upon the composition of the solid surface. Anderson (1986) has reviewed the ways in
which wettability can be measured.

The concept of contact angle permits one to relate the pressure difference across an
interface not only to the interfacial tension and interface geometry as in Eq.(3.1), but also
to the geometry of the opening across which the interface is positioned. For example, the
pressure difference across an interface in a capillary tube with a circular cross-section of



Sec. 3.2 Capillary Pressure and Fluid Contents 93

radius a is

AP =209

, (3.3)
a

where « is the contact angle. This result follows from Eq.(3.2) upon recognition that the

radius of the interface is a/cos «.

Organic solvents are often observed to be the nonwetting fluid when present in
aquifers. For this reason, DNAPLSs preferentially occupy the larger openings, while water
tends to coat the solids and occupy the smaller, more constricted portions of the pore
space. This pore-scale arrangement of fluids is illustrated in Figure 3.1 where the DNAPL
is found on the concave side of the pore-scale interfaces and is the fluid at the higher
pressure. The difference between the nonwetting-fluid (DNAPL) pressure and the wetting-
fluid (water) pressure is called the capillary pressure P,

Po=AP =P, —P, , (3.4)

where Py, is the pressure of the nonwetting fluid and P, is the pressure of the wetting
fluid. Throughout this chapter we will assume that water is wetting with respect to a
DNAPL.

The geometry of an interstitial pore space is obviously highly complex. Never-
theless, it is possible to conceive of a network of interstitial spaces connected by pore
throats of a smaller characteristic dimension. To the extent that Eq.(3.3) applies in such
a complex geometry, it predicts the threshold value of the capillary pressure that must
be exceeded for DNAPL to pass through a pore throat of radius a. Thus, DNAPL is
denied access to an interstitial pore until the capillary pressure exceeds the threshold
value associated with the largest throat already in contact with the DNAPL. Once en-
try has been achieved, the DNAPL moves into the pore. The water-DNAPL interfaces
then position themselves across regions of the pore space that support radii of curvature
consistent with the prevailing capillary pressure. As the capillary pressure is increased,
successively smaller pore throats are invaded by the DNAPL.

3.2.3 Dependence of Fluid Content on Capillary Pressure

The foregoing conceptualization of DNAPL invasion into a previously water-filled porous
medium suggests that there should exist a relationship between capillary pressure and
the relative amounts of DNAPL and water in a porous medium. Indeed, this is the
case, but the complex geometry of the pore space precludes direct computation of the
relationship: it must be measured for a given medium. The measured relationship is
known as the capillary pressure-saturation function or, sometimes, simply as the
capillary pressure curve. This macroscopic function is defined only for volume el-
ements of a porous medium that are very large relative to the volume of individual
grains.

It is convenient to express the fluid contents in terms of the fraction of the
total interstitial void volume occupied by each fluid. Let V, be the void volume in a
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representative element of bulk porous medium. Then

Sw=Vu/Vy (3.5)
Snw = nw/Vv ’ (3.6)
Sw+Sw =1, (3.7)

where V,, and V,,, are the volumes of wetting and nonwetting fluids, respectively, and
Sy and S,,, are the relative volumes of wetting and nonwetting fluids expressed as a
fraction of the pore volume. The relative volumes are referred to as saturations (e.g., the
“wetting-fluid saturation”).

The capillary pressure-saturation function P.(S,,) is often measured in a cell similar
to that shown in Figure 3.2. This cell was used by Kueper (1989) to measure the capillary
pressure curve for tetrachloroethylene (PCE) and water in several sands. Such a test is
initiated with all of the pore space filled with water; the DNAPL pressure is then increased
incrementally. Each step-increase in DNAPL pressure causes increased invasion of the
pore space by DNAPL. The volume of DNAPL injected and/or the volume of water
displaced is measured and used to calculate the fluid content after equilibrium has been

WATER

VALVE

Figure 3.2 Schematic of a capillary pressure-saturation cell. (Reprinted with permission
from Kueper, 1989.)
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established at each pressure level. The porous plate on which the porous medium rests
allows the displaced water to leave the cell, but prevents DNAPL from doing so. It is
usually constructed of porous ceramic. The water pressure is indicated by the water level
in the outflow burette, and the DNAPL pressure is calculated from the fluid levels in the
DNAPL reservoir. Therefore, the capillary pressure corresponding to each equilibrium
fluid content is known. More sophisticated devices employing pressure transducers and
utilizing prescribed increments of injected volume instead of increments of pressure are
also available.

Data obtained by the method described above are shown in Figure 3.3. These data
were utilized in a numerical modeling study by Kueper and Frind (1991b). The capillary
pressure at a given water saturation was found to be greater in the sands with lower
hydraulic conductivity. This is consistent with Eq.(3.3) in that the sands with smaller
hydraulic conductivity are comprised of smaller pores and pore throats. Also, little or no
DNAPL was found to invade the samples until the capillary pressure reached a threshold
value determined by the largest pore throat (or throats) exposed to the DNAPL on the
exterior surface, and providing access to the interior of the sample. While some invasion
of DNAPL occurred at capillary pressures equal to or slightly above the threshold, it is
not likely that DNAPL became continuous throughout the sample until an even greater
capillary pressure was exerted. The capillary pressure at which the DNAPL becomes
continuous in the macroscopic sense and is capable of flowing through the material
is known as the entry pressure (Corey, 1986). For most materials, the entry pressure
corresponds to a water saturation in the range of 0.8 to 0.95.

Another characteristic capillary pressure that has found widespread use is the dis-
placement pressure (P,). The displacement pressure is described in Figure 3.4, and is
the minimum capillary pressure required to initiate invasion of a water saturated porous
medium by a DNAPL. The value of P, is obtained from the capillary pressure curve by
drawing a tangent to the curve at the inflection point, and extrapolating that tangent to
Sy = 1. Often, there is little numerical difference between the entry pressure and the
displacement pressure.

Insofar as the displacement pressure must be exceeded in order that DNAPL in-
vasion occur, it should not be surprising that the subsurface distribution of P, plays
a central role in determining the paths of DNAPL migration (Kueper and Frind, 1991a,
1991b). Indeed, it is a key factor in the diversion of DNAPL around fine-grained lenses
and in the formation of DNAPL pools. These subjects are taken up in more detail below.
However, before doing so, we must first address the fact that the capillary pressure-
saturation function is not unique, even for a particular porous medium and fluid pair.

3.2.4 Hysteresis and Residual DNAPL

The capillary pressure-saturation curves shown in Figure 3.3 were measured under con-
ditions in which the water saturation decreased and the capillary pressure increased as
the result of invasion of DNAPL into previously water-saturated media. This phenomena
1s known as drainage and corresponds to field situations in which the DNAPL advances
into ground water from some type of source. Once the source is exhausted, the DNAPL
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will continue to migrate away from the source and will be replaced in that zone by water.
The situation is now one of increasing water saturation and decreasing capillary pressure,
referred to as wetting. Injection of water to displace DNAPL in remediation efforts is
another example of a circumstance in which the water saturation increases and capillary
pressure decreases.

Unfortunately, the P.(S,,) relationship is not the same for decreasing S,, as for
increasing S,,. Figure 3.4 shows the type of hysteresis that is commonly observed. The
water saturation at any particular capillary pressure is less during the wetting process than
during drainage. Of particular importance is the fact that the maximum water saturation
(S») achievable during the wetting process is less than unity. The quantity (1 — §,,) is
known as the residual DNAPL saturation. Residual DNAPL is comprised of blobs and
fingers (ganglia) of DNAPL that have been cutoff and disconnected from the continuous
DNAPL body by the invading water. It can be said that residual DNAPL is occluded by
water.

A body of DNAPL issuing from a source continues to sink following the elimina-
tion or exhaustion of the source. As water replaces the draining DNAPL, residual DNAPL
is formed on the trailing surface of the DNAPL body. In the absence of an obstructing
geologic feature, most of the DNAPL eventually will be converted into residual, and
DNAPL migration will cease. At the pore scale, the reinvasion of water and the conse-
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Figure 3.4 Capillary pressure-saturation relationships showing hysteresis.

quent displacement of DNAPL occurs as a sequence of menisci advancement in pore
bulges by jumps and the consequent rupture and choke-off of menisci positioned across
pore necks. The result is a rupture of nonwetting-fluid connections and the isolation of
fingers of nonwetting fluid. The pore doublet model (e.g., Morel-Seytoux, 1969; Stege-
meier, 1974) is a popular explanation for the entrapment of nonwetting fluid by the
invasion of a wetting fluid. Chatzis and Dullien (1983) show that pore doublet models
must include a neck-bulge-neck type of pore geometry in order to explain the entrapment
of the nonwetting fluid. According to Mohanty ez al. (1987), the amount of nonwetting
fluid isolated from the connected fluid body depends upon the local pore geometry, pore
topology, fluid properties, the externally imposed pressure gradient, and the amount of
nonwetting fluid present prior to displacement.

Residual DNAPL does not move with the flowing ground water. Instead, it forms a
distributed, immobile source for dissolved-phase partitioning into the contiguous ground
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water. The solubilities of most organic solvents are orders of magnitude greater than the
concentrations at which there is concern for human health. Thus, since residual DNAPL
will initially be present virtually everywhere there was once continuous DNAPL, it will
be an instrumental feature in the creation of dissolved-phase groundwater plumes. Typical
values of residual DNAPL saturation in the field are presently unknown; in cases where
small-scale heterogeneities are present, they are a function of the scale of measurement.
In a field experiment conducted in a sand aquifer, Kueper ez al. (1993) observed residual
DNAPL saturations below the water table that ranged from 0.01 to 0.15. In homogeneous
sands, Schwille (1988) reports laboratory values on the order of 0.02 to 0.15. In coarse
Ottawa sand, residual saturations of DNAPL in the range 0.15 to 0.4 were observed
(Anderson, 1988).

Once the DNAPL ceases to flow downward, there will remain a connected body
of DNAPL of height P; / Apg. This is the thickness required to generate the minimum
capillary pressure for DNAPL penetration. Thus, it is expected that all DNAPL sites will
have some pools, even in very homogeneous media.

3.2.5 Algebraic P.(S,,) Relationships

In virtually all calculations of two-phase phenomena in porous media, it is convenient
to use algebraic expressions for P.(S,) as opposed to the experimental data themselves.
Many algebraic formulae have been proposed for this purpose. Among the most popular
is the Brooks-Corey (1966) equation:

S(, =1 s Pr 2 Pd
; (3.8)
Po=PyS;'" . Pz Py
where Py is the displacement pressure for the medium, and X is a pore-size distribution
index. Another popular expression is the van Genuchten (1980) equation

P.=P(S;m -~ P.>0 (3.9)

where P, is the characteristic capillary pressure and m is a fitting parameter determined
by the pore-size distribution. In both of these expressions, S, is a normalized wetting-fluid
saturation defined by
Su.v - Sr
S, = S 5 (3.10)
We recall that §,, is unity when DNAPL is invading into a water-saturated porous
medium; it is less than unity when water displaces DNAPL because of the entrapment
of DNAPL.
The parameters Py, A, and S, for the Brooks-Corey equation are evaluated by fitting
the equation to experimental data. The values of m (note that 0 < m < 1), P,, and S,
in the van Genuchten equation are similarly determined. The wetting-fluid saturation S,
is often called the residual saturation. It is approximately the wetting-fluid saturation at
which the P.(S,,) curve appears to approach a vertical asymptotic value (see Figure 3.4).
It is not to be confused with the residual saturation for the DNAPL. Parameter values
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(particularly P, and P,) will be different when determined from wetting data and drying
data. Other algebraic P.(S,,) relationships such as that obtained by Luckner et al. (1989)
account for “scanning curves” between the main drainage and main wetting limbs.

3.2.6 Summary

The replacement of groundwater in the pores of an aquifer by invading DNAPL never
becomes complete. Thus, water and DNAPL will coexist in the interstitial pore space
anywhere that DNAPL is present'. Interfacial tension, a property of two adjacent fluid
phases, permits adjacent fluid phases to be under different pressures. The pressure dif-
ference across pore-scale interfaces is balanced by the interfacial forces acting tangent
to the curved interfaces. Because water is usually the wetting fluid in saturated subsur-
face systems, it preferentially occupies the smaller, more constricted regions of the pore
spaces. A DNAPL solvent, being the nonwetting fluid, resides and moves through the
larger regions of the pore network and is the fluid at the higher pressure. The dependence
of the pressure difference across the curved interface yields the macroscopic relationship
between capillary pressure and fluid content that is the capillary pressure-saturation func-
tion. This function enables one to quantitatively relate the relative volume of water and
DNAPL in a representative volume element of porous medium to the pressure difference
between the DNAPL and water in that element. The capillary pressure-saturation func-
tion has been shown to apply for both static and dynamic problems in many situations
of practical interest.

3.3 DISTRIBUTION OF DNAPL IN A POOL ABOVE AN AQUITARD
3.3.1 General

In Section 3.2.4 we found that there exist relationships between capillary pressure and
fluid saturations. Thus, given knowledge of the capillary pressure curve and the value
of capillary pressure, one can determine the water and DNAPL saturation values. How
one might know the capillary pressure in the first place has remained unexplained to this
point. In the most general case, the capillary pressure must be determined by solution of
the differential equations for flow of both water and DNAPL (see below).

The capillary-pressure distribution and, therefore, the fluid-content distribution, is
calculated most easily for a case when neither fluid is in motion. The downward migration
of DNAPL from a large source may be arrested by an aquitard. Upon encountering a
stratum that it is unable to penetrate, the DNAPL will accumulate and spread laterally
to form a pool. The accumulation of DNAPL will be accompanied by an increasing
capillary pressure. Eventually, the pool thickness may cease to increase with the system
then becoming static. Alternatively, the DNAPL may accumulate to the point where
penetration of the aquitard occurs. The distributions of capillary pressure and the fluid

{The context here is that invading DNAPL can never physically force out all of the water in the pore
space. Nevertheless, DNAPL can come to occupy 100% of the pore space when the percent of the pore space
occupied by the invading DNAPL is high enough that all of the remaining water can dissolve into the DNAPL.
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saturations in a static pool and the conditions for incipient penetration of the aquitard
may be determined as follows.

3.3.2 Distribution of Capillary Pressure

A pool of DNAPL with thickness T is shown perched on an aquitard in Figure 3.5. Such
a pool might be formed by a gradual thickening due to lateral migration of DNAPL
from a remote source. During formation of the pool, the DNAPL is advancing into a
previously water-saturated porous medium and the relevant capillary pressure-saturation
relation is the drainage curve shown in Figure 3.4. Once the source is exhausted, some
DNAPL drainage from the pool interior occurs as the pool continues to expand laterally.
The result is a recession (lowering) of the upper surface of the pool, accompanied by re-
invasion of water and the formation of a halo of residual DNAPL. Because the recession
is a wetting process, the capillary pressure on the upper surface of the connected DNAPL
is approximately zero.

The water pressure increases with depth below the water table in the usual way,
namely

Po=—pugZ+C (3.11)

where p,, is the density of water, g is the gravitational constant, and Z is a vertical
coordinate which is measured positively upward. The constant C; can be evaluated from
the knowledge that P, = O on the water table at a known value of Z. Eq.(3.11) is the
familiar equation of hydrostatics and applies in the aquifer just as it does in a body of
standing surface water. It also applies in the portion of the aquifer where DNAPL is
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Figure 3.5 DNAPL pool above an aquitard.
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present. For the variation in DNAPL pressure within the DNAPL pool we have
Pry = —pnugZ +C2 3.12)

where p,,, is the DNAPL density (0, > o).
Eqs.(3.11) and (3.12) are substituted into the definition of capillary pressure
(Eq.(3.4)) to obtain

P.=—ApgZ+C (3.13)

where Ap is the positive quantity p,, — py. The constant C is evaluated by noting that
P, = 0 at Z = T. Therefore, the distribution of capillary pressure within the DNAPL
pool is given by

P.=Apg(T—-2) , Z<T . (3.14)

Eqgs.(3.11) and (3.12) are shown graphically in Figure 3.6. It is apparent from this figure
that the capillary pressure increases with depth in the pool because the DNAPL pressure
increases more rapidly with depth than does the pressure in the water. This is due,
of course, to the fact that p,, > p,. Note that the capillary pressure in the pool is
independent of the depth of the pool below the water table.

Clearly, the maximum capillary pressure occurs at the base of the DNAPL pool,
and is directly proportional to both the density difference and the pool thickness. That
the DNAPL has not penetrated the underlying aquitard and dissipated the pool is directly
attributable to the condition that the displacement pressure of the aquitard exceeds the
capillary pressure imposed by the pool. Incipient invasion of the aquitard is given by the

Ground Surface z

Av4
Water Water

<7 DNAPL

P, =P, -P,
Water and DNAPL
e
] Pressure >

Figure 3.6 Variation of fluid pressures in a DNAPL pool.
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condition
ApgT =P, (3.15)

where P, refers to the aquitard, not the medium in which the pool resides.

As we have already observed, P; depends upon the size of the pore throats, as
does the hydraulic conductivity. A close relationship between P,; and hydraulic con-
ductivity might therefore be anticipated. Leverett (1941) assumed that P, as well as all
other capillary pressures are inversely proportional to the square root of the intrinsic
permeability and, therefore, of the hydraulic conductivity. Laliberte et al. (1968) showed
from theoretical considerations that P; should be inversely proportional to the square
root of the hydraulic conductivity. McWhorter and Nelson (1979) report a correlation of
P, with hydraulic conductivity that can be expressed as

K —0.403
Py=96 (;’ ) (6) : (3.16)

where & is the porosity, o is the interfacial tension of the fluid pair of interest, and
o,y 18 the interfacial tension of water against air. Other investigators have found similar
correlations (e.g., see Thomas et al., 1968). The hydraulic conductivity K in Eq.(3.16) is
commonly expressed in units of cm/s. Common units for the displacement pressure are
cm of water equivalent.

By combining Egs.(3.15) and (3.16), one obtains the simple formula

0 o K —-0.403
T =962 — , 3.17)
Ap Uuw CD

from which the pool thickness (cm) required to initiate DNAPL entry into a stratum with
hydraulic conductivity K (cm/s) can be computed. For example, a pool thickness of 106
cm is required for entry of TCE into a stratum for which K = 0.001 cm/s and ® = 0.3.
We have assumed interfacial tensions of 34 dynes/cm and 65 dynes/cm for TCE/water
and air/water, respectively. The value of Ap for TCE and water is 0.47 g/cm®.

It is clear from calculations with Eq.(3.17) that stratigraphic features with K
values which are only moderately low relative to the surrounding materials can halt and/or
redirect the downward migration of DNAPLs. Eq.(3.17) also indicates that DNAPLs with
large specific gravities are less likely to form large pools than are DNAPLs with specific
gravities near unity, other factors being equal. Indeed, it is the authors’ experience that
chlorinated solvents with their high densities form thick pools only rarely. (In contrast,
creosote and coal tars, which are DNAPLs with lower densities, often occur in pools of
substantial thickness.)

3.3.3 Vertical Distribution of DNAPL in a Pool

The variation of capillary pressure through the DNAPL pool, as described by Eq.(3.14),
is readily translated into a vertical distribution of fluid saturations by use of the capillary
pressure-saturation function. For example, the capillary pressure given by Eq.(3.14) can
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be substituted for capillary pressure in Eq.(3.8) or Eq.(3.9) to arrive at explicit expressions
for water saturation as a function of Z. Using Eq.(3.9), the result is

1—m

Po Sw _Sr hm
Z=T- ( ) -1 . (3.18)
Apg Sm — Sr

Distributions of water and DNAPL for pool thicknesses of 0.5 m and 0.3 m were calcu-
lated using Eq.(3.18) and are shown in Figure 3.7. The parameter values used for these
calculations are P,/Apg =0.2 m, m =0.75,S,, = 0.9, and S, = 0.2.

It is apparent from Figure 3.7 that thick pools result in greater DNAPL saturations
than do thin pools. DNAPL saturations are similarly sensitive to the parameter P,/Apg.
The important parameter actually is TApg / P,. Significant DNAPL saturations exist
only in pools for which this ratio is greater than unity. For any given pool thickness,
the ratio is large when Ap is large and/or P, is small. Small values of P, are associated
with porous media with large hydraulic conductivity (see Section 3.3.2). The ability of
a DNAPL to flow from a pool into a drain or a well will be seen below to be critically
dependent upon the DNAPL saturation in the pool. The greater the DNAPL saturation,
the more readily the DNAPL will move under an applied driving force. Thus, thick pools
of DNAPL with high specific gravity located in highly permeable material will be the
most amenable to direct recovery by drains or wells.

If investigations eventually establish the thickness and area of a given DNAPL pool,
it will be possible to estimate the volume of DNAPL in the pool. This is accomplished
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Figure 3.7 Distributions of water and DNAPL in pools of different thicknesses.
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by evaluating

T
Vaw = CID/ 1-3S8,)dZ (3.19)
0

with the use of Eq.(3.14) and either Eq.(3.8) or Eq.(3.9). Here, V,,, is the volume of
DNAPL per unit area. The integral in Eq.(3.19) evaluates the area labeled “DNAPL” in
the saturation distributions shown in Figure 3.7.

3.3.4 DNAPL in a Monitoring Well

Upon construction of a monitoring well, a DNAPL may enter the well. If such entry
occurs, the DNAPL will seek a height such that the DNAPL pressure in the well is
equal to that in the adjacent aquifer at all elevations. The water-DNAPL interface in the
monitoring well will establish itself at an elevation equal to or greater than the upper
surface of the connected-phase pool, depending upon the capillary pressure at the top of
the pool.

The monitoring well shown in Figure 3.5 penetrates a pool that has experienced
a recession following the halt of DNAPL input. Under this circumstance, the capillary
pressure on the upper surface of the pool is approximately zero, as previously explained.
In this case, the water-DNAPL interface in the monitoring well is at the same elevation
as the upper surface of the connected-phase pool.

In the case of a pool that has undergone no recession, the capillary pressure will
equal the displacement pressure on the upper surface of the pool. Now, the DNAPL
pressure in the well at the elevation Z = T must exceed the water pressure in the adjacent
aquifer by P,. This is possible only if the DNAPL in the well rises to an elevation that
is Py/Apg above the top of the pool. Thus, the difference in elevation (AE) between the
DNAPL-water interface in the monitoring well and the top of the pool in the aquifer is
given by

AE = Pd/A,og , (320)

with the top of the pool in the aquifer being at the lower elevation. It is as if the DNAPL
forms a negative capillary fringe.

Implicit in Eq.(3.20) is the assumption that the capillary pressure-saturation function
is such that the saturation of connected DNAPL is zero at a nonzero capillary pressure
(i.e., a Brooks-Corey function). In some cases the van Genuchten function, which con-
siders DNAPL to be continuous at all P, as given in Eq.(3.9), may be more appropriate.
Examples include soils containing preferential pathways such as root and worm holes.
In a van Genuchten material, the DNAPL/water interface in a monitoring well will be at
the elevation of the top of the DNAPL pool in the aquifer, with AE = 0.

DNAPL will fill an observation well to a height dictated by the DNAPL pressure
in the aquifer only if DNAPL cannot escape the well bore at some point below the level
of DNAPL entry. For example, DNAPL entering a well bore from a lens or pool located
high in the screened section will have the opportunity to again flow out through the
screen at a lower level. Also, the length of the DNAPL column in the well is rarely
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related to the thickness of the DNAPL pool in the aquifer. Only if the well is terminated
at the base of the pool will the DNAPL thickness in the well correspond to the thickness
of the DNAPL pool in the aquifer. We can conclude that a great deal of caution should
be associated with the interpretation of DNAPL column heights in wells.

3.4 DARCY’S LAW AND RELATIVE PERMEABILITY
3.4.1 General

As in our previous considerations, our goal is to know the distribution of DNAPL satu-
rations, but now under circumstances in which one or both of the fluids is in motion. For
static fluids, a balance of the forces due to pressure gradient and gravity in each fluid,
coupled with the function P.(S,,), was all that was required. In the case of fluid motion,
the capillary pressure is no longer linearly related to the vertical space coordinate. The
distribution of capillary pressure must be calculated from equations that fully account for
fluid flow. Just as in a single-fluid system, Darcy’s Law is the starting point for analyzing
multi-fluid flow. Darcy’s Law is written twice for a two-fluid problem; once for each
fluid. Also, the concept of permeability must be generalized to account for the presence
of two fluids in the pore space.

3.4.2 The Darcy Equations

The motion of individual fluid elements in porous media is extremely complex owing to
the highly irregular geometry of the pores in which motion can occur. The intractable
complexities associated with a pore-scale description of fluid flow are largely eliminated
by use of a macroscale relationship between the rate of flow and the driving forces on
the fluid. This is Darcy’s Law. Variables such as density and pressure that refer to fluid
elements in traditional fluid mechanics now denote values averaged over a representative
volume of porous medium.

Darcy’s Law is an empirical constitutative equation that forms the basis for prac-
tically all quantitative work with fluid motion in porous media. One consequence of
passing from the pore-scale to the macroscale view is the introduction of the perme-
ability parameter. The permeability of a porous medium to a particular fluid strongly
depends upon the size, geometry and fluid content of the pores. Also, one cannot properly
speak of fluid velocity at the macroscale since the velocity of fluid elements is described
only in some average sense. It has become common to use the term “volume flux” or
“flux density” to denote the volume of fluid passing a macroscopic unit area of porous
medium per unit time.

Fluid motion in a porous medium is impelled by the gradient of fluid pressure
and the body force due to gravity. Motion is resisted by viscous shear which, in turn,
depends upon the rate of motion, the fluid viscosity, and the size, shape and tortuosity of
cach opening through which the fluid passes. The latter are characterized by the intrinsic
permeability, &, of the porous medium when a single fluid is present. The coexistence of
another fluid in the pores reduces the area available for flow of either fluid and increases
the tortuosity of the flow path which fluid elements must traverse. These effects are
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incorporated in the relative permeabilities to each fluid and are strong functions of the
fluid saturations.

We use the tensor notation that has become common in subsurface hydrology to
write Darcy’s Law for the individual fluids as

ki'krw aP}

qui = - ( = — pwg_i) , (3.21)
Mw 8xj

Gnwi = _M (‘a"P—nu—) - pnng> s (3.22)
M a-xj

where i and j are indices that extend over the three Cartesian coordinates. In Eqgs.(3.21)
and (3.22), g is the volume flux, & is the intrinsic permeability, &, is the relative perme-
ability, P is the pressure, p is the density, y is the dynamic viscosity, and the subscripts
w and aw denote the wetting fluid (water) and nonwetting fluid (DNAPL), respectively.
By convention, the repeated index, j, implies a summation over j = 1, 2, and 3.

At first glance, Eqs.(3.21) and (3.22) appear to be uncoupled. Such is not the case,
however, because the relative permeabilities %,, and k.., are strong functions of the
saturations. It was previously pointed out that fluid saturation is a function of capillary
pressure. Therefore, the relative permeabilities are functions of P, = P,, — P,, and
Eqgs.(3.21) and (3.22) are strongly coupled. Explicit demonstrations of the importance
of that coupling are provided by the example applications discussed later in this chapter.

3.4.3 Relative Permeabilities

Typical relative permeability functions are shown in Figure 3.8. By definition, these
functions range from zero to unity. The relative permeability to the wetting phase (water)
is thought to be practically free of hysteresis. On the other hand, the saturations at which
krnw 18 Zero in a wetting or draining process are not the same because of entrapment of
nonwetting fluid during the wetting process. It is usual to assume that k,,,, is greater than
zero in a draining process for all S,, < 1. In reality there will be a threshold saturation
of nonwetting phase required to bring about an initial network of connected pore and
pore throats across the sample volume of interest. This threshold value of saturation at
which the nonwetting phase first becomes continuous corresponds to the entry pressure
discussed in Section 3.2.3. During wetting, the relative permeability to DNAPL becomes
zero at §, = | — §,,. Also, it is worth noting that the relative permeability to water
during wetting does not become unity because of the presence of residual DNAPL.
While it is possible to measure the relative permeability functions in the laboratory
(e.g., Johnson, et al., 1959; Jones and Roszelle, 1978; Sigmund and McCaffery, 1979;
Honarpour and Mahmood, 1988), it is often found convenient to calculate them from
P.(S,,) data. Burdine (1953) and Mualem (1976) developed models that connect relative
permeability to the capillary pressure-saturation function. These models can be used in
conjunction with Egs.(3.8) and (3.9) to derive closed-form expressions for k,,,(S,) and
kynuw(Sy). Brooks and Corey (1966) used Eq.(3.8) in the model of Burdine (1953) to
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derive
Kpy = ST/ (3.23)
and
2 242
krpw = (1 = 8)°(1 =S, ) . (3.24)

By evaluating the Mualem (1976) model with Eq.(3.9), van Genuchten (1980) de-
rived

Ky = SY2[1 — (1 = SY™ym2 . (3.25)

For the relative permeability of the nonwetting phase, Parker et al. (1987) used the same
procedure to write

Ko = (1 = S)V2(1 — §t/my2m (3.26)

Still other forms can be obtained by using the Brooks-Corey equation (Eq.(3.8)) in the
Mualem model, or the van Genuchten equation (Eq.(3.9)) in the Burdine model.

As noted above, the parameters A, m, and S, are determined by fitting Eq.(3.8) or
Eq.(3.9) to P.(S,) data. Thus, the rather difficult task of measuring the relative perme-
ability functions is avoided. Values for A typically range from about 0.5 for materials
with a large range of pore sizes (e.g., aggregated clay) to perhaps 4.0 for very uniform
materials. A value of A = 2 is typical for sandy aquifer material. The corresponding
range for m is approximately 0.35 to 0.80. From a theoretical point of view, A can be
any number greater than zero, but m must be between zero and unity.
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3.5 THE EFFECT OF GROUNDWATER FLOW ON DNAPL MIGRATION
3.5.1 General

The migration of DNAPL is affected by gravity, the pressure gradients in both the
DNAPL and water phases, and the distributions of capillary and hydraulic properties of
the porous medium. Owing to the density of a DNAPL, the tendency is for the migration
path to be generally downward. However, heterogeneity has a marked influence on the
direction of DNAPL migration. A random distribution of permeability and displacement
pressure will result in a highly erratic pattern of DNAPL flow (Kueper and Frind, 1991a
and 1991b); lateral spreading well beyond the extent of the source area has been a striking
feature observed by these workers.

Paths of DNAPL migration which are readily-definable are created by permeability
and displacement pressure contrasts of regular geometry. For example, downward-moving
DNAPL may encounter a dipping stratum that it is unable to penetrate, so that it moves
downdip along the contact. Also, DNAPL pooled on the subcrop of an aquifer with
dipping bedding planes will preferentially enter the layers with low displacement pressure.
The result is downdip DNAPL migration in a series of distinct layers separated by
intervals entirely free of DNAPL (Figure 3.9). Such distributions of DNAPL have been
observed in rock cores, and also in porous media by Poulsen and Kueper (1992) and
Kueper et al. (1993).

Calculating the migration path of a DNAPL, even along a 1-D flow path, requires
the solution of the full set of governing equations. However, results with significant

\ Ground Surface

. Water Table

TAATANA

Figure 3.9 Migration of DNAPL in a sloping stratum subcropping in a pool of DNAPL.
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practical utility are obtained by examining situations in which groundwater flow and
capillary forces cause migration of DNAPL to cease. Similar analyses by Arthur D.
Little, Inc. (1982), Villaume (1985) and Hunt et al. (1988) are summarized by Mercer
and Cohen (1990).

3.5.2 Forces Acting on a DNAPL in Flowing Groundwater

The forces acting on a DNAPL may sometimes combine to cause the DNAPL to cease
migrating. We have already encountered one such circumstance when neither the DNAPL
nor the groundwater was in motion. It was necessary for the DNAPL to accumulate on a
low-permeability stratum in order for that situation to develop. The force on a DNAPL
due to flowing groundwater is now considered. One of the conclusions will be that
groundwater flow alone can arrest the motion of DNAPL.

We begin by re-writing Eq.(3.22) for DNAPL flow along a 1-D path in an isotropic
medium, obtaining

(3.27)

kkrnw dP’l'lU dZ
Gnwi = ——— + s

Mnw dx; ingdx[
where Z is the vertical coordinate, measured positively upward. No flow of DNAPL
occurs when the forces in parentheses add to zero. Since the effect of groundwater flow
is somewhat difficult to discern from Eq.(3.27), it is useful to replace P, with the

equivalent P. + P,. Then, upon noting that P,, = p, g(H-Z), one obtains

kk g d P, A
i = — P8 Z (H = —pz) , (3.28)
MHnw dxi Pwg Pw

wherein H is the familiar hydraulic head for water.
The quantity in parentheses is given the symbol &:

P A
S 4 2Py (3.29)
Puw8 Pw

Eq.(3.29) defines a force potential (Hubbert, 1940), the constancy of which means that
no DNAPL will flow. The negative gradient of ® is the net driving force on the DNAPL.
Situations in which @ is constant are examined in the following sections.

®=H+

3.5.3 Static DNAPL in a Sloping Bed

The downdip migration of DNAPL along a sloping contact or in laminae associated
with bedding planes may be arrested by updip groundwater flow. The situation to be
considered is one in which DNAPL has entered a sloping layer that subcrops in pooled
DNAPL as shown in Figure 3.9. The DNAPL has migrated to a distance, D, at which
point further downward motion is arrested by updip groundwater flow. Our purpose is
to compute the hydraulic gradient required to achieve this result and to calculate D.
Once DNAPL motion has ceased, the requirement that ® be constant translates to

_ kk.,, (dP.
=, \de

— Apg sin a) , (3.30)
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in which g, is the groundwater flux and is a constant because we assume the flow to be
steady. The spatial coordinate ¢ is measured positive downward along the bed with dip
angle «. Because the groundwater flux is constant, g,, is the same within and downdip of
the DNAPL body. However, the hydraulic gradient is constant only in the zone downdip
of the DNAPL. Variable water saturation and, therefore, variable relative permeability to
water results in a spatially variable hydraulic gradient within the DNAPL body.

The groundwater flux, evaluated with the hydraulic gradient as measured downdip
of the DNAPL is

AH_ kpwg AH
AL oy AL

quw = —-K , (3.31)
where K is the hydraulic conductivity and AH/AZ is the constant hydraulic gradient
downdip of the DNAPL. An equation for the migration distance D is obtained by com-
bining Egs.(3.30) and and (3.31), followed by the integration

Y dp.

© pwgte, AHp-1_ Bp

ALY Ty sin«
The lower limit of integration is the displacement pressure of the layer in which the
DNAPL is present and is the capillary pressure at the downdip extent of the DNAPL
body. The capillary pressure at the source is P.(0) and is determined by the thickness of
the source pool.
Eq.(3.32) makes physical sense only when
AH Ap .
— > —sina . (3.33)
AL Pw
This inequality constitutes the condition that must be satisfied if the motion of DNAPL is
to be arrested by the updip flow of groundwater. The result for vertical flow is obtained
of course with sino = 1.
The calculation indicated in Eq.(3.32) is performed by expressing k,,, as a func-
tion of P, and carrying out the integration numerically or graphically. Figure 3.10 is a
dimensionless graph resulting from evaluation of Eq.(3.32) using

PN\"°
kiw = — . 3.34
(Pd> (3:34)

D (3.32)

The use of Figure 3.10 can be demonstrated by a specific numerical example.
Suppose the DNAPL in question has a density of 1.2 g/cm?, and is pooled to a depth
of 1.0 m on the subcrop of a stratum with P; = 0.15 m of water. From Eq.(3.14) it
is determined that the capillary pressure at the base of the pool and on the face of the
subcropping stratum is P.(0) = 0.2 m of water. Thus the ordinate value in Figure 3.10
is P.(0)/P; = 1.33. We will assume that the stratum dips at an angle of 3 degrees and
that the updip hydraulic gradient is 0.011. Then,

H 1.
AR o N o —10%  Y_10s
Af \ Apsina 0.2 x 0.0523
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Figure 3.10 gives

DApgsina
Py

from which D is determined to be about 9 m. Note that the minimum updip hydraulic
gradient that would arrest the DNAPL migration is 0.0105. This shows that an updip
gradient only slightly greater than the critical value is sufficient to greatly limit the extent
to which the DNAPL will migrate downdip.
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Figure 3.10 Dependence of depth of DNAPL penetration on the upward hydraulic
gradient and capillary pressure on top of bedrock.

3.5.4 Incipient Motion of DNAPL Fingers (Ganglia)

For the circumstances assumed in the previous section, the migration of the DNAPL will
be promoted by both gravity and a capillary pressure gradient. Once the DNAPL source
is depleted, however, the gradient of capillary pressure is reversed and opposes DNAPL
flow. DNAPL motion may now cease, even if groundwater flow is downward along the
migration path. Again, the constancy of the force potential leads to a force balance on
a static finger (ganglion) of length D residing in a sloping fracture or thin stratum. The
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force balance is expressed as

Apsina  P.(D) AH 0
Puw pugD D

(3.35)

The quantity AH is the difference in hydraulic head across the finger and is positive
when the groundwater flow is updip. It has been assumed that the capillary pressure is
zero on the trailing end of the DNAPL body. The capillary pressure on the leading end
is P.(D).

Fingers of DNAPL that have migrated to positions of static equilibrium can be re-
mobilized by pumping groundwater. For example, suppose a 5 m long finger of DNAPL
(Pnw = 1.2 g/cm?) has come to rest in a thin stratum (o = 10 degrees) as a consequence
of encountering a medium with P; = 0.2 m of water. Suppose, also, that the groundwater
is static. According to Eq.(3.35), the capillary pressure at the leading edge is 0.174 m
of water. If nearby pumping of groundwater then induces downdip flow of water in the
stratum, a corresponding increase in capillary pressure will occur on the leading end
of the finger due to the reduction of the water pressure. Incipient remobilization of the
DNAPL will occur when P.(D) = 0.2 m of water (i.e., P.(D) = Py). Eq.(3.35) pre-
dicts that the finger will be remobilized by any downdip gradient (AH/D) greater than
0.0053.

The DNAPL fingers considered above are large relative to the representative ele-
ment of volume for the porous media in which they reside. Residual DNAPL, which is
entrapped at a much smaller scale, is very difficult to mobilize by hydrodynamic forces.
The ratio of capillary forces opposing mobilization to the viscous forces promoting the
movement of residual is called the capillary number N, where

kpwg ﬁ

N, =
o Af

(3.36)

Wilson and Conrad (1984) reported that residual phase can begin to be mobilized at
N. ~ 2 x 1075 and that practically all residual becomes mobilized at N, ~ 1.3 x 1073.
These values can be used to conclude that the hydraulic gradients required to mobilize
significant quantities of residual DNAPL in most types of porous media are unachievably
large.

3.6 DISTRIBUTION OF DNAPL IN UNSTEADY, HORIZONTAL FLOWS
3.6.1 General

The simultaneous, horizontal flow of water and DNAPL is discussed in this section. The
design and performance assessment of well and drain fields intended for the recovery
of pooled DNAPL is one application of the type of analysis presented here. However,
such applications are not yet fully developed and remain an area of active research.
Analyses of the type discussed in this section have also found use for the verification of
numerical models. Because the flows discussed in this section are unsteady, their analysis
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is substantially more complicated than for the problems of fluid statics and steady flow
discussed above. The capillary pressure-saturation function, relative permeabilities, and
Darcy’s Law remain applicable, but now two additional equations are required. These
equations express the conservation of mass for water and DNAPL.

3.6.2 The Differential Equations for Two-Fluid Flow

The mathematical basis for the calculation of the simultaneous flow of DNAPL and
water in an aquifer is completed by the introduction of the relevant conservation laws.
A conservation law for each fluid, together with the flux equations of Section 3.4, result
in two strongly coupled partial differential equations. Considering the relations P.(S,),
krw(Sw)s kenw(Sy), and the identity Sy, + S,,, = 1, the mathematical statement consists of
eight equations and eight unknowns. These must be solved simultaneously subject to the
appropriate boundary and initial conditions.

In the present development, both the DNAPL and water are considered to be
incompressible and the porous medium is regarded as rigid. Furthermore, it is assumed
that DNAPL solubility is slight such that component partitioning across phase boundaries
can be neglected. Under these conditions, the conservation laws are

0qui 08y .
i P 23, 3.37
ax; at ’ 3-37)
and
aCInwi aSnw .
= —O s = 1, 2, 3 3'38
ax; ot ‘ (3.38)

As before, the repeated index i implies a summation over all /.

The left sides of these equations represents the divergence of the fluid flux and
consists of three terms in each case. Explicit reference to the fluid fluxes is eliminated by
simply combining the conservation laws with the fluxes given by Egs.(3.21) and (3.22).
For example, by combining Eqgs.(3.21) and (3.37), one obtains

3 Thijkrw [Py 35
o (0P eV =P 339
dx; [ [ <3xj g g’)] dr (339

An identical result with the subscript w replaced by nw is obtained from Eqs.(3.22) and
(3.38). These results are supplemented by the auxiliary relations P, = Py — Py, Po(Sy),
krw(Sw), krnw(Sw)s and Sw+ Snur =1

Addition of Egs.(3.17) and (3.18) yields

,i(qwi + C]nwi) =0 s (340)
dx,-
which requires that the sum gy,;+ g,,; be space invariant. This can be thought of as the
conservation law for the combined fluid system. The quantity g,,+ ¢, 1s known as the
total volume flux, ¢,, and is at most a function of time. Any time dependency in g, must
derive from the boundary conditions imposed on the solution domain.
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While perhaps not apparent upon casual inspection, all of the problems analyzed
so far in this chapter are special cases of the above general flow equations. Specialization
for horizontal, unsteady flow is accomplished by eliminating the terms involving gravity.
The general differential equations reduce to (Fokas and Yortsos, 1982; McWhorter and
Sunada, 1990):

a 0S5y oS A
3 (p >_q, S 0% _ 585 (3.41)
ax ox ds, ox ot
wherein
krnw uw 71
f(Sw) = (1 4 Crwle ) ) (3.42)
rwlnw
kkrnw [ d Py
D(S,) =— 3.43
( ) l'L’lu) dSw ( )
4(1)=f1w(x71)+¢]nw(x,l‘) . (344)

Eq.(3.41) is written with the water saturation as the dependent variable. It can be written,
also, with DNAPL saturation or capillary pressure as the dependent variable.

The total flux g, must be prescribed (known) or, alternatively, calculated from the
boundary conditions. In the latter case, the required formula is

Py(0) = Py(L) = [0 (1 = fHdP.

.y
Sy (B4 g )
where L is the length of the flow domain, P, (0) is the water pressure at x = 0, Py, (L)
is the water pressure at x = L, and P,(0) and P,(L) are the corresponding capillary pres-
sures. The derivation of Eq.(3.45) proceeds by substituting Darcy’s Law into Eq.(3.44)
and integrating the result over the flow domain (Morel-Seytoux and Khanji, 1974). Eval-
uation of the denominator in Eq.(3.45) requires knowledge of the saturation distribution

because both k,, and &, depend upon S,,. Thus, Egs.(3.41) and (3.45) must be solved
simultaneously.

q:(t) = , (3.45)

3.6.3 The Buckley-Leverett Solution

The classical solution for unsteady, horizontal flow was presented by Buckley and Lev-
erett (1942). These authors were interested in the calculation of oil displacement by
injection of water. Buckley and Leverett (1942) recognized that when the injection rate
is large, the second term in Eq.(3.41) is dominant. They neglected the second order term
and solved the resulting first-order, partial differential equation to obtain

4 ! /Vw
xX(Sy.t) = é/o q,(t)dt = fcb , (3.46)
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where f is the function defined by Eq.(3.42), f' = df/d Sy, Vy is the volume of water
injected, and @ is porosity. The quantity x(S,,, #) denotes the coordinate of saturation S,
at time ¢.

The function f is typically S-shaped, so f’ is not single valued. Eq.(3.46) thus
predicts two different saturations for the same location x. This physically untenable
result is circumvented by the Welge (1952) tangent construction in which f is replaced
by the two part function:

krnw w _1
f= (1 +3 : ) S (3.47a)
Sy — Si
f=F(Sp) ( S, — S‘) N T (3.47b)

where S; is the uniform initial saturation. Accordingly, all saturations between S; and
Sp propagate at the same velocity given by g, f(S,)/®(S, — S;). This propagation is in
the form of a shock front as shown in Figure 3.11 as the sudden drop in S, at some
distance x.
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Figure 3.11 Buckley-Leverett profile.
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The Buckley-Leverett solution is the limiting condition achieved when the im-
pelling forces due to gradients of capillary pressure are negligible relative to the overall
gradient of fluid pressure induced by fluid injection on the boundary. Morel-Seytoux
(1969) presented a thorough discussion of the Buckley-Leverett analysis and demon-
strated its use for oil recovery predictions. However, rarely will conditions of inter-
est to hydrogeologists dealing with DNAPL problems be similar to those in which the
Buckley-Leverett equation applies. Nevertheless, the Buckley-Leverett solution remains
important for historical perspective and as a limiting case.

3.6.4 Lateral Migration of DNAPL

Eq.(3.41) is a highly nonlinear differential equation, and few exact solutions are available.
Fokas and Yortsos (1982) have presented an exact closed-form solution subject to constant
¢, and uniform initial saturation. Their solution was enabled by restricting f(S,,) such
that f' = aD with D = (bS,,+ ¢)72, and a, b, and ¢ are arbitrary constants. Unfortunately,
these forms do not exhibit some of the important features of real porous media, and the
resulting solutions are of limited use for the study of DNAPL invasion in aquifers.

Exact integral solutions for arbitrary D(S,,) and f(S,,) were derived by McWhorter
and Sunada (1990) for 1-D and also for radial flows. Their solution for 1-D invasion of
DNAPL into water saturated porous media is

V I3
X(Su 1) = =22 Fy (Su) (3.48)
where V,,, is the accumulated volume of DNAPL in the porous medium, F, = dF,,/dS,,

and the fractional-flow function F,,, is given by

So —
/ (B — Sw)D(B) dp
S an(ﬂ) — fn(ﬂ)
So —_—
/ (Sy 1)DdSw
1 nw fn

where f, = 1— f. The saturation S, is the water saturation on the inflow boundary (i.e.,
at x = 0) and is constant. However, the value of S, depends upon the prescribed value

of A through the implicit relation
5 (sp = DD
- / Gu=DD ) ds, . (3.50)
1

As before, x is the coordinate of saturation Sw at time . Eq.(3.48) is exact if V,,, varies
with time according to

Fow(Sy) =1— , (3.49)

Viw = 2412 | (3.51)

where A is an arbitrary constant.

While the solution as expressed in Eq.(3.48) is quite simple, the computation of
F,,, from Eq.(3.49) is not a trivial matter. The computation proceeds by selecting a value
for S, and evaluating the integrals on the right side using F,,, = 1 as a first iteration. The
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result is a second estimate for F,,,(S,,) which is again used on the right side to produce a
third estimate of the fractional-flow function. The process is continued until convergence
is achieved. The integration is accomplished by a suitable numerical procedure.

The solution outlined above is useful in the exploration of the factors affecting the
extent and rate of lateral migration of a DNAPL. Figure 3.12 shows the fluid distribu-
tions calculated using Eqs.(3.8), (3.23), and (3.24) (a Brooks-Corey porous medium) and
using Eqgs.(3.9), (3.25), and (3.26) (a van Genuchten porous medium). It is evident that
prescribing S, = 0.8 for van Genuchten porous media with different values of m results
in greatly different distributions of DNAPL. Penetration of DNAPL in a van Genuchten
medium with uniform pore size (large m) is not nearly as great as for a wide distribution
of pore size (small m). It is observed that the DNAPL tends to penetrate in narrow elon-
gated distributions. The more blunt penetrations in Brooks-Corey media result because
the ratio k,,,/k,,, is much smaller at large S, than in van Genuchten media.

The sensitivity of DNAPL penetration to the capillary-hydraulic properties is also
revealed by computation of the injection constant A as a function of m with S, = constant.
The results of such a computation are shown in Figure 3.13, indicating that the rate of
DNAPL invasion ranges over an order of magnitude, depending upon the value of m. A
small value of m results in a large value of A, other factors being equal.

Because the invasion of DNAPL into groundwater occurs in elongated distributions,
the invasion of even small volumes can result in extensive spreading. Also, the rate of
penetration given by ¢,,/®S,, is inordinately large owing to the small values of S,

0.2}
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Figure 3.12 Penetration of a non-wetting phase affected by the pore-size distribution, with py/tp = 2.
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Figure 3.13 A, as affected by m and S,, with @, /pnw = 2.

that prevail. Both the rate and extent of penetration are greater in porous media with
features that cause k,,,/k,, to be large near S,, = 1.

The remarkable sensitivity of DNAPL penetration to the capillary-hydraulic prop-
erties can be expected to result in highly complex, seemingly chaotic, saturation distri-
butions in heterogeneous media. For example, consider a porous medium comprised of
thin strata, each with different permeability, characteristic capillary pressure, and pore-
size distribution. The penetration of DNAPL in the individual layers will differ greatly,
much more so than would be the case for the penetration of a wetting phase. As noted
above, DNAPL in thin laminae separated by intervals of DNAPL-free media have been
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observed in cores. The distribution of DNAPL determined by averaging the saturation
across many such layers will appear especially diffuse.

3.6.5 Displacement of DNAPL by a Linear Water Flood

In the petroleum industry, the injection of water (“water flood”) to force oil to recovery
wells is a common practice. A similar process utilizing subsurface drains for the recovery
of DNAPLSs is described by Sale et al. (1988). One-dimensional displacement such as that
described by Sale et al. (1988) can be analyzed with a mathematical solution for water
invasion that closely parallels that given above for DNAPL invasion. Of particular interest
is the recovery efficiency as indicated by the DNAPL fraction in the total produced fluid,
and the cumulative volume of DNAPL recovered as a function of volume injected.

A solution of Eq.(3.41) presented by McWhorter and Sunada (1990) that forms a
basis for analyzing the efficiency of a linear (1-D) water flood is

117(] ﬁ

x(Sy, 1) = > ————F,(S) (3.52)

where V,, is the volume of water injected. As before, the function F), (S,,) is the derivative
of F,(S,) with respect to S,, where F,, is now defined as
qu/q: — fi

1= f
with f; = f(S;) and S; = the initial water saturation. The fractional flow function F,, is
calculated by iteration using

F, = (3.53)

/Sv (B = Su)D(B)

Sw Fw(ﬁ)_fn(ﬂ)
S«” .

/ (Sw - SL)D dSw
1 Fu(B) = fu(B)

dp
Fw(Sw) =1-

, (3.54)

with f, = (f — f)I(1— f7).
‘We consider an injection plane located a constant distance L from a recovery plane.
The volume of DNAPL displaced across the recovery plane is

L
Vaw = d)f Sy — Sdx . (3.55)
0

Substituting Eq.(3.52) into Eq.(3.55) followed by an integration by parts eventually yields

Vnw Vw 1 ,
o(I-SH)L  \@L DF, — F) 3.56
®(1 - S)L ( )(1_ ')(1+(Sw SHF, F) ( )

in which it is understood that S, is the water saturation at x = L. The volume of water
injected is related implicitly to S,, at x = L by
Vi 1

A —— (3.57)
QL (1 - fi)F,(Sw)
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Finally, the fraction of DNAPL in the total produced fluid is obtained from a rearrange-
ment of Eq.(3.53) so that

qnw

t

== f)l=F(Sy) . (3.58)

Table 3.1 contains results of calculations obtained by the above procedure for the
performance of a water flood. The functions F,(S,) and F’(S,) were calculated as
described in detail by McWhorter and Sunada (1990). The values of V,,/ (® (1 — ;) L)
in Table 1 are the injected water volumes expressed as a fraction of the pore volume.
The volume of DNAPL recovered as a fraction of the total volume initially present
is Vi /(®(1 — 5;)L). Recovery of 100% of the initial DNAPL will never be possible
because of entrapment of some residual DNAPL by the invading water. The theoretically-
recoverable volume per unit area is ®(S,, —S;)L, where S,, < 1 because of the entrapped
residual DNAPL.

TABLE 3.1 Performance of DNAPL Recovery by Water Flood. Input
Data: S, =0.90; $; =0.75; 5, =0.2; m = 0.5 in Egs.(3.9), (3.25), and
(3.26); uw/tnw = 2; residual DNAPL = 1— S, = 0.10.

Su FulSuw)  Fu(Sw) Vi/PL V! P(1=8;)L Gnuw!q:
0.750 0 - 0 0 0.733
0.753 0.044 14.59 0.094 0.276 0.701
0.764 0.189 11.99 0.114 0.327 0.595
0.778 0.346 10.48 0.130 0.361 0.479
0.792 0.484 9.33 0.146 0.389 0.378
0.814 0.674 7.66 0.178 0.426 0.239
0.848 0.887 49! 0.278 0.485 0.083
0.876 0.985 1.96 0.695 0.534 0.011
0.882 0.995 0.257 1.091 0.544 0.004

The data in Table 3.1 show that initially, the produced fluid contains about 73%
DNAPL. However, by the time about one-third pore volume of water has been injected,
the produced fluid contains less than 10% DNAPL. At one pore volume of injected
water, the produced fluid contains less than 0.5 percent DNAPL. About 54% of the total
DNAPL and about 90% of the theoretically-recoverable DNAPL have been recovered
by injection of one pore volume of water. The ~10% of the theoretically recoverable
DNAPL remaining is virtually unrecoverable because of the large injection volumes
required to displace it. In other words, the displacement efficiency falls to essentially
zero for injected volumes greater than one pore volume.

The performance of a water flood for the purposes of DNAPL recovery is rather
sensitive to the pore-size distribution parameter m in Eqs.(3.9), (3.25), and (3.26). The
sensitivity derives from the strong dependence of the relative-permeability ratio k.,w/k,w
upon m. McWhorter and Sunada (1990) show that this ratio is about one order-of-
magnitude greater for m = (.5 than for m = 0.8 in the saturation range of relevance for
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Figure 3.14 The sensitivity of water flood performance to pore-size distribution.

DNAPL recovery by water flood. Figure 3.14 depicts the substantial change in perfor-
mance that is caused by increasing m from 0.5 to 0.6.

3.6.6 Displacement of DNAPL by Radial Water Flood

Injection of water through wells for the purpose of displacing DNAPL to recovery wells
is an alternative to the 1-D water flood discussed above. Injection and recovery wells
are easier to install and operate than are the horizontal drains required to effect 1-D
displacements. The expected recovery efficiency under various operating conditions can
be calculated as follows.

The water saturation at any radial distance, r, from an injection well is given by
(McWhorter and Sunada, 1990)

1/2
F(Sun 1) = (—Q—’MF,;(S,»:) : (3.59)
Thd

in which Q, is the injection rate at the well, b is the thickness of the injection zone, and
the fractional flow function F,,(S, ) is defined by

— Qw - fl Qr
Q.(1—f)
The discharge of water across the lateral surface of a cylinder of radius r and height b

is @y. The value of @, ranges from Q, at the well to f;Q, at large distances from the
injection well. Thus, the fractional-flow function ranges from O to 1.

Fu (3.60)



122 Mechanics / Mathematics of Movement of DNAPLs in Porous Media Chap. 3

The fractional-flow function is calculated by iteration in

§ —47h B D(B) )
s, )d
/s,. eX"(Q,(l — /s FuB) — f2(B) P

S —4mb
/ exp 7 dp

)
' t 1 i dSw
Q:(~ 4 )f FoB) — n(B)

As before, f, = (f — fi)/(1 — f;), f, and D are calculated from the capillary-hydraulic
properties as indicated in Egs.(3.42) and (3.43).

The above equations represent an exact solution for the differential equation that
is Eq.(3.41) as modified for radial flow. The injection rate is a constant in this case. The
volume of DNAPL V,,,, that is displaced across a surface of radius R is calculated from

Fy(Sy) = 3.61)

&1 —SHnRb  \1-5; ) \ &7 R2b w = Si)Fy — Fy) .
with
Vi r1-1
onrp TR 3.63
O R2b (1= fOF,] (3.63)

Again we have expressed the volume of displaced DNAPL as a fraction of the initial
DNAPL volume, and the injected volume as a fraction of the pore volume. In this respect,
Eqs.(3.62) and (3.63) are identical to Eqgs.(3.56) and (3.57) for a 1-D water flood; the
numerical values of F,, are different, of course, for the two cases.

The performances of two water floods conducted under identical conditions ex-
cept for injection rate are represented in Figure 3.15. The dimensionless injection rates
indicated on the figure refer to

0, = 2= fory (3.64)
(Sm - S:)k Po
where k is the intrinsic permeability and P, is a characteristic capillary pressure. The
parameter Q, has the physical significance of being the ratio of viscous forces to the
capillary forces. It has been observed that water flood performs better when this ratio is
large (i.e., large injection rates).

For a given aquifer, the injection rate that can be achieved is dictated by the
pressure difference between the injection and recovery wells and the well spacing. The
relationship among these factors is given to a rough approximation by

2mkbk,, (SHAP
My In(R /ry)

where k,,,(S;) 1s the relative permeability to water at the initial water saturation and AP
is the pressure difference. The magnitude of AP, expressed as a height of water, will be
on the order of the thickness of the DNAPL layer. One can then adjust the spacing R to
achieve a target injection rate that will promote an efficient displacement process.

, (3.65)

t =
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Figure 3.15 The performance of two radial water floods.

The above remarks include no consideration of costs. Small spacing will promote
efficient displacement, but will cost more than a large spacing. A computation of perfor-
mance with different values of R and an expression of cost as a function of R will permit
the computation of a performance vs. cost curve. A decision on spacing that strikes a
reasonable balance between performance and cost is then possible.

3.7 STABILITY OF TWO-FLUID DISPLACEMENTS

When a DNAPL penetrates the water table, water is displaced by a liquid which is denser
and often less viscous than water. Such displacements give rise to a gravity and/or vis-
cosity induced instability we have referred to as “fingering”, and results in a chaotic and
unpredictable propagation of the macroscopic interface separating the fluids of interest.
Figure 3.16 illustrates the fingering process for the displacement of a more viscous lig-
uid by a less viscous liquid. As shown, the originally planar interface separating the two
liquids becomes increasingly distorted with travel distance. In general, the fingering pro-
cess occurs whenever the displacement is characterized by an unfavorable density ratio
such as the downward displacement of a light liquid by a heavier liquid, or the upward
displacement of a heavy liquid by a lighter liquid, and in cases where the viscosity of
the displacing fluid is less than that of the displaced fluid. In cases where one of either
the density ratio or viscosity ratio is favorable and the other is not, a critical velocity
determines whether or not the displacement will be stable.

It is generally accepted that the fingering process is triggered by microscopic het-
erogeneities such as those encountered at the pore scale. Studies illustrate that the spacing
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Figure 3.16 Fingering in a Hele-Shaw cell. The initial planar interface originated at
the left side of the cell. Shown are four subsequent locations of the advancing interface.
(Reprinted with permission from Perkins and Johnston, 1969.)

of fingers evolving in homogeneous media is a function of the porous medium properties,
the fluid properties, and the velocity of the advancing interface. The fingering model, first
introduced by Chuoke ef al. (1959), assumes that the medium through which the fluids
are moving is perfectly homogeneous. This may well be approximated in the laboratory,
but in the field such media rarely exist. Within heterogeneous media, macroscopically
planar interfaces will not exist between the fluids of concern. Stability analyses yielding
optimum wavelengths of finger initiation will be invalid since heterogeneous media do
not provide an infinite number of wavelengths from which to initiate fingering. Fingering
will simply be initiated in the most permeable regions which exhibit the least resistance
to the advancing front.

Exactly what degree of permeability variation is required to invalidate the homoge-
neous instability model is unclear, but experiments (Gupta et al., 1973; Schwille, 1988)
seem to indicate that it is very slight. If the porous medium of interest has macroscopic
heterogeneities of a length scale equal to or less than the scale of the critical wavelengths
required to initiate fingering, then no fingering by definition actually takes place. The
highly irregular fluid distributions that result are due to local permeability variations, and
should perhaps be termed channeling to distinguish them from similar fluid distributions
that can arise in theoretically homogeneous media.

It should be noted that situations may occur where gravity- and viscosity-induced
instabilities dominate over the influence of heterogeneity in determining the migration
pathways of an immiscible contaminant. One such situation involves the case of low or
negligible interfacial tension. Under such conditions, for a given set of fluid parameters
and flow conditions, it would be expected that there will be a threshold degree of hetero-
geneity characterized by the variance and structure of the permeability field below which
the fingering process dominates. Also, in situations where the fluid properties of interest
and the prevailing flow conditions bring about a fingering wavelength below the scale of
heterogeneity present, then the fingering process may be influential in determining the
fate of an immiscible contaminant. One such situation may arise in a stratified porous
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medium having individual beds of a much larger horizontal extent than vertical extent.
In such a case a great deal of lateral flow may occur above finer grained lenses, and this
flow process would be subject to viscosity-induced instability along the plane of bedding.
The fingering process is described further by Kueper and Frind (1988).

In this chapter we have assumed that interfacial tension forces are not negligible
and that the length scale of heterogeneity in the porous medium of interest is on the order
of the wavelengths of fingering. This allows use of the governing equations presented
without modification to account for possible fluid instabilities. In practice, it is likely that
the effects of heterogeneity will dominate the fate of DNAPL in field situations. When
performing laboratory experiments in homogeneous media, however, explicit account of
possible fluid instability should be taken.

3.8 CONCLUSIONS

The displacement of groundwater in the pores of an aquifer by an invading DNAPL
can never be accomplished completely by physical means alone: unless there is enough
DNAPL to allow all of the residual water to dissolve into that DNAPL, water and
DNAPL will coexist in the interstitial pore space where DNAPL is present. The volumes
of DNAPL and water present in the aquifer per unit of pore volume is characterized by
the empirical capillary-pressure curve for the medium. This relationship is of fundamental
importance to understanding and quantifying the movement and distribution of DNAPLs
in aquifer systems.

A threshold capillary pressure, termed the entry pressure, must be attained for a
DNAPL to become continuous and capable of flow through a porous medium that is
otherwise saturated with water. The entry pressure is highly variable in heterogeneous
aquifers, and results in seemingly-chaotic patterns of flow, as well as randomly-distributed
pools and trails of residual DNAPL. A pool will form on top of a textural discontinu-
ity when the capillary pressure is insufficient to exceed the entry pressure of the next
material encountered. The thickness of a DNAPL pool required to initiate penetration of
an obstructing stratum is inversely proportional to the buoyant density of the DNAPL.
Fluids with densities near that of water are likely to form thick pools. The relative rarity
of thick pools of chlorinated solvents is explained by the fact that even thin pools of
these very dense liquids can result in significant capillary pressure.

Analyses of flow problems involving DNAPL are based on Darcy’s Law written
for each fluid. The permeability to the individual fluids is a strong function of the fluid
contents, and therefore of the capillary pressures. Forces acting to cause DNAPL flow can
be expressed in terms of the familiar gradient hydraulic head in the aqueous phase, the
gradient of capillary pressure, and the buoyant density of the DNAPL. This approach for
expressing the driving forces on a DNAPL phase leads to a particularly simple and general
expression of the conditions under which upward hydraulic gradients in groundwater are
sufficient to halt the downward migration of DNAPL that would otherwise occur. The
same concept sets out the conditions under which a static DNAPL ganglion may be
mobilized by modifying the gradient in the groundwater.
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Calculation of unsteady flow of DNAPL can show the remarkable sensitivity of
such flow to the capillary-hydraulic properties of the porous medium. Even in the ide-
alized case of a perfectly homogeneous medium, DNAPL can be expected to penetrate
in the form of narrow, elongated distributions in which the mean saturation of DNAPL
is small. The result is that even small volumes of DNAPL can be expected to result
in extensive spreading. Also, the small DNAPL saturation behind the advancing front
results in large DNAPL seepage velocities. This, in combination with a large density and
low viscosity, can cause rapid DNAPL migration.
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ABSTRACT

Numerical models provide an essential tool for decision making, assessment, and design
of remediation systems at hazardous waste sites. The steps of the modeling process,
from conceptual design to modeling implementation are described including examples
and a case history. The reliability and usefulness of model results are dependent upon
the degree of site characterization. In most cases, a single, site-specific prediction cannot
be obtained, but rather an envelope of possible behavior.

4.1 INTRODUCTION

Upon release at the ground surface, a dense non-aqueous phase liquid (DNAPL) will
migrate through the subsurface according to a variety of complex and inter-related pro-
cesses. In both saturated and unsaturated deposits, a DNAPL can distribute itself in
“residual” form as disconnected blobs and ganglia, and also as larger accumulations
referred to as pools. Residual DNAPL is formed at the trailing edge of a migrating
DNAPL body due to pore-scale snap-off and trapping mechanisms, and is extremely dif-
ficult to displace by hydraulic means alone (see Chapter 3). DNAPL pools, on the other
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hand, form on top of capillary barriers and are relatively easily mobilized through either
manipulation of hydraulic gradients, or by a lowering of the DNAPL/water interfacial
tension. It is known that the migration pathways of DNAPL are governed primarily by
heterogeneity and porous media structure, with subtle variations in permeability capable
of causing significant degrees of lateral spreading, and migration patterns which are both
sparse and tortuous.

Below the water table, residual and pooled DNAPL will slowly dissolve into flow-
ing groundwater, giving rise to evolving plumes of contaminated groundwater. The mag-
nitude of the concentrations arising in these plumes is a function of the chemical compo-
sition of the DNAPL phase, as well as the degree of surface area available for interphase
mass transfer. It is known that residual and pooled DNAPL may not always be directly
accessible to flowing groundwater, in which case the dissolution process becomes diffu-
sion limited. This results in an inherently slow mass transfer process, and is often the
cause of the well-known tailing phenomenon observed in remediation efforts. Above the
water table, residual and pooled DNAPL will lead to the evolution of a vapor plume,
which can in turn transfer contaminants directly to the water table, or to infiltrating wa-
ter. In cases where DNAPL is trapped in layers of high water content, or in fine-grained
material, the transfer of components to the air phase may also be diffusion controlled.

The above processes can be described through numerical simulation. A numerical
model is a tool that allows integration of all the processes which are relevant in a
given situation, and allows analysis of the behavior of a system under a wide range of
conditions. Since field experimentation with hazardous immiscible liquids is prohibited
by law in many regulatory jurisdictions, numerical modeling may offer the only means
of gaining insight into field-scale processes and remedial actions at real sites. Some
parameters, such as field-scale dispersivities and mass transfer coefficients, are difficult
to measure directly and must be determined by fitting field data to models. Also, through
the use of a numerical model, a variety of “what if” scenarios and worst case conditions
can be examined for a particular system. Individual processes can be turned on and off to
determine their importance. Moreover, by means of Monte Carlo methods and similar
statistical approaches, the uncertainty associated with a given event can be estimated.

The understanding which can be gained from modeling can assist in anticipating
the consequences of a spill, and can help judge the prospect of being able to clean it up.
Modeling, by virtue of the integrated insight it provides, can be an important component
of the overall regulatory, environmental, economic, and political decision making process
at a particular site.

4.2 THE MODELING PROCESS

The modeling process begins by defining the modeling objectives. The specific objectives
to be met will be site specific and may seek to answer one or more of the following
questions:

e What is the relative importance of the various processes and parameters?
e What are the possible worst-case scenarios?
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e What are the possible migration paths and travel times of contaminants?

e What are the arrival curves of contaminant concentration at critical points under
various scenarios?

e Will the contaminant be cleaned up in a reasonable time frame by natural processes
alone?

e How effective will remediation efforts be in cleaning up the aquifer, and could
attempts at remediation actually worsen the extent of contamination?

Once the modeling objectives have been clearly identified, a conceptual model
must be formulated. A conceptual model is an idealization of the real system incorporating
the relevant processes and degree of coupling required between these processes. The
underlying assumptions for including certain processes and excluding others should be
carefully considered and the implications of these assumptions should be fully understood
by the model user. For example, if the tailing associated with a soil vacuum extraction
system is of interest, then the possible presence of low permeability lenses and DNAPL
in zones of high water content must be incorporated; conceptualizing such a site as a
homogeneous domain would be inappropriate.

The conceptual model underlying a given numerical model incorporates information
on the extent, configuration, variability, and properties of both the contaminant and the
hydrogeological units. This information is obtained from field investigations, and must be
of sufficient quality and quantity so that a valid conceptual model can be formulated. The
conceptual model determines what spatial dimensions are necessary to meet the modeling
objectives. Since all real sites are three-dimensional and a DNAPL can spread in three
dimensions, a 3D model will in almost all cases provide the most complete representation.
However, 3D models are expensive to operate, and it is therefore desirable to choose the
fewest dimensions that will satisfy the stated objectives. A model incorporating DNAPL
migration, for example, should always include the vertical dimension to account for the
action of gravity. Complex aquifers and a desire to study the influence of smali-scale
heterogeneity will require a full 3D model. If the spill in question is small and the
aquifer is relatively homogeneous, a 2D axisymmetric model including the radial and
vertical dimensions may suffice. Similarly, to simulate the overall migration of a plume
of dissolved DNAPL in a thin confined aquifer, a 2D plane model may be adequate.

The time scale of the various processes of interest must also be considered in
the selection of an appropriate conceptual model. At many sites, downward DNAPL
migration and the formation of residual and pooled DNAPL may take place within days
or months, while the dissolution process may carry on for decades and possibly centuries.
In such situations it would be appropriate to decouple the migration of the immiscible
phase from the evolution of a dissolved plume, with a separate numerical model used to
describe each. The decoupling of processes will, in virtually all cases, greatly simplify
the modeling effort, leading to cost savings.

Once a conceptual model has been formulated, a mathematical model must be
created. At this step, physical processes are formulated in the form of a boundary value
problem which comprises the governing partial differential equations, relevant consti-
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tutive relationships, material properties, boundary conditions, and initial conditions. In
the most general case, the equations governing the migration of DNAPL, air, and water,
subject to mass transfer across phase boundaries, can be assembled from the following
mass balance equation for chemical component k in phase a:
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where g, is the fraction of bulk volume occupied by the « phase, p, is the average
mass density of the « phase, wj is the mass fraction of component k in the « phase,
Vg,i is the velocity of the o phase in the i-th direction, J; is the non-advective flux
of k in the o phase in the i-th direction, I represents the transfer of k due to phase
change and diffusion across phase boundaries, and EY is the external supply of & to the o
phase through biotic and abiotic transformations. It follows from Eq.(4.1) that the mass
fractions within a given phase must sum to unity, i.e.,
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where #n is the total number of components comprising phase «. It also follows that the
fractional phase volumes sum to unity, i.e.,

N
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where N is the total number of phases, in the most general case being four (air, wa-
ter, DNAPL, and solid). The following expresses the conservation of mass of a given
component distributed amongst the phases:

N
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Eq.(4.1) requires that the phase velocities, vy ;, be defined. For saturated groundwater
flow these are usually obtained from Darcy’s Law. Based on laboratory experiments
performed in the petroleum industry (Wyckoff and Botset, 1936; Leverett, 1938), it
has been suggested that Darcy’s Law can be extended to DNAPL systems as well.
Others (e.g. Allen, 1985) have shown that Darcy’s Law can be extended to multiphase
systems by considering a momentum balance for each phase of interest. Such studies
show Darcy’s Law to be valid if inertial effects are negligible and there is no transfer of
momentum between phases. It appears that in most cases an extended form of Darcy’s
Law is applicable to DNAPL systems in order to define the phase velocities required in
Eq.(4.1). Darcy’s Law extended to multiphase systems may be expressed as
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where P, is the pressure of the o phase, g is the gravitational constant, z the vertical
direction, and K;*; a second rank mobility tensor given by
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where 1, is the dynamic viscosity of the o phase, k; ; is a second rank intrinsic per-
meability tensor, and k., the relative permeability to the « phase accounting for the
reduction in permeability due to the presence of other phases.

Equation (4.1) requires that the non-advective flux vector, J,ff ;» be defined. This
vector accounts for the molecular diffusion and mechanical dispersion of component k&
within a given phase. It is often assumed that both of these are Fickian in nature in

which case the processes are additive leading to
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where 7, ;; is a tensor of phase tortuosity coefficients, D!j’“ is the free-solution molecular
diffusion coefficient of k£ in o, and D:{zj a mechanical dispersion tensor of £ in a.
The proper form of the mechanical dispersion tensor for a given scale of interest, flow
conditions, and saturation distribution is not always obvious. For solute transport in
groundwater, various forms of the dispersion tensor have been proposed as discussed by
Bear (1972) and Gelhar (1986).

In order to complete the set of equations required to represent DNAPL migration in
the subsurface, the various phase pressures must be coupled through capillary pressure
relationships. For a general air-water-DNAPL system, the following capillary pressures
can be defined:
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where the scripts a, n and w are taken to represent air, NAPL, and water, respectively.
The phase saturations, S,, are expressed as a fraction of pore space and are related to
the phase volume fractions by S, = &,/¢ where ¢ is the porosity of the medium.

The relationships in Eqs.(4.8)-(4.10) are typically determined experimentally for
the media and fluids of interest. It is known that these relationships vary spatially at
real sites, often at the scale of centimeters (e.g. see Poulsen and Kueper, 1992). For the
case of two-phase flow, various workers have proposed empirical relationships allowing
a mathematical function to be fit to experimental data (e.g. Brooks and Corey, 1966;
van Genuchten, 1980). Leverett (1941) presented a relationship demonstrating that capil-
lary pressure curves can be scaled as functions of hydraulic conductivity and interfacial
tension. The use of interfacial tensions to scale capillary pressure curves has also been
demonstrated by Schiegg (1984) and Parker ef al. (1987).

Where three fluid phases are present, it has been suggested that two-phase capillary
pressure relationships can be used to approximate three-phase capillary pressures (e.g.
Leverett, 1941). These studies assume that the total liquid saturation given by S7 = Sy +
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Sw 1is a function of the air-DNAPL capillary pressure only, and that water saturation is a
function of DNAPL-water capillary pressure only. This assumes that water is wetting with
respect to DNAPL, and that DNAPL is wetting with respect to air. Although validated
under certain specific flow conditions (e.g. Lenhard and Parker, 1988), the use of two-
phase capillary pressure relationships to represent three-phase systems has not yet been
experimentally validated for a wide set of flow conditions. Since most three-phase flow
models available at the present time adopt this approximation, they should be used in
three-phase flow situations with caution until further experimental validation is obtained.

As with the capillary pressure relations in Egs.(4.8)-(4.10), the relative permeability
relationships in Eq.(4.6) are path-dependent functions of fluid saturation that vary spatially
at real sites. Because relative permeability curves are difficult to measure in practice, they
are often predicted from measured capillary pressure data (e.g. Brooks and Corey, 1966).
This is justified by recognizing that the distribution of pore and throat sizes which largely
determine the shape of a capillary pressure curve also largely determine the nature of
the relative permeability curve. In three-phase systems it has been demonstrated that
water-relative permeability and air-relative permeability are dependent mostly on water
and air saturation, respectively (e.g. see Leverett and Lewis, 1941). As a result, various
methods have been proposed to predict three-phase relative permeabilities from two-
phase data (e.g. Stone, 1970; Lenhard and Parker, 1987). As with capillary pressures,
these extensions have been validated for selected flow conditions.

In cases where the transfer of components across phase boundaries is of interest,
such as the vaporization of a DNAPL in the unsaturated zone, or DNAPL dissolution be-
low the water table, it must be decided whether or not the mass transfer terms appearing
in Eq.(4.1) will be treated on the basis of local equilibrium. The local equilibrium as-
sumption assumes that the transfer of components between phases occurs instantaneously
relative to the bulk phase flow rates. This implies that equilibrium mass fractions of
components are uniformly distributed within all phases at all times. Commonly adopted
equilibrium relations include Henry’s Law for the partitioning of components between
water and air, linear sorption isotherms for partitioning of components between water and
solid phases, and Raoult’s Law for partitioning from a multicomponent DNAPL phase
to another phase.

For many situations, it is known that the local equilibrium assumption is not valid,
in which case a kinetic (i.e., rate-limited) approach must be adopted. These situations
often occur when describing a particular process at the field scale; examples include the
diffusion of components out of low permeability zones leading to tailing in soil vacuum
extraction systems, and the dependence of solubilization on flow rate in a solubilizing
surfactant flood.

Once a mathematical formulation has been arrived at for a given problem of interest,
a solution technique must be used to solve the governing equations. Because the equa-
tions governing multiphase/multicomponent flow and transport are typically non-linear,
and since material properties vary spatially, exact analytical solutions are available only
for simplified cases. The majority of situations require that a numerical solution tech-
nique such as finite difference, finite element, or finite volume be employed. Numerical
techniques require that the problem domain be discretized into a grid, with the governing
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equations approximated at the cells or nodes of the grid by means of algebraic equations
which link the cells or nodes together. The unknowns of interest, such as DNAPL satu-
ration or contaminant concentration, are then solved for at these node locations or cell
centroids. Typical solution methods are described in textbooks such as Huyakorn and
Pinder (1983).

In many situations of interest, an implicit, iterative solution scheme will be required
to treat the non-linear nature of the governing equations. Typical non-linearities include
the dependence of relative permeability and capillary pressure on fluid saturation, and
the dependence of mass transfer rates on chemical concentration. In some systems the
non-linearity of the governing equations may be weak, allowing a simple iterative or
time-lagging scheme to be adopted. In other cases, such as the migration of a DNAPL,
the governing equations can be highly non-linear, in which case a Newton-Raphson
approach is usually adopted. Given a set of non-linear algebraic equations, F(X) = 0,

the Newton Raphson approach leads to a linearized matrix equation of the form
aF(X)"
———3X=-FX)" , 4.11
X (X) (4.11)
where % is a square matrix of Jacobian derivative terms, F(X)" is a vector of residual
values, n the iteration level, and 3X a vector of incremental unknowns given by:

axX = X" —x" (4.12)

where X is a vector of discrete unknowns. The algorithm in Eq.(4.11) is repeated until
the residual vector has converged to within a prescribed tolerance.

The set of algebraic equations arising through the application of a numerical tech-
nique must be solved for each iteration and/or time step. The simplest matrix solution
techniques involve the use of Gaussian elimination. For large sets of equations, direct
solvers utilizing Gaussian elimination will be prohibitively slow and prone to machine
round-off errors. Computer storage may also be a problem. Iterative solvers have been
shown to be more efficient at solving large sets of equations, and offer an additional
advantage that only the bands of non-zero elements of the coefficient matrix need to
be stored in memory. Letniowski (1989) gives an excellent review of preconditioned
iterative methods for solving sparse matrix equations.

Once a numerical solution technique has been applied to discretize the governing
partial differential equations, a computational algorithm is created by transposing the
numerical technique into a computer code through the use of a chosen computer language.
The resulting computer code is often referred to as “the model”, but it should be clear
from the preceding discussion that this is merely one stage of the overall modeling
process.

In order to apply a given computer code to a site-specific situation, the user must
decide upon an appropriate scale of nodal discretization. For example, if the individual
migration pathways of DNAPL through heterogeneous sands is of interest, this may
require discretization at the centimeter scale (e.g. Kueper and Frind, 1991b). In a three-
dimensional model this may lead to the use of hundreds of thousands of nodal points,
leading to an extremely CPU- and memory-intensive effort. In recent years there has
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been much attention given to the development of effective, large-scale parameters for
multiphase/multicomponent flow and transport (e.g. Mantoglou and Gelhar, 1987; Kueper
and McWhorter, 1992). These parameters would allow much coarser computational grids
to be employed, but the resulting simulations would provide only the average behavior
of the system. It is important to realize, however, that effective, large-scale parameters
currently exist only for certain simplified situations. The unfortunate implication is that
reliable field-scale numerical simulation of certain DNAPL processes can at the present
time only be carried out using small-scale nodal discretization.

Figure 4.1 presents a numerical simulation of trichloroethylene (TCE) migration
through a heterogeneous sand aquifer where small-scale variability of hydraulic con-
ductivity has been accounted for (Gerhard, 1993). A total of 32,000 nodal points has
been incorporated into the solution domain, with horizontal and vertical node spacings
of 25 cm and 12.5 cm, respectively. A spatially correlated, random hydraulic conduc-
tivity field was generated using a log-normal distribution as input (mean In(K) = —4.6,
variance In(K') = 2.0). An exponential autocorrelation function was assumed with hori-
zontal and vertical correlation lengths of 5.0 m and 0.5 m, respectively. As can be seen,
the TCE spreads laterally across various lower permeability horizons, with a significant
degree of lateral spreading at the upper elevations. Simulations presented by Kueper er
al. (1990) have demonstrated that the use of an equivalent homogeneous domain incor-
porating a large-scale hydraulic conductivity as might be obtained from a pump-test, does
not yield the proper infiltration rates and degree of lateral spreading for point releases of
this nature.

DISTANCE (m?2

Figure 4.1 Trichloroethylene (TCE) migration through a heterogeneous sand aquifer from a point
release. (Reproduced with permission from Gerhard (1993).)
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Once a computer code has been created, it must be verified to confirm that the
governing equations have been solved correctly and that the code is free of errors. Veri-
fication is carried out by running test problems and comparing results to those obtained
independently with an exact method such as an analytical solution. Since analytical so-
lutions are only available for idealized situations with simple boundary conditions, it
is in general extremely difficult to completely verify a multiphase/multicomponent flow
and transport model. A less stringent method of verification is to compare the results of
a model with those of a previous, independently created numerical model. While there
is still the possibility that both models are making the same errors, the exercise should
nevertheless be carried out. Under no circumstances should a numerical model be used
if it has not been at least partially verified against an analytical solution, or compared to
the results of a previously published model.

Even if a computer code has been verified to ensure that the chosen numerical
method has been properly implemented, it remains to be seen whether or not the govern-
ing equations upon which the model is based have been correctly formulated. To ensure
this, the computer code should be validated through comparison to a controlled labora-
tory or field experiment. Validation is carried out by independently measuring all model
input parameters and comparing the model output to that of the controlled experiment.
This provides a complete check of not only whether the appropriate governing equations
have been employed, but also whether adequate constitutive relationships and material
property definition has been incorporated. From a strict scientific point of view, however,
agreement of the model results with those from a given experiment simply implies that
the model is capable of simulating that particular experiment. According to Konikow and
Bredehoeft (1992), a computer model cannot be shown to be valid, it can only be shown
to be invalid. This is a particularly important distinction where complex processes are
concerned such as those associated with the behavior of a DNAPL in the subsurface.
We recommend the use of the term “model testing” to avoid the misleading notion of
unconditional validity and even infallibility.

Calibration involves fitting the model output to a set of observed data while ad-
justing the input. Once the input parameters have been adjusted to produce a satisfactory
fit, these are deemed to be the proper input parameters so that the model can be used for
predictive purposes. A pump test may be an opportunity to calibrate a groundwater flow
model, for example, so that it can be used for future prediction of the performance of a
full-scale pump-and-treat system. For complex situations where not all controlling input
parameters can be obtained by independent measurement, model calibration may be the
only practical way to obtain certain parameters such as dispersivity or a large-scale mass
transfer coefficient. In theory, only one parameter should be fitted to a given set of data
in order to obtain a unique solution. In practice, if different parameters affect the solu-
tion in distinctly different ways, more than one parameter can be fitted. The possibility
of non-uniqueness, however, where more than one combination of parameters give an
equally good fit, increases with the number of parameters fitted. It may be determined
during the model calibration stage that additional field work is necessary to constrain
certain input parameters in order to reduce the uncertainty associated with the model
output.
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4.3 MODEL USAGE

For the typical model user, the mathematical solution, numerical solution, computational
algorithm, and verification steps of creating a model will have been completed by the
model author. The task therefore simplifies to formulation of the conceptual model,
the choice of proper scale and dimensionality, and the obvious task of selecting an
appropriate computer code. Model testing will still be necessary to demonstrate that an
appropriate model has been selected, and model calibration will in most cases be needed
to determine uncertain parameters. It should be emphasized that the task of selecting an
appropriate computer code can only be carried out successfully if the model user fully
understands the mathematical formulation upon which the model is based. There are
numerous assumptions and simplifications that can be implemented at the mathematical
formulation stage, and one must carefully examine the final set of partial differential
equations which are solved to determine exactly what physics the model represents.

Once an appropriate model has been selected, tested, and calibrated, the user is
in the position to carry out a variety of tasks. For complex systems, the best way to
understand the interaction and relevance of various processes is to carry out a sensitivity
analysis. This involves varying key input parameters one at a time within a physically
realistic range and observing the response of the model. The parameter ranges are usually
known to the experienced hydrogeologist and in many cases may be narrowly defined.
A sensitivity analysis is an excellent means of educating those involved with a particular
site or class of contaminants, and is often the only “experimental” method available to
gain insight into specific processes.

Once the calibration of a numerical model has been completed, in many cases the
model can be used for design purposes. Examples may include selecting the number
and location of pumping wells in a pump-and-treat remediation scenario, determining
the hourly mass removal rate from a soil vacuum extraction system so that an above
ground treatment system can be designed, or selecting the spacing and number of wells
to use in a surfactant or alcohol flood designed to remove DNAPL. Whenever used for
design purposes, however, it must be kept in mind that all model output is subject to
uncertainty. A proper design exercise will involve producing a probable range of system
behavior, with the final design having enough flexibility to accommodate the full range
of possible system behavior.

In certain circumstances a numerical model can be run to examine a variety of
“what-if” situations. An example may be the loss of capture in a pump-and-treat system
upon failure of one well, or the rate at which a vapor plume will resume spreading upon
accidental shut-down of a soil vacuum extraction system. A model can also be utilized to
study the uncertainty associated with a given process. This is often done with a Monte
Carlo analysis, which is simply a sensitivity analysis in which parameter values are
selected at random from their respective ranges. The suite of model outputs can then be
analyzed and described in statistical terms to yield the most probable behavior of the
system, along with the uncertainty associated with that behavior.

Whenever a model is used for purposes of site specific prediction, it must be kept
in mind that multiphase/multicomponent flow and transport models are highly sensitive
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to site-specific factors such as heterogeneities, the scale of discretization, and mass trans-
fer parameters. In addition, it must be kept in mind that some controlling processes are
still imperfectly understood. The possibilities for full validation at real sites are therefore
limited. The prudent approach to numerical modeling at DNAPL sites is to utilize a
numerical model for education purposes, and to produce a range of possible system be-
havior rather than one individual prediction that is claimed to be a perfect representation
of site conditions.

4.4 EXAMPLE

To demonstrate the use of a DNAPL migration model, the two-phase flow model de-
veloped by Kueper and Frind (1991a,b) was utilized to examine the possible rates of
DNAPL leakage from a waste lagoon located at Ville Mercier, Quebec. These lagoons
were operational from 1968 through to 1972 and received a variety of oils, sludges and
other debris (Poulin, 1977). Because exact records were not kept, it is unknown at present
exactly how much DNAPL could have leaked out of the base of the lagoons, and at what
rates. Figure 4.2 presents a vertical cross section through the site illustrating the subsur-
face conditions. As can be seen, the unlined lagoon was situated in a sand and gravel unit
(K =5 x 1073 cm/s) underlain by a discontinuous upper silty sand till (K = 1 x 107°
cm/s). This till is in turn underlain by a discontinuous basal till (K = 1 x 10~ cm/s)
situated above fractured bedrock. For the purposes of modeling, the lagoon was attributed
a total area of 8,400 m?. Examination of aerial photographs taken during the operating
period of the lagoon suggests that this area is a minimum.

The specific objective of the modeling was to determine what possible rates of
DNAPL leakage could have occurred through the base of the lagoon during the first
two years of operation. The conceptual model assumed that DNAPL acted as a non-
wetting liquid in the presence of water, and that DNAPL dissolution did not significantly
influence leakage rates over the four year period of operation. It was also noted that the
base of the lagoon was below the water table during the entire operating period. The
migration process of interest was therefore DNAPL displacing water in the absence of
mass transfer by dissolution. On the basis of site history, it was further conceptualized
that the level of DNAPL in the lagoon was maintained at a relatively constant level over
the four year period, but that a sludge layer built up with time. It was also decided that
spatial variability of geological properties within each of the major lithologic units would
not be influential in governing the overall rate of leakage since the size of the lagoon
was large relative to the scale of heterogeneity.

The mathematical model required to simulate DNAPL displacing water in the ab-
sence of mass transfer is based on the following partial differential equations, which can
be created by summing Eq.(4.1) over all components comprising a given phase:
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where the subscripts w and n denote water and DNAPL, respectively. The pair of
equations represented by Eq.(4.13) are coupled through the capillary pressure relation
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Figure 4.2 Vertical cross-section illustrating major geological units beneath waste lagoons at Ville

Mercier, Quebec. (Reproduced with permission from Mercier (1993).)
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in Eq.(4.10) and are subject to the constraint that the two phase saturations sum to
unity.

The finite difference model developed by Kueper and Frind (1991a) solves Eq.(4.13)
fully implicitly using full Newton Raphson iteration. A sparse matrix solver based on
the ORTHOMIN technique (Vinsome, 1976) is employed to minimize CPU time and
computer storage requirements. The computational algorithm was created using the FOR-
TRAN language, with all simulations carried out on an IBM 6000 Risc based worksta-
tion. As described in Kueper and Frind (1991a), the model was verified in one dimension
against an exact analytical solution by McWhorter and Sunada (1989), and was tested
through comparison with a controlled laboratory experiment (Kueper et al., 1989) in-
volving the migration of tetrachloroethylene through a heterogeneous sand pack.

For the modeling task under consideration here, all model input parameters were
estimated from various previous studies completed at the site. These studies, as well as
further details of the numerical modeling, are found in Mercier (1993). Although large
amounts of data are available for many hydrological parameters, certain model input
parameters such as DNAPL density, interfacial tension, and viscosity were not readily
available. To account for this uncertainty, these properties were varied within expected
ranges. In addition, the properties of the sludge layer across the lagoon bottom were not
precisely defined, demanding that these also be varied over an expected range.

It was decided to adopt a two-dimensional vertical cross-section grid with vertical
and horizontal nodal spacings of 1.0 m and 2.0 m, respectively. This resulted in adequate
resolution of the geological features in Figure 4.2, and resulted in a total of 8,000 nodes
in a 40 m high by 400 m wide solution domain. To account for the uncertainty in various
input parameters, a total of 12 simulations were performed. Figure 4.3 presents both
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Figure 4.3 Maximum and minimum DNAPL leakage rates through base of lagoon es-
timated using numerical simulation. (Reproduced with permission from Mercier (1993).)
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the maximum and minimum rates of leakage from this suite of simulations. The bottom
curve in this figure represents a DNAPL having a density of 1100 kg/m?, a viscosity of
0.050 Pa-sec, an interfacial tension of 0.045 N/m, and a 0.50 m accumulated DNAPL
pool height. The upper curve represents a DNAPL having a density of 1300 kg/m?,
a viscosity of 0.002 Pa-sec, an interfacial tension of 0.015 N/m, and an accumulated
DNAPL pool height of 0.50 m.

The overall conclusion of this modeling assignment was that the geological con-
ditions beneath the lagoons at Mercier were such that significant volumes of DNAPL
likely escaped the lagoon during its operating period. Additional simulations (not shown),
however, have demonstrated that a silting of the lagoon bottom could have completely
arrested DNAPL leakage after an initial period. Even with such silting, the initial infil-
tration rates were found to be significant. Further details of the modeling are presented
in Mercier (1993).

4.5 CONCLUSIONS

Numerical modeling offers an efficient and cost-effective means of gaining insight into
the various processes which govern multiphase/multicomponent flow and transport in a
variety of geological environments. Used properly, modeling can be a useful component
of the design and decision making process at most sites. In regulatory jurisdictions
where it is prohibited by law to introduce contaminants into the subsurface for research
purposes, numerical modeling may be the only experimental technique available to study
and assess the behavior and clean-up of DNAPLs at the field scale.

The modeling process begins by clearly stating the modeling objectives. Following
this, an appropriate conceptual model must be formed for the problem at hand. The con-
ceptual model will include identification of the relevant physical and chemical processes,
possible decoupling of time scales, a clear definition of the spatial scales and dimension-
ality required, and definition of relevant material and fluid properties. The conceptual
model then leads to formulation of a mathematical model, which includes the governing
partial differential equations, boundary conditions, and necessary constitutive relation-
ships. Through the use of a numerical solution technique such as finite differences or
finite elements, the governing equations are solved and a computational algorithm is cre-
ated. This computer code must in turn be verified to ensure that the numerical solution
technique has been properly implemented and tested to ensure that the governing partial
differential equations have been selected properly.

Once a numerical model has been chosen, the model user will likely calibrate the
model to a known set of data from a site in order that certain input parameters can be
constrained. The model can then be used to perform sensitivity and uncertainty analyses,
to assist in the design process, and to examine a variety of “what if” scenarios. While
much can be gained from the proper use of a numerical model, it must be remembered
that failing to pay attention to critical issues (e.g. the scale of discretization and the proper
choice of input parameters) can result in a completely misleading interpretation of site
conditions. This is particularly true for multiphase/multicomponent flow and, transport
modeling where the physical and chemical processes involved are an order of magni-
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tude more complex than those associated with traditional groundwater flow and solute
transport modeling.
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ABSTRACT

The behavior of dense non-aqueous phase liquids (DNAPLSs) in naturally heterogeneous
porous media is extremely complex and difficult to predict. Physical model experiments
have therefore played and continue to play an important role in understanding that com-
plexity. They provide a means to incorporate all of the physics and chemistry which
are important for DNAPL behavior while also providing a great deal of experimental
control. Perhaps most importantly, physical model experiments can be conducted and
insights can be gained without an a priori understanding of all of the relevant processes.
Physical model experiments are therefore excellent for developing conceptual models of
how DNAPLs behave in the subsurface.

Physical model experiments can be used to examine all aspects of DNAPL behavior
in the subsurface, including DNAPL flow, dissolution, vaporization, and remediation. As
with numerical models, an important strength of physical models is that experimental
conditions can be reproduced. For example, the effects of different release conditions can
be studied in the same physical setting. In the same way, different remediation strategies
can be compared directly using a series of similar releases. The experiments can be
conducted using a variety of media and DNAPLs, and can be conducted under both
saturated and unsaturated conditions.

Perhaps the most important long term benefit of physical model experiments is in
the validation of numerical models. The experimental data reported here are of use in
evaluating the performance of the models which provide the basis for decisions regarding
the design and implementation of remediation systems.

5.1 INTRODUCTION

The pioneering laboratory experiments of Schwille (1984a, 1984b, 1988a,b) and oth-
ers on the movement of dense chlorinated solvents in porous media has resulted in the
conceptualizations of dense chlorinated solvent behavior presented in Chapter 2. As dis-
cussed in Chapter 4, numerical modeling offers an alternative means of predicting the
behavior of chlorinated solvents and other dense non-aqueous phase liquids (DNAPLs) in
complex systems. However, although some modeling successes have been achieved, such
efforts are still limited by difficulties in characterizing the systems of interest in sufficient
detail that meaningful predictions can be obtained. Conducting field experiments with
DNAPLSs in the subsurface may be a preferable means of investigation in some cases, but
the associated drawbacks usually include high costs, difficulties in reproducing experi-
ments, and regulatory restrictions. Thus, physical model experiments remain important
for the development of an improved understanding of chlorinated solvent behavior in
both porous and fractured media.

The fundamentals of multi-phase flow and transport as well as the factors which
control chlorinated solvent movement in the subsurface are discussed in Chapters 2, 3,
and 11. In this chapter, the microscopic and macroscopic behavior of chlorinated solvents
are discussed based on the results of various laboratory and field experiments. To date, the
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majority of experimental work has concerned flow through homogeneous porous media.
Since most chlorinated solvent spills occur in media where heterogeneity controls the
pathways of infiltration, the current trend is towards experiments on DNAPL behavior
in more complex, heterogeneous media.

For the purpose of this discussion, it is convenient to divide the subsurface into
three general domains: 1) the vadose or unsaturated zone; 2) the capillary zone; and
3) the saturated or groundwater zone. The vadose zone is defined here as that portion
of the soil wiich is near or at residual water saturation. DNAPL migration in the vadose
zone concerns primarily the displacement of air by DNAPL. The capillary zone spans
the region over which the water content rises from the residual value to full saturation
of the pore space by water. It is in this region that three-phase flow can take place, with
DNAPL acting both as a wetting fluid displacing air and as a non-wetting fluid displacing
water. The groundwater zone is, of course, below the free water table, and most DNAPLs
there typically act as non-wetting fluids with respect to water, though exceptions to this
generalization do occur in practice.

As the above discussion indicates, the primary change that occurs in a porous
medium when moving downwards from ground surface is an increase in the water con-
tent. Moving from the vadose zone to the saturated zone represents a change from a
system in which two immiscible fluids (air and water) initially share the pore space, to a
system where water occupies the entire pore space. When a liquid chlorinated solvent is
introduced, the relationships between the fluids and the porous medium become consid-
erably more complex. Thus, at a spill site, a portion of the unsaturated zone can contain
up to three fluids; below the water table, two fluids may be present.

5.2 DNAPL MOVEMENT IN THE VADOSE ZONE

The laboratory experiments conducted by Schwille (1988a) in homogeneous sand un-
der conditions of a point source demonstrated that, within the vadose zone, chlorinated
solvent DNAPLs are well behaved. Tetrachloroethylene (PCE) was observed to move
downwards as a uniform front and drain to an apparently homogeneous residual distri-
bution. In these experiments, liquid solvents were found to penetrate relatively quickly
due to their low viscosity and high density; there was little tendency for the solvent body
to spread laterally as it sank. Figure 5.1 shows the behavior observed in a typical small
spill of PCE in a column of fine-grained silica sand (K = 1.2 x 107* m/s). Note that
the infiltration body remained very thin as it penetrated through the unsaturated portion
of the column (the zone above the open inverted triangle is at residual water saturation
and therefore represents the vadose zone).

Schwille (1988a) and others have observed that within the vadose zone, chlori-
nated solvents behave in ways that are similar to petroleum-derived organic liquids. The
behavior of the latter group has been studied in considerable detail (e.g., see: Van Dam,
1967; Dracos, 1978; Van der Waarden et al., 1971 and 1977; Dietz, 1967; and Eckberg
and Sunada, 1984). The experiments of Eckberg and Sunada (1984), in which oil was
spilled into a column of glass beads initially under drainage conditions, demonstrate the
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Figure 5.1 Infiltration of 10 L of tetrachloroethylene (PCE) into a fine-grained sand
(K =1102x 107* mfs). (Reprinted with permission from Schwille (1988a).)
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Figure 5.2 Distribution of water and oil before and after oil is spilled into a column of glass beads
under drainage conditions. (Adapted with permission from Eckberg and Sunada (1984).)
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type of three-phase interactions which can be expected between air, water, and solvent.
Figure 5.2 depicts the distribution of fluid phases before and after the addition of the oil.
Both air and water were displaced by the infiltrating liquid. Air was displaced by the
more-viscous, more-wetting NAPL. Water was mobilized in part because the capillary
pressure across the water/oil interface is less than that across the original air/water
interface (oil is wetting with respect to air on a water surface, and therefore preferentially
situates itself between the water and air phases). Some water is also mobilized because
of the downward pressure exerted by the oil body on the water phase.

In homogeneous media, infiltration through the unsaturated zone can occur in the
form of “fingers” caused an inherent instability in the advancing front. As discussed in
Kueper and Frind (1989), this instability can arise from an unfavorable density and/or
viscosity ratio between the displacing and displaced fluids. Schwille’s (1988a) experi-
ments with “sheet-like” spills of solvent show preferential penetration along such fingers
(Figure 5.3). It is important to note that a fingered front will, in general, not arise from
a point source release of solvent when the size of the release point is less than the
critical wavelengths required to initiate fingering. In addition to the density and vis-
cosity ratios, the velocity of the displacement and permeability of the medium influence
the spacing of the fingers formed. Similar results have been obtained for water infil-
trating into homogeneous, unsaturated sand. For example, Glass ef al. (1989) showed
that the extent to which the wetting front was unstable could be predicted based on the
properties of the medium and the fluid. In general, as the permeability of the medium
decreases, the importance of preferential or “fingered” flow through the unsaturated zone
will increase.

Unsaturated zone experiments have demonstrated that when the medium is hetero-
geneous, DNAPL flow is controlled by those heterogeneities. Johnson (1990) conducted
an experiment in a large cylindrical column which contained a single layer of lower
permeability sand (K = 1.7 x 10™* m/s) within a medium sand (K = 3.8 x 107 m/s,
Figure 5.4). The fine lens was characterized by a water content higher than the host
sand. A release at the surface of 100 mL of dyed PCE moved downwards through the
medium sand as a relatively uniform front. When it reached the finer-grained layer,
it pooled and spread over nearly the entire cross-section of the column. The solvent
then fingered into the finer layer at a number of points; these fingers terminated within
the first few centimeters due to the limited volume of the spill. Although the per-
meabilities of the two sands differed by only a factor of two, that difference con-
trolled the initial water distribution. The solvent spread laterally along the fine layer
because that layer did not contain enough air to allow the solvent to continue to im-
bibe and displace air. Since it was easier for the solvent to imbibe laterally and dis-
place air rather than displace water vertically as a non-wetting fluid, lateral flow took
place. Had the fine-grained layer been primarily saturated with air, spontaneous im-
bibition of solvent into the layer would have taken place. Since permeability con-
trasts between layers of an order of magnitude or more are common at field sites, it
is likely that solvent flow in the unsaturated zone will be strongly affected by such
heterogeneities.
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Figure 5.4 Horizontal excavations of a cylindrical physical model showing the infiltration of
trichloroethylene (TCE) into a medium sand (K = 3.8 x 104 m/s) containing a single lower-
permeability layer (K = 1.7 x 10™* my/s).

spatial variations in water content in the capillary zone can be large. Thus, in many
cases, water-content-induced permeability contrasts in the capillary zone are sufficient
to control the infiltration pathways of a liquid solvent.

Anderson (1988) conducted 3-D model experiments to examine solvent movement
through the capillary zone in fine sand. The dimensions of the model were 50 cm long by
25 cm wide by 30 cm high. Under drainage conditions, spills of 75 mL of PCE caused
100 to 500 mL of water to be displaced out of the tank. This was in part the result
of a collapse of the capillary fringe brought about by the lower capillary pressures
that existed across the solvent/water interfaces as compared to the original air/water
interfaces. (Eckberg and Sunada (1984) observed an identical effect.) The release of water
was also affected by the fact that in regions of high water content, PCE must displace
water in order to undergo gravity-driven migration. Excavation of the tank following
the spill revealed that when the DNAPL reached the capillary zone, the infiltration front
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became unstable and fingers formed (Figure 5.5). The fingers had many geometries, some
being vertically very thin and laterally extensive. Others penetrated downward into the
saturated zone and were in places only millimeters in diameter. This irregular behavior
existed despite the fact that the tank had been carefully packed with very homogeneous
sand.

In another set of experiments, Anderson (1988) released PCE into a 60 cm high
by 30 cm wide by 2 cm thick tank (Figure 5.6). The tank had again been packed with
a fine sand (K = 2 x 107" cm/s) and existed under drainage conditions prior to the

T(a) +9.9 em

(e) +7.9 cm

Figure 5.5 Distribution of PCE at various elevations above the water table during
the excavation of a 75 mL release into a three dimensional sand tank. (Reprinted with
permission from Anderson (1988).)
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Figure 5.6 a. Soil moisture profile prior to a tetrachloroethylene (PCE) release; b. In-
filtration of PCE into a fine-grained sand showing the depression of the capillary zone
caused by the solvent. (Reprinted with permission from Anderson (1988).)

spill. The spill was made across the entire thickness so that the DNAPL movement could
be monitored through the transparent walls of the tank. As the solvent moved into the
capillary zone, it again appeared to cause a collapse of the capillary zone in the region
ahead of the main DNAPL body. This resulted in a “funneling” effect that focused the
DNAPL body as it approached the water table. This promoted the build-up of DNAPL
head such that, in this case, the entry pressure of the underlying water-saturated sands
could be overcome.

As a DNAPL moves into the tension-saturated portion of the capillary zone, it
must displace water if continued downward migration is to occur. Since it is generally a
non-wetting fluid with respect to water, there must be a sufficient build-up of capillary
pressure to allow the solvent to overcome the entry pressure of the nearly water-saturated
medium. In the case of imbibition conditions for which there is a sharp increase in water
content at the top of the capillary zone, some simultaneous lateral spreading of DNAPL
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may take place due to imbibition of air-filled pores. If sufficient solvent reaches the top
of the capillary zone, the zone can be breached and the solvent can continue downward
into the saturated zone. Within the capillary zone as well as in the underlying saturated
zone, the infiltration of DNAPL is accompanied by the displacement of water. This
process is unstable due to the fact that the displacement is by a less-viscous, more-
dense fluid. If the width of the solvent front exceeds the critical wavelength for finger
initiation, continued solvent infiltration will proceed in the form of fingers. (In cases
where the solvent viscosity is greater than that of water, a velocity threshold will exist
beyond which the displacement is unstable.)

Fingers form in homogeneous porous media within pore-scale zones of higher
permeability. Once fingers have been established, the DNAPL permeability within the
fingers is greatly increased such that the fingers act as conduits for subsequent DNAPL
movement. In heterogeneous porous media, solvent migration through the capillary zone
will proceed through the higher permeability regions, again giving the appearance of
fingers. In this case, however, these “channels” of solvent are simply due to the fact that
higher permeability migration pathways exist, and are independent of the fact that an
unstable displacement process may be taking place (Kueper and Frind, 1988).

5.4 DNAPL MOVEMENT IN THE GROUNDWATER ZONE
5.4.1 General

Interest in the behavior of solvents in the subsurface usually stems from concern over
the potential impact of the solvents on groundwater quality. In that context, the behavior
of solvents within the saturated zone is often of greatest interest. There are many case
histories in which spills of chlorinated solvents and other DNAPLs have penetrated all
three subsurface zones and resulted in wide-spread contamination (e.g., see Kueper et al.
1992). In many cases, however, the evidence of contamination is limited to the detection
of dissolved compounds. Direct observation of “free-product” solvents in the subsurface
is the exception rather than the rule.

The behavior of chlorinated solvents as they penetrate the saturated zone has been
followed visually in the large tank experiments of Schwille (1988a), and also in smaller
tank experiments at the Oregon Graduate Institute and at the University of Waterloo.
Two important conclusions have been drawn from these saturated-zone observations:
1) as in other zones, subtle permeability contrasts can have a controlling influence on
the movement of a DNAPL; and 2) typical groundwater flows do not have much effect
on the flow behavior of a DNAPL. The latter point is clearly demonstrated in Schwille’s
(1988a) large tank experiments (see Figure 5.7) where under conditions of a relatively
high groundwater velocity (v > 1 m/day), there was essentially no distortion of the
penetrating solvent body.

Once having crossed the water table, the downward migration of a chlorinated
solvent may continue until the bottom of the aquifer is reached. In general, a barrier to
groundwater flow will also be a barrier to solvent migration. DNAPL solvent that reaches
an aquitard will tend to form a flat pool, and/or collect in local depressions on the top



Sec. 5.4 DNAPL Movement in the Groundwater Zone 155

X(m/s] ;“‘**.

N\ ;38828 2ERMRRAGS
32-90°* 8:10-¢
S s
|
N

Figure 5.7 Infiltration pattern of an areal spill of tetrachloroethylene (PCE) into a
medium sand. (Reprinted with permission from Schwille (1988a).)

of the aquitard. In the case of a chlorinated solvent having even a moderate interfacial
tension with water, lateral flow and pooling will also occur above regions (e.g., lenses)
of only slightly lower permeability (Kueper and Frind, 1991a,b).

5.4.2 The Role of Aquifer Heterogeneity in DNAPL Movement

As discussed above and also in Chapter 3, a DNAPL which is migrating below the water
table will spread laterally whenever a horizon of lower permeability is encountered. A
DNAPL will accumulate on top of that horizon until the entry pressure of the lower
permeability material is exceeded. As demonstrated by Kueper and Frind (1991b), lateral
spreading can continue even after a lower permeability lens has been penetrated. This
is due to the fact that a higher relative permeability to the DNAPL exists above the
lens as compared to within. This follows from the fact that a saturation discontinuity
exists whenever a permeability contrast exists, leading to higher DNAPL saturations
in the more permeable material. The net result is that solvents will also be spreading
sideways if they are migrating vertically through horizontally-stratified porous media.
The numerical simulations presented in Chapter 4 suggest that a DNAPL solvent can
spread laterally several meters below a point source before even having migrated one or
two meters vertically.

Kueper ez al. (1989) studied the influence of porous media heterogeneity on DNAPL
migration in an initially water-saturated, sand-packed cell. The experimental device and
the arrangement of the four types of sand used to pack the cell are illustrated in Figure 5.8.
The source area for the injection of PCE was located along the top boundary; lateral
outflow of water occurred at the side boundaries. The sand pack had a depth in the
third dimension of 0.6 cm, which is significantly less than the wavelengths for fingering
that would be expected for this system. Drainage PCE-water capillary pressure curves
measured for each of the four sands are presented in Figure 5.9. As expected, the curves
for the lower permeability sands are shifted vertically upwards. A Brooks-Corey (Brooks
and Corey, 1966) capillary pressure function was fitted to each of the four measured
curves. The best fit Brooks-Corey parameters and the results of falling-head permeameter
testing are presented in Table 5.1.
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Figure 5.8 Schematic drawing of the physical model used by Kueper et al. (1989) for
tetrachloroethylene (PCE) spills into saturated heterogeneous porous media. (Adapted
with permission from Kueper ef al. (1989).)

Throughout the duration of the Kueper et al. (1989) experiment, the source area was
subjected to a constant head of 4 cm of PCE. Figure 5.10.a illustrates the fluid distribution
in the cell 126 seconds after initial PCE penetration. The PCE is seen to be pooling and
cascading off of the finer sand (#50 silica) just below the source area. The inability to
penetrate this lens is due to the fact that the capillary pressure immediately above the lens
is less than the 13.5 cm displacement pressure for the sand in the lens. Figure 5.10.b
illustrates the fluid distribution in the cell after 220 seconds. The PCE is continuing to
cascade off the finer sands (#50 and #70 silica) it has encountered, and is seen to have
just reached the #25 Ottawa sand lens. Figure 5.10.c corresponds to the point in time at
which the PCE first penetrated the #25 sand lens. However, because the displacement
pressure of the #25 sand is higher than that of the #16 sand, lateral flow occurred above
the #25 sand lens prior to penetration. This lateral flow and associated pooling allowed
the capillary pressure above the lens to build up and exceed the displacement pressure
of the lens. The build-up of capillary pressure is accompanied by an increasing DNAPL
saturation.

Figure 5.10.d gives the status of the Kueper et al. (1989) experiment after 313
seconds. The PCE has now fully penetrated into the #25 Ottawa sand lens, but is also
continuing to build above that lens. This is an example of how a non-wetting fluid will
continue to pool and flow laterally above a finer-grained lens even after penetration of
that lens. It is clear that: 1) in a natural aquifer, significant degrees of lateral flow will be
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TABLE 5.1 Best-fit Brooks-Corey parameters and the results of
permeameter test for the four sands used in the physical model of
Kueper et al. (1989).

Permeability Py
Sand (m?) (cm H,0) X S,
#16 Silica 5.0 x 10710 3.77 3.86 0.078
#25 Ottawa 2.1 x 10710 4.43 3.51 0.069
#50 Silica 53 x 1071 13.5 2.49 0.098
#70 Silica 8.2 x 10712 33.1 3.30 0.189

caused by permeability variations; and 2) vertical migration of a DNAPL in heterogeneous
materials will not occur without some associated degree of lateral spreading.

The observation that NAPLs are often not able to cross capillary zones has been
used to advantage by the oil pipeline industry. When an underground pipe is sited in fine-
grained media, the pipe is often installed within a bed of very coarse-grained materials.
As the result of the capillary contrast between those materials and the surrounding media,
oil which leaks from the pipeline will often be collected and contained exclusively within
the coarser-grained medium.

Within the saturated zone, DNAPL movement can be affected by heterogeneities
which are not observable even with careful inspection. A most striking example of this is
the microscopic investigation of flow through a bed of glass beads conducted by Schwille
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Figure 5.10 Distribution of tetrachloroethylene (PCE) in the experiments by Kueper et al. (1989).
a. 126 seconds after initiation of the release; b. 220 seconds after initiation of the release; ¢. 245
seconds after the initiation of the release, at the point in time at which the PCE first penetrates the
#25 Ottawa sand lens; and d. 313 seconds after initiation of the release. (Adapted with permission
from Kueper ef al. (1989).)

(1988a). In real-world aquifers, where it is possible only to characterize large-scale aquifer
properties, the small-scale heterogeneities which may control DNAPL behavior will be
difficult if not impossible to detect. Schwille’s (1988a) experiments showed that a perme-
ability decrease of only a factor of four can be sufficient to completely halt the inflow of
solvent. Within many naturally-occurring porous media, much greater local permeability
contrasts are to be expected. The parameters governing infiltration will in this case be
the lateral extent, bedding angle, and continuity of the low permeability layers.

5.5 DNAPL RETENTION CAPACITY OF POROUS MEDIA

The ability of a porous medium to exhibit a retention capacity for an infiltrating spill is
important in determining the spatial distribution of the solvent within the medium. The
retention capacity of a medium for a solvent (R,) is defined here as the average volume
of solvent which is retained per unit volume of the aquifer, regardless of whether cer-
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tain lenses within the overall region are accessible to DNAPL or not. R, differs from
the residual saturation for a solvent in that the latter refers to the fraction of the pore
space which is occupied by solvent. Also, the term residual saturation is typically re-
served for regions of porous media through which actual solvent migration has taken
place. The R, concept is frequently used along with spill volume and cross-sectional
area to predict the depth of penetration of a spill. Since heterogeneities in real systems
can lead to uneven flow patterns, simple models using R, values derived from small-
scale laboratory tests should always be used with considerable caution. In heterogeneous
media, flow may occur preferentially in a few channels, and result in penetration depths
which are much larger than would be expected based on laboratory-estimated R; val-
ues.

Mercer and Cohen (1990) have reviewed the R, values documented in the literature,
and report a range of 3 to 30 L/m? for unsaturated sandy porous materials and 5 to 50
L/m? for sandy materials below the water table. Kueper et al. (1993) report a value of
8.6 L/m? for PCE below the water table in sandy deposits, while Brewster (1993) reports
a value of 3.2 L/m® for PCE in the same aquifer. Poulsen and Kueper (1992) report R,
values ranging from 4.9 L/m> to 12.6 L/m? for point releases of PCE in unsaturated sandy
deposits. The study by Poulsen and Kueper (1992) demonstrated that both R, and the
ultimate depth of migration can be expected to be functions of the release rate at ground
surface. Wilson and Conrad (1984) provide an extensive summary of the mechanisms
leading to residual formation as well as the porous media and fluid factors which govern
residual values in typical sands and gravels.

5.6 SOLVENT MIGRATION IN FRACTURED MEDIA

As with porous media flow, the movement of solvents within fractured media is con-
trolled by the density and viscosity of the solvent, as well as the capillary pressures
in the system of interest (see also Chapters 4, 11, and 12). Once again, Schwille’s
(1988a,b) experiments represent pioneering work in this area. They involved spilling
small volumes of chlorinated solvents between closely-spaced (0.1 or 0.3 mm separa-
tion) glass plates. The opposing faces of the plates were either smooth, or roughened
by sandblasting. Releases were conducted into saturated as well as partially-saturated
fractures. In hydraulically-rough, unsaturated fractures, a substantial quantity of sol-
vent was retained as droplets and films within both the unsaturated and saturated
zones (Figure 5.11). This retention of solvent was both increased and more widely dis-
persed when the width of the fracture was reduced from 0.3 mm to 0.1 mm. Schwille
(1988b) also conducted a series of experiments using a network of vertical fractures
mounted in a near-horizontal network. Most of the published data on these exper-
iments were obtained with both DNAPL solvents and miscible fluids. These experi-
ments with idealized fractures demonstrated that substantial amounts of a non-wetting
DNAPL fluid can be retained within fractures. This conclusion has important ramifi-
cations for the cleanup of fractures contaminated with chlorinated solvents (see also
Chapter 12).
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Figure 5.11 Tetrachloroethylene (PCE) release into a rough, unsaturated “fracture” with
aperture 0.2 mm. (Reprinted with permission from Schwille (1988a).)

In naturally-occurring fracture systems, variations in fracture aperture will have
a significant influence on DNAPL movement. Tsang and Tsang (1987) found significant
spatial variation in the aperture dimension in sections of individual fractures. They
concluded that water flow in many fractures will occur in channels as opposed to
occurring uniformly across the fractures. It can be anticipated that solvent flow will
be even more heterogeneous than water flow, due to the strong influence of capillary
effects. It will generally not be possible to characterize a real fracture system in suf-
ficient detail to allow deterministic predictions of solvent behavior within a fractured
medium. Kueper and McWhorter (1991) outline the conditions necessary for a DNAPL
to enter a water-saturated fracture, and demonstrate the influence of a spatially-variable
aperture.

5.7 STUDIES USING MICROSCOPIC MODELS OF POROUS MEDIA

Schwille (1988a) conducted a series of microscopic experiments to examine the behavior
of chlorinated solvents in porous media. The media in these experiments were glass beads
of two different size ranges. One or more layers of beads was placed between two glass
sheets, and the model was placed into an outer trough which was used to control water
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Figure 5.12 Distribution of PCE after infiltration into a saturated glass bead micro-
model (bead diameter ~1 mm). (Reprinted with permission from Schwille (1988).)

level and content. Experiments were conducted under both unsaturated and saturated
conditions. Figure 5.12 shows the results obtained when the infiltration of PCE took
place under saturated conditions. The PCE is the non-wetting fluid with respect to water;
the result is infiltration into the medium as small fingers.

Figure 5.13 shows the microscopic behavior of PCE observed by Schwille (1988a)
when the PCE encountered a lower-permeability zone (i.e., smaller grains). Penetra-
tion of that zone did not occur initially because the entry pressure for the non-wetting
PCE is greater in those zones. As has been noted above in related contexts, once the
thickness of the overlying pool becomes sufficiently large, then the PCE could begin
to penetrate into the lower zone. When doing so, it once again moves in preferential
pathways or channels. As is seen in the figure, these pathways often have dimensions
similar to the grain size. In some cases, the channels are widely separated. As has been
observed in sand models, once a preferential pathway is formed, the relative permeabil-
ity of that zone for the chlorinated solvent substantially greater than for the bulk of the
medium. Consequently, continued solvent flow may be limited largely to those chan-
nels, leading to a substantial increase in the depth of penetration into the groundwater
zone.

Wilson et al. (1990) carried out an extensive examination of NAPL movement
using microscopic models. Their physical models consisted of etched glass plates which
were fused together. Because of the construction technique, the “pore structure” within
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Figure 5.13 Retention of tetrachloroethylene PCE at the interface between two glass
bead layers in a saturated glass-bead micro-model. (Reprinted with permission from
Schwille (1988a).)

these models (Figure 5.14) was more variable than in Schwille’s (1988a) models. Fig-
ure 5.15 shows the movement of a NAPL (Soltrol) through an initially water-saturated
medium. As with Schwille’s (1988a) experiments, infiltration occurred by the formation
of many channels of solvent. As a consequence, only a fraction of the pore space in
the medium actually contained NAPL. During the subsequent infiltration of additional
NAPL, the pattern shown in the figure remained constant, resulting in a state of residual
saturation for the water (the wetting phase). When the NAPL flow was stopped and water
flow was induced in the opposite direction, the water displaced a substantial fraction of
the NAPL (Figure 5.16). The result was a stable state of residual saturation for the NAPL
(the non-wetting phase).

In addition to the work discussed above, Wilson et al. (1990) conducted micro-
model experiments which contained zones of larger diameter pores. During NAPL in-
filtration, because of their lower entry pressures, they observed that the NAPLs spread
more quickly in the coarser zones. In experiments where coarser-grained zones extended
across the length of the model, Wilson er al. (1990) report that the bulk of the NAPL
flow occurred in those zones, and that most of the surrounding, finer-grained zones were
bypassed. After the infiltration of NAPL had stopped, water flow in the opposite direction
was initiated at a water velocity of ~14 cm/day. Little of the NAPL in the coarser zones
was removed, while a significant fraction of the NAPL in the finer zones was removed.



Sec. 5.7 Studies Using Microscopic Models of Porous Media 163

Figure 5.14 Pore structure of one of the micro-models used by Wilson er al. (1990).
(Reprinted with permission from Wilson er al. (1990).)

This is due to the fact that, at this velocity, capillary forces dominated over viscous
forces and the water was preferentially drawn into the finer pores. At a velocity of ~140
cm/day, viscous forces played a much larger role, and a substantial fraction of the NAPL
was displaced from the coarser zones.



Chap. 5

Experimental Studies of DNAPL Movement

164

R

,\.
L2
Koo e s o

saturated medium in a micro-
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scale model. (Reprinted with permission from Wilson et al. (1990).)



Sec. 5.7 Studies Using Microscopic Models of Porous Media 165

Figure 5.16 Non-wetting (NAPL) residual saturation resulting from water displacement
of the NAPL in Figure 5.15. (Reprinted with permission from Wilson ez al. (1990).)
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5.8 EXPERIMENTAL RELEASES OF CHLORINATED SOLVENTS
IN THE FIELD

5.8.1 General

As has been discussed above, it is very difficult to characterize the movement of chlo-
rinated solvents at actual spill sites. At the same time, it is very difficult to reproduce
naturally-occurring micro- and macro-scale heterogeneities in laboratory models. Thus,
well-controlled field experiments can be an invaluable means of confirming how chlo-
rinated solvents behave in the “real world”. To date, the best-characterized field experi-
ments have been conducted at the Canadian Forces Base Borden site in Ontario, Canada
(Poulsen and Kueper, 1992; Greenhouse et al., 1993; Kueper et al., 1993). These exper-
iments include liquid chlorinated solvent releases in both the vadose and groundwater
zones.

The Borden site has been described in a number of previous publications (MacFar-
lane et al., 1983; Mackay et al., 1986; Sudicky, 1986; and Brewster, 1993). Briefly, the
Borden site is an unconfined aquifer consisting of fine to medium grained beach sands.
The water table in the vicinity of the field experiments described here ranges areally from
ground surface to a depth of 3 to 4 m, depending upon local topography. The aquifer is
relatively homogeneous, with small and medium scale (millimeters to meters) variations
in permeability of up to three orders of magnitude. Bedding in the sand ranges from near
horizontal to steeply dipping. Groundwater flow velocity at the site is on the order of
10 cm/day, and the organic carbon content of the sand is quite low. Laboratory studies
show that in Borden sand, chlorinated solvents are non-wetting fluids with respect to
water.

5.8.2 Vadose Zone Releases

Two releases of small volumes of PCE (6 liters) into the vadose zone of the Borden
aquifer have recently been described by Poulsen and Kueper (1992). These releases took
place at a location where the aquifer exhibits a total thickness of approximately 9 m,
with the water table ~3.5 m below ground surface. The first release, referred to as the
“ponded release”, involved the rapid release of 6 L of PCE over a period of 90 seconds.
In this release, the solvent ponded before it was able to infiltrate fully. The second release,
referred to as the “drip release”, was carried out at a site 4.5 m away from the ponded
release and involved the slow release of 6 L of PCE over a period of 100 minutes.

After allowing for re-distribution, excavation of each release was carried out in
small lifts. It was noted for both releases that PCE had migrated through individual sand
laminations ranging in thickness from a few millimeters to a few centimeters. PCE was
found to be distinctly present in certain laminations and not in others. It was noted that
angled bedding existed at the site, and that PCE had migrated parallel to the bedding
at all times. This provided evidence that the migration process was governed to a large
degree by capillary forces. The ponded release migrated to a total depth of 2.1 m, and
the drip release to a depth of 3.2 m.
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Figures 5.17 and 5.18 illustrate the overall volumes within which the PCE migration
pathways occurred. The greater depth achieved in the drip release is attributed to the fact
that relative to the ponded release, higher capillary pressures were maintained on average
throughout the release. The overall average bulk solvent retention capacity (R,) values
for the ponded and drip releases were 12.6 and 4.9 L/m?, respectively. These values are
lower than most estimates derived from laboratory experiments. The low values are due to
the influence of heterogeneity and the fact that only certain lenses and laminations below
the release points were invaded by PCE. Detailed permeability measurements revealed
that the hydraulic conductivities of those invaded lenses and laminations were generally
less than a factor of 1.7 different from adjacent, PCE-free lenses and laminations.

Figure 5.19 presents a plot of depth of PCE migration vs. volume released based
on the bulk R, values measured for the ponded and drip releases. The plot indicates that
a slow release of 200 L of PCE into Borden-type sand could reach a depth of 100 m.
These results have serious implications for the many slow releases of chlorinated solvents
which have occurred during the past 50 years at industrial sites. It must be concluded
from these experiments that even small releases of chlorinated solvents have the potential
to reach even deep water tables.

Figure 5.17 Rapid (“ponded”) infiltration of PCE into unsaturated Borden sand.
(Reprinted with permission from Poulsen and Kueper (1992).)
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“Drip-like” infiltration of tetrachloroethylene (PCE) into Borden sand.
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with permission from Poulsen and Kueper
(1992).)
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5.8.3 Groundwater Zone Releases

Two large-scale releases of PCE into the groundwater zone have been conducted at the
Borden site. The first of these was the release of 231 L of PCE at the water table into
a3 m x 3 m x 3.4 m deep sheet-pile cell (Kueper et al., 1993). As in the vadose zone
releases, the PCE was dyed red with SUDAN IV to aid in visual location of the PCE
during excavation and coring.

During and after the 231 L release, the movement of the PCE was followed using
time-domain reflectometry (TDR). Following cessation of DNAPL movement, the upper
0.9 m of the cell was excavated in shallow lifts, and three continuous cores were taken
through the remaining thickness of the cell. During both the excavation and coring pro-
cesses, small samples were taken and analyzed for PCE content. A histogram of PCE
saturation for all samples is presented in Figure 5.20. Note that the saturation distribu-
tion is highly variable, with a high frequency of low values. Laboratory measurements
presented in Kueper er al. (1993) suggest that all saturation values above 15% represent
pooled PCE, and that values less than that represent residual DNAPL. During excavation
it was noted that the PCE was found to be present in certain laminations and distinctly
absent from others, with what appeared to be subtle variations in texture controlling mi-
gration pathways. The PCE migrated preferentially through the relatively coarser-grained
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Figure 5.20 Tetrachloroethylene (PCE) saturation profiles obtained from subsampling
of three vertical cores. (Reprinted with permission from Kueper et al. (1992).)
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laminations, consistent with the fact that PCE is non-wetting with respect to water in
Borden sand. Lateral spreading of the PCE allowed the liquid PCE to reach the cell walls
at numerous locations.

In the second large-scale release of PCE at Borden, 770 L of PCE was spilled into a
9m x 9 m x 3.3 m deep, sheet-pile cell near the site of the first release. The release took
place from a point source at the water table over a 70 hour period. The primary purpose
of this release was to assess the extent to which a variety of geophysical methods could
characterize the movement and final distribution of PCE in the aquifer. The methods
included ground-penetrating radar, neutron probe, TDR, gamma-gamma logging, and
electrical resistance logging. All of these techniques, with the possible exception of
gamma-gamma logging, were able to track the progress of the PCE into the groundwater
zone. They were able to confirm that the PCE front moved relatively quickly (i.e., in a
matter of hours) down through the medium. They also indicated that there was significant
lateral movement of the PCE due to the presence of subtle structures within the aquifer,
and that the PCE encountered the side walls of the cell at a depth of approximately 1 m. A
significant portion of the PCE became immobilized in pools on top of lower-permeability
zones and in slightly coarser lenses within the medium. As in the 231 L release, coring
confirmed that the PCE migration paths were governed by centimeter-scale variations in
hydraulic conductivity.

The success of the geophysical monitoring of PCE in the 770 L release was due
in large part to the availability of pre-spill data for the site. Thus, it can be concluded
that after-the-fact use of surface and borehole measurements to detect where solvents are
located at actual sites will likely be difficult due to the inherent variabilities in the geology
at most sites. On the other hand, the potential for using geophysical monitoring to follow
the progress of the remediation of subsurface chlorinated solvent contamination is quite
good: the initial “pre-cleanup” data for a site can be compared to changes observed as
the remediation progresses.

5.9 CHLORINATED SOLVENT VAPOR TRANSPORT
IN THE VADOSE ZONE

Residual solvents left behind in the vadose and groundwater zones can act as long-
term sources of contamination in the subsurface. In the vadose zone, the solvents can
dissolve into infiltrating water, or they can volatilize into pore air. The volatilities of
most of the common chlorinated solvents are sufficiently high that vapor transport in
the vadose zone is important. Vapor transport can occur both by molecular diffusion and
by advection. Both of these processes have been examined using large-scale physical
models. Advection can arise due to density effects caused by the presence of the organic
vapors in the air, and due to external pressure gradients. Only density-driven advective
flow as might occur near source zones will be discussed here. Numerical modeling of
vapor transport is discussed in Chapter 6.

The diffusive transport of contaminants has been investigated in several large-scale
experiments. Hughes er al. (1992) observed the diffusion of trichloroethylene (TCE) from
a residual source in the vadose zone at the Borden field site. In their experiments, the
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source consisted of a cylindrical zone (~1 m in diameter and 1 m high, and located
near ground surface) into which was placed sand containing 4% TCE by volume. The
depth to the water table was 3 to 4 m. The moisture content for most of the soil profile
was near field capacity (~10% of the total soil volume). They observed that TCE vapors
moved more than 5 m in ~20 days. Numerical modeling of the experiments indicated
that this was consistent with the rates expected due to molecular diffusion.

MacPherson (1991) also conducted large-scale diffusion experiments in a medium
sand. In their work, a liquid mixture of organic contaminants was allowed to vaporize
and diffuse into the vadose zone from a simulated pool of organic liquid near the wa-
ter table. Subsurface conditions were quite similar to those described by Hughes et al.
(1992). The MacPherson (1991) data show large differences in the diffusion rates of the
various compounds (Figure 5.21); the differences can be explained based on differences
in partitioning of the organics to the soil and to the pore water. The results obtained with
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Figure 521 Diffusion of isooctane, cumene, and 1,2-dichlorobenzene in a large sand
model. (Adapted with permission from MacPherson (1991).)
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numerical models which focussed on the role of molecular diffusion compared well with
the experimental data.

Many chlorinated solvents have both sufficient volatility and molecular weight that
density-driven advective flow can be important in coarse media. This has been examined
by Schwille and Weber (1991) and Johnson e al. (1992). Johnson et al. (1992) conducted
experiments with TCE and with dichlorfluoromethane (Freon 22) in both medium sand
and pea gravel. For TCE, density-driven flow was found to be very important in the pea
gravel, but played only a minor role in the sand (Figure 5.22). For Freon 22, which has
a vapor density three times that of air, density-driven flow was found to be significant
even in the sand. Johnson er al. (1992) found that the numerical model developed by
Mendoza and Frind (1990a,b) supported their conclusions regarding the behavior of both
TCE and Freon 22.

Diffusive and advective transport can carry chlorinated solvent vapors towards the
capillary zone (and therefore the groundwater zone) over areally-extensive regions. Once
at the capillary zone, the vapors can be transported across the water table by infiltration,
water-table fluctuations, and/or diffusive/dispersion. Movement of TCE across the water
table has been examined using both physical and numerical models by McCarthy and
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Figure 5.22 Diffusion and density-driven vapor transport of trichloroethylene (TCE) in sand and
pea gravel. (Adapted with permission from Johnson et al. (1992).)
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Johnson (1993). They examined TCE movement from groundwater under conditions
of steady groundwater flow with both a stationary and a fluctuating water table. In a
sand with an hydraulic conductivity of ~0.1 c¢cm/s and at a groundwater velocity of
0.1 m/d, they concluded that mass transfer was controlled by vertical dispersion in the
groundwater zone, and that the dispersion was very small (on the same order as aqueous
diffusion). Nevertheless, given the potentially large areal extent of many vapor plumes,
and the very low drinking water limits for many chlorinated solvents, movement of
vapors into the groundwater zone may be a significant mechanism for the contamination
of shallow groundwater.

5.10 CHLORINATED SOLVENT DISSOLUTION
IN THE GROUNDWATER ZONE

In the groundwater zone, chlorinated solvents become immobilized as residual droplets
or ganglia, and as pools perched on top of lower-permeability zones. The effects of
groundwater flow and solubility limits cause residual and pooled solvent to dissolve at
significantly different rates. Dissolution from both residual and pools has been examined
experimentally. Van der Waarden er al. (1971), Fried et al. (1979), and Miller et al.
(1990) examined dissolution from residual solvent in porous media. These experiments
were carried out in 1-D columns where the medium was first mixed with residual-levels
of the solvent, then packed into a column. Two unrealistic features of these experiments
were that: 1) the residual was distributed very uniformly within the medium; 2) the 1-D
geometry of the column forced the water to flow through the residual zone.

In order to avoid the limitations of a 1-D column model as discussed above, Ander-
son et al. (1992a) conducted experiments in a 3-D physical model. Solvent was emplaced
by spilling PCE inside of a cylindrical, sand-containing column situated inside of a larger
tank of sand. Dissolution from this zone was allowed to begin when the cylinder was
pulled out and water was allowed to begin to flow around and through the residual
zone. The water flow through the residual zone was somewhat reduced (by 20%) due to
the presence of the residual solvent. The water that did flow through the residual zone
attained saturation concentrations quickly. At actual sites, residual zones may be rela-
tively small and widely separated from one another. As a consequence, with increasing
distance from the source, the initially saturated concentrations from the residual zones
may become diluted significantly. This may be one reason why the concentrations of
chlorinated solvents in contaminated groundwater are often far below saturation, even
at sites where a pure “free-product” solvent is known to be present in the groundwater
zone (Anderson et al., 1992b).

As discussed above, experimental data suggest that at many sites, a significant
portion of the mass of the chlorinated solvent(s) in the groundwater zone is present in
pools. Unlike solvent that is suspended in a state of residual saturation, the solvent in long,
flat pools will have limited contact with the flowing groundwater. Consequently, the rate
of dissolution will be limited by vertical dispersion of the dissolved solvent up into the
flowing groundwater. Schwille (1988a) studied this process experimentally. Johnson and
Pankow (1992) examined Schwille’s (1988a) data and concluded that because vertical
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mixing process is quite weak, the lifetimes of pools chlorinated solvents will usually
be measured in decades to centuries (Figure 5.23). They also concluded that increasing
the groundwater flow rate over the pools (e.g. by pumping) might be only marginally
successful at shortening pool lifetimes.

Rivett et al. (1991) conducted a large-scale dissolution experiment at the Borden
site. The source zone for the experiment consisted of a three-component mixture of sol-
vents which was emplaced below the water table in a rectangular volume. The source
chemicals were mixed with sand at a value below residual saturation just before emplace-
ment. Groundwater concentrations of the dissolved solvent chemicals were monitored in
a 3-D array of point samplers. Dispersion in the transverse directions was weak, and as
a result a long, thin groundwater plume developed. Once the multicomponent nature
of the source liquid was taken into consideration, the concentrations observed in the
heart of the plume were found to be near the values expected for saturation with that
source.
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Figure 5.23 Dissolution time for TCE vs. groundwater velocity for pool lengths. (Reprinted
with permission from Johnson and Pankow (1992).)
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5.11 CONCLUSIONS

The physical model studies discussed in this chapter demonstrate the complexity of
chlorinated solvent movement in porous and fractured media. The results show that
very subtle changes in permeability can greatly affect the subsurface distribution of
chlorinated solvents, with differences in permeability of a factor of two or less capable
of completely redirecting solvent movement. Thus, the past movement of solvents at
industrial sites probably cannot be calculated in a deterministic manner. There can be
significant pooling on the tops of lower-permeability lenses in the saturated zone. This
type of distribution can substantially limit the rate at which dissolution will occur, leading
to very long lifetimes of chlorinated solvents in the subsurface (see also Chapter 7).

The complex nature of chlorinated solvent migration in the subsurface makes it
very difficult to predict the depth to which solvents will penetrate the subsurface at a
given site. Factors such as bedding angle, length scales of layers, release rate, permeability
contrasts, and water content all affect the retention capacity. Since all of these parameters
will usually not be known for a particular site of interest, it is clear that estimates of
depth of penetration will have a significant degree of uncertainty associated with them.

Physical model studies obviously comprise an important component of DNAPL
research. However, to date, most controlled experiments have been conducted using well-
sorted sands and gravels. This is the case because of the relative ease of working with
these media. The result, though, is a relatively incomplete picture of solvent behavior.
Model studies in fine-grained and/or heterogeneous media, as well as in fractured rock,
should be viewed as important research activities for the next decade.
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ABSTRACT

When a dense non-aqueous phase liquid (DNAPL) is released to the unsaturated zone,
it will migrate downwards and capillary forces will immobilize some of the liquid in
the pore spaces as residual. Pools of DNAPL may also accumulate on lenses of lower
permeability and on top of the capillary zone. This DNAPL will then begin to vapor-
ize into the gas phase and migrate by diffusion away from the source. Gaseous ad-
vection due to pressure or density gradients can also play a role in the overall trans-
port process. As the vapors migrate, they will partition into the aqueous and solid
phases. These partitioning processes will tend to retard the rate of vapor migration.
Partitioning into soil water will also make contaminants readily available for aque-
ous-phase transport. Eventually, the contaminants will reach the capillary fringe and
dissolved DNAPL will be transported into groundwater by diffusion across the water
table, by infiltrating water, and as the result of water-table fluctuations. At the ground
surface, vapors can be lost to the atmosphere if no impermeable cover is present; al-
ternatively, a cover will retain vapors and may lead to increased lateral migration.
Since vapor transport by diffusion is commonly a rapid process that acts in all di-
rections away from a residual source, groundwater contamination may occur over a
wider area and much more quickly than if infiltration of either water or free-product
were the only processes transporting DNAPL-related contaminants into the saturated
zone. Groundwater contamination may even occur hydraulically up- or cross-gradient
from a residual source. Failure to recognize the role of vapor transport can there-
fore lead to serious misinterpretations of the groundwater contamination at a given
site.

6.1 INTRODUCTION

As a group, the dense chlorinated solvents are quite volatile, and can thus partition into
the gas phase and migrate great distances as vapors in the unsaturated zone. Because
these vapors can also partition into any soil moisture that is present, vapor transport pro-
cesses have the potential to contaminate underlying groundwater resources. In this way,
even if the residual source is completely contained within the vadose zone, vapor trans-
port can cause rapid and widespread groundwater contamination. A conceptual model
illustrating some of the processes that are responsible for vapor transport and subsequent
groundwater contamination is presented in Figure 6.1,

As has been discussed in prior chapters, the dense chlorinated solvents are dense
non-aqueous phase liquid (DNAPLs). As a DNAPL moves downwards in the unsaturated
zone, some of the liquid will be immobilized by capillary forces in the pore spaces as
residual. Pools of DNAPL may also form on the tops of lower permeability lenses.
In the vadose zone, a DNAPL solvent will vaporize into the gas phase and migrate
by gaseous diffusion in all directions away from the source. Gaseous advection due
to pressure or density gradients may also play a role in the transport process. As the
vapors migrate, the partitioning into the aqueous and solid phases that occurs will tend
to retard the rate of vapor migration. Eventually the contaminants will reach the top of
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Figure 6.1 Conceptual model of vapor transport processes from a residual DNAPL
source in the unsaturated zone. (Reprinted with permission from Mendoza and Frind,
1990a.)

the capillary fringe. Contaminants in the dissolved phase can then be transported into
groundwater by diffusion across the water table, by infiltrating water, and as the result
of water-table fluctuations. At the ground surface, vapors may be lost to the atmosphere
if no impermeable cover is present. On the other hand, if a cover is present, it will retain
vapors and may lead to increased lateral migration.

Since vapor transport by diffusion is commonly a rapid process that acts in all
directions away from a residual source, groundwater contamination may occur over a
wider area, and much more quickly, than if infiltration of water and/or the chlorinated
solvent itself were the only mechanisms transporting contaminants from a release in the
unsaturated zone. Groundwater contamination may even occur hydraulically up- or cross-
gradient from the residual source. Thus, at many sites, failure to recognize the role of
vapor transport could lead to serious misinterpretations of the potential for groundwater
contamination. This chapter discusses all of the above aspects of passive vapor transport
in the vadose zone. Although this discussion is oriented towards the behavior of vapors
derived from dense chlorinated solvents, many of the same principles apply to the vapors
of other volatile organic compounds and mixtures (e.g., gasoline).

When dealing with flow and transport in several phases, as we are here, the notation
can become cumbersome. To simplify that notation, most parameters that apply to the
gas (air) phase have not been given the subscript a. All other parameters have w, [/, or
s subscripts to show that they pertain to the aqueous (water), liquid (DNAPL), or solid
phases, respectively. In addition, it is implicitly assumed that mixtures of compounds
are being discussed, and so subscripts are not generally used to distinguish between
constituents.
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6.2 PHASE PARTITIONING
6.2.1 General

The partitioning of contaminants between the different phases in the unsaturated zone
plays an important role in vapor transport. It is, in fact, the process of partitioning
between the organic liquid phase and the gas phase that provides the source necessary
for vapor migration. One-dimensional screening models, such as that developed by Jury
et al. (1990), use phase partitioning concepts to indicate the likely fate of contaminants in
the unsaturated zone. For given site conditions, these models indicate whether a particular
organic constituent is more likely to: 1) be transported to groundwater in the gas phase
or the aqueous phase; 2) be lost to the atmosphere; or 3) remain more-or-less in place.

6.2.2 Vaporization

The extent to which a compound vaporizes is determined by both its vapor pressure
and the composition of the liquid from which the vapors are derived. For a liquid that
contains only one constituent, the equilibrium vapor concentration is given simply by the
pure compound vapor pressure, expressed in appropriate units. However, if the residual
liquid is a mixture of different constituents, the equilibrium vapor concentration of each
constituent can be approximated by Raoult’s Law which states that

PO

=X,— 6.1
c tRT (6.1)

where P? is the pure compound vapor pressure of a particular constituent at the tem-
perature T (Kelvin) of interest, X; is the mole fraction of the compound in the source
liquid, and R is the gas constant. The vapor concentration ¢ is expressed in units of mols
per unit volume.

Since the vapor concentration of a given compound at the source depends on the
mole fraction of that compound in the liquid phase, the source vapor concentration will
change over time as the compound is depleted or enriched relative to other compounds
in the source liquid. If the different compounds in the original liquid-phase source are
in equal proportions, the more volatile constituents will preferentially vaporize and be-
come depleted relative to the less volatile compounds. In general, then, the source vapor
composition over time will be a function not only of the values of P? for the various
constituents, but also of the values of X; for those constituents.

Bloes et al. (1992) described a laboratory column experiment in which a medium-
grained sand was brought to residual saturation with an organic liquid consisting of
approximately equal mass fractions of benzene, trichloroethylene (TCE) and toluene. A
constant flow of air was then passed through the column. Figure 6.2 shows experimentally-
measured and model-simulated vapor concentrations in the effluent. Applicable experi-
mental parameters and chemical properties are given in Table 6.1. The vapor concentra-
tions for all three compounds that were observed initially are seen to be: 1) less than their
pure phase equilibrium concentrations; and 2) consistent with Raoult’s Law. As the most
volatile compound (benzene) was depleted, the concentration of the next-most volatile
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Figure 6.2 Breakthrough curves for vapor extraction of a residual mixture of organic
liquids in a one-dimensional laboratory column. Points are measured values; solid lines
are predicted values based on Raoult’s Law. (Reprinted with permission from Bloes et

al., 1992)
TABLE 6.1 Experimental Parameters for Column Study of Bloes et al. (1992).
Vapor concentrations
(mg/L)
Measured initial Pure Initial column
residual fractions compound value
Literature Calculated
Compound Mass Mole value by Eq. (6.1) Measured
benzene 0.351 0.432 379 164 158
TCE 0.349 0.255 497 127 114
toluene 0.300 0.313 117 37 43
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compound (TCE) increased to a maximum, reflecting its enrichment in the remaining
liquid mixture. Similar behavior was observed for toluene as the TCE was depleted in
the source liquid. A comparison of the experimental data with the solid lines in Fig-
ure 6.2 indicates good agreement between the observed results and the predictions of a
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mathematical model based on Raoult’s Law. Analogous behavior is to be expected in the
vadose zone as vapors passively migrate away from a multicomponent residual source.

Kinetic mass-transfer effects do not appear to play a significant role in the va-
porization of residual organic chemicals during passive migration. This statement is
supported by observations from vapor extraction experiments where air was constrained
to flow through porous media containing residual organic liquids (e.g., Johnson et al.,
1987; McClellan and Gillham, 1990; and Bloes ef al., 1992). Because any kinetic parti-
tioning limitations should be accentuated under forced advection, and because saturated
vapors were nevertheless observed in the presence of free-product during these studies,
we conclude that kinetic limitations are not likely to be important under passive migration
circumstances.

In each of the studies referred to above, it is probable that the source liquid was
in direct contact with the gas phase. Direct contact will occur in any organic liquid/soil
system, and in any organic liquid/water/soil system in which the organic liquid is non-
wetting (of the soil phase) relative to water. However, in a system of the latter type in
which the organic liquid is the wetting phase (relative to water), such a liquid would be
restricted to the smaller pores and might have a film of water between it and the gas
phase. In such a case, it is conceivable that non-equilibrium (i.e., kinetic effects) related
to rate-limiting diffusion through the aqueous phase might be observed; to our knowledge
a system of this type has not been investigated.

The vapor pressures of the chlorinated solvents increase significantly with increas-
ing temperature. Figure 6.3 illustrates this dependence on temperature for TCE. The
temperature dependence of the vapor pressure of a given compound is commonly calcu-
lated from the Antoine Equation whose regression coefficients are tabulated in standard
chemistry reference texts (e.g., Stephenson and Malanowski, 1987; Dean, 1985; and
Weast, 1987).

The strong dependence of vapor pressure on temperature has several consequences
for vapor transport. Firstly, the temperature will control the vapor concentrations in the
source area and thus the vapor concentrations throughout the unsaturated zone. Secondly,

Stephenson and Malanowski
::::::::;:?;::::13::""' Figure 6.3 Temperature-dependent
* relationships and literature data values for
TTTTTRTT TN T T TTTTTTTTTTTTTTTT  the vapor pressure of trichloroethylene
-5 5 15 25 35

(TCE). (Adapted with permission from
Temperature (Celsius) Mendoza et al., 1990.)
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if the porous medium is sufficiently coarse that density-induced advection is important,
increased temperature will increase the propensity for gas-phase advection by increasing
the source concentrations and thus the density gradients in the source area (see Sec-
tion 6.3.3).

Vapor sampling in the field commonly indicates that the concentrations observed
within suspected chlorinated solvent source areas are not as high as might have been
expected based on equilibrium partitioning. The possible reasons for this may include
one or more of the following:

e heterogeneity in both porous media properties and residual fluid distribution (see

Chapter 5);

uncertainty concerning the actual location of the residual source;
not accounting for mixtures of compounds;

poor sampler installation or sampling techniques;

recent gas-phase advection caused by vapor extraction systems; and

not correcting concentrations for temperature variations.

6.2.3 Gaseous-Aqueous Partitioning

In the absence of forced advection, the assumption of equilibrium partitioning between
the gaseous and aqueous phase appears to be valid for chlorinated solvent compounds
in the unsaturated zone (Johnson et al., 1987). This equilibrium partitioning process is
represented by Henry’s Law as

H=— |, (6.2)
Cy
where ¢ and ¢,, are the concentrations in the gaseous and aqueous phases, respectively, in
units of mols per unit volume. The parameter H is then the dimensionless Henry’s Law
constant expressed on a molar basis (i.e., mol/volume per mol/volume). For compounds
which are only slightly soluble in water, common means for estimating the Henry’s Law
constant is (Mackay et al., 1979)
o
H = P’/ , (6.3)
RT
where S is the solubility of the compound in water in units of mols per volume.

As is indicated in Eq.(6.3), the Henry’s Law constant for a given compound de-
pends on both the compound’s vapor pressure and its solubility. Because vapor pressures
generally increase strongly with temperature (see Figure 6.3), and solubilities increase
moderately with temperature, Henry’s Law constants increase moderately with temper-
ature. The reader should be aware that there are several alternate sets of units used for
H values. When the level in the gas phase is expressed in units of pressure, H is of-
ten reported in units of atm-m®/mol, or in units of kPa-m>3/mol. Alternatively, some texts
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define H to be the dimensionless ratio of the gas concentration to the water concentration.
Thus, care must be taken in the use of H values that are reported in the literature.

6.2.4 Aqueous-Solid Partitioning

Aqueous-solid partitioning at equilibrium in the unsaturated zone is commonly described
using a distribution coefficient K; approach which assumes linear, instantaneous, and
reversible partitioning between the water and the soil phases. This description is iden-
tical to that often used in saturated groundwater transport. As is discussed in detail in
Chapter 8, for organic contaminants, K, is often predicted using

Kd = Kocf()(‘ (64)

where K, is the water/organic carbon partitioning coefficient and f,. is the fraction of
organic carbon in the soils. The level of uncertainty associated with using Eq.(6.4) to
predict K, values is discussed in Chapter 8.

6.2.5 Gaseous-Solid Partitioning

If the unsaturated zone is very dry, as can occur in soils immediately adjacent to the
ground surface, it may be possible for contaminants to partition from the gaseous phase to
the solid phase in a manner that is different than when liquid water is present. Although
the mechanisms are not currently well understood, the available evidence suggests that
this mode of partitioning can be strong as well as highly non-linear (Chiou and Shoup,
1985). This type of gaseous-solid partitioning can be important only when the relative
humidity in the unsaturated zone is less than about 90%. At humidities of 90% and
greater, the soil grains become completely covered with a very thin film of water, and
the sorption properties of the soil tend towards what is expected when macroscopic
amounts of water are present (Chiou and Shoup, 1985). Because completely dry soils
rarely exist to any significant depth in the unsaturated zone, this type of enhanced sorption
is generally not important for passive vapor migration.

6.2.6 Retardation Factor

The equilibrium phase partitioning concepts discussed above lead to a retardation factor
that can be defined as (Baehr, 1987)
R=14 20l oK
0, H 0. H
where 6, and 0,, are the volumetric soil-gas and soil-moisture contents, respectively, and
pp 1s the bulk density of the porous medium. It should be noted that R is a strong function
of 8, since the soil-gas and soil-moisture contents are related through the expression
0 = 6, + 9,, where 6 is the porosity.
The terms that comprise R describe the relative masses of contaminant that occupy
each of the three phases at any particular point in space. The retardation factor also

, (6.5)
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describes the rate of vapor plume migration relative to a vapor plume that does not
partition to the aqueous or solid phases. This retardation factor is analogous to that used
in groundwater transport modeling, except that the pore water as well as the solids act
as immobile phases. The middle term on the right hand side of Eq.(6.5) represents
partitioning between the gaseous and aqueous phases while the last term represents
partitioning between the aqueous and solid phases. A thin film of soil moisture is assumed
to be present on all the soil grains so that the type of enhanced sorption by the solid
phase discussed in Section 6.2.5 is not important.

6.3 GASEOUS TRANSPORT
6.3.1 General

Although diffusion due to chemical concentration gradients is usually the primary trans-
port mechanism in the unsaturated zone, vapors may also be transported by advection in
that zone. Passive vapor transport can thus be described using the advection-dispersion
equation

a ac ac dc ..
ox |:0aD,J axj] 6, o GGRa[ , i,j=12,3 | 6.6)
where i and j represent the three coordinate directions, and ¢ is time. The average linear
gas-phase velocity (v;) is determined from the Darcy Equation.

The terms in Eq.(6.6) are similar to those for contaminant transport by groundwater
in the saturated zone. The first term on the left represents transport by dispersion (includ-
ing diffusion), while the second represents transport by bulk gas-phase advection. The
change in concentration over time is described by the term on the right. For simplicity,
no terms have been included for external sources or sinks.

The dispersion coefficient is a second rank tensor that has components describing
both mechanical dispersion and chemical diffusion so that

V; V5

Djj = ar|v| §; + (o —ar) + D.8ij i,j=12,3 , 6.7)

vl
where a;, and a7 are the longitudinal and transverse dispersivities respectively, D, is the
effective gaseous diffusion coefficient,’ and §; ; is the Kronecker delta (Bear, 1972).

Concentrations here are in units of mols per unit volume. Often, however, gaseous
concentrations are reported in a wide variety of units that include volume fraction units
(e.g., parts-per-million-by-volume (ppmV) and percent (%)), pressure units (e.g., atm and
Pa), or mass concentration units (e.g., mg/L. and pg/L). Using the Ideal Gas Law, the
temperature, and the molecular weight of the contaminant of interest, conversions can
be made between these various units.

Eq.(6.6) has been written in three-dimensional Cartesian coordinates. Often, how-
ever, releases of volatile organic compounds to the subsurface can be confined within a
relatively small lateral area. In such cases, especially if diffusion is the primary transport

1The effective diffusion coefficient is sometimes also referred to as D*.
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mechanism, a two-dimensional axisymmetric representation of the transport equation may
be valid because the vapors will then be migrating in all directions from a centralized
residual source. The axisymmetric formulation of Eq.(6.6) may be written as

19 5 5 9
Dy | — B =0,R . Q=12 (6.8)
r8x; 8Xj 8X,' at

where the coordinate axes are oriented in the radial and vertical directions and have their
origin at the center of the residual source. The radius from the center of the spill is also
denoted by r.

6.3.2 Diffusion

Transport by diffusion occurs in response to a chemical activity gradient. As written in
Eq.(6.6), it is assumed that the activity gradient can be represented by the concentration
gradient and that diffusion can be described by Fick’s Laws. Ideally, Fick’s Laws apply
only to scenarios involving isothermal transport in dilute binary systems where the com-
pounds have similar molecular weights. Nevertheless, in practice, Fick’s Laws appear to
be reasonable approximations under a wide range of conditions.

In very fine-grained materials and at low absolute pressures, interference with the
pore walls may limit the applicability of Fick’s Laws, and Knudsen diffusion may provide
a more appropriate description (Thorstenson and Pollock, 1989). The Knudsen diffusion
model is not, however, generally used.

The effective gas phase diffusion coefficient in Eq.(6.7) may be described by

D,=1tD (6.9)

where 7 is the tortuosity of the porous medium and D is the free-air diffusion coeffi-
cient. The tortuosity, which lies between 0.0 and 1.0, accounts for the increased distance
that contaminant molecules must travel in a porous medium relative to the straight line
distance that is possible in a free gas phase.

Free-air diffusion coefficients are typically several orders of magnitude greater
than aqueous diffusion coefficients. For example, the free-air diffusion coefficient for
TCE and similar chlorinated solvents is slightly less than 10~> m?/s at 20 °C, while the
aqueous phase diffusion coefficient for TCE is on the order of 107% m?/s at 20 °C. This
large difference commonly leads to gas phase diffusion dominating over aqueous phase
diffusion as a transport mechanism in the unsaturated zone.

Free-air diffusion coefficients have been measured for a wide range of different
compounds and are tabulated in chemistry reference texts (e.g., Weast, 1987). Alter-
natively, they can be estimated using empirical relationships (e.g., see, Lyman er al.,
1984). These estimation equations are also useful for determining the dependence of D
on temperature. However, in general, D values increase only slightly with increasing
temperature. Between 10 °C and 20 °C, the values for D for the common chlorinated
solvents increase by an average of less than 5% (Mendoza and Frind, 1990b).
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Several empirical estimates have been developed for the tortuosity of porous media.
The most widely used approximation is that usually attributed to Millington and Quirk
(1961)

t=013/9% | (6.10)

where 6 is the bulk (effective) porosity of the medium. Similar relationships have been
developed by Currie (1970) and Grable and Siemer (1968), among others. These models
are applicable to sandy materials whose soil-moisture saturation (6,,/8) is less than about
70% (Weeks et al., 1982). At higher water saturations, a continuous air phase may cease to
exist and aqueous diffusion begins to play a relatively more important role in controlling
the diffusion process. Also, these tortuosity relations tend to breakdown in silty and
clayey materials due to the absence of a continuous air phase.

Eq.(6.10) illustrates the strong dependence of the effective diffusion coefficient on
soil moisture content: as moisture content increases, D, decreases dramatically. However,
even at relatively high moisture contents, D, may still be several orders of magnitude
greater than effective aqueous diffusion coefficients.

Effective diffusion coefficients can be measured in the laboratory or in the field. In
the laboratory, they are measured by monitoring the migration of gases diffusing through
a column filled with soil with different moisture contents. The data analysis may be
either transient or steady-state. In the field, compounds are allowed to diffuse through
the medium of interest in its natural state (e.g., Kreamer et al., 1988). Numerical or
analytical models are then used to back-calculate the diffusion coefficients. Typically,
transient methods yield effective reactive diffusion coefficients which implicitly include
retardation factors, with the quantity that is being measured directly being D,/R. A
separate measurement of R then allows calculation of D,.

6.3.3 Advection

Because diffusion in the gas phase can be such an important transport process, it com-
monly dominates over advection. Nevertheless, advection can be important under some
circumstances because the low viscosity of gases causes them to be highly mobile even
when the pressure or density gradients are very low.

For coarse-grained materials, advective flow in the gas phase may be described
using the gas-phase continuity equation and the Darcy Equation. If density effects are
known to be negligible, a pressure-based formulation may be appropriate:

d ki OP aP
— 2L —|=6,— , ihj=1,23 . (6.11)
ax; n ox; at

However, in some cases, density gradients may contribute significantly to vapor transport.
One form of the flow equation that includes density is the equivalent fresh-air head
formulation (Mendoza and Frind, 1990a):

d pog (Bh*  p—po 9z ah* .
N k,, 208 (L Z )] =4, , ,j=1,23 . (6.12
3%, [ Sl +— o, PogB— i j (6.12)
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In the above equations, P is the pressure, u is the gas viscosity, B is the gas-phase
compressibility, k;; is the intrinsic permeability of the medium, and k, is the relative
gas permeability. The relative permeability, which depends on the soil and its moisture
content, may be described by the Brooks and Corey (1964) relationships, or may be
measured in the laboratory. In the equivalent head formulation, p is the actual density
of the gas phase, p is the density of pure air, and g is the gravitational constant. The
equivalent fresh-air head is defined by the equation

P

hW=—4+z , (6.13)

P8
where z is the elevation above some datum. Since the most significant contribution to
variations in density is usually caused by changes in concentration, Eq.(6.12) and the
vapor transport equation (Eq.(6.6)) form a coupled pair of non-linear partial differential
equations. As with the advection-dispersion equation, axisymmetric formulations may
also be written for these equations.

In fine-grained materials, especially under the influence of a strong applied pressure
gradient, the Darcy Equation may no longer strictly apply. This is due to the Klinkenberg
effect where the assumption of no-slip along the pore walls is no longer valid and the
flow of gases will exceed that predicted by the Darcy Equation. However, for the passive
migration of gases in unsaturated, fine-grained media, this effect is rarely of consequence
because the driving forces that commonly arise are not sufficient to cause significant
advection.

As written, Eqs.(6.11) and (6.12) require that the gas phase be essentially incom-
pressible. Strictly speaking, gases do not satisfy this requirement since their compress-
ibilities are on the order of 1075 Pa~!, compared to 4.4 x 107! Pa~! for water. However,
Massmann (1989) has shown that the assumption of incompressibility is applicable for
pressure differentials up to about 20,000 Pa (0.2 atm). Pressure differences of this magni-
tude are not expected for passive vapor migration, and so the assumption of an essentially
incompressible gas phase is appropriate for such situations.

Pressure and density gradients that are sufficiently large to cause advective trans-
port in the unsaturated zone may arise from several causes, including density gradients
due to the heavy nature of chlorinated solvent vapors, and pressure gradients due to:
1) barometric pressure variations; 2) vaporization from the liquid product; 3) landfill gas
generation; and 4) the movement of water in the unsaturated zone.

A common characteristic of many chlorinated solvents is that their saturated vapors
are much denser than air. This is because they have high molecular weights (commonly
three to four times greater than the mean molecular weight for air), and they are very
volatile (saturated vapor concentrations of up to several tens of percent of 1 atmosphere).
As a result, large density gradients may exist near a residual source if the vapor source
approaches saturation. These density gradients may cause downward advection with ve-
locities on the order of meters per day (Mendoza and Frind, 1990b; Johnson et al.,
1992).

The effects of density-induced transport have been investigated in numerical mod-
eling studies by several researchers, including Sleep and Sykes (1989), Falta et al. (1989),



Sec. 6.3 Gaseous Transport 191

Mendoza and Frind (1990a,b) and Mendoza and McAlary (1990). These studies show
that in high permeability environments, density-induced advection can be a significant
transport mechanism that equals or exceeds the effect of diffusion. The threshold per-
meability above which density-induced advection becomes important for the chlorinated
solvents appears to be on the order of 10~!' m? (equivalent to a hydraulic conduc-
tivity of 1072 cm/s). The vapor source must be maintained at a high concentration in
order to maintain high density gradients. Also, the greater the thickness of the unsatu-
rated zone, the greater the advective effects due to density gradients. Temperature can
have a strong effect on the density of the gas phase through its influence on the vapor
pressure.

The atmospheric pressure fluctuates according to global and regional weather
patterns. This means that the pressure along the upper boundary of the unsaturated zone
(i.e., the ground surface) is changing constantly. Although these pressure variations are
generally relatively small, they can exceed 5 kPa (0.05 atm). If the ground surface is open
to the atmosphere, these pressure variations are applied uniformly over the entire bound-
ary and so act in the same manner over the whole domain, either retaining vapors (high
pressure zone) or enhancing vapor removal (low pressure zone). However, this effect
will only be significant if the depth to groundwater is very large. If the ground surface is
restricted by a cover, vapors will be pumped out of, or confined within, the area beneath
the cover as barometric pressure changes act along the edges of the cover. Massmann
and Farrier (1992) showed that the net effect of barometric pumping is to increase the
apparent dispersion of vapors in the unsaturated zone and that the advective effects of
barometric pumping beneath a cover can be significant. Thibodeaux et al. (1982), Nilson
and Lie (1990), and Nilson er al. (1991) considered the effects of barometric pumping
on contaminants located below a fractured impermeable cover. These analyses showed
that the transport of vapors through cracks could be significantly enhanced by barometric
pressure fluctuations.

The mixture of wastes placed in landfills commonly leads to microbial action
that produces large amounts of carbon dioxide and methane gas. In generating this gas,
pressure gradients may be established towards the exterior of the landfill. Although these
gradients are typically low (on the order of a few Pa/m), they can be large enough
to cause significant bulk movement of gas from the landfill. If volatile organic wastes
are also present in the landfill, their vapors will migrate along with this bulk gas flow
(Metcalfe and Farquhar, 1987).

Even in the absence of biologically-produced gases, vaporization from a residual
source can result in bulk gas migration by advection away from the source (Bird, 1956).
For chlorinated solvents, this aspect of vapor transport was considered by Mendoza and
Frind (1990b) who showed that while it may be of secondary importance in some cases,
transport of volatilized solvents is generally dominated by diffusion and other advective
effects.

Regional movement of the water table may also result in advection in the gas
phase. If the water table drops, air is drawn into the unsaturated zone to fill the newly de-
saturated pore space. Similarly, if the water table rises, gas is expelled to the atmosphere.
This movement of the gas phase will transport whatever contaminants are in the vapor
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phase. Weeks ef al. (1982) document a regional case study where long-term declines in
water table elevation have drawn contaminants further into the unsaturated zone than
would have been expected based on diffusion alone.

6.4 AQUEOUS TRANSPORT

Contaminants can be transported in the aqueous phase in the unsaturated zone just as
they can be transported in the gas phase. In fact, some form of transport in the aqueous
phase is necessary for the creation of groundwater contamination from vapor plumes
since vapors themselves cannot enter the saturated zone. Transport in the aqueous phase
may be due to either advection or diffusion. If we consider equilibrium between the
gaseous and aqueous phases, Eq.(6.6) can be modified to include aqueous transport by

writing

3 0 dc 6\ 8 d
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(6.14)
Here v,, is the velocity of water due to infiltration. The aqueous dispersion tensor (D)
may be written in a form analogous to Eq.(6.7).

By assuming equilibrium between the gaseous and aqueous phases, aqueous con-
centrations can be written in terms of gaseous concentrations using Henry’s Law. Thus,
aqueous concentrations do not appear in Eq.(6.14). If equilibrium between the gaseous
and aqueous phases is not assumed, two equations need to be written, one for the con-
centration in each of the two phases. Because the physics of aqueous flow and transport
in the unsaturated zone is the topic of many texts (e.g., Hillel, 1980), it is not discussed
in detail here.

6.5 INTERACTIONS WITH THE ATMOSPHERE

The nature of the ground surface may have a great influence over the distribution and fate
of chlorinated solvent vapors in the unsaturated zone. If the ground surface is open to
the atmosphere, vapors will be transported by diffusion from the unsaturated zone to the
atmosphere: having essentially zero concentrations of these compounds, the atmosphere
acts as a sink. Kimball and Lemon (1971) found that wind passing across the surface of
a coarse porous medium resulted in greater losses of heptane vapors from shallow depths
than in the absence of the wind. If the ground surface is covered with a finer-grained
layer or with vegetation, atmospheric losses will be restricted due to the resistance
to flow and diffusion caused by such covers. The ground surface may be covered by
pavement or a building foundation which is impermeable to both gas flow and vapor
diffusion. Cracks or small open sections in such a cover may, however, allow the loss
of significant vapor mass to the atmosphere (Thibodeaux er al., 1982; Nilson et al.,
1991).
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The character of the ground surface also affects the extent of lateral migration
in the unsaturated zone. If diffusive transport is the primary vapor transport mechanism,
an open ground surface results in less lateral transport than beneath a covered ground
surface. This is due to the mass losses through the open ground surface. However, if
density-induced transport is a significant transport mechanism, the opposite effect may
be observed due to higher gas-phase velocities in the absence of a cover (Mendoza and
Frind, 1990b).

Obviously, the nature of the ground surface boundary also affects the infiltration
of water. An impermeable cover at the ground surface will prevent infiltration, whereas
an open ground surface will allow infiltratation. In the latter case, water can pass through
contaminated zones, including the residual source area, ultimately allowing contaminated
water to recharge the groundwater zone.

6.6 INTERACTIONS WITH GROUNDWATER

As the interface between the unsaturated and groundwater zones, the capillary fringe is
the boundary through which contaminants must move if contamination in the vadose zone
is to cause groundwater contamination. Conversely, contaminants may migrate from an
established plume in the groundwater zone into the unsaturated zone; this mode of trans-
port is required for the successful mapping of groundwater plumes by vapor sampling.

Because the capillary fringe does not contain a connected gas phase, transport
of contaminants through this zone must occur in the aqueous phase. The three main
mechanisms for contaminants to migrate through the capillary fringe are diffusion and
dispersion, advection, and fluctuations in the elevation of the water table. The plume of
groundwater contamination caused by these processes is expected to be confined to the
regions of the saturated flow regime that are near the water table.

In the unsaturated zone, contaminants can rapidly reach the top of the capillary
fringe by vapor transport processes. At the top of the capillary fringe, the contaminants
will partition into the aqueous phase and an aqueous-phase concentration gradient will
be established into the saturated zone. Such a gradient will result in transport through the
capillary fringe by molecular diffusion or dispersion. However, McCarthy and Johnson
(1992) have shown that vertical dispersion within the capillary fringe is a weak process.
Moreover, aqueous-phase diffusion is typically weak due to the small magnitude of
aqueous-phase diffusion coefficients. Thus, advective transport due to infiltrating water
is likely to be a more significant mechanism for transporting contaminants downwards
through the capillary fringe.

Another important mechanism which can contribute to groundwater contamination
involves the upward and downward movements of the water table in response to changes
in regional infiltration. As noted above, if the water table drops, the unsaturated zone will
be enlarged and contaminant vapors will be drawn deeper into the domain. The vapors
will then be able to partition to the soil moisture in the newly exposed section of the
unsaturated zone. If the water table later rises, this contaminated soil moisture will be
incorporated into the groundwater flow system and a groundwater plume will be created.
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6.7 SOIL-GAS SURVEYS
6.7.1 General

Soil-gas surveys provide a rapid and inexpensive method of detecting and mapping
vapor concentrations in the unsaturated zone. These surveys can be useful as preliminary
surveys to plan more costly operations such as coring or piezometer installation. Possible
sources of the vapors to be delineated include free-product liquid in the unsaturated
zone, vapor plumes, and aqueous plumes in the saturated zone underlying the site of
interest.

6.7.2 Sampling

In general, vapor sampling methods may be classified as being either active or passive.
Active sampling involves analyzing vapor samples drawn from a temporary or permanent
access tube; passive sampling involves the analysis of vapors collected by a sorbent
detector buried in the subsurface for some period of time. Active sampling appears to
be the preferred method of conducting soil-gas surveys. The reasons for this are that the
vapor concentration values can be obtained directly and rapidly. Consequently, a soil-gas
survey can easily be modified before it is completed. A disadvantage of active sampling
may be that the vapor distribution in the unsaturated zone can be disturbed by sample
withdrawal. Active soil-gas sampling is discussed in detail by Kerfoot (1988), Tillman
et al. (1989), and Hughes et al. (1990), among others.

The primary advantages of passive sampling are that it is less costly than active
sampling and that time-averaged results are obtained. Disadvantages include the fact
that longer periods of time (typically a few weeks) are required to obtain results, the
survey cannot be modified in-progress, and only relative concentrations are obtained.
With regard to the last point, the measured concentrations are not absolute concentrations
in the soil gas; rather, they give an indication of relative amounts of different chemicals
at a particular location and between locations from the same survey. Passive sampling
techniques have been discussed by Voorhees er al. (1984), Malley et al. (1985), and
Kerfoot and Mayer (1986).

6.7.3 Contaminant Detection

In principle, with a properly-conducted soil-gas survey, it is straightforward to delineate a
vapor plume in the unsaturated zone. It is, however, not always as simple to determine
whether free product is also present. Interpretation problems generally arise because
saturated vapor concentrations are rarely observed, even if free product is present. The
primary reasons for this are outlined in Section 6.2.2. In these cases, good judgement,
experience, and alternative indicators must be used to interpret the data.

The idea of detection of a groundwater plume by vapor sampling in the unsatu-
rated zone (see Figure 6.4) has become popular in the past few years, and a number of
successful demonstrations have been reported (e.g., Marrin and Thompson, 1987; Ker-
foot, 1987; Marrin and Kerfoot, 1988; Bishop et al., 1990). However, because several



Sec. 6.8 A Pair of Field Experiments 195

gas

sample
/;/j%//?(

U ¥

partitioning
to gas-phase

= % % g e- ~Tf"lictuotin'g
T————4 1 Ttransverse watertable
contaminant dispersion i

plume

_._.__.}
advective
———transport

Figure 6.4 Conceptual model for processes involved in groundwater plume detection
using soil-gas sampling techniques.

interrelated factors control mass transfer across the capillary fringe, it seems likely that,
at most, soil gas surveys can only provide qualitative information about groundwater
contamination. In particular, because dispersion transverse to flow is a weak process,
only plumes that are immediately adjacent to the water table will be detected by a soil
gas survey. In addition, the presence of any source of vapors (e.g., small undetected
pools or pockets of residual within the unsaturated zone) will greatly complicate the de-
lineation of groundwater plumes. Active infiltration due to precipitation may make such
a delineation impossible.

6.8 A PAIR OF FIELD EXPERIMENTS

A pair of detailed field experiments involving the transport of TCE vapors at the Borden
field site were reported by Hughes (1991) and Hughes et al. (1992). The unsaturated zone
at the site consists of a medium-grained sand with moisture contents at field capacity
and organic carbon contents that are generally low (~0.02%). The upper section of
the unsaturated domain is heterogeneous, with increased organic carbon contents (see
Figure 6.5). The first experiment was conducted in the winter and had a covered ground
surface to limit vapor losses to the atmosphere. The second experiment was conducted in
the summer and had an open ground surface, except for immediately above the residual
source. Variations in temperature greatly affected the experimental results; temperature
profiles are shown in Figure 6.5.

A residual source of TCE was prepared by mixing liquid TCE with excavated native
sand at near residual saturation, and placing it in the ground. Vapor distributions were
obtained using active sampling techniques along an array of sampling probes extending
radially outwards from the source. Between the two experiments, vapor extraction was
used to reduce TCE vapor concentrations to less than 20 ppmV.
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Figure 6.5 Physical parameters measured at the Borden vapor transport site: a) soil
organic carbon content; b) soil moisture content; ¢) temperature distribution for the first
experiment, and d) temperature distribution for the second experiment. (Reprinted with
permission from Mendoza et al., 1990.)

Field observations of the vapor plumes for each experiment after 18 days are shown
in Figure 6.6. In both cases, the plumes migrated a considerable distance in a short period
of time. However, in the second experiment, the overall concentrations were higher and
the leading edge of the plume extended farther from the source zone.

Sensitivity analyses were performed using a numerical model (Mendoza et al.,
1990, 1992). The overall differences in concentration between the two experiments are
primarily attributable to the different temperature regimes in the two experiments: the
first experiment had lower vapor concentrations (by a third) due to lower temperatures in
the source area. In addition, the lower temperatures near the ground surface resulted in
a higher degree of partitioning to the aqueous phase, and so led to increased retardation.
The higher organic carbon contents near the ground surface, in particular a continuous
layer at about 0.8 m depth, were shown to exhibit high retardation factors which led to
slower transport in this region in both experiments, and tended to limit vapor losses to
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Figure 6.6 Measured vapor concentrations after 18 days in the Borden vapor transport experiments:
a) covered experiment; b) uncovered experiment. Contours are logarithms of concentration expressed
in parts-per-million-by-volume (ppmV). (Reprinted with permission from Mendoza ez al., 1992.)
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the atmosphere in the second experiment. This led to the similar plume shapes despite
the different ground surface boundary conditions.

The sensitivity analyses also indicated that density-induced advection played a
small role in the experiments, with the effect being greater in the second experiment where
the source concentrations were higher. The average permeability (1.2 x 1071 m?) of the
sands is in the range where density-induced advection can begin to become a significant
transport process, providing that the vapor density is sufficiently high (Mendoza and
Frind, 1990b).

A thin, but laterally extensive, groundwater plume developed beneath the portion
of the vadose zone used in the two experiments (Rivett and Cherry, 1991). Although TCE
was used for other experiments at the site, it is felt that this contamination is primarily a
result of the vapor migration experiments. Annual water table fluctuations on the order
of 1 m and precipitation appear to be responsible for the development of this plume.

6.9 CONCLUSIONS

Vapor transport from residual or pooled chlorinated solvents in the vadose zone can have
a significant impact on groundwater quality. The primary reasons for this are that vapor
transport is often very rapid relative to aqueous transport, and that vapors tend to migrate
in all directions from the source. Thus, contamination from a spill of chlorinated solvents
may quickly reach the water table over a wide area and in a manner that is not controlled
by the hydraulic gradients in the saturated zone.

Vapor transport can be described by equations that are similar in form to ground-
water transport equations. They are conceptually easy to understand and existing ground-
water transport models may be modified to simulate vapor transport. The greatest dif-
ference between the behavior of contaminants in the two zones is that diffusion tends to
be the dominant transport process in the unsaturated zone, while advection is commonly
the primary transport mechanism in the saturated zone.

In high-permeability porous media, density-driven advective flow can play an im-
portant role in transport if the vapor concentrations are high. Initial velocities on the
order of meters per day are possible, and the result can be high gaseous and aqueous
concentrations in the vicinity of the water table. Advective transport due to pressure
gradients arising from barometric pressure fluctuations may also increase dispersion and
lead to a wider distribution of contaminants.

The rate of vapor transport is strongly dependent on the soil-moisture content of
the unsaturated zone because the effective diffusion coefficient and the retardation factor
are both functions of the soil-moisture content. Temperature variations in the subsurface
can affect vapor concentrations and migration rates through their influence on vapor
pressures and Henry’s Law constants (Kerfoot, 1991).

The character of the ground surface often controls the degree of vapor losses
to the atmosphere and the degree of infiltration into the unsaturated zone. Losses to
the atmosphere remove contaminants that might otherwise reach the water table, while
infiltration can transport contaminants to the water table.
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While vapor transport mechanisms are responsible for distributing contaminant va-
pors throughout the unsaturated zone, aqueous-phase transport mechanisms cause ground-
water contamination in the saturated zone. The primary aqueous-phase transport processes
involved are advection due to the movement of infiltrating water, diffusion across the
capillary fringe, and regional fluctuations in the elevation of the water table. These trans-
port processes typically result in thin plumes of contaminated groundwater immediately
adjacent to the water table.
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ABSTRACT

The magnitude of the concentrations of dissolved contaminants in groundwater and the
length of time that associated DNAPL source zones will cause groundwater contamination
are determined by the rate of DNAPL dissolution. In porous media, under typical subsur-
face flow conditions, laboratory and computer modeling studies indicate that groundwater
that exits residual DNAPL zones does so at saturation with the DNAPL. This is due to
the intimate contact that exists between residual DNAPL and groundwater. In contrast,
studies show that dissolved concentrations derived from pools of DNAPL will typically
be considerably lower than saturation when the concentration is averaged over a vertical
distance of 0.5 or more above the pool. At field sites where DNAPL is present, saturated
dissolved concentrations are not frequently observed in groundwater. This is the result of
the variability in the spatial distribution of the DNAPL residual zones and pools, dilution
in monitoring wells with long intakes, and dispersion processes in the aquifer. For a
multi-component DNAPL, the effective solubility of a given compound will be given
by the product of the pure-phase solubility of that compound with the mole fraction of
the compound in the mixture. During dissolution of such a mixture, the compound(s)
having the highest effective solubility(ies) will be removed preferentially, and both the
DNAPL composition and the dissolved concentrations will change with time. At a site
contaminated with a multi-component DNAPL, an examination of changes in the dis-
solved concentrations with time may provide a method for determining the degree to
which the DNAPL source mass has been depleted by dissolution.

7.1 INTRODUCTION

The rate of dissolution of a dense non-aqueous phase liquid (DNAPL) from the source
zone at a contaminated site will influence the magnitude of the dissolved chemical con-
centrations in the groundwater as well as the length of time that the DNAPL zone
will persist. An understanding of DNAPL dissolution rates is therefore required when
evaluating existing sources of dissolved chemical plumes with respect to future plume
migration, as well as the effectiveness of pumping to remove dissolved plumes. This
chapter describes conceptual models for the dissolution of DNAPLs in the subsurface.
The models consider: 1) the solubility of organic compounds in water; 2) the theory of
mass transfer from DNAPL phases into water; and 3) the dynamic dissolution behavior
of DNAPLs as observed in laboratory experiments. Understanding the implications of
these conceptual models will allow assessments of what concentration data for dissolved
contaminants at a site might indicate regarding: 1) the possible presence of a DNAPL
phase in the subsurface at the site; 2) the degree of mass depletion of such a DNAPL
source by dissolution; and 3) the nature of the groundwater transport of chemicals away
from such a DNAPL source.

7.2 SOLUBILITY FROM PURE DNAPLS AND FROM DNAPL MIXTURES

The mass dissolution rate of a DNAPL in the subsurface is a function of the solubil-
ity(ies) of the compound(s) in the DNAPL, the groundwater velocity, the mass and



Sec. 7.2 Solubility from Pure DNAPLs and from DNAPL Mixtures 205

distribution of the DNAPL material in the subsurface, the pore distribution of the
medium, the aqueous-phase diffusion coefficient(s) of the compound(s) in question, and
the effects of other chemical constituents in the system. A DNAPL can be comprised
of a single compound, or it can be a mixture. In their pure forms, chlorinated organic
solvents are liquids which exhibit a wide range of solubilities in water. These water sol-
ubilities are not very temperature dependent over the ambient groundwater temperature
range.

The available solubility data for chlorinated solvent compounds have been obtained
in studies conducted for a variety of purposes, over a span of several decades, using
reagents of varying purity, and using a variety of analytical techniques. The result is that
there is disagreement in the published solubility data for these compounds. For example,
the solubility values for trichloroethylene (TCE) reported in Horvath (1982) for 20-
25 °C vary from 700 to 1470 mg/L. For some other compounds, the range in reported
values is even larger. This situation has made it difficult for practicing hydrogeologists
to determine what value is best when assessing the dissolution processes for a given
chlorinated solvent compound. In general, it can be assumed that the most reliable values
are those that have been measured recently using good analytical methods (see Table 7.1
and Appendix I).

TABLE 7.1 Measured Solubilities (mg/L) of Four Chlorinated Solvent Compounds at

23 to 25 °C.
Broholm and Feenstra Mackay and
(1995) Horvath (1982) Shiu (1981)
Compound (23-24 °O) 25 °O) 25°0)
Chloroform 8700 7920 7925
Carbon Tetrachloride 780 793 1000
1,1,1-Trichloroethane 1250 1495 720
Trichloroethylene 1400 1100 1050

For an organic NAPL mixture, the aqueous-phase concentration of each component
that is in equilibrium with the mixture can be approximated using a solubility analog of
Raoult’s Law for vapor pressure. This analog is

Csat,m - chfm s (71)

where C;,, , is the aqueous solubility of component m from the mixture (also sometimes
referred to as the “effective solubility” from the mixture), X,, is the mole fraction of
component m of interest in the NAPL mixture, and C¢,, is the solubility of the pure
compound.

Laboratory experimental studies (e.g., Banerjee, 1984, and Broholm and Feenstra,
1995) suggest that Eq.(7.1) is a reasonable approximation for mixtures of structurally-
similar hydrophobic organic liquids, such as mixtures of chlorinated solvents. Bro-
holm and Feenstra (1995) conducted experiments with mixtures of chloroform, carbon
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tetrachloride, 1,1,1-trichloroethane (1,1,1-TCA), trichloroethylene (TCE), and tetrachloro-
ethylene (PCE). They concluded that Eq.(7.1) works well when predicting the effec-
tive aqueous solubilities of binary mixtures of these compounds. An example of the
results obtained in that study is shown in Figure 7.1. Laboratory studies (e.g., Leinonen
and Mackay, 1973) have shown that use of Eq.(7.1) may cause some error with complex
mixtures of certain structurally-dissimilar compounds (e.g., alkanes dissolved in aromat-
ics). However, the error is usually smaller than a factor of 2. Such deviations from ideal
behavior are small enough that they may usually be safely ignored in environmental
studies where there are often much larger uncertainties’.

1.0
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Figure 7.1 Solubility as a function of mole fraction for mixtures of 1,1,1-TCA and
PCE.

The DNAPLSs encountered at waste disposal sites are commonly mixtures of chem-
icals that are liquids in their pure forms at ambient temperatures. However, DNAPLs
at waste sites also sometimes contain dissolved compounds that are solids in their
pure forms at ambient temperatures, e.g., some chlorinated benzenes, polychlorinated
biphenyls (PCBs), and polycyclic aromatic hydrocarbons (PAHs) (see Table 7.2). For such
a compound, its “sub-cooled” liquid solubility (i.e., also referred to as its “super-cooled”
liquid solubility) must be used as C¢,, in Eq.(7.1). For relatively rigid molecules of the
type that are of interest here, the sub-cooled liquid solubility (Csqa; 1i4) at a given tem-
perature (7, K) of interest can be estimated based on the solid-phase solubility (Ciar,so1)

tExamples of exceptions to this rule include: 1) an alcohol dissolved in a largely alkane (non-polar)
mixture (as occurs with alcohol additives in gasoline); 2) an alkane (non-polar) dissolved in one or more
alcohols; and 3) a chlorinated solvent dissolved in an alcohol.
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and the melting point (7, K) of the compound of interest according to (Shiu et al.,
1988)

Csat,liq = Cyar, 501 €xpl6.8(T,, /T — 1)] . (7.2)

Sub-cooled liquid solubilities can be considerably higher than the corresponding solid-
phase solubilities, and the difference increases as 7,, increases (see Table 7.2).

A comparison of observed groundwater concentrations with calculated effective
solubility values can be carried out based on data from a Superfund site in Pennsylvania
where DNAPL has been found in numerous wells in a fractured sandstone aquifer (ERM,
1987). Two samples of DNAPL recovered from wells were analysed and found to contain
the same compounds, though at different concentrations (see Table 7.3). This type of
variability is likely to be common at many multi-component DNAPL sites. Because the
DNAPL composition varies at the Pennsylvania site, the dissolved concentrations in the
groundwater would be expected to vary to a similar degree. For each DNAPL sample,
the effective solubilities of the four principal components were calculated and are given
in Table 7.3 along with data for the groundwater. For groundwater collected close to the
DNAPL source, the dissolved concentrations are comparable to the calculated effective
solubilities, and follow the expected concentration trend of 1,2,3-trichloropropane >
xylenes > toluene > ethylbenzene.

As implied in the heading for Table 7.3, a significant fraction of the organic DNAPL
phase at the Pennsylvania site could not be identified or quantified. This type of situation
has been encountered at other sites. However, when estimating the mole fractions of
the compounds of interest in a given DNAPL sample, one requires an estimate of the
weight percent of the unidentified fraction as well as an estimate of the average molec-
ular weight (MW) of the compounds making up the unidentified fraction. The type of
uncertainty which arises when making such assumptions is indicated in Table 7.4 for
one of the two DNAPL samples considered in Table 7.3. Increasing the estimate of the
average MW of the unidentified fraction causes the estimated effective solubilities for the
known contaminants to increase: for a given weight % of unidentified fraction, a higher

TABLE 7.2 Melting Points, Solid-Phase Solubilities at 25 °C, and Estimated Sub-Cooled
Liquid Solubilities of Selected Compounds in Water at 25 °C.

Estimated
Melting Melting Solid-phase sub-cooled
point point solubility liquid solub.
PAH Compounds °C) (T, K) (ng/L, 25 °C) (ug/L, 25 °C)

p-Dichlorobenzene 53 326 79,000 150,000
Naphthalene 80 353 31,000 110,000
Fluorene 117 390 1,900 16,000
Anthracene 217 510 730 92,000
Benzo[a]pyrene 179 452 3.8 130
Biphenyl 71 344 7,000 20,000
2,2',5,5'-Tetrachlorobiphenyl 87 360 103 423

Decachlorobiphenyl 306 579 0.0012 0.73
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TABLE 7.3 Pure Compound Properties, Weight Percent Composition Values for
Two DNAPL Samples from a Superfund Site in Pennsylvania, Calculated Effective
Solubility Values for those Compositions, and Observed Dissolved Groundwater
Concentrations at the Site. (The average molecular weight (MW) of the unidentified
portions of the two DNAPL samples was assumed to be 150 g/mol.)

1,2,3-
Trichloro- Ethyl
Property propane Toluene Xylenes benzene
Pure Compound Solubility {mg/L) 1,900 580 200 190
Molecular Weight (g/mol) 146 92 106 106
Weight %, DNAPL Sample 1 23 4.2 17 3.8
Effective Solubility (mg/L) 400 35 43 9.1
Weight %, DNAPL Sample 2 73 0.9 5.8 09
Effective Solubility (mg/L) 1,400 8.1 16 23
Observed Groundwater Conc.
Lower Value (mg/L) 220 2.1 7.3 1.1
Upper Value (mg/L.) 1.200 53 74 12

TABLE 7.4 Calculated Effective Solubilities at 25 °C for Components of DNAPL Sample 1 from
a Superfund Site in Pennsylvania for Different Assumed Molecular Weight (MW) Values for the
Unidentified Fraction.

Effective solubility (mg/L)

Assumed MW of unidentified fraction

mw o e,
Compound Wt.% (g/mol) (mg/L) MW =100 MW =200 MW =300
1,2,3-Trichloro- 23 146 1900 325 450 520
propane
Toluene 4.2 92 580 29 40 46
Xylenes 17 106 200 33 46 53
Ethyl Benzene 3.8 106 190 7.4 10 12

average MW results in a lower calculated mole fraction for the unidentified fraction, and
correspondingly higher mole fractions for the identified contaminants.
7.3 DISSOLUTION PROCESSES
7.3.1 Theory and Conceptual Models
7.3.1.1 General

In the subsurface, DNAPL will occur in residual zones, in layers above an underlying
aquitard, and in pools on top of an underlying aquitard. In residual zones, DNAPL is
present as immobile blobs and ganglia that may occupy 10% or less of the pore space.
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Groundwater flow occurs through the remaining pore space, although the presence of
the DNAPL does reduce the relative permeability of the medium to water. Dissolution
of the DNAPL occurs as groundwater flows through the residual zone. Within layers or
pools of free-phase DNAPL, the DNAPL may occupy as much as 50 to 70% of the pore
space and may substantially reduce groundwater flow through these zones. Dissolution
of the DNAPL then occurs predominantly along the tops, lateral margins of the layers
and pools. Flow may also occur beneath layers of DNAPL.

The rate of dissolution of DNAPL in the subsurface will depend on the effective
solubilities and diffusivities of the DNAPL components, the physical distribution of the
DNAPL in the porous or fractured medium (e.g., the contact area between the DNAPL
and the groundwater), and the rate of groundwater flow through and around the DNAPL.
These fundamental relationships are illustrated on a sub-pore scale and a pore scale in
Figure 7.2. At the interface between the DNAPL and the groundwater, the concentration
in the groundwater approaches the solubility or effective solubility of each of the com-
ponents. Dissolved chemicals are transferred into the flowing groundwater by molecular
diffusion.

It is necessary to express the rate of dissolution mathematically in order to quantify
the dissolution process. The rate of mass transfer from a DNAPL to the water phase is
typically expressed as a function of a mass transfer coefficient, a driving force, and
the interfacial contact area between the two phases of interest so that

Rate of Mass Transfer Concentration Contact
Mass Transfer Coefficent Difference Area (7.3)
= X X
(M/T) (L/T) (M/L?) (L)

The driving force for mass transfer is the concentration difference across the mass transfer
boundary layer, and is usually defined as the difference between the effective solubility
of the component and the dissolved concentration in the bulk water flowing past the

DISSOLUTION: SUB-PORE SCALE DISSOLUTION: PORE-SCALE
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Figure 7.2 Schematic representation of dissolution processes on a sub-pore and pore
scale.
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DNAPL. The rate of mass transfer will determine the dissolved-phase concentrations
that will occur in the groundwater as well as the persistence of the DNAPL zone in the
subsurface. The mass transfer coefficient is a parameter determined largely by the water
flow conditions. Several models have been used in the field of chemical engineering to
describe mass transfer coefficients for the dissolution of an immiscible phase. The three
most common models are the stagnant film model, the film penetration model, and the
random surface renewal model (Cussler, 1984).

7.3.1.2 Stagnant film model

In the stagnant film model, all the resistance to mass transfer is assumed to reside in
a stagnant layer of thickness & adjacent to the interface, as shown in Figure 7.3. The
concentration at the interface is taken to be equal to Cy,,: it is assumed that the rate of
equilibration across the fluid-fluid interface is rapid, and that the slower rate of molecular
diffusion in the water phase coupled with advective flow determines the overall rate of
mass transfer (Levich, 1962; Turitto, 1975). The aqueous-phase concentration of the same
species in the bulk water is represented as C,,. Burris and Maclntyre (1986) measured
the dissolution of a four-component liquid hydrocarbon layer overlying a stirred aqueous
phase. Their results suggest that chemical equilibrium likely existed at the interface in
that system.
For 1-D diffusion, the flux of a species is given by Fick’s First Law as

N=-DX (7.4)
ax
where: N = flux of the species (units of M/L*T); D = diffusion coefficient of species
A (units of L?/T); and d¢/dx = concentration gradient of the species in the water
near the interface (units of M L~%/L). In the stagnant film model, it is assumed that the
concentration gradient is linear over the boundary layer thickness & as shown by the
dashed line in Figure 7.3 so that

0 Cw - Cvat
—_ 7.5
0x 8 (7-3)
and the particular form of Equation (7.4) becomes
N =K.(Cy — Csar) (7.6)

Stagnant
Film c
Figure 7.3 Stagnant film model for

DNAPL dissolution mass transfer.
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where K. = D/§ is the mass transfer coefficient. Although the stagnant film model
assumes that the concentration decreases linearly over the distance §, the concentration
dependence may in fact be more like that given by the solid line in Figure 7.3.

The stagnant film model predicts that the mass transfer coefficient is directly pro-
portional to the diffusion coefficient. Hence, doubling the diffusion coefficient should
double the rate of mass transfer. This mass transfer coefficient also depends on variables
such as the fluid viscosity and local water velocity (both of which depend strongly on
the heterogeneity of the porous medium): the effects of these variables are lumped into
the film thickness 4.

In porous media, it is useful to define a mass transfer rate per volume of porous
medium N* by multiplying the mass flux by the ratio of DNAPL surface contact area
A, to the unit volume of porous medium V so that

A A
N* = N7" = KCV"(cw = Csar) = MCy = Csar) (1.7)

where A has dimensions of 1/T and is defined as the lumped mass transfer coefficient
such that A = K. A,/V. The use of such a lumped mass transfer coefficient in porous
media is a common practice (Miller et al., 1990; Sleep and Sykes, 1989; Zilliox et al.,
1978).

If a multi-component DNAPL is present, the mass transfer rate for each individual
component within the DNAPL mixture can be calculated according to

N:z = dn (Cuom — Csarm) (7.8)

where A, is the lumped mass transfer coefficient for the component m and C,, ,, is the
concentration of component m in the bulk aqueous phase. Cs4, » is the effective solubility
of component m which can be calculated using Eq.(7.1).

7.3.1.3 Penetration model

This model, proposed by Higbie (1935), was the earliest attempt to find an alternative
for the stagnant film model. Higbie (1935) felt that it was unreasonable to assume that
a liquid film could remain static, and not mix at all with the adjacent turbulent bulk
liquid. Higbie (1935) pictured a small fluid element moving from the bulk phase (in this
case the water phase) to the interface where it remains for a time period ¢, after which
it returns to the bulk phase. During the time 7, transient diffusion is assumed to take
place between the interface and the element so that

K. = 2,/2 (7.9)
mt

Although it has been suggested that a square root relationship between K. and D may
be more reasonable than the direct proportionality suggested by the stagnant film model,
the characteristic penetration time ¢ is not known for situations of practical interest.
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7.3.1.4 Random surface renewal model

The random surface renewal model was proposed by Dankwerts (1951) who basically
adopted Higbie’s (1935) approach, but instead of assuming that all the elements have the
same contact time 7, assigned a random distribution to 7. The mass transfer coefficient
then becomes:

K, =+sD (7.10)

where s is the rate of surface renewal.

The three mass transfer models discussed above all relate K. for a compound
to its diffusion coefficient in water and to an empirical parameter (i.e., the stagnant
layer thickness, the contact time, or the rate of surface renewal) which in each case is
a function of the flow conditions and fluid properties. The mass transfer coefficient is
therefore usually treated as a fitting parameter in models used to examine the results of
lab or field experiments. This is particularly true in groundwater systems where one must
also contend with other complicating factors such as the distribution of residual DNAPL
in the pores, the effective contact area, and the degree of aquifer heterogeneity. Thus,
although such models provide the basis for the description of mass transfer coefficients, at
the present time there is no evidence that one particular model works better than another
when predicting DNAPL dissolution in groundwater. Since the stagnant film model is
the simplest of the available mass transfer models, it has been the model used in most
practical applications.

7.3.1.5 Dimensionless numbers

In the chemical engineering literature, experimental mass transfer data are seldom
reported directly. Rather, the results are expressed as correlations equations between
different dimensionless numbers. These numbers are useful because they allow the predic-
tion of mass transfer coefficients under a wider range of conditions than would otherwise
be possible. The dimensionless numbers commonly used in mass transfer correlations
are given in Table 7.5 (Cussler, 1984; Wakao and Kaguei, 1982; Sherwood et al., 1975).
The Sherwood and Stanton numbers involve the mass transfer coefficient. The Schmidt
and Lewis numbers involve different kinds of diffusion. The Reynolds, Grashof, and
Péclet numbers involve flow considerations. The Damkohler number involves diffusion
and chemical reaction.

A key point about each of the numbers in Table 7.5 is that its exact definition implies
a specific physical system. For example, the characteristic length / in the Sherwood
number (Sh) could be the stagnant layer thickness for a liquid-to-liquid transfer, or the
average grain size of a porous medium (Powers et al., 1992; Miller et al., 1990). Some
correlations involving the mass transfer coefficient (expressed in terms of Sh) that have
been used in previous works involving NAPL dissolution are given in Table 7.6 (Powers
et al., 1991; Miller er al., 1990, Powers et al., 1992; Geller and Hunt, 1993). In that
table, Sh = K. /D everywhere except for the study of Miller et al. (1990) for which
Sh = )»dlz, /D where A is the lumped mass transfer coefficient and d,, is the mean diameter
of the sand grains.
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TABLE 7.5 Dimensionless Numbers Relating to Dissolution of DNAPLs in the Subsurface.

Group

Physical meaning

Used in

Sherwood number

K.l

mass transfer rate
diffusion rate

Usual dependent
variable

Stanton number

K
NES S

mass transfer rate
flow rate

Occasional dependent
variable

Schmidt number

A
Sc—D

diffusivity of momentum
diffusivity of mass

Correlations of gas and
liquid data

Lewis number

diffusivity of energy
diffusivity of mass

Simultaneous heat and
mass transfer

Reynolds number

Re:%v

inertial forces flow velocity

viscous forces momentum velocity

Forced convection

Grashof number

Gr = l3gA2/J p

v

buoyancy forces
viscous forces

Free convection

Péclet number

v
Pe—D

flow velocity
diffusion rate

Correlations of gas
or liquid data

Damkéhler number

="

reaction rate
diffusion rate

Correlation involving
reactions

D = diffusion coefficient [L2/T]
g = acceleration due to gravity [L/T?]
K. = mass transfer coefficient [L/T]

[ = characteristic length [L]
v = fluid velocity [L/T]

o = thermal diffusivity [L?/T]
k = first-order reaction rate constant [1/T]

v = kinematic viscosity [L2/T]

Ap/p = fractional density change

The published correlations confirm that the mass transfer coefficient is a function of
the flow conditions and the diffusion coefficient. Usually, once a correlation equation is
fitted to laboratory data, the predictions of the mass transfer coefficient are very reliable
(Cussler, 1984). For example, Miller et al. (1990) and Powers et al. (1992) were able to
simulate their experimental results using correlations given in Table 7.6. However, this
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TABLE 7.6 A Selection of Mass Transfer Correlations Previously Used in NAPL Dissolution Studies.
Dissolution of: Basic equation Characteristic length Reference

oil in porous media

Sh =0.55+0.25Pe'S

sand grain diameter

Pfannkuch (1984)

solid spheres
in fluidized beds

Sh =2+ 1.1Re"05:033

mean sphere diameter

Wakao & Kaguei
(1982)

solid spheres in

Sh = 1.090S,)"" Ped33

mean sphere diameter

Wilson & Geankoptis

packed beds (1966)

flow around single

Sh = 0.978Pe"¥(95,,)70-33
spheres (Pe>10)or Sh=2(Pe< )

sphere diameter Bowman et al. (1961)

TCE in sand column

Sh = 37.2Re09% mean sand grain

diameter

Powers et al. (1992)

toluene in sand

Sh = 12Re"73506 505 mean sand grain
column diameter

Miller et al. (1990)

6 = porosity; S,, = water saturation; S, = NAPL saturation.

type of success can only be expected within the range of experimental conditions (flow,
compound type, etc.) used in the experiments underlying the correlations. To date, there
is no evidence that these correlations can be made even more general.

7.3.2 Laboratory Studies

Under most circumstances, the difficulty in predicting mass transfer coefficients may
not be a large problem when evaluating DNAPL dissolution rates into groundwater.
Indeed, theoretical studies and the review of laboratory dissolution experiments by
Pfannkuch (1984) suggest that the applicable mass transfer coefficients may often be
sufficiently large to result in saturated aqueous concentrations in DNAPL zones at
typical residual contents and typical groundwater velocities. (At high groundwater ve-
locities, several laboratory studies have found that mass transfer coefficients can become
dependent on groundwater velocity resulting in a reduction in the dissolved concentra-
tions.)

Laboratory batch experiments indicate that for water in contact with a NAPL, the
dissolved concentrations often approach effective solubility values in minutes to hours,
depending on the NAPL/water volume ratio (Shiu er al., 1988; Poulsen et al., 1992).
Laboratory column and tank experiments (Schwille 1988; Anderson et al., 1992; Imhoff
et al., 1994) suggest that for groundwater flow at up to 1 m/day (linear velocity) through
DNAPL zones at typical residual contents, saturated concentrations will be attained after
contact times of ~ 30 min. Under such conditions, DNAPL dissolution is not limited
by the rate of interphase mass transfer. (Theoretical and laboratory studies have shown,
however, that dissolution may become mass transfer rate limited at high groundwater
velocities ( >1 m/day) as can be found in the immediate vicinity of pumping wells
(Ptannkuch, 1984; Geller and Hunt, 1993)).
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In situations where the DNAPL is present in layers and pools, theoretical and
laboratory experiments suggest that less-than-saturated dissolved concentrations are
often observed (Schwille, 1988; Geller and Hunt, 1993). Within a DNAPL layer or pool,
the DNAPL may occupy a large proportion of the pore space and substantially reduce the
groundwater flow through such a zone. In addition, horizontal layers or pools present a
very small cross-sectional area of DNAPL zone to horizontal groundwater flow. Thus,
dissolution of DNAPL from a layer on a low permeability lens or from a pool occurs
predominantly along the margins of the lens or pool. Consequently, the rate of dissolution
may be much lower than for a residual zone.

A laboratory experiment was performed by Schwille (1988) to illustrate the dis-
solution of a TCE pool measuring 1.5 m in length and 0.5 m in width (Figure 7.4).
The pool was formed in a tank containing medium-grained sand. Water flow through the
tank passed over the TCE pool at different velocities and the dissolved TCE concen-
trations were measured in the tank effluent. The results of the experiment are given in
Table 7.7. The dissolved concentrations were found to be well below saturation levels,
even when dissolved concentrations are averaged over a short vertical distance above the
pool.

WATER VOLUME AVERAGED
FLOW DISSOLVED
CONCENTRATION

- 150 cm -

Figure 7.4 TCE pool experiment of Schwille (1988).

TABLE 7.7 Results of TCE Pool Dissolution Experiment
by Schwille (1988).

Linear velocity Concentration
(m/d) (mg/L) Percent saturation
23 67 6.1%
1.1 90 8.2%
23 87 7.9%
4.5 73 6.6%
6.8 77 7.0%

7.3.3 Modeling Studies

Over the past three decades, many models have been developed that describe some
aspect of multi-phase transport (see Abriola, 1989; Kueper and Frind, 1991; and Guiguer,



216 Dissolution of DNAPLs in the Subsurface Chap. 7

1993). Several of these models address the dissolution of NAPLs in the saturated zone.
Whether it incorporates NAPL movement or not, such a model is usually known as a
compositional model, since at some point the model utilizes mass balance equations in
some form for each species m in each phase (soil, gas, water, or DNAPL). A species
can be defined as a specific chemical component that is present in one or more phases,
or can be considered as a group of such components if average characteristics can be
defined. In the case of dissolution of DNAPLSs by percolating water, the mass balance
equation for the water phase can be written as:

a a 0 aC
a_t(Swan,m) + "_(Swviv Cwm) - '_(SwD—_wLn‘) - Nm =0

ax,‘ axi iy axj
change in mass diecti g , (7.1
in dissolved adjective ispersive ) )
phase transport transport dissolution

where: v; = average pore water velocity; S, = average fraction of pore volume occupied
by water; C,, , = concentration of component m in water; D;; = dispersion coefficient;
N,, = mass transfer of component m from DNAPL to water. In a multi-component
model, the number of equations required depends on the number of chemical components
of interest. A solution results not only in a quantification of the remaining residual
saturation and its composition, but also in the delineation of the contaminant plume of
each component at any point in space and time.

The mass transfer term N,, is generally treated in one of two ways: 1) local equi-
librium is assumed between the phases, i.e., the concentration of component m is always
equal to its effective solubility; or 2) as a first order reaction given by

Nm = Sw)\m (Cxat,m - Cwim) - (712)

Abriola and Pinder (1985a, 1985b), Baehr and Corapcioglu (1987), and Kalu-
arachchi and Parker (1990) present 2-D models that solve for the migration of NAPL
as an immiscible phase, while the dissolution process is taken into account using the
local equilibrium assumption. Guiguer (1993) presents a 3-D model for the migration
of NAPL where the dissolution process is considered as a first order reaction. Guiguer
(1993) used that model to examine the effects of heterogeneities on the evolution of
contaminant plumes emanating from residual zones. Powers ef al. (1992) and Miller et
al. (1990) developed 1-D models for a single component DNAPL trapped as immobile
residual. Both studies assumed first order mass transfer; the mass transfer coefficients
used were obtained as a function of dimensionless numbers determined in lab column
experiments. Brusseau (1992) developed a 1-D solution for a single component NAPL.
That model utilized a two-domain concept where mass transfer was assumed to be es-
sentially instantaneous for some portion of the NAPL zone and rate limited with first
order mass transfer for the remainder.

The mass transfer coefficient %,, expresses the process of diffusive mass transfer
from the surfaces of residual blobs to free-flowing groundwater. This parameter de-
pends on the characteristics of the component of interest (through its aqueous phase
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diffusion coefficient), and on the nature of the porous medium. However, as dissolu-
tion progresses, A,, can change due to a changing geometry of the residual zone, e.g., a
lengthening of the diffusion pathways from residual trapped in deadend pores. Guiguer
and Frind (1994) incorporated this time-varying behavior by expressing A, in a general
way as a nonlinear function of the DNAPL saturation so that A, = A} Sn? where the
exponent S is a lumped parameter that accounts for the residual distribution and the
soil characteristics (e.g., the relative abundance of deadend pore zones). A property of
the porous medium that would be expected to affect B is the pore size distribution of
the medium. As a practical matter, 8 must be considered to be a fitting or calibrating
parameter.

Analytical solutions for the dissolution of DNAPL residual in a 1-D column were
developed by Hunt et al. (1988). They idealized the distribution of the residual DNAPL
as spherical droplets of uniform size and showed that DNAPL residuals can persist for
long periods releasing low concentrations because the mass transfer rate can decrease
with time. Hunt er al. (1988) also developed an analytical solution for dissolution of
DNAPL pools, considering that the dissolution occurred only along the edges of the
pool and that the location of the interface did not change with time. The vertical profile
of dissolved concentrations above the downgradient edge of a pool can then be expressed
as (Johnson and Pankow, 1992)

C() = Cruerfc (—%) (7.13)
2(%)

where 7 is the vertical distance above the pool, D, = o, v 4 D, is the dispersion coeffi-

cient in the vertical direction, «, is the vertical dispersivity, v is the linear groundwater

velocity, and D, is the effective molecular diffusion coefficient in the porous medium. An

example of the vertical concentration profile above a 25 m long pool in a sandy aquifer

is given in Figure 7.5. The dissolved concentrations are expressed as a percentage of the

saturated concentration. Saturated concentrations are found only very close to the top of
the pool.

1.0
Tvpi ndy Aquifer
V- 0255?1E/(1 o Concentration profile
(I;; - 25E-10m2/s 805 hovepod
?
13

Groundwater - . . ~
Flow 00 -
0O 20 40 60 80 100
% Saturation

Figure 7.5 Example of dissolved concentration profile above a DNAPL pool.
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The distance that dissolved concentrations extend upward from a pool will be
greater for longer pool lengths, lower groundwater velocities, and larger coefficients
of vertical dispersion. Concentration profiles above a pool in a typical sandy aquifer for
various pool lengths are shown in Figure 7.6. In this case, the linear groundwater velocity
was taken to be 0.5 m/d, and «, was taken to be 0.00023 m. For these conditions, at the
downgradient edge of the pool, the concentration profiles extend less than | m upward
from the pool, even for pool lengths as great as 100 m. This result illustrates that the
vertical concentration profile above a pool at the downgradient edge of the pool does not
depend strongly on pool length.

Concentration profiles above a pool (at the downgradient edge) in a sandy aquifer
are given in Figure 7.7 for a range of groundwater velocities. The pool length was
taken to be 25 m, and «, was assumed equal to 0.00023 m. At a groundwater ve-
locity of 0.001 m/d, the concentration profile extends more than 2 m upward from
the pool. However, at groundwater velocities 0.1 and 1 m/d, the concentration pro-
file extends less than 0.5 m upward from the pool; the water is swept away before the
contaminant can diffuse very far in the upward direction. These calculations suggest
that the vertical concentration profile above a pool will be very thin for groundwater
velocities in the range of 0.1 to 1 m/d, i.e., for the range that is typical for sandy
aquifers.

Calculated concentration profiles above a pool (at the downgradient edge) in a
sandy aquifer for values of &, in the range 0.00023 to 0.1 m are given in Figure 7.8 for a
pool length of 25 m and a linear groundwater velocity of 0.5 m/d. Measurements of «, for

1.0
P Y AN . —
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€ 07 Pool Length
$ 06— P
° .
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©
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¥
8 o3 b
AN
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0.1 . S e pae
e S, PR (S
0.0 Em——s
0 20 40 60 80 100
% Saturation

Figure 7.6 Dissolved concentration profiles at the downgradient edge of DNAPL pools
of varying length when the linear groundwater velocity = 0.5 m/day and «,, = 0.00023 m.
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Figure 7.7 Dissolved concentration profiles at the downgradient edge of a 25 m long
DNAPL pool for varying groundwater velocities when «,, = 0.00023.
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Figure 7.8 Dissolved concentration profiles at the downgradient edge of a 25 m long
DNAPL pool for varying o, values when groundwater velocity = 0.5 m/day.

sands derived from small-scale laboratory experiments suggest a value of ~0.00023 m
(Johnson and Pankow, 1992). Large-scale field experiments such as those at the Borden
test site (Rivett et al., 1994), the Twin Lakes site (Moltyaner and Wills, 1991) and at
Cape Cod (Garabedian et al., 1991) suggest «,, values in the range 0.001 to 0.01 m.
Therefore, in any given situation, there will be considerable uncertainty in the value of
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a,. Some of the vertical dispersion observed in large-scale tests is likely due to the effects
of macro-scale heterogeneities and temporal fluctuations in groundwater flow direction
that may not be relevant to the local process of dissolution from a pool. For the conditions
in Figure 7.8, when o, = 0.01 m, the concentration profile at the downgradient edge
extends more than 2 m upward from the pool; when «, = 0.00023 and 0.001 m, the
concentration profile extends about 0.5 m upward from the pool.

The distance that significant dissolved concentrations extend upward from a pool
into an aquifer will have a very large influence on the magnitude of the dissolved con-
centrations that are observed in monitoring wells in an aquifer. Wells with a short intake
interval (e.g., ~1.5 m) that are situated at the same elevation as a pool may exhibit
dissolved concentrations that are 10% or more of the saturated concentration. How-
ever, wells with a longer intake interval that reach the same elevation as the pool may
exhibit dissolved concentrations of less than 1% of saturation. Wells with an intake
interval that does not reach close to the elevation of a pool may yield no measur-
able dissolved concentrations at all. The implications of these considerations for the
diagnosis of the presence of DNAPL pools in the subsurface is discussed in Chap-
ter 13.

7.3.4 Persistence of DNAPL Zones

Based on the results of laboratory and modeling studies of dissolution, it is possible to
make estimates of the possible longevity of DNAPL sources in residual and pool form
in the subsurface. For a residual source, consider a zone of residual DNAPL occupying
1 m? of a sandy aquifer and containing 30 L/m’® of dichloromethane, TCE, or PCE.
Groundwater is assumed to flow through this zone at a linear velocity of 0.14 m/day,
reflecting a typical sandy aquifer with a hydraulic conductivity of 102 cm/s, a hydraulic
gradient of 0.005, and a porosity of 0.3. If it is assumed that the dissolved concentration
in the residual zone is at saturation and that this level is maintained until the source
is completely dissolved, then the estimated minimum source-lives are: dichloromethane,
46 days; TCE, 2 years; and PCE, 13 years.

The above estimates are absolute minima, and will be considerably longer for sev-
eral reasons: 1) the DNAPL within the residual zone may be heterogeneously distributed
such that saturated dissolved concentrations may not be produced throughout the 1 m?
residual zone; 2) the presence of DNAPL residual will reduce the permeability of the
residual zone to groundwater flow, and this will reduce the mass flux out of the residual
zone; and 3) saturated concentrations will not be maintained as the residual mass is de-
pleted. Laboratory studies by Lamarche (1991) clearly illustrate (see Figure 7.9) that dis-
solved concentrations will decline as the mass of residual DNAPL is depleted. They also
illustrate that low but significant dissolved concentrations can persist for very long times.
Source-life calculations can also be performed for pools. For the TCE pool in the labora-
tory experiment of Schwille (1988), the pool was 1.5 m long, 0.5 m wide, and 0.2 m thick.
For the mass transfer rate that can be extrapolated from the Schwille (1988) data when
the groundwater velocity is 0.75 m/day (see Johnson and Pankow, 1992), the estimated
source-life for such a pool is 50 to 100 years. These calculations suggest that zones of
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Figure 7.9 TCE concentration vs. time for a column experiment by Lamarche (1991).

residual DNAPL and especially pool DNAPL can persist in the subsurface and contribute
to groundwater contamination for decades to centuries. These estimates are consistent
with the observation of on-going groundwater contamination problems at waste disposal
facilities and chemical spill sites which have existed since the 1940s, 1950s, and 1960s.

As noted above, as residual DNAPL dissolves into groundwater, the volume of
DNAPL per volume of porous medium decreases, and the DNAPL interfacial area per
volume of porous media also decreases. This decreases the value of A. Powers et al. (1991)
and Geller and Hunt (1993) used correlations between the volume of DNAPL remaining
in the pores and the surface area in order to calibrate their lab column experiments. Very
simplistic geometrical shapes of the DNAPL blobs, such as spheres and cylinders, had to
be assumed. A more realistic idealization of the dynamic behavior of the mass transfer
coefficient inside a representative elementary volume (REV) is illustrated in Figure 7.10.

Dissolution

Groundwater controlled

Dead-end
pore

7

Diffusion
controlled

7,

Figure 7.10 Dissolution processes at the pore scale.
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In any given case, residual DNAPL will be located in pores with different geometries.
When the dissolution process begins, some droplets will be in direct contact with the
flowing water, some will be in partial contact with the flowing water, and some will
be trapped in dead end pores with a stagnant layer of water separating them from the
flowing water. Mass transfer from the droplets in direct contact with the flowing water
will be dissolution-controlled (i.e., occur at saturation) and will proceed more quickly.
Mass transfer between the droplets in the dead end pores and the flowing water will
be diffusion-controlled and will depend on the thickness of the layer of stagnant water.
As the overall dissolution proceeds, the droplets in contact with the flowing water will
become completely dissolved, and the only droplets remaining will be those trapped in
the dead end pores. As the size of these droplets decreases, the thickness of the stagnant
water layer will increase, and the dissolution rate of the remaining droplets will decline
further. The concentrations of dissolved DNAPL in the groundwater leaving the DNAPL
zone may then become substantially lower than saturation, but remain non-zero for long
periods of time. Overall, it can be expected that as long as DNAPL residual is present,
some mass transfer will be dissolution-controlled and some will be diffusion-controlled.
As long as there is a diffusion component, the overall process will be naturally asymptotic.
At the same time, we note that the decrease in the volume of the trapped DNAPL will
open up some new flow paths, so that some blobs may become accessed by the flowing
groundwater.

Finally, we note that the presence of heterogeneity in a porous medium can slow
the dissolution rate of a DNAPL in that medium. Figure 7.11 illustrates a possible sce-
nario. When the DNAPL moves downward through the saturated zone, it will first tend to
invade the larger pores. Depending on the forces involved and the pore interconnections,
it may also penetrate layers of lower permeability. Since more water will flow through the
higher permeability zones, the residual DNAPL in these zones will be dissolved first. As
less pore space is occupied by the DNAPL in these zones, the permeability will become
even larger, and more water will be diverted away from the lower permeability zones.
With less flow passing through the low permeability zones, the mass transfer rate there
will decrease, and the residual DNAPL there will persist longer. When dilution by clean
water passing through the system and into monitoring wells is considered, the overall
result can be aquifer concentrations which are substantially lower than the solubility limit.

7.3.5 Field Observations of DNAPL Dissolution

Saturated dissolved concentrations are seldom observed in groundwater except in the
immediate vicinity of large DNAPL sources. In the past, concentrations below satura-
tion have commonly been interpreted to mean that DNAPL is not present. However,
considerations such as those presented in the preceding sections indicate that such inter-
pretations can be incorrect. Indeed, concentrations below saturation may be the result of:
1) reduced effective solubilities due to the DNAPL being multi-component in nature;
2) the heterogeneous distribution of the DNAPL as residuals, layers, or pools; 3) dis-
persion in the aquifer; and 4) dilution in monitoring wells having long intakes lengths.
As a “rule-of-thumb”, the finding of dissolved concentrations that exceed 1% of the
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Figure 7.11 Effects of lower permeability zones on dissolution.

effective solubility should probably be cause for serious consideration of the presence
of a DNAPL phase in the subsurface. Such a finding should stimulate the collection and
evaluation of other lines of evidence to help confirm or disprove the presence of DNAPL
in the subsurface at the site of interest.

7.4 MULTI-COMPONENT DNAPLS
7.4.1 Theory and Laboratory Studies

The preferential removal of the most soluble components from synthetic mixtures of
aromatic hydrocarbons, mixtures of chlorobenzenes, diesel fuel, and crude oil has been
examined in laboratory studies by Mackay er al. (1991). The results indicate that for a
multi-component DNAPL, the compounds having the highest effective solubilities will
be removed most quickly. The preferential removal of the most soluble compounds will
change the composition of the DNAPL, thereby changing the effective solubilities of the
remaining compounds.
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Changes in the dissolved concentrations of constituent compounds can be predicted
based on the effective solubilities of the compounds by simulating the incremental de-
pletion of the DNAPL phase of interest (Shiu er al., 1988; Mackay et al., 1991). This
concept is referred to here as the Effective Solubility Model (ESM). Laboratory experi-
ments on the dissolution of organic mixtures (Shiu ez al., 1988) found that the dissolved
concentration changes predicted using the ESM compared favorably with the concentra-
tion changes that were observed (see Figure 7.12). These experiments were conducted at
water flow rates low enough to yield saturated dissolved concentrations.

The results of a laboratory experiment conducted by Geller and Hunt (1993) can be
used to show that the ESM can also simulate the relative changes in dissolved concen-
trations in situations when water velocities are high and dissolution is limited by the rate
of mass transfer. In that experiment, a 50/50 mixture of benzene and toluene was used.
(Although this mixture was not a DNAPL, the dissolution processes for such a mixture
will be very similar to that expected for a DNAPL.) A known volume of the mixture
was injected into the center of a column packed with 40-45 mesh glass beads. Water
flowed through the column at a Darcy velocity of 10 m/day (linear velocity = 25 m/day).
At this high flow rate, the initial dissolved concentrations in the column effluent were
approximately 55 mg/L for benzene and 14 mg/L for toluene (see Figure 7.13). These
values are well below the effective solubility saturation values of 900 and 250 mg/L,
respectively. The low concentrations were due to mass transfer limitations resulting
from the high water flow rates and from the limited extent of the residual zone.

Concentration (mg/L)

0 5,000 10,000 15,000 20,000
Water/NAPL Volume Ratio

Figure 7.12 Results of dissolution experiment using a mixture of chlorobenzenes. Key:
chlorobenzene, open squares; 1,2,4-trichlorobenzene, open diamonds; 1,2,3,5-tetrachloro-
benzene, open triangles. The data are fitted according to predictions of the Effective
Solubility Model (ESM). Data from Mackay et al. (1991).
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Figure 7.13 Changes in benzene and toluene concentrations as benzene is removed
preferentially from a benzene/toluene mixture. Data from Geller and Hunt (1989).

As the benzene/toluene mixture dissolved, the dissolved concentrations changed
as the more soluble benzene was removed preferentially. The results of the experiment
are shown in Figure 7.14 as a plot of the toluene/benzene ratio in the water with the
fraction of the source remaining in the column. The observed changes compare well
with the changes predicted using the ESM. This is an expected result, even for high
groundwater velocities. Indeed, all of the models used to predict mass transfer coeffi-
cients suggest that for a given set of water flow conditions, the mass transfer coefficients
for different chemical components should depend principally on the aqueous diffusivities
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Figure 7.14 Change in toluene/benzene ratio in water during dissolution. Open di-
amonds give experimental results. The data are fitted according to predictions of the
Effective Solubility Model (ESM). Data from Geller and Hunt (1989).
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of the compounds of interest. Because the aqueous diffusivities of most organic chemicals
of interest span a relatively small range (see Table 7.8), the mass transfer coefficients
for the components of a multi-component DNAPL will remain similar one-to-another.
Consequently, for a given groundwater flow regime and DNAPL residual zone, the
relative rates of mass transfer of the components of a multi-component DNAPL, and
therefore the concentration ratios should depend primarily on the effective solubilities
of the components. The relative concentrations of dissolved constituents may therefore
be useful in evaluating the dissolution history of subsurface multi-component DNAPL
sources.

TABLE 7.8 Aqueous Diffusivity Values for Selected Organic Compounds. (Benzene data
from Bonolli and Witherspoon (1968); correlation data for other compounds from Wilke
and Chang (1955) as described in Perry’s Chemical Engineers Handbook (1984).)

10 °C 20 °C
Diffusion coefficient Diffusion coefficient

Compound MW (g/mol) em?/s cm?/s
Toluene 92.1 6.7 x 107 9.0 x 1076
Xylenes 106.2 6.2 x 1076 8.4 % 1070
Benzene 78.1 74 %1076 1.0 x 1073
Ethylbenzene 106.2 6.1 x 1076 8.3 x 1076
Chlorobenzene 112.6 6.3 x 107° 8.5 x 1070
Trichloroethylene 1314 7.4 x 1070 1.0 x 1073
Perchloroethylene 165.8 6.8 x 106 9.3 x 107
Dichloromethane 84.9 9.1 x 107 12 % 1073
Chloroform 119.4 7.9 x 1076 1.1 x 1075
Carbon tetrachloride 153.8 7.1 x 107 9.5 x 1076
1,1,1-Trichloroethane 133.4 7.0 x 1076 94 x 107

7.4.2 Estimates of DNAPL Source Depletion
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