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Background

The Regional Superfund Ground Water Forum is a group of
EPA professionals representing EPA’s Regional Superfund
Offices, committed to the identification and the resolution of
ground water issues impacting the remediation of Superfund
sites. The Forum is supported by and advises the Superfund
Technical Support Project. Dense nonaqueous phase liquids
is an issue ldentified by the Forum as a concern of Superfund
decision-makers. For further information contact Scott G.
Huling (FTS:743-2313), Jim Weaver (FTS:743-2420), or
Randall R. Ross (FTS: 743-2355).

Introduction

Dense nonaqueous phase liquids (DNAPLS) are present at
numerous hazardous waste sites and are suspected to exist at
many more. Due to the numerous variables influencing DNAPL
transport and fate in the subsurface, and consequently, the
ensuing complexity, DNAPLs are largely undetected and yet are
likely to be a significant limiting factor in site remediation. This
issue paper is a literature evaluation focusing on DNAPLs and
provides an overview from a conceptual fate and transport point
of view of DNAPL phase distribution, monitoring, site
characterization, remediation, and modeling.

A nonaqueous phase liquid (NAPL) is a term used to describe
the physical and chemical differences between a hydrocarbon
liquid and water which result in a physical interface between a
mixture of the two liquids. The interface is a physical dividing
surface between the bulk phases of the two liquids, but
compounds found in the NAPL are not prevented from
solubilizing into the ground water. Immiscibility is typically
determined based on the visual observation of a physical
interface in a water- hydrocarbon mixture. There are numerous
methods, however, which are used to quantify the physical and
chemical properties of hydrocarbon liquids (31).

Nonaqueous phase liquids have typically been divided into two
general categories, dense and light. These terms describe the
specific gravity, or the weight of the nonaqueous phase liquid
relative to water. Correspondingly, the dense nonaqueous

phase liquids have a specific gravity greater than water, and the
light nonaqueous phase liquids (LNAPL) have a specific gravity
less than water.

Several of the most common compounds associated with
DNAPLs found at Superfund sites are included in Table 1.
These compounds are a partial list of a larger list identified by
a national screening of the most prevalent compounds found at
Superfund sites (65). The general chemical categories are
halogenated/non-halogenated semi-volatiles and halogenated
volatiles. These compounds are typically found in the following
wastes and waste-producing processes: solvents, wood
preserving wastes (creosote, pentachlorophanol), coal tars,
and pesticides. The most frequently cited group of these
contaminants to date are the chlorinated solvents.

DNAPL Transport and Fate — Conceptual
Approach

Fate and transport of DNAPLSs in the subsurface will be
presented from a conceptual point of view. Figures have been
selected for various spill scenarios which illustrate the general
behavior of DNAPL in the subsurface. Following the conceptual
approach, detailed information will be presented explaining the
specific mechanisms, processes, and variables which
influence DNAPL fate and transport. This includes DNAPL
characteristics, subsurface media characteristics, and
saturation dependent parameters.

Unsaturated Zone

Figure 1 indicates the general scenario of a release of DNAPL
into the soil which subsequently migrates vertically under both
the forces of gravity and soil capillarity. Soil capillarity is also
responsible for the lateral migration of DNAPL. A point is
reached at which the DNAPL no longer holds together as a
continuous phase, but rather is present as isolated residual
globules. The fraction of the hydrocarbon that is retained by
capillary forces in the porous media is referred to as residual
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Table 1. Most prevalent chemical compounds at U.S. Superfund Sites (65) with a specific gravity greater than one.

Density ~ Dynamic[2] Kinematic Water[4] Henry’'s Law Vapor[6]

Compound [1] Viscosity Viscosity[3] Solub. Constant[5] Pressure
Halogenated Semi-volatiles
1,4-Dichlorobenzene 1.2475 1.2580 1.008 80 E+01 1.58 E-03 6 E-01
1,2-Dichlorobenzene 1.3060 1.3020 0.997 10 E+02 1.88 E-03 9.6 E-01
Arochlor 1242 1.3850 45 E-01 34 E-04 4.06 E-04
Arochlor 1260 1.4400 27 E-03 34 E-04 4.05 E-05
Arochlor 1254 1.5380 12 E-02 28 E-04 7.71 E-05
Chlordane 1.6 1.1040 0.69 5.6 E-02 22 E-04 1 E-05
Dieldrin 1.7500 1.86 E-01 9.7 E-06 1.78 E-07
2,3,4,6-Tetrachlorophenol 1.8390 1.0 E+03
Pentachlorophenol 1.9780 14 E+01 28 E-06 11 E-04
Halogenated Volatiles
Chlorobenzene 1.1060 0.7560 0.683 49 E+02 3.46 E-03 8.8 E+00
1,2-Dichloropropane 1.1580 0.8400 0.72 27 E+03 36 E-03 3.95 E+01
1,1-Dichloroethane 1.1750 0.3770 0.321 55 E+03 5.45 E-04 1.82 E+02
1,1-Dichloroethylene 1.2140 0.3300 0.27 4.0 E+02 1.49 E-03 5 E+02
1,2-Dichloroethane 1.2530 0.8400 0.67 8.69 E+03 1.1 E-03 6.37 E+01
Trans-1,2-Dichloroethylene 1.2570 0.4040 0.321 6.3 E+03 5.32 E-03 265 E+02
Cis-1,2-Dichloroethylene 1.2480 0.4670 0.364 35 E+03 75 E-03 2 E+02
1,1,1-Trichloroethane 1.3250 0.8580 0.647 95 E+02 4.08 E-03 1 E+02
Methylene Chloride 1.3250 0.4300 0.324 1.32 E+04 257 E-03 35 E+02
1,1,2-Trichloroethane 1.4436 0.1190 0.824 45 E+03 1.17 E-03 1.88 E+01
Trichloroethylene 1.4620 0.5700 0.390 10 E+03 8.92 E-03 587 E+01
Chloroform 1.4850 0.5630 0.379 8.22 E+03 3.75 E-03 16 E+02
Carbon Tetrachloride 1.5947 0.9650 0.605 80 E+02 20 E-02 9.13 E+01
1,1,2,2-Tetrachloroethane 1.6 1.7700 1.10 2.9 E+03 5.0 E-04 4.9 E+00
Tetrachloroethylene 1.6250 0.8900 0.54 15 E+02 2.27 E-02 14 E+01
Ethylene Dibromide 2.1720 1.6760 0.79 34 E+03 3.18 E-04 11 E+01
Non-halogenated Semi-volatiles
2-Methyl Napthalene 1.0058 254 E+01 5.06 E-02 6.80 E-02
o-Cresol 1.0273 31 E+04 47 E-05 245 E-01
p-Cresol 1.0347 24 E+04 35 E-04 1.08 E-01
2,4-Dimethylphenol 1.0360 6.2 E+03 25 E-06 9.8 E-02
m-Cresol 1.0380 21.0 20 235 E+04 38 E-05 1.53 E-01
Phenol 1.0576 3.87 84 E+04 78 E-07 5.293 E-01
Naphthalene 1.1620 31 E+01 1.27 E-03 2.336 E-01
Benzo(a)Anthracene 1.1740 14 E-02 45 E-06 1.16 E-09
Flourene 1.2030 19 E+00 7.65 E-05 6.67 E-04
Acenaphthene 1.2250 3.88 E+00 1.2 E-03 231 E-02
Anthracene 1.2500 75 E-02 3.38 E-05 1.08 E-05
Dibenz(a,h)Anthracene 1.2520 25 E-03 7.33 E-08 1 E-10
Fluoranthene 1.2520 2.65 E-01 6.5 E-06 E-02 E-06
Pyrene 1.2710 1.48 E-01 1.2 E-05 6.67 E-06
Chrysene 1.2740 6.0 E-03 1.05 E-06 6.3 E-09
2,4-Dinitrophenol 1.6800 6.0 E+03 6.45 E-10 1.49 E-05
Miscellaneous
Coal Tar 1.028™  18.98M
Creosote 1.05 1.086€

[1] glcc [5] atm-m3mol

[2] centipoise (cp), has a dynamic viscosity of 1 cp at 20EC. [6] mm Hg

[3] centistokes (cs) [7] 45EF (70)

[4] mgl/l [8] 15.5EC, varies with creosote mix (62)
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Figure 1. The entire volume of DNAPL Is exhausted by residual
saturation in the vadose zone prior to DNAPL
reaching the water table. Soluble phase compounds
may be leached from the DNAPL residual saturation
and contaminate the ground water.

saturation. In this spill scenario, the residual saturation in the
unsaturated zone exhausted the volume of DNAPL, preventing
it from reaching the water table. This figure also shows the
subsequent leaching (solubilization) of the DNAPL residual
saturation by water percolating through the unsaturated zone
(vadose zone). The leachate reaching the saturated zone
results in ground-water contamination by the soluble phase
components of the hydrocarbon. Additionally, the residual
saturation at or near the water table is also subjected to
leaching from the rise and fall of the water table (seasonal, sea
level, etc.).

Increasing information is drawing attention to the importance of
the possibility that gaseous-phase vapors from NAPL in the
unsaturated zone are responsible for contaminating the ground
water and soil (18,47). It is reported that the greater "relative
vapor density" of gaseous vapors to air will be affected by
gravity and will tend to sink. In subsurface systems where
lateral spreading is not restricted, spreading of the vapors may
occur as indicated in Figure 2. The result is that a greater
amount of soils and ground water will be exposed to the
DNAPL vapors and may result in further contamination. The
extent of contamination will depend largely on the partitioning of
the DNAPL vapor phase between the aqueous and solid
phases.

DNAPL Phase Distribution — Four Phase System

It is apparent from Figures 1 and 2 that the DNAPL may be
present in the subsurface in various physical states or what is
referred to as phases. As illustrated in Figure 3, there are four
possible phases: gaseous, solid, water, and immiscible
hydrocarbon (DNAPL) in the unsaturated zone. Contaminants
associated with the release of DNAPL can, therefore, occur in
four phases described as follows:

1. Air phase - contaminants may be present as vapors;

2. Solid phase - contaminants may adsorb or partition onto
the soil or aquifer material;

3. Water phase - contaminants may dissolve into the water
according to their solubility; and
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Figure 2. Migration of DNAPL vapors from the spill area and
subsequent contamination of the soils and ground
water.

4. Immiscible phase - contaminants may be present as
dense nonaqueous phase liquids.

The four phase system is the most complex scenario because
there are four phases and the contaminant can partition
between any one or all four of these phases, as illustrated in
Figure 4. For example, TCE introduced into the subsurface as a
DNAPL may partition onto the soil phase, volatilize into the soil
gas, and solubilize into the water phase resulting in
contamination in all four phases. TCE can also partition
between the water and soil, water and air, and between the soil
and air. There are six pathways of phase distribution in the
unsaturated zone. The distribution of a contaminant between
these phases can be represented by empirical relationships
referred to as partition coefficients. The partition coefficients, or
the distribution of the DNAPL between the four phases, is
highly site-specific and highly dependent on the characteristics
of both the soil/aquifer matrix and the DNAPL. Therefore, the
distribution between phases may change with time and/or
location at the same site and during different stages of site
remediation.

Figure 3. A DNAPL contaminated unsaturated zone has four
physical states or phases (air, solid, water,
immiscible). The contaminant may be presentin any
one, or all four phases.
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Figure 4. Distribution of DNAPL between the four phases
found in the vadose zone.

The concept of phase distribution is critical in decision-making.
Understanding the phase distribution of a DNAPL introduced
into the subsurface provides significant insight in determining
which tools are viable options with respect to site
characterization and remediation.

DNAPL represented by residual saturation in the four phase
diagram is largely immobile under the usual subsurface
pressure conditions and can migrate further only: 1) in water
according to its solubility; or 2) in the gas phase of the
unsaturated zone (47). DNAPL components adsorbed onto the
soil are also considered immobile. The mobile phases are,
therefore, the soluble and volatile components of the DNAPL in
the water and air, respectively.

The pore space in the unsaturated zone may be filled with one
or all three fluid phases (gaseous, aqueous, immiscible). The
presence of DNAPL as a continuous immiscible phase has the
potential to be mobile. The mobility of DNAPL in the subsurface
must be evaluated on a case by case basis. The maximum
number of potentially mobile fluid phases is three.
Simultaneous flow of the three phases (air, water, and
immiscible) is considerably more complicated than two-phase
flow (46). The mobility of three phase flow in a four-phase
system is complex, poorly understood, and is beyond the
scope of this DNAPL overview. The relative mobility of the two
phases, water and DNAPL, in a three-phase system is
presented below in the section entitled "Relative Permeability."

Generally, rock aquifers contain a myriad of cracks (fractures) of
various lengths, widths, and apertures (32). Fractured rock
systems have been described as rock blocks bounded by
discrete discontinuities comprised of fractures, joints, and
shear zones which may be open, mineral-filled, deformed, or
any combination thereof (61). The unsaturated zone overlying
these fractured rock systems also contain the myriad of
preferential pathways. DNAPL introduced into such formations
(Figure 5) follow complex pathways due to the heterogeneous
distribution of the cracks, conduits, and fractures, i.e.,
preferential pathways. Transport of DNAPL may follow non-
Darcian flow in the open fractures and/or Darcian flow in the
porous media filled fractures. Relatively small volumes of
NAPL may move deep, quickly into the rock because the
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Figure 5. DNAPL spilled into fractured rock systems may
follow a complex distribution of the preferential
pathways.

retention capacity offered by the dead-end fractures and the
immobile fragments and globules in the larger fractures is so
small (32). Currently, the capability to collect the detailed
information for a complete description of a contaminated
fractured rock system is regarded as neither technically
possible nor economically feasible (61).

Low permeability stratigraphic units such as high clay content
formations may also contain a heterogeneous distribution of
preferential pathways. As illustrated in Figure 6, DNAPL
transport in these preferential pathways is correspondingly
complex. Typically, it is assumed that high clay content
formations are impervious to DNAPL. However, as DNAPL
spreads out on low permeable formations it tends to seek out
zones of higher permeability. As a result, preferential pathways
allow the DNAPL to migrate further into the low permeable
formation, or through it to underlying stratigraphic units. It is
apparent from Figures 5 and 6 that the complexity of DNAPL
transport may be significant prior to reaching the water table.

Saturated Zone

The second general scenario is one in which the volume of
DNAPL is sufficient to overcome the fraction depleted by the
residual saturation in the vadose zone, as illustrated in Figure
7. Consequently, the DNAPL reaches the water table and
contaminates the ground water directly, The specific gravity of
DNAPL is greater than water, therefore, the DNAPL migrates
into the saturated zone. In this scenario, DNAPL continues the
vertical migration through the saturated zone until the volume is
eventually exhausted by the residual saturation process or until
it is intercepted by a low permeable formation where it begins
to migrate laterally.

DNAPL Phase Distribution — Three Phase System

Due to the lack of the gaseous phase, the saturated zone
containing DNAPL is considered a three-phase system
consisting of the solid, water, and immiscible hydrocarbon
(Figure 8). Contaminant distribution in the three-phase system
is less complex than the four-phase system. Again, this is
highly dependent on the characteristics of both the aquifer
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Figure 6. DNAPL spilled into alow permeable formation may
follow a complex distribution of preferential
pathways. The volume of DNAPL is exhausted in the
vadose zone prior to reaching the water table.

matrix and the DNAPL. Figure 9 indicates the three phases and
the transfer of the mass of contaminant between the phases. In
this scenario, there are only three pathways of phase
distribution in the saturated zone.

Note that when the DNAPL is represented by residual
saturation in the three-phase system, the mobile phase of the
contaminant is the water soluble components of the DNAPL
and the immobile phases are the residual saturation and the
adsorbed components of the DNAPL associated with the
aquifer material. The main mobilization mechanism of the
residual saturation is removal of soluble phase components
into the ground water. When the DNAPL is present as a
continuous immiscible phase, it too is considered one of the
mobile phases of the contaminant. While the continuous
phase DNAPL has the potential to be mobile, immobile
continuous phase DNAPL may also exist in the subsurface.
Although the saturated zone is considered a three-phase
system, gaseous vapors from DNAPL in the unsaturated zone
does have the
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Figure 7. The volume of DNAPL is sufficient to overcome the
residual saturation in the vadose zone and
consequently penetrates the water table
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Figure 8. A DNAPL contaminated saturated zone has three
phases (solid, water, immiscible). The contaminant
may be present in any one, or all three phases.

potential to affect ground-water quality, as was indicated earlier
in Figure 2.

Assuming the residual saturation in the saturated zone does
not deplete the entire volume of the DNAPL, the DNAPL will
continue migrating vertically until it encounters a zone or
stratigraphic unit of lower permeability. Upon reaching the zone
of lower permeability, the DNAPL will begin to migrate laterally.
The hydraulic conductivity in the vertical direction is typically
less than in the horizontal direction. It is not uncommon to find
vertical conductivity that is one-fifth or one-tenth the horizontal
value (4). Itis expected that DNAPL spilled into the subsurface
will have a significant potential to migrate laterally. If the lower
permeable boundary is “bowl shaped”, the DNAPL will pond as
areservoir (refer to Figure 10). As illustrated in Figure 11, it is
not uncommon to observe a perched DNAPL reservoir where a
discontinuous impermeable layer; i.e., silt or clay lens,
intercepts the vertical migration of DNAPL. When a sufficient
volume of DNAPL has been released and multiple
discontinuous impermeable layers exist, the DNAPL may be
present in several perched reservoirs as well as a deep

Three Phase System

DNAPL

N
K \\\
\\\
\\\\
Water ~ Soil

K

K'=DNAPL-water partition coefficient
K = Soil-water partition coefficient

Figure 9. Distribution of DNAPL between the three phases
found in the saturated zone.
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Figure 10. Migration of DNAPL through the vadose zone to an Figure 12. Perched and deep DNAPL reservoirs.
impermeable boundary.

reservoir (refer to Figure 12). Lateral migration continues until Similar to the unsaturated zone, the saturated zone also
either the residual saturation depletes the DNAPL or an contains a complex distribution of preferential pathways from
impermeable depression immobilizes the DNAPL in a cracks, fractures, joints, etc. DNAPL introduced into such
reservoir type scenario. Soluble-phase components of the formations correspondingly follow the complex network of
DNAPL will partition into the ground water from both the pathways through an otherwise relatively impermeable rock
residual saturation or DNAPL pools. The migration of DNAPL material. Other pathways which may behave as vertical
vertically through the aquifer results in the release of conduits for DNAPL include root holes, stratigraphic windows,
soluble-phase components of the DNAPL across the entire disposal wells, unsealed geotechnical boreholes, improperly
thickness of the aquifer. Note, that ground water becomes sealed hydrogeological investigation sampling holes and
contaminated as it flows through, and around, the DNAPL monitoring wells, and old uncased/unsealed water supply
contaminated zone. wells (72). Transport of the DNAPL may migrate very rapidly in
these open conduits or follow Darcian flow in the surrounding
As indicated earlier, DNAPL will migrate laterally upon reaching porous media or porous media filled fractures. A relatively
a stratigraphic unit of lower permeability. Transport of DNAPL small volume of DNAPL can move deep into a fractured system
will therefore be largely dependent on the gradient of the due to the low retentive capacity of the fractured system.
stratigraphy. Occasionally, the directional gradient of an Consequently, fractured clay or rock stratigraphic units, which
impermeable stratigraphic unit may be different than the are often considered lower DNAPL boundary conditions, may
direction of ground-water flow as illustrated in Figure 13a. This have preferential pathways leading to lower formations, as
may result in the migration of the continuous phase DNAPL in depicted in Figure 14. Careful inspection of soil cores at one
a direction different from the ground-water flow. Nonhorizontal Superfund site indicated that DNAPL flow mainly occurred
stratigraphic units with varying hydraulic conductivity may also through preferential pathways and was not uniformly
convey DNAPL in a different direction than ground-water flow, distributed throughout the soil mass (8). Due to the complex

and at different rates (refer to Figure 13b). Determination of the
direction of impermeable stratigraphic units will therefore
provide useful information concerning the direction of DNAPL
transport.

~ DNAPL
Residual
Saturation

DNAPL Residual _
Saturation

Groundwater
Flow
Groundwater
Flow DNAPL Pool
Low Permeable < Impermeable Boundary

Stratigraphic Unit

Aber, Wanrioo Centre for Ground Waver Research, 1989,

CLAY
Figure 13a. Stratigraphic gradient different from ground water
gradient results in a different direction of flow of
Figure 11. Perched DNAPL reservoir. the ground water and continuous phase
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Where Kya> Kxi> Kxa
Ky = Horizontal Hydraulic Conductivity

Groundwater
Flow

Figure 13b. Non-horizontal stratigraphic units with variable
hydraulic conductivity may convey DNAPL in a
different direction than the ground water flow
direction.

distribution of preferential pathways, characterization of the
volume distribution of the DNAPL is difficult.

Important DNAPL Transport and Fate Parameters

There are several characteristics associated with both the
subsurface media and the DNAPL which largely determine the
fate and transport of the DNAPL. A brief discussion of these
parameters is included to help identify the specific details of
DNAPL transport mechanisms. Several of the distinctive
DNAPL phenomena observed on the field-scale relates back to
phenomena at the pore-scale. Therefore, it is important to
understand the principles from the pore-scale level to develop
an understanding of field-scale observations, which is the
scale at which much of the Superfund work occurs. A more
complete and comprehensive review of these parameters is
available (2,36,71).
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DNAPL transport in fracture and porous media
stratigraphic units.

Figure 14.
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DNAPL Characteristics

Density

Fluid density is defined as the mass of fluid per unit volume,
i.e. g/CM2. Density of an immiscible hydrocarbon fluid is the
parameter which delineates LNAPL's from DNAPL's. The
property varies not only with molecular weight but also
molecular interaction and structure. In general, the density
varies with temperature and pressure (2). Equivalent methods
of expressing density are specific weight and specific gravity.
The specific weight is defined as the weight of fluid per unit
volume, i.e. Ib/ft3. The specific gravity (S.G.) or the relative
density of a fluid is defined as the ratio of the weight of a given
volume of substance at a specified temperature to the weight of
the same volume of water at a given temperature (31). The S.G.
is a relative indicator which ultimately determines whether the
fluid will float (S.G.< 1.0) on, or penetrate into (S.G.>1.0) the
water table. Table 1 contains a list of compounds with a density
greater than one that are considered DNAPL's. Note, however,
that while the specific gravity of pentachlorophenol and the
non-halogenated semi-volatiles is greater than 1.00, these
compounds are a solid at room temperature and would not be
expected to be found as an immiscible phase liquid at wood
preserving sites but are commonly found as contaminants.
Pentachlorophenol is commonly used as a wood preservant
and is typically dissolved (4-7%) in No. 2 or 3 fuel oil.

Viscosity

The viscosity of a fluid is a measure of its resistance to flow.
Molecular cohesion is the main cause of viscosity. As the
temperature increases in a liquid, the cohesive forces
decrease and the absolute viscosity decreases. The lower the
viscosity, the more readily a fluid will penetrate a porous media.
The hydraulic conductivity of porous media is a function of both
the density and viscosity of the fluid as indicated in equation [1].
It is apparent from this equation that fluids with either a
viscosity less than water or fluids with a density greater than
water have the potential to be more mobile in the subsurface,
than water.

hydraulic conductivity {1]
intrinsic permeability

fluid mass density

gravity

dynamic (absolute) viscosity

K= kgg where,
m

TFQUO XX
K N oK H

Results from laboratory experiments indicated that several
chlorinated hydrocarbons which have low viscosity (methylene
chloride, perchloroethylene, 1,1,1-TCA, TCE) will infiltrate into
soil notably faster than will water (47). The relative value of
NAPL viscosity and density, to water, indicates how fast it will
flow in porous media (100% saturated) with respect to water.
For example, several low viscosity chlorinated hydrocarbons
(TCE, tetrachloroethylene, 1,1,1-TCA, Methylene Chloride,
Chloroform, Carbon Tetrachloride, refer to Table 1) will flow
1.5-3.0 times as fast as water and higher viscosity compounds
including light heating oil, diesel fuel, jet fuel, and crude oil (i.e.
LNAPL's) will flow 2-10 times slower than water (45). Both coal
tar and creosote typically have a specific gravity greater than
one and a viscosity greater than water. It is interesting to note



that the viscosity of NAPL may change with time (36). As fresh
crude oils lose the lighter volatile components from
evaporation, the oils become more viscous as the heavier
components compose a larger fraction of the oily mixture
resulting in an increase in viscosity.

Solubili

When an organic chemical is in physical contact with water, the
organic chemical will partition into the aqueous phase. The
equilibrium concentration of the organic chemical in the
aqueous phase is referred to as its solubility. Table 1 presents
the solubility of several of the most commonly found DNAPLs at
EPA Superfund Sites. The solubility of organic compounds
varies considerably from the infinitely miscible compounds,
including alcohols (ethanol, methanol) to extremely low
solubility compounds such as polynuclear aromatic
compounds.

Numerous variables influence the solubility of organic
compounds. The pH may affect the solubility of some organic
compounds. Organic acids may be expected to increase in
solubility with increasing pH, while organic bases may act in
the opposite way (31). For example, pentachlorophenol is an
acid which is ionized at higher pH's. In the ionized form,
pentachlorophenol would be more soluble in water (59).
Solubility in water is a function of the temperature, but the
strength and direction of this function varies. The presence of
dissolved salts or minerals in water leads to moderate
decreases in solubility (31). In a mixed solvent system,
consisting of water and one or more water-miscible
compounds, as the fraction of the cosolvent in the mixture
increases, the solubility of the organic chemical increases
exponentially (12). In general, the greater the molecular weight
and structural complexity of the organic compound, the lower
the solubility.

Organic compounds are only rarely found in ground water at
concentrations approaching their solubility limits, even when
organic liquid phases are known or suspected to be present.
The observed concentrations are usually more than a factor of
10 lower than the solubility presumably due to diffusional
limitations of dissolution and the dilution of the dissolved
organic contaminants by dispersion (74). This has also been
attributed to: reduced solubility due to the presence of other
soluble compounds, the heterogeneous distribution of DNAPL
in the subsurface, and dilution from monitoring wells with long
intake lengths (10). Detection of DNAPL components in the
subsurface below the solubility should clearly not be
interpreted as a negative indicator for the presence of DNAPL.
In a DNAPL spill scenario where the DNAPL or its vapors are in
contact with the ground water, the concentration of the soluble
phase components may range from non-detectable up to the
solubility of the compound. The rate of dissolution has been
expressed as a function of the properties of the DNAPL
components (solubility), ground water flow conditions,
differential between the actual and solubility concentration, and
the contact area between the DNAPL and the ground water
(10). The contact area is expected to be heterogeneous and
difficult to quantify. Additionally, as the time of contact increases
between the DNAPL and the water, the concentration in the
aqueous phase increases.
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Vapor Pressure

The vapor pressure is that characteristic of the organic
chemical which determines how readily vapors volatilize or
evaporate from the pure phase liquid. Specifically, the partial
pressure exerted at the surface by these free molecules is
known as the vapor pressure (30). Molecular activity in a liquid
tends to free some surface molecules and this tendency
towards vaporization is mainly dependent on temperature. The
vapor pressure of DNAPL's can actually be greater than the
vapor pressure of volatile organic compounds. For example, at
20 C, the ratio of the vapor pressures of TCE and benzene is
1.4 (2).

Volatili

The volatility of a compound is a measure of the transfer of the
compound from the aqueous phase to the gaseous phase.
The transfer process from the water to the atmosphere is
dependent on the chemical and physical properties of the
compound, the presence of other compounds, and the physical
properties (velocity, turbulence, depth) of the water body and
atmosphere above it. The factors that control volatilization are
the solubility, molecular weight, vapor pressure, and the nature
of the air-water interface through which it must pass (31). The
Henry's constant is a valuable parameter which can be used to
help evaluate the propensity of an organic compound to
volatilize from the water. The Henry's law constant is defined as
the vapor pressure divided by the aqueous solubility. Therefore,
the greater the Henry's law constant, the greater the tendency to
volatilize from the aqueous phase, refer to Table 1.

Interfacial Tension

The unique behavior of DNAPLSs in porous media is largely
attributed to the interfacial tension which exists between
DNAPL and water, and between DNAPL and air. These
interfacial tensions, result in distinct interfaces between these
fluids at the pore-scale. When two immiscible liquids are in
contact, there is an interfacial energy which exists between the
fluids resulting in a physical interface. The interfacial energy
arises from the difference between the inward attraction of the
molecules in the interior of each phase and those at the
surface of contact (2). The greater the interfacial tension
between two immiscible liquids; the less likely emulsions will
form; emulsions will be more stable if formed, and the better
the phase separation after mixing. The magnitude of the
interfacial tension is less than the larger of the surface tension
values for the pure liquids, because the mutual attraction of
unlike molecules at the interface reduces the large imbalance
of forces (31). Interfacial tension decreases with increasing
temperature, and may be affected by pH, surfactants, and
gases in solution (36). When this force is encountered
between a liquid and a gaseous phase, the same force is
called the surface tension (66).

The displacement of water by DNAPL and the displacement of
DNAPL by water in porous media often involves a phenomena
referred to as immiscible fingering. The lower the interfacial
tension between immiscible fluids, the greater the instability of
the water:DNAPL interface and thus the greater the immiscible
fingering (27). The distribution of the fingering effects in porous
media has been reported to be a function of the density,
viscosity, surface tension (27) and the displacement velocity



(13) of the fluids involved as well as the porous media
heterogeneity (28).

Wettability

Wettability refers to the relative affinity of the soil for the various
fluids - water, air, and the organic phase. On a solid surface,
exposed to two different fluids, the wettability can be inferred
from the contact angle (66), also referred to as the wetting
angle, refer to Figure 15. In general, if the wetting angle is less
than 90 degrees, the fluid is said to be the wetting fluid. In this
scenario, water will preferentially occupy the smaller pores and
will be found on solid surfaces (14). When the wetting angle is
near 90 degrees, neither fluid is preferentially attracted to the
solid surfaces. If the wetting angle is greater than 90 degrees,
the DNAPL is said to be the wetting fluid. The wetting angle is
an indicator used to determine whether the porous material will
be preferentially wetted by either the hydrocarbon or the
aqueous phase (71). Wettability, therefore, describes the
preferential spreading of one fluid over solid surfaces in a
two-fluid system. The wetting angle, which is a measure of
wettability, is a solid-liquid interaction and can actually be
defined in terms of interfacial tensions (71). Several methods
have been developed to measure the wetting angle (36,71). In
most natural systems, water is the wetting fluid, and the
immiscible fluid is the non-wetting fluid. Coal tar may be the
exception (i.e. contact angle greater than 90 degrees), which is
mainly attributed to the presence of surfactants (70). The
wetting fluid will tend to coat the surface of grains and occupy
smaller spaces (i.e. pore throats) in porous media, the
non-wetting fluid will tend to be restricted to the largest
openings (47).

The wetting angle depends on the character of the solid
surface on which the test is conducted. The test is conducted
on flat plates composed of minerals which are believed
representative of the media, or on glass. Contact angle
measurements for crude oil indicates that the wetting angles
vary widely depending on the mineral surface (53). Soil and
aquifer material are not composed of homogeneous mineral
composition nor flat surfaces. The measured wetting angle can
only be viewed as a qualitative indicator of wetting behavior.
The reader is recommended to refer to reference No. 31 for
review of the basic principles and for various techniques to
measure the following DNAPL parameters: density, viscosity,
interfacial tension, solubility, vapor pressure, and volatility.

©>90° 2 <90°
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Woetting Fluid: DNAPL Woetting Fluid: Water
Water Water
Fluid Relationships:
airwater water air
air: DNAPL DNAPL air
water:DNAPL water DNAPL
airDNAPL:water  water>organic>air ("
Aftor, Waterioo Centre for
(1) Wetting fluid order Groundwater Research, 1959)
Figure 15. Wetting and typical wetting fluid relationships.
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Subsurface Media Characteristics

Capillary Force/Pressure

Capillary pressure is important in DNAPL transport because it
largely determines the magnitude of the residual saturation
that is left behind after a spill incident. The greater the capillary
pressure, the greater the potential for residual saturation. In
general, the capillary force increases in the following order;
sand, silt, clay. Correspondingly, the residual saturation
increases in the same order. Capillary pressure is a measure
of the tendency of a porous medium to suck in the wetting fluid
phase or to repel the nonwetting phase (2). Capillary forces are
closely related to the wettability of the porous media. The
preferential attraction of the wetting fluid to the solid surfaces
cause that fluid to be drawn into the porous media. Capillary
forces are due to both adhesion forces (the attractive force of
liquid for the solids on the walls of the channels through which
it moves) and cohesion forces (the attraction forces between
the molecules of the liquid) (32). The capillary pressure
depends on the geometry of the void space, the nature of
solids and liquids, the degree of saturation (2) and in general,
increases with a decrease in the wetting angle and in pore
size, and with an increase in the interfacial tension (71). All
pores have some value of capillary pressure. Before a
nonwetting fluid can enter porous media, the capillary pressure
of the largest pores (smallest capillary pressure) must be
exceeded. This minimum capillary pressure is called the entry
pressure.

In the unsaturated zone, pore space may be occupied by water,
air (vapors), or immiscible hydrocarbon. In this scenario,
capillary pressure retains the water (wetting phase) mainly in
the smaller pores where the capillary pressure is greatest.
This restricts the migration of the DNAPL (non-wetting phase)
through the larger pores unoccupied by water. Typically, DNAPL
does not displace the pore water from the smaller pores. Itis
interesting to note that the migration of DNAPL through fine
material (high capillary pressure) will be impeded upon
reaching coarser material (low capillary pressure).

The capillary fringe will obstruct the entry of the DNAPL into the
saturated zone. When a sufficient volume of DNAPL has been
released and the "DNAPL pressure head" exceeds the water
capillary pressure at the capillary fringe (entry pressure), the
DNAPL will penetrate the water table. This is why DNAPL is
sometimes observed to temporarily flatten out on top of the
water table. Similarly, laboratory experiments have been
conducted in which DNAPL (tetrachloroethylene) infiltrating
through porous media was found to flow laterally and cascade
off lenses too fine to penetrate (28), (refer to Figure 11). This
was attributed to the inability of the DNAPL to overcome the
high capillary pressure associated with the lenses. Logically,
when "DNAPL pressure head" exceeds the capillary pressure,
the DNAPL will penetrate into the smaller pores. These
laboratory experiments are important because they illustrate
that small differences in the capillary characteristics of porous
media can induce significant lateral flow of non-wetting fluids.

A comprehensive investigation of capillary trapping and
multiphase flow of organic liquids in unconsolidated porous
media revealed many intricacies of this process in the vadose
and saturated zone (66). An important note is that while
capillary pressure is rarely measured at hazardous waste
sites,



the soil texture (sand, silt, clay) is usually recorded during
drilling operations and soil surveys. This information, along
with soil core analyses will help to delineate the stratigraphy
and the volume distribution of NAPL

Pore Size Distribution/Initial Moisture Content

In natural porous media, the geometry of the pore space is
extremely irregular and complex (2). The heterogeneity of the
subsurface environment i.e. the variability of the pore size
distribution, directly affects the distribution of the capillary
pressures along the interfaces between the aqueous and
immiscible phases (50). In saturated column experiments, it
was observed that NAPL preferentially traveled through strings
of macropores, almost completely by-passing the water filled
micropores (66). In the same study, a heterogeneous
distribution of coarse and fine porous material was simulated.
Most of the incoming organic liquid preferentially traveled
through the coarse lens material.

In short term column drainage experiments, results indicated
that the particle grain size is of primary importance in
controlling the residual saturation of a gasoline hydrocarbon
(19). Fine and coarse sands (dry) were found to have 55% and
14% residual saturation, respectively. The finer the sand, the
greater the residual saturation. During these experiments, the
residual saturation was reduced 20-30% in a medium sand
and 60% in a fine sand when the sands were initially wet. Soil
pore water hold tightly by capillary forces in the small pores will
limit the NAPL to the larger pores, and thus, result in lower
residual saturation. In a similar laboratory (unsaturated)
column study, the smaller the grain size used in the
experiment, the greater the residual saturation of the NAPL
(74). The residual saturation in the saturated column
experiments was found to be greater than the unsaturated
columns and was independent of the particle size distribution.

These observations follow traditional capillary force theory.
Residual saturation resulting from a DNAPL spill in the
unsaturated zone is highly dependent on the antecedent
moisture content in the porous media. When the moisture
content is low, the strong capillary forces in the smaller pores
will tenaciously draw in and hold the DNAPL. When the
moisture content is high, the capillary forces in the smaller
pores will retain the soil pore water, and DNAPL residual
saturation will mainly occur in the larger pores. Therefore,
greater residual saturation can be expected in dryer soils.
Correspondingly, NAPL will migrate further in a wetter soil, and
displacement of NAPL from small pores is expected to be
more difficult than from large pores.

Stratigraphic Gradient

DNAPL migrating vertically will likely encounter a zone or
stratigraphic unit of lower vertical permeability. A reduction in
the vertical permeability of the porous media will induce lateral
flow of the DNAPL. The gradient of the lower permeable
stratigraphic unit will largely determine the direction in which
the DNAPL will flow. This is applicable to both the saturated
and unsaturated zones. As depicted in Figures 13a and 13b,
the lateral direction of DNAPL flow may be in a different
direction than ground-water flow.
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Ground Water Flow Velocity

The ground water flow velocity is a dynamic stress parameter
which tends to mobilize the hydrocarbon (39). As the ground
water velocity increases, the dynamic pressure and viscous
forces increase. Mobilization of DNAPL occurs when the
viscous forces of the ground water acting on the DNAPL,
exceeds the porous media capillary forces retaining the
DNAPL.

Saturation Dependent Functions

Residual Saturation

Residual saturation is defined as the volume of hydrocarbon
trapped in the pores relative to the total volume of pores (38)
and therefore is measured as such (74). Residual saturation
has also been described as the saturation at which NAPL
becomes discontinuous and is immobilized by capillary forces
(36). The values of residual saturation vary from as low as
0.75-1.25% for light oil in highly permeable media to as much
as 20% for heavy oil (50). Residual saturation values have also
been reported to range from 10 to 50% of the total pore space
(39,74). Other researchers reported that residual saturation
values appear to be relatively insensitive to fluid properties and
very sensitive to soil properties (and heterogeneities) (66).
Laboratory studies conducted to predict the residual saturation
in soils with similar texture and grain size distribution yielded
significantly different values. It was concluded that minor
amounts of clay or silt in a soil may play a significant role in the
observed values.

In the unsaturated zone during low moisture conditions, the
DNAPL residual saturation will wet the grains in a pendular
state (a ring of liquid wrapped around the contact point of a pair
of adjacent grains). During high moisture conditions, the
wetting fluid, which is typically water, will preferentially occupy
the pendular area of adjacent grains and the hydrocarbon will
occupy other available pore space, possibly as isolated
droplets. In the saturated zone, the DNAPL residual saturation
will be present as isolated drops in the open pores (47).
Furthermore, results of laboratory experimentation indicated
that residual saturation increased with decreasing hydraulic
conductivity in both the saturated and unsaturated zones and
that the residual saturation is greatest in the saturated zone.
Laboratory experiments indicated that vadose zone residual
saturation was roughly one third of the residual saturation in
the saturated zone (66). The increase in residual saturation in
the saturated zone is due to the following: [I] the fluid density
ratio (DNAPL:air versus DNAPL:water above and below the
water table, respectively) favors greater drainage in the vadose
zone; [2] as the non-wetting fluid in most saturated media,
NAPL is trapped in the larger pores; and, [3] as the wetting fluid
in the vadose zone, NAPL tends to spread into adjacent pores
and leave a lower residual content behind, a process that is
inhibited in the saturated zone (36). Thus, the capacity for
retention of DNAPLs in the unsaturated zone is less than the
saturated zone.

Relative Permeability

Relative permeability is defined as the ratio of the permeability
of a fluid at a given saturation to its permeability at 100%
saturation. Thus it can have a value between 0 and 1 (71).



Figure 16 illustrates a relative permeability graph for a two fluid
phase system showing the relationship between the observed
permeability of each fluid for various saturations to that of the
observed permeability if the sample were 100% saturated with
that fluid (73). The three regions of this graph are explained as
follows (71): Region | has a high saturation of DNAPL and is
considered a continuous phase while the water is a
discontinuous phase, therefore, water permeability is low.
Assuming the DNAPL is the non-wetting fluid, water would fill
the smaller capillaries and flow through small irregular pores.
In Region II, both water and DNAPL are continuous phases
although not necessarily in the same pores. Both water and
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Figure 16. Relative permeability graph.

NAPL flow simultaneously. However, as saturation of either
phase increases, the relative permeability of the other phase
correspondingly decreases. Region Il exhibits a high
saturation of water while the DNAPL phase is mainly
discontinuous. Water flow dominates this region and there is
little or no flow of DNAPL.

Both fluids flow through only a part of the pore space and thus
only a part of the cross section under consideration is available
for flow of each fluid. Therefore, the discharge of each fluid
must be lower corresponding to its proportion of the cross
sectional area (46).

Figure 17 is another relative permeability graph which
demonstrates several points. Small increases in DNAPL
saturation results in a significant reduction in the relative
permeability of water. However, a small increase in water
saturation does not result in a significant reduction in DNAPL
relative permeability. This figure identifies two points, SO1 and
S0O2, where the saturation of the DNAPL and the water are
greater than 0 before there is a relative permeability for this
fluid. The two fluids hinder the movement of the other to
different degrees and both must reach a minimum saturation
before they achieve any mobility at all (47). These minimum
saturations, for the water and DNAPL, are identified as
irreducible and residual saturation, respectively.
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Figure 17. The relative permeability curves for water and a

IDNAPL in a porous medium as a function of the
pore space saturation.

Site Characterization for DNAPL

Characterization of the subsurface environment at hazardous
waste sites containing DNAPL is complex and will likely be
expensive. Specific details associated with the volume and
timing of the DNAPL release are usually poor or are not
available and subsurface heterogeneity is responsible for the
complicated and unpredictable migration pathway of
subsurface DNAPL transport. As discussed previously, slight
changes in vertical permeability may induce a significant
horizontal component to DNAPL migration.

Site characterization typically involves a significant investment
in ground-water analyses. Although analysis of ground water
provides useful information on the distribution of the soluble
components of the DNAPL, the presence of other phases of the
DNAPL may go unrecognized. The investigation must,
therefore, be more detailed to obtain information concerning
the phase distribution of the DNAPL at a site. Site
characterization may require analyses on all four phases
(aqueous, gaseous, solid, immiscible) to yield the appropriate
information (refer to Table 2). In brief, data collected on the
various phases must be compiled, evaluated and used to help
identify: where the contaminant is presently located; where it
has been; what phases it occurs in; and what direction the
mobile phases may be going. A comprehensive review of site
characterization for subsurface investigations is available (68).
Development of monitoring and remediation strategies can be
focused more effectively and efficiently after a clear definition of
the phase distribution has been completed.

Ground Water

Ground water analyses for organic compounds, in conjunction
with ground water flow direction data, has repeatedly been
used to: delineate the extent of ground water contamination
from DNAPL; determine the direction of plume migration; and



Table 2 - Phase Distribution of DNAPL in the Subsurface

MATRIX PHASE

1. ground water agueous - soluble components of DNAPL

2. soil/aquifer solid - adsorbed components of DNAPL

material on solid phase material
3. DNAPL immiscible - continuous phase (mobile),
residual saturation (immobile)
4. soil gas gaseous - volatile components

to identify probable DNAPL source area(s). While this approach
has been used successfully to characterize the distribution of
contaminants in the subsurface, there are limitations. For
example, since DNAPL and ground water may flow in different
directions, as indicated in Figures 13a and 13b, ground water
analyses may not necessarily identify the direction of DNAPL
migration.

Ground water analyses may be useful to identify probable
DNAPL source areas, but, estimating the volume of DNAPL in
the subsurface is limited using this approach. Soluble phase
components of DNAPL are rarely found in excess of 10% of the
solubility even when organic liquids are known or suspected to
be present. The concentration of soluble DNAPL components
in the ground water is not only a function of the amount of
DNAPL present, but also the chemical and physical
characteristics of the DNAPL, the contact area and time
between the ground water and DNAPL, and numerous
transport and fate parameters (retardation, biodegradation,
dispersion, etc.). One technique has been developed using
chemical ratios in the ground water as a means of source
Identification and contaminant fate prediction (18).

Soil/Aquifer Material

Exploratory Borings

Physical and chemical analyses of soil and aquifer material
(drill cuttings, cores) from exploratory borings will provide
useful information in the delineation of the horizontal and
vertical mass distribution of DNAPL. While simple visual
examination for physical presence or absence of
contamination might seem like a worthwhile technique, it can
be deceiving and does nothing to sort out the various liquid
phases and their relationship to each other (71). A quantitative
approach is necessary to determine DNAPL distribution.

Drill cuttings or core material brought to the surface from
exploratory borings can be screened initially to help delineate
the depth at which volatile components from the various
phases of the hydrocarbon exists. The organic vapor analyzer
and the HNU are small portable instruments that can detect
certain volatile compounds in the air. These methods are used
to initially screen subsurface materials for volatile components
of DNAPL. Identification of individual compounds and their
concentrations may be confirmed by other, more precise,
analyses.

Analysis of the soil or aquifer material by more accurate
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means, such as gas chromatography or high pressure liquid
chromatography, will take longer but will provide more specific
information on a larger group of organic compounds, i.e.,
volatile/non-volatile, and on specific compounds. This
information is necessary to help fix the horizontal and vertical
mass distribution of the contaminant and to help delineate the
phase distribution. These analyses do not distinguish between
soluble, sorbed or free-phase hydrocarbon, however; a low
relative concentration indicates that the contaminant may
mainly be present in the gaseous or aqueous phases; and a
high relative concentration indicates the presence of sorbed
contaminant or free phase liquid either as continuous-phase or
residual saturation. A more rigorous set of analyses is required
to distinguish between the various phases.

Additional tests to identify the presence of NAPL in soil or
aquifer core sample are currently undeveloped and research in
this area is warranted. Squeezing and immiscible
displacement techniques have been used to obtain the pore
water from cores (40). Other methods of phase separation
involving vacuum or centrifugation may also be developed for
this use. A paint filter test was proposed in one Superfund
DNAPL field investigation where aquifer cores were placed in a
filter/funnel apparatus, water was added, and the filtrate was
examined for separate phases. These core analysis
techniques have potential to provide valuable field data to
characterize NAPL distribution.

Cone Penetrometer

The cone penetrometer (ASTM D3441-86)(69) has been used
for some time to supply data on the engineering properties of
soils. Recently, the application of this technology has made the
leap to the hazardous waste arena. The resistance of the
formation is measured by the cone penetrometer as it is driven
vertically into the subsurface. The resistance is interpreted as a
measure of pore pressure, and thus provides information on
the relative stratigraphic nature of the subsurface. Petroleum
and chlorinated hydrocarbon plumes can be detected most
effectively when the cone penetrometer is used in conjunction
with in-situ sensing technologies (48). Features of the cone
penetrometer include: a continuous reading of the stratigraphy/
permeability; in-situ measurement; immediate results are
available; time requirements are minimal; vertical accuracy of
stratigraphic composition is high; ground-water samples can
be collected in-situ; and the cost is relatively low.

Data from the cone penetrometer can be used to delineate
probable pathways of DNAPL transport. This is accomplished
by identifying permeability profiles in the subsurface. A zone of
low permeability underlying a more permeable stratigraphic
unit will likely impede vertical transport of the DNAPL. Where
such a scenario is found, a collection of DNAPL is probable
and further steps can be implemented to more accurately and
economically investigate and confirm such an occurrence. This
general approach has successfully been implemented at one
Superfund site (8).

DNAPL

Well Level Measurements

In an effort to delineate the horizontal and vertical extent of the
DNAPL at a spill site, it is important to determine the elevation



of DNAPL in the subsurface. Monitoring DNAPL elevation over
time will indicate the mobility of the DNAPL. There are several
methods that can be used to determine the presence of
DNAPL in a monitoring well. One method relies on the
difference in electrical conductivity between the DNAPL and
water. A conductivity or resistivity sensor is lowered into the well
and a profile is measured. The interface of the DNAPL is
accurately determined when the difference in conductivity is
detected between the two fluids. This instrument may also be
used to delineate LNAPL. A transparent, bottom-loading bailer
can also be used to measure the thickness (and to sample) of
DNAPL in a well (36). The transparent bailer is raised to the
surface and the thickness of the DNAPL is made by visual
measurement.

Several laboratory and field studies have been performed
which investigate the anomaly between the actual and
measured LNAPL levels in ground-water wells (15,16,24,25).
The anomaly between actual and measured NAPL thickness in
the subsurface is also applicable to DNAPL, but for different
reasons. The location of the screening interval is the key to
understanding both scenarios. First, if the well screen interval
is situated entirely in the DNAPL layer, and the hydrostatic head
(water) in the well is reduced by pumping or bailing, then to
maintain hydrostatic equilibrium, the DNAPL will rise in the well
(36,44,71) (refer to Figure 18). Secondly, if the well screen
extends into the barrier layer, the DNAPL measured thickness
will exceed that in the formation by the length of the well below
the barrier surface (36) (refer to Figure 19). Both of these
scenarios will result in a greater DNAPL thickness in the well
and thus a false indication (overestimate) of the actual DNAPL
thickness will result. One of the main purposes of the
monitoring well in a DNAPL investigation is to provide
information on the thickness of the DNAPL in the aquifer.
Therefore, construction of the well screen should intercept the
ground water:DNAPL interface and the lower end of the screen
should be placed as close as possible to the impermeable
stratigraphic unit.
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with lower hydrostatic head (i.e. water) in the
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thickness.
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DNAPL Sampling

Sampling of DNAPL from a well is necessary to perform
chemical and physical analyses on the sample. Two of the
most common methods used to retrieve a DNAPL sample from
a monitoring well are the peristaltic pump and the bailer. A
peristaltic pump can be used to collect a sample if the DNAPL
is not beyond the effective reach of the pump, which is typically
less than 25 feet. The best method to sample DNAPL is to use
a double check valve bailer. The key to sample collection is
controlled, slow lowering (and raising) of the bailer to the
bottom of the well (57). The dense phase should be collected
prior to purging activities.

Soil-Gas Surveys

A soil-gas survey refers to the analysis of the soil air phase as
a means to delineate underground contamination from volatile
organic chemicals and several techniques have been
developed (34,52). This investigative tool is mainly used as a
preliminary screening procedure to delineate the areal extent of
volatile organic compounds in the soil and ground water. This
method is quick, less expensive than drilling wells and can
provide greater plume resolution (33).

Data from a soil-gas survey is a valuable aid in the
development of a more detailed subsurface investigation
where ground water monitoring wells and exploratory borings
are strategically located for further site characterization. There
are limitations to soil-gas surveys (26,52) and data
interpretation must be performed carefully (35,49). Soil-gas
investigations have mainly been conducted to identify the
location of the organic contaminants in ground water. At the
time of this publication, the scientific literature did not contain
information specifically applicable to the delineation of DNAPL
from soil-gas survey data. However, it is surmisable that soil-
gas surveys can be used to help delineate DNAPL residual
saturation in the unsaturated zone or the location of perched
DNAPL reservoirs.



Miscellaneous

The vertical migration of DNAPL in the saturated zone will
eventually be challenged by a low permeability stratigraphic
unit. According to the principles of capillary pressure, the lower
permeability unit will exhibit a greater capillary pressure.
Displacement of water by DNAPL requires that the hydrostatic
force from the mounding DNAPL exceed the capillary force of
the low permeability unit. The Hobson formula is used to
compute the critical height calculation to overcome the capillary
pressure under different pore size conditions (70).

In an effort to minimize further DNAPL contamination as a
result of drilling investigations, precautionary steps should be
taken. Penetration of DNAPL reservoirs in the subsurface
during drilling activities offers a conduit for the DNAPL to
migrate vertically into previously uncontaminated areas. it is
very easy to unknowingly drill through a DNAPL pool and the
bed it sits on, causing the pool to drain down the hole into a
deeper part of the aquifer or into a different aquifer (32). Special
attention to grouting and sealing details during and after drilling
operations will help prevent cross-contamination.

Precautionary efforts should also be considered when a
DNAPL reservoir is encountered during drilling operations. The
recommended approach is to cease drilling operations and
install a well screen over the DNAPL zone and cease further
drilling activities in the well. If it is necessary to drill deeper,
construction of an adjacent well is recommended. Alternatively,
If it is not necessary to screen off that interval, it is
recommended to carefully seal off the DNAPL zone prior to
drilling deeper.

Well construction material compatibility with DNAPL should be
investigated to minimize downhole material failure. A
construction material compatibility review and possible testing
will prevent the costly failure of well construction material. The
manufacturers of well construction material are likely to have
the most extensive compatibility data and information available.

Remediation

Remediation of DNAPL mainly involves physical removal by
either pumping or trench-drainline systems. Removal of
DNAPL early in the remediation process will eliminate the main
source of contaminants. This stop will substantially improve
the overall recovery efficiency of the various DNAPL phases
including the long term pump and treat remediation efforts for
soluble components. Remediation technologies such as
vacuum extraction, biodegradation, ground water pumping, and
soil flushing is mainly directed at the immobile DNAPL and the
various phases in which its components occur. Physical
barriers can be used in an effort to minimize further migration
of the DNAPL.

Clean-up of DNAPL can involve sizable expenditures: they are
difficult to extract and the technology for their removal is just
evolving (43). Historically, field recovery efforts usually proceed
with a poor understanding of the volume distribution of the
DNAPL. This reflects the difficulties involved in adequate site
characterization, poor documentation of the release, and the
complexity associated with the DNAPL transport in the
subsurface.
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Pumping Systems

Pumping represents an important measure to stop the mobile
DNAPL from migrating as a separate phase by creating a
hydraulic containment and by removal of DNAPL (44). Very
simply, DNAPL recovery is highly dependent on whether the
DNAPL can be located in the subsurface. The best recovery
scenario is one in which the DNAPL is continuous and has
collected as a reservoir in a shallow, impermeable subsurface
depression. Once the DNAPL has been located and recovery
wells are properly installed, pumping of pure phase DNAPL is
a possible option but depends largely on site specific
conditions which include, but are not limited to: DNAPL
thickness, viscosity, and permeability.

Many DNAPL reservoirs in the subsurface are of limited volume
and areal extent. Therefore, it can be expected that both the
level of DNAPL (saturated thickness) in the well will decline
from the presuming position and the percentage of DNAPL in
the DNAPL:water mixture will decrease rather rapidly.
Correspondingly, DNAPL recovery efficiency decreases. Field
results indicate that recovery wells screened only in the DNAPL
layer will maintain maximum DNAPL:water ratios (102). Well
diameter was not found to influence long term DNAPL recovery;
however, large diameter wells allow high volume pumping for
short durations; and small diameter wells result in lower
DNAPL:WATER mixtures and greater drawdown.

An enhanced DNAPL recovery scheme may be used to improve
recovery efficiency. An additional well is constructed with a
screen interval in the ground wader zone located vertically
upward from the DNAPL screen intake. Ground water is
withdrawn from the upper screen which results in an upwelling
of the DNAPL (70), refer to Figure 20. The upwelling of the
DNAPL, coal tar in this case, improved the rate (twofold) at
which the coal tar was recovered resulting in a more efficient
operation. The ground water withdrawal rate must be carefully
determined; too much will result in the coal tar from rising
excessively and being either mixed (emulsions) with or
suppressed by the higher water velocity above; too low will not
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Figure 20. A DNAPL recovery system where deliberate
upwelling of the static coal-tar surface is used to
increase the flow of product into the recovery

wells.



caused upwelling. An estimate of this upwelling can be
calculated using the simplified Ghyben-Herzberg Principle
under ideal conditions (4). Laboratory studies indicated that
dimethyl phthalate (1.19 g/cc) recovery rate was doubled or
tripled over the conventional, non-upcoming, recovery scheme
(75). A similar application of this technique was used to
increase the level of DNAPL (solvents) in a sandstone bedrock
formation (11). Other enhanced DNAPL recovery techniques
were implemented utilizing both water flooding and wellbore
vacuum. Essentially, this minimized drawdown, allowing a
maximum pumping rate of the DNAPL:water mixture. Both
techniques offered significant advantages in terms of the rate
and potential degree of DNAPL removal (8).

The highly corrosive nature of some DNAPL's may increase
maintenance problems associated with the recovery system. A
design consideration during any DNAPL recovery program
should include a material compatibility review to minimize
downhole failures. This is applicable to the well construction
material and the various appurtenances of the recovery system.
Manufacturers of the construction material would most likely
have the best compatibility information available.

While most scientists agree that the residual saturation of
immiscible hydrocarbon droplets in porous media are
immobile, researchers have investigated the mobility of
residual saturation in porous media for enhanced oil recovery
and for NAPL remediation at spill sites. Specifically, this
includes a complex interplay between four forces (viscous,
gravity, capillary, buoyancy). These forces are dependent on
both the chemical and physical characteristics of the DNAPL
and porous media. The mobilization of residual saturation
mainly hinges on either increasing the ground water velocity
which increases the viscous forces between the residual
saturation and the ground water, or decreasing the interfacial
tension between the residual saturation and the ground water
which decreases the capillary forces.

The capillary number is an empirical relationship which
measures the ratio between the controlling dynamic stresses
(absolute viscosity and ground water velocity) and static
stresses (interfacial tension) of the residual saturation (39).
The former are the viscous stresses and the dynamic pressure
in the water which tend to move the oil. The latter are the
capillary stresses in the curved water/oil interfaces which tend
to hold the oil in place. As the capillary number is increased,
the mobility of the residual saturation increases. In a laboratory
column study, the capillary number had to be increased two
orders of magnitude from when motion was initiated to
complete displacement of the hydrocarbon in a sandstone core
(74). In a glass bead packed column, only one order of
magnitude increase was required. However, a higher capillary
number was required to initiate mobility. The difference in
mobility between the two columns was attributed to the pore
geometry, i.e. size, shape.

There are limitations to residual saturation mobilization. The
ground water gradient (dh/dl) necessary to obtain the critical
capillary number to initiate blob mobilization would be 0.24. To
obtain complete NAPL removal would require a gradient of 18
(3). Ground water gradients of this magnitude are unrealistic.
Another estimate of the gradient necessary to mobilize carbon
tetrachloride in a fine gravel and medium sand was 0.09 and
9.0 respectively (74). The former gradient is steep but not
unreasonable and the latter gradient is very steep and
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impractical to achieve in the field. The same researchers
concluded from more recent, comprehensive studies, that the
earlier predictions were optimistic, and that the gradient
necessary to mobilize residual organic liquid is clearly
impractical (66). Another limitation is that along with residual
saturation mobilization, the NAPL blobs disperse into smaller
blobs and that the blob distribution was dependent on the
resulting capillary number (6). Recovery of the NAPL residual
saturation by pumping ground water may be more feasible
where the porous media is coarse and capillary forces are low,
i.e. coarse sands and gravel. However, even in this scenario, it
is expected that the radius of residual saturation mobilization
would be narrow.

Itis held in petroleum engineering theory that the only practical
means of raising the capillary number dramatically is by
lowering the interfacial tension (39) and that this can be
achieved by using surfactants (66). Surfactants reduce the
interfacial tension between two liquids, and therefore, are
injected into the subsurface for enhanced recovery of
immiscible hydrocarbons. In laboratory experiments, surfactant
flushing solutions produced dramatic gains in flushing even
after substantial water flushing had taken place (54).
Unfortunately, surfactants can be quite expensive and cost
prohibitive in NAPL recovery operations. Surfactants are usually
polymeric in nature and a surfactant residue may be left behind
in the porous media which may not be environmentally
acceptable. Additionally, surfactants may be alkaline and thus
affect the pH of the subsurface environment. It has been
suggested that such a surfactant may inhibit bacterial
metabolism and thus preclude subsequent use of biological
technologies at the site. Significant research in this area is
currently underway which may uncover information improving
the economics and feasibility of this promising technology,

In summary, practical considerations and recommendations
concerning the mobilization and recovery of residual saturation
include the following: greater effectiveness in very coarse
porous media i.e. coarse sands and gravel; recovery wells
should be installed close to the source to minimize flow path
distance; a large volume of water will require treatment/
disposal at the surface; compounds with high interfacial
tension or viscosity will be difficult to mobilize; and
implementation of linear one-dimensional sweeps through the
zones of residual saturation (74) and surfactants will optimize
recovery.

Pumping the soluble components (aqueous phase) of DNAPL
from the immiscible (continuous and residual saturation), solid
(sorbed), and gaseous phases has been perhaps one of the
most effective means to date to both recover DNAPL from the
subsurface and to prevent plume migration. Recovery of
soluble components quite often has been the only remediation
means available. This is largely attributed to the inability to
locate DNAPL pools and due to low, DNAPL yielding
formations. The basic principles and theory of pump and treat
technology and the successes and failures have been
summarized in other publications (64,67) and is beyond the
scope of this publication.

Pumping solubilized DNAPL components from fractured rock
aquifers historically has been plagued with a poor recovery
efficiency. Although the rock matrix has a relatively small
intergranular porosity, it is commonly large enough to allow
dissolved contaminants from the fractures to enter the matrix



Oii Distribution

# DNAPL denser than ground water,
has accumuiaind at the base of the
alldom,

DNAPL Mounding

& Tiawdown of 1he overlying waler
okl by pumging the water drainine
resuis in mounding of the DNAPL.

DNAPL Recovery
© Pumping kom botlh the waler aned
fnn“égtamm
"DNAPL fow 1 the DNAPL drainiine.
@ Separate produciion of DNAPL and
ground waler reduces sbove ground
separalion requirements.
® A flow path of maxknum

formation
permeablity o DNAPL is astabiished
at he base of the alluvium,

Arer, Sale ot "2 19588

Figure 21.  Trench recovery system of DNAPL utilizing the

dual drainline concept.

by diffusion and be stored there by adsorption (32). The
release of these components is expected to be a slow diffusion
dominated process. This is because little or no water flushes
through dead-end fracture segments or through the porous,
impervious rock matrix. Therefore, clean-up potential is
estimated to be less than that expected for sand and gravel
aquifers.

Trench Systems

Trench systems have also been used successfully to recover
DNAPL and are used when the reservoir is located near the
ground surface. Trench systems are also effective when the
DNAPL is of limited thickness. Recovery lines are placed
horizontally on top of the impermeable stratigraphic unit.
DNAPL flows into the collection trenches and seep into the
recovery lines. The lines usually drain to a collection sump
where the DNAPL is pumped to the surface. Similar to the
pumping system, an enhanced DNAPL recovery scheme may
be implemented using drain lines to improve recovery
efficiency. This "dual drain line system” (41) utilizes a drain line
located in the ground water vertically upward from the DNAPL
line. Ground water is withdrawn from the upper screen which
results in an upwelling of the DNAPL which is collected in the
lower line, refer to Figure 21. This increases the hydrostatic
head of the DNAPL. Excessive pumping of either single or dual
drain line systems may result in the ground water "pinching off"
the flow of DNAPL to the drain line. An advantage of the dual
drain system is that the oil:water separation requirements at
the surface are reduced.
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Vacuum Extraction

Soil vacuum extraction (SVE) is a remediation technology which
involves applying a vacuum to unsaturated subsurface strata to
induce air flow. Figure 22 illustrates that the volatile
contaminants present in the contaminated strata will evaporate
and the vapors are recovered at the surface and treated.
Common methods of treatment include granular activated
carbon, catalytic oxidation, and direct combustion. SVE can
effectively remove DNAPL present as residual saturation or its
soluble phase components in the unsaturated zone. In
general, vacuum extraction is expected to be more applicable
for the chlorinated solvents (PCE, TCE, DCE) than the
polycyclic aromatic compounds (wood preserving wastes, coal
tars, etc.). When DNAPL is present in perched pools (Figure
12) it is more effective to remove the continuous phase DNAPL
prior to the implementation of SVE. The same strategy is
applicable in the saturated zone where DNAPL removal by SVE
is attempted concomitantly with lowering the water table. Upon
lowering the water table, SVE can be used to remove the
remnant volatile wastes not previously recovered. Often, the
precise location of the DNAPL is unknown; therefore, SVE can
be used to remediate the general areas where the presence of
DNAPL is suspected. Removal of DNAPL by SVE is not
expected to be as rapid as direct removal of the pure phase
compound. One advantage of SVE however, is that the precise
location of the DNAPL need not be known.

Important parameters influencing the efficacy of SVE concern
both the DNAPL and porous media. Porous media specific
parameters include: soil permeability, porosity, organic carbon,
moisture, structure, and particle size distribution, DNAPL
specific parameters include: vapor pressure, Henry's constant,
solubility, adsorption equilibrium, density, and viscosity (20).
These parameters and their relationships must be evaluated
on a site specific basis when considering the feasibility of
vacuum extraction and a practical approach to the design,
construction, and operation of venting systems (22).
Additionally, soil gas surveys which delineate vapor
concentration as a function of depth is critical in locating the
contaminant source and designing an SVE system.

Historically, SVE has been used to remove volatile compounds
from the soil. Recently it has been observed that SVE
enhances the biodegradation of volatile and semivolatile
organic compounds in the subsurface. While SVE removes
volatile components from the subsurface, it also aids in
supplying oxygen to biological degradation processes in the
unsaturated zone. Prior to soil venting, it was believed that
biodegradation in the unsaturated zone was limited due to
inadequate concentrations of oxygen (17). In a field study
where soil venting was used to recover jet fuel, it was observed
that approximately 15% of the contaminant removal was from
the result of microbial degradation. Enhanced aerobic
biodegradation during SVE increases the cost effectiveness of
the technology due to the reduction in the required above
ground treatment.

Vacuum extraction is one form of pump and treat which occurs
in the saturated zone where the fluid is a gas mixture.
Therefore, many of the same limitations to ground water pump
and treat are also applicable to vacuum extraction. While the
application of vacuum extraction is conceptually simple, its
success depends on understanding complex subsurface
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chemical, physical, and biological processes which provide
insight into factors limiting its performance (9).

Biodegradation

The potential for biodegradation of immiscible hydrocarbon is
highly limited for several reasons. First, pure phase
hydrocarbon liquid is a highly hostile environment to the
survival of most microorganisms. Secondly, the basic
requirements for microbiological proliferation (nutrients,
electron acceptor, pH, moisture, osmotic potential, etc.) is
difficult if not impossible to deliver or maintain in the DNAPL. A
major limitation to aerobic bioremediation of high
concentrations of hydrocarbon is the inability to deliver
sufficient oxygen. A feasible remediation approach at sites
where immiscible hydrocarbon is present is a phased tech-
nology approach. Initial efforts should focus on pure phase
hydrocarbon recovery to minimize further migration and to
decrease the volume of NAPL requiring remediation. Following
NAPL recovery, other technologies could be phased into the
remediation effort. Bioremediation may be one such technology
that could be utilized to further reduce the mass of
contaminants at the site. NAPL recovery preceding
bioremediation will improve bioremediation feasibility by
reducing the toxicity, time, resources, and labor.

Similar to other remediation technologies, a comprehensive
feasibility study evaluating the potential effectiveness of
bioremediation is critical and must be evaluated on a site
specific basis. A comprehensive review of biodegradation of
surface soils, ground water, and subsoils of wood preserving
wastes, i.e. PAH's (29,37,51,62,63) are available. A
comprehensive review of microbial decomposition of
chlorinated aromatic compounds is also available (58).
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Soil Flushing

Soil flushing utilizing surfactants is a technology that was
developed years ago as a method to enhance oil recovery in
the petroleum industry. This technology is new to the
hazardous waste arena and available information has mainly
been generated from laboratory studies. Surfactant soil
flushing can proceed on two distinctly different mechanistic
levels: enhanced dissolution of adsorbed and dissolved phase
contaminants, and displacement of free-phase nonaqueous
contaminants. These two mechanisms may occur
simultaneously during soil flushing (42).

Surfactants, alkalis, and polymers are chemicals used to
modify the pore-level physical forces responsible for
immobilizing DNAPL. In brief, surfactants and alkalis reduce
the surface tension between the DNAPL and water which
increases the mobility. Polymers are added to increase the
viscosity of the flushing fluid to minimize the fingering effects
and to maintain hydraulic control and improve flushing
efficiency. Based on successful laboratory optimization studies
where an alkali-polymer-surfactant mixture was used, field
studies were conducted on DNAPL (creosote) which resulted in
recovery of 94% of the original DNAPL (42). Laboratory
research has also been conducted which indicated that
aqueous surfactants resulted in orders of magnitude greater
removal efficiency of adsorbed and dissolved phase
contaminants than water flushing (55).

Depth to contamination, DNAPL distribution, permeability,
heterogeneities, soil/water incompatibility, permeability
reduction, and chemical retention are important factors when
considering soil flushing (42). Prior to this technology being
cost effective in the fiuld, surfactant recycling will be necessary
to optimize surfactant use (55). Soil flushing is complex from a
physical and chemical point of view; is relatively untested in the
field; and will likely be challenged regulatorily. Considerable
research currently being conducted in this area may result in
the increased use of this technology to improve DNAPL
recovery in the future.

Thermal methods of soil flushing involve injecting hot water or
steam in an effort to mobilize the NAPL. The elevated
temperature increases volatilization and solubilization and
decreases viscosity and density. A cold-water cap is used to
prevent volatilization. The mobile phases of the DNAPL are
then recovered using a secondary approach, i.e. pumping,
vacuum extraction etc. This approach (Contained Recovery of
Oily Wastes) to enhance recovery of DNAPL is currently under
EPA's Superfund Innovative Technology Evaluation Program
and a pilot-scale demonstration is forthcoming (21). A
limitation in the use of thermal methods is that the DNAPL may
be converted to LNAPL due to density changes (36). The
adverse effects from this are that the DNAPL, existing as a thin
layer, becomes buoyant and mobilizes vertically resulting in a
wider dispersal of the contaminant. Other limitations involve the
high energy costs associated with the elevated water
temperature and the heat loss in the formation (36).

Physical Barriers

Physical barriers may be used to prevent the migration of
DNAPL's in the subsurface and are typically used in
conjunction with other recovery means. One feature of physical



barriers Is the hydraulic control it offers providing the
opportunity to focus remediation strategies in treatment cells.
Unfortunately, physical barriers, while satisfactory in terms of
ground water control and containment of dissolved-phase
plumes, may contain small gaps or discontinuities which could
permit escape of DNAPL (7). Chemical compatibility between
physical barriers and construction material must agree to
insure the physical integrity of the barrier. The history of the
performance of these containment technologies is poorly
documented and is mainly offered here for completeness of
review. A more complete review of these physical barriers is
available (5,56).

Sheet piling involves driving lengths of steel that connect
together into the ground to form an impermeable barrier to
lateral migration of DNAPL. Ideally, the bottom of the sheet pile
should be partially driven into an impermeable layer to
complete the seal. Slurry walls involve construction of a trench
which is backfilled with an impermeable slurry (bentonite)
mixture. Grouting is a process where an impermeable mixture
is either injected into the ground or is pumped into a series of
interconnected boreholes which together form an impermeable
boundary. Again, the main feature of these techniques is to
physically isolate the DNAPL.

In summary, site characterization and remediation options for
sites containing DNAPL are limited. Field data from site
characterization and remediation efforts are also limited. This
Is largely due to the complexity of DNAPL transport and fate in
the subsurface, poorly developed techniques currently
available to observe and predict DNAPL in the subsurface, and
to the fact that this issue has not been widely recognized until
recently. Clearly, there is a growing realization within the
scientific and regulatory community that DNAPL is a significant
factor in limiting site remediation. Correspondingly, current
research efforts within the private, industrial, and public sectors
are focusing on both the fundamentals and applications
aspects of DNAPL behavior in subsurface systems.
Additionally, the number of field investigations reflecting an
increased awareness of DNAPLSs, is growing.

DNAPL Modeling

A modeling overview report identified nineteen (numeric and
analytic) multiphase flow models which are currently available
(60). Most of these models were developed for salt water
intrusion, LNAPL transport, and heat flow. Four models are
qualitatively described as immiscible flow models but do not
specifically indicate DNAPL. A more recent model has been
developed which simulates density driven, three phase flow,
that is capable of modeling DNAPL transport (23). Presently,
very little information is available on DNAPL modeling in the
scientific literature.

Multiphase flow modeling involves modeling systems where
more than one continuous fluid phase (NAPL, water, gaseous)
is present. Modeling any subsurface system requires a
conceptual understanding of the chemical, physical, and
biological processes occurring at the site. Modeling of
simultaneous flow of more than one fluid phase requires a
conceptual understanding of the fluids and the relationship
between the fluid phases. The significance of multiphase flow
over single phase flow is the increased complexity of fluid flow
and the additional data requirements necessary for modeling.
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As presented earlier, numerous variables strongly influence
DNAPL transport and fate, and consequently, the mathematical
relationship of these variables is complex. Therefore, it follows
that DNAPL modeling presents paramount technical
challenges.

Presently, it is exceedingly difficult to obtain accurate field data
which quantitatively describes DNAPL transport and fate
variables within reasonable economic constraints. DNAPL
transport is highly sensitive to subsurface heterogeneities
(8,27,28) which compounds the complexity of modeling.
Heterogeneities are, by nature, difficult to identify and quantify
and models are not well equipped to accommodate the
influence of heterogeneities. Additionally, relative permeability
and capillary pressure functions must be quantified to identify
the relationship between fluids and between the fluids and the
porous media. Unfortunately, these parameters are very difficult
to measure, particularly in three phase systems. Prior to an
investment of time and money to model a given site, a careful
evaluation of the specific objectives and the confidence of the
input and anticipated output data should be performed. This
will help illuminate the costs, benefits, and therefore, the
relative value of modeling in the Superfund decision making
process.

In summary, DNAPL modeling at Superfund sites is presently
of limited use. This is mainly due to: the fact that very little
information is available in the scientific literature to evaluate
previous work; accurate and quantitative input data is expected
to be costly; the sensitivity of DNAPL transport to subsurface
heterogeneities; and, the difficulty in defining the
heterogeneities in the field and reflecting those in a model.
However, multiphase flow models are valuable as learning
tools.

References

1. Baehr, A.L., Selective Transport of Hydrocarbons in the
Unsaturated Zone Due to Aqueous and Vapor Phase
Partitioning, Water Resources Research, Vol. 23, No. 10,
pp. 1926-1938,1987.

2. Bear, J.,, 1972, Dynamics of Fluids in Porous Media,
American Elsevier Publishing Co., New York, 763 p.

3. Bouchard, D., Contaminant Transport in the Subsurface:
Sorption Equilibrium and the Role of Nonaqueous Phase
Liquids, in, Intermedia Pollutant Transport: and Field
Measurement, (David T. Allen, Yoram Cohen and Isaac R.
Kaplan, Eds.), New York, Plenum Pub. Corp., pp. 189-211.

4. Bower, H., Groundwater Hydrology, McGraw-Hill Book Co.,
1978, 480 pp.

5. Canter, L. W. and R. C. Knox, Ground Water Pollution
Control, Lewis Publishers Inc., Chelsea, Mich., 1986, 526

pp.

6. Chatzis, I., M.S. Kuntamukkula, and N.R. Morrow, Blob-size
Distribution as a Function of Capillary Number in
Sandstones, Paper 13213, Presented at SPE Annual Tech.
Conference and Exhibition,Houston, TX, 1984.




10.

11.

12.

13.

14.

15.

16.

Cherry, J.A., S. Feenstra, B.H. Kueper and D.W. McWhorter,
"Status of In Situ Technologies for Cleanup of Aquifers
Contaminated by DNAPL's Below the Water Table," in,
International Specialty Conference on How Clean is
Clean? Cleanup Criteria for Contaminated Soil and
Groundwater, Air and Waste Management Association, pp.
1-18, November 6-9, 1990.

Connor, J.A., C.J. Newell, D.K. Wilson, Assessment, Field
Testing, Conceptual Design for Managing Dense
Nonaqueous Phase Liquids (DNAPL) at a Superfund Site,
in, Proceedings of Petroleum Hydrocarbons and Organic
Chemicals in Ground Water: Prevention, Detection, and
Restoration, A Conference and Exposition, The Westin
Galleria, Houston, TX, Vol. 1, pp. 519-533, 1989.

DiGiulio, D.C. and J.S. Cho, Conducting Field Tests for
Evaluation of Soil Vacuum Extraction Application, in,
Proceedings of the Fourth National Outdoor Action
Conference on Aquifer Restoration. Ground Water
Monitoring, and Geophysical Methods, Las Vegas, NV, May
14-17,1990, pp. 587-601.

Feenstra, S., Evaluation of Multi-Component DNAPL
Sources by Monitoring of Dissolved-Phase Concentrations,
in, Proceedings of the Conference On Subsurface
Contamination by Immiscible Fluids, International
Association of Hydrogeologists, Calgary, Alberta, April
18-20, 1990.

Ferry, J.P. and P.J. Dougherty, Occurrence and Recovery of
a DNAPL in a Low-Yielding Bedrock Aquifer, in,
Proceedings of the NWWA/API Conference on Petroleum
Hydrocarbons and Organic Chemicals in Ground Water -
Prevention, Detection, and Restoration, Nov. 12-14,
Houston, TX., 1986, pp. 722-733.

Fu, J.K. and R.G. Luthy, Effect of Organic Solvent on
Sorption of Aromatic Solutes onto Soils, Journal of
Environmental Engineering, Vol. 112, No. 2, pp. 346-366,
1986.

Glass, R.J., T.S. Steenhuis, and J.Y. Parlange, Mechanism
for Finger Persistence in Homogeneous Unsaturated
Porous Media: Theory and Verification, Soil Science, 148(1),
pp. 60-70, 1989.

Hall, A.C., S.H. Collins, and J.C. Melrose, Stability of
Aqueous Wetting Films, Society of Petroleum Engineering
Journal, 23(2), pp. 249-258, 1983.

Hall, R.A., S.B. Blake, and S.C. Champlin, Jr.,
Determination of Hydrocarbon Thickness in Sediments
Using Borehole Data, in, Proceedings of the 4th National
Symposium and Exposition on Aquifer Restoration and
Ground Water Monitoring, Columbus, OH, pp. 300-304,
May 23-25,1984.

Hampton, D.R., and P.D.G. Miller, Laboratory Investigation
of the Relationship Between Actual and Apparent Product
Thickness in Sands, in, Proceedings of 28. Petroleum
Hydrocarbons and Organic Chemicals in Ground Water:
Prevention. Detection. and Restoration, A Conference and
Exposition, The Westin Galleria,

Word-searchable version — Not a true copy

19

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Houston, Texas, Vol. 1, pp. 157-181, November 9-11,
1988.

Hinchee, R.E., D.C. Downey, R.R. Dupont, P. Aggarwal,
and R.N. Miler, Enhancing Biodegradation of Petroleum
Hydrocarbon Through Soil Venting, Journal of Hazardous
Materials, (accepted) 1990.

Hinchee, R.E. and H.J. Reisinger, A Practical Application of
Multiphase Transport Theory to Ground Water
Contamination Problems, Ground Water Monitoring
Review, pp. 84-92, Winter, 1987.

Hoag, G.E. and M.G. Marley, Gasoline Residual Saturation
in Unsaturated Uniform Aquifer Materials, Journal of
Environmental Engineering, Vol. 112, No. 3, pp.
586-604,1989.

Hutzler, N.J., B.E. Murphy, and J.S. Gierke, Review of Soil
Vapor Extraction System Technology, Presented at Soil
Vapor Extraction Technology Workshop, June 28-29, 1989,
Edison, New Jersey.

Johnson, L.A. and F.D. Guffey, "Contained Recovery of Oily
Wastes, Annual Progress Report." Western Research
Institute, Laramie, Wyoming, June, 1989.

Johnson, P.C., C.C. Stanley, M.W. Kemblowski, D.L. Byers,
and J.D. Colthart, A Practical Approach to the Design,
Operation, and Monitoring of In Situ Soil-Venting Systems,
Ground Water Monitoring Review,pp. 159-178, Spring
1990.

Katyal, A.K., J.J. Kaluarachchi, and J.C. Parker, MOFAT: A
Two-Dimensional Finite Element Program for Multiphase
Flow and Multicomponent Transport , Program
Documentation, Version 2.0, Virginia PolyTechnic Institute
and State University, 58 pp., August, 1990.

Kemblowski, M.W. and C.Y. Chiang, Analysis of the
Measured Free Product Thickness in Dynamic Aquifers, in,
Proceedings of Petroleum Hydrocarbons and Organic
Chemicals in Ground Water: Prevention, Detection, and
Restoration, A Conference and Exposition, The Westin
Galleria, Houston, Texas, Vol. 1, pp. 183-205, November
9-11,1988.

Kemblowski, M.W. and C.Y. Chiang, Hydrocarbon
Thickness Fluctuations in Monitoring Wells, Ground Water,
Vol. 28, No. 2, pp. 244-252, 1990.

Kerfoot, H.B., Is Soil-Gas Analysis an Effective Means of
Tracking Contaminant Plumes in Ground Water? What are
the Limitations of the Technology Currently Employed?
Ground Water Monitoring Review, pp. 54-57, Spring 1988.

Kueper, B.H. and E.O. Frind, An Overview of Immiscible
Fingering in Porous Media, Journal of Contaminant
Hydrology, Vol. 2, pp. 95-110, 1988.

Kueper, B.H., W. Abbott, and G. Farquhar, Experimental
Observations of Multiphase Flow in Heterogeneous
Porous Media, Journal of Contaminant Hydrology, Vol. 5,
pp. 83-95, 1989.



Data Services


29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Lee, M.D., J.M. Thomas, R.C. Borden, P.B. Bedient, J.T.
Wilson, and C.H. Ward, Biorestoration of Aquifers
Contaminated with Organic Compounds, National Center
for Ground Water Research, CRC Critical Reviews in
Environmental Control, Vol. 18, Issue 1, pp. 29-89, 1988.

Lindeburg, M.R., 1986, Civil Engineering Reference
Manual, 4th edition, Professional Publications Inc.
Belmont, CA.

Lyman, W.J., W.F. Reehl, and D.H. Rosenblatt, Handbook
of Chemical Property Estimation Methods, McGraw-Hill
Book Company, 1982.

Mackay, D.M. and J.A. Cherry, Ground-Water
Contamination: Pump and Treat Remediation,
Environmental Science & Technology, Vol. 23, No. 6, pp.
630-636,1989.

Marrin, D.L. and G.M. Thompson, Gaseous Behavior of
TCE Overlying a Contaminated Aquifer, Ground Water, Vol.
25, No. 1, pp. 21-27,1987.

Marrin, D., Kerfoot, H, Soil-gas surveying techniques

Environmental Science & Technology, Vol. 22, No. 7, pp.
47.740-745,1988.

Marrin, D.L., Soil-Gas Sampling and Misinterpretation,
Ground Water Monitoring Review, pp. 51-54, Spring 1988.

Mercer, J.W. and R.M. Cohen, A Review of Immiscible
Fluids in the Subsurface: Properties, Models,
Characterization and Remediation, Journal of Contaminant
Hydrology, Vol. 6, pp. 107-163,1990.

Mississippi Forest Products Laboratory, Proceedings of
the Bioremediation of Wood Treating Waste Forum,
Mississippi State University, March 14-15,1989.

Morrow, N.R., Interplay of Capillary, Viscous and Bouyancy
Forces in the Mobilization of Residual Oil, The Journal of
Canadian Petroleum, Vol. 18, No. 3, pp. 35-46, 1979.

Ng, K.M., H.T. Davis. and L.E. Scriven, Visualization of Blob
Mechanics In Flow Through Porous Media, Chemical
Engineering Science, Vol. 33, pp. 1009-1017, 1978.

Patterson, R.J., S.K. Frape, L.S. Dykes, and R.A. McLeod, A
Coring and Squeezing Technique for the Detailed Study of
Subsurface Water Chemistry, Canadian Journal Earth
Science, Vol. 15, pp. 162-169, 1978.

Sale, T., CH2M Hill, and Kuhn, B., Recovery of Wood-
Treating Oil from an Alluvial Aquifer Using Dual Drainlines,
in, Proceedings of Petroleum Hydrocarbons and Organic
Chemicals in Ground Water: Prevention, Detection, and
Restoration, A Conference and Exposition, The Westin
Galleria, Houston, Texas, Vol. 1, pp. 419-442, November 9-
11, 1988.

Sale, T., K. Piontek, and M. Pitts, Chemically Enhanced
In-Situ Soil Washing, in Proceedings of the Conference on

Word-searchable version — Not a true copy

20

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Petroleum Hydrocarbons and Organic Chemicals in
Ground Water: Prevention, Detection, and Restoration,
Houston, TX, November 15-17,1989.

Schmidtke, K., E. McBean, and F. Rovers, Drawdown
Impacts In Dense Non-Aqueous Phase Liquids, in NWWA
Ground Water Monitoring Symposium, Las Vegas, Nevada,
pp. 39-51, May, 1987.

Schmidtke, K., E. McBean, and F. Rovers, Evaluation of
Collection Well Parameters for DNAPL, Journal of
Environmental Engineering, accepted, August, 1990.

Schwille, F., Groundwater Pollution in Porous Media by
Fluids Immiscible With Water, The Science of the Total
Environment,Vol. 21, pp. 173-185, 1981.

Schwille, F., Migration of Organic Fluids Immiscible with
Water in the Unsaturated Zone, in, Pollutants in Porous
Media: The Unsaturated Zone Between Soil Surface and
Groundwater, (B. Yaron, G. Dagan, J. Goldshmid, Eds.)
Springer-Verlag, Now York, pp. 27-48,1984.

Schwille, F., Dense Chlorinated Solvents in Porous and
Fractured Media: Model Experiments (English Translation),
Lewis Publishers, Ann Arbor, Ml 1988.

Seitz, W.R., In-Situ Detection of Contaminant Plumes in
Ground Water, Special Report 90-27, U.S. Army Corps of
Engineers, Cold Regions Research & Engineering
Laboratory, August 1990, 12 pp.

Silka, L, Simulation of Vapor Transport Through the
Unsaturated Zone - Interpretation of Soil-Gas Surveys,
Ground Water Monitoring Review, pp. 115-123, Spring
1988.

Sitar, N., J.R. Hunt, and K.S. Udell, Movement of
Nonaqueous Liquids in Groundwater, in, Proceedings of a
Speciality Conference, Geotechnical Practice for Waste
Disposal '87 , University of Michigan, Ann Arbor, MI, pp.
205-223, June 15-17,1987.

Sims, R., Soil Remediation Techniques at Uncontrolled
Hazardous Waste Sites, Air & Waste Management
Association, Vol. 40, No. 5, pp. 704-732, May 1990.

Thompson, G., and Marrin, D., Soil Gas Contaminant
Investigations: A Dynamic Approach, Ground Water

Monitoring Review, pp. 88-93, Summer, 1987.

Treiber, L.E., D.L. Archer, and W.W. Owens, A Laboratory
Evaluation of Wettability of Fifty Oil-Producing Reservoirs,
Society of Petroleum Engineering Journal, 12(6), 531-540.

Tuck, D.M., P.R. Jaffe, and D.A. Crerar, Enhancing Recovery
of Immobile Residual Non-Wetting Hydrocarbons from the
Unsaturated Zone Using Surfactant Solutions, in,
Proceedings of Petroleum Hydrocarbons and Organic
Chemicals in Ground Water: Prevention, Detection, and
Restoration, A Conference



Data Services

Data Services

Data Services

Data Services

Data Services

Data Services

Data Services

Data Services

Data Services


55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

and Exposition, The Westin Galleria, Houston, Texas, Vol.
1, pp. 457-478, November 9-11, 1988.

U.S. EPA, Treatment of Contaminated Soils with
Aqueous Surfactants, EPA/600/2-85/129, NTIS PB86-
122561, 84 pp., 1985.

U.S. EPA, Handbook Remedial Action at Waste Disposal
Sites, EPA/625/6-85/006, October, 1985.

U.S. EPA, RCRA Ground-Water Monitoring Technical
Enforcement Guidance Document (TEGD), OSWER
Directive 9950.1, 1986c.

U.S. EPA, Microbial Decomposition of Chlorinated Aromatic
Compounds, EPA/600/2-86/090, September 1986.

U.S. EPA, Characterization and Laboratory Soil Treatability
Studies for Creosote and Pentachlorophenol Sludges and
Contaminated Soil, EPA/600/2-88/055 or NTIS Publication
#PB89-109920,138 p., 1988.

U.S. EPA, Ground Water Modeling: An Overview and Status
Report, EPA/600/2-89/028, December, 1988.

U.S. EPA, Contaminant Transport in Fractured Media:
Models for Decision Makers, EPA/600/SF-88/002, October,
1988.

U.S. EPA, Characterization and Laboratory Soil Treatability
Studies for Creosote and Pentachlorophenol Sludges and
Contaminated Soil, EPA/600/2-88/055, September 1988.

U.S. EPA, Bioremediation of Contaminated Surface Soils,
EPA-600/9-89/073, 23 pp., August 1989.

U.S. EPA, Performance Evaluations of Pump And Treat
Remediations, Superfund Ground Water Issue, EPA/540/
4-89/005, 19 pp.,1989.

U.S. EPA, Subsurface Contamination Reference Guide,
EPA/540/2- 90/011, October, 1990.

U.S. EPA, Laboratory Investigation of Residual Liquid
Organics from Spills, Leaks, and Disposal of Hazardous
Wastes in Groundwater, EPA/600/6-90/004, April, 1990.

U.S. EPA, Basics of Pump and Treat Ground Water
Remediation Technology, EPA-600/8-90/003, 31 pp., March
1990.

U.S. EPA, Site Characterizations for Subsurface
Remediations, EPA/625/ - /(in press) 1990.

U.S. Federal Highway Administration, Guidelines for Cone
Penetration Test: Performance and Design,
FHWA-T5-78-209 (TS 78 No. 209) February, 1977.

Villaume, J.F., P.C. Lowe, and D.F. Unites, Recovery of
Coal Gasification Wastes: An Innovative Approach, in,

Proceedings Third National Symposium on Aguifer
Restoration and Ground Water Monitoring, National

Word-searchable version — Not a true copy

21

71.

72.

73.

74.

75.

Water Well Association, Worthington, OH, pp. 434-445,
1983.

Villaume, J.F., Investigations at Sites Contaminated with
Dense, Non-Aqueous Phase Liquids (NAPLs), Ground
Water Monitoring Review, Vol. 5, No. 2, pp. 60-74,1985.

Waterloo Centre for Ground Water Research, University of
Waterloo Short Course, "Dense Immiscible Phase Liquid
Contaminants in Porous and Fractured Media,” Kitchener,
Ontario, Canada, Nov. 6-9, 1989.

Williams, D.E. and D.G. Wilder, Gasoline Pollution of a
Ground- Water Reservoir - A Case History, Ground Water,
Vol. 9, No. 6, pp. 50- 54,1971.

Wilson, J.L. and S.H. Conrad, Is Physical Displacement of
Residual Hydrocarbons a Realistic Possibility in Aquifer
Restoration?, in, Proceedings of the NWWA/API
Conference on Petroleum Hydrocarbons and Organic
Chemicals in Ground Water—Prevention, Detection, and
Restoration, The Intercontinental Hotel, Houston, Texas,
pp. 274-298, November 5-7,1984.

Wisniewski, G.M., G.P. Lennon, J.F. Villaume, and C.L.
Young, Response of a Dense Fluid Under Pumping
Stress, in, Proceedings of the 17th Mid-Atlantic Industrial
Waste Conference, Lehigh, University, pp. 226-237, 1985.



Data Services


Unites States Center for Environmental Research BULK RATE
Environmental Protection Information POSTAGE & FEES PAID
Agency Cincinnati OH 45268 EPA

PERMIT NO. G-35

Official Business
Penalty for Private Use, $300

Please make all necessary changes on the above label,
detach or copy, and return to the address in the upper
left-hand corner.

If you do not wish to receive these reports CHECK HERE O,
detach, or copy this cover, and return to the address in the
upper left-hand corner

EPA/540/4-91/002

Word-searchable version — Not a true copy



