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Control of downward migration of dense nonaqueous phase


liquid during surfactant flooding by design simulations
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[1] Sand tank experiments have been used to study a surfactant-enhanced aquifer
remediation (SEAR) process during which downward migration of dense nonaqueous
phase liquid (DNAPL) has been observed in some of these experiments. Through
numerical simulation of one particular sand tank experiment conducted at Sandia National
Laboratories we show in this paper that this downward migration of DNAPL can be
anticipated and controlled even in a very difficult geosystem environment. The results
indicate that design simulations play a significant role in the design of either laboratory
column experiments or field SEAR application and that surfactant flooding can be
accomplished without loss of hydraulic control of DNAPL under typical alluvial aquifer/
aquitard conditions and with only minor vertical mobilization within the aquifer (i.e., <1%
of the DNAPL present). The design simulations are considered as a sensitivity analysis
exercise in which the heterogeneity in the permeability field and DNAPL saturation and
other critical variables are varied to produce a robust design. The simulation results
indicate that the significant downward mobilization of DNAPL as observed in the Sandia
sand tank experiment is a result of the use of high-permeability materials, weak viscous
(horizontal) forces, and low surfactant solubilization potential. The downward
mobilization of DNAPL is a design issue to be evaluated and controlled rather than an
inevitable consequence of the use of surfactants to remove DNAPL.


Citation: Jin, M., G. J. Hirasaki, R. E. Jackson, K. Kostarelos, and G. A. Pope (2007), Control of downward migration of dense


nonaqueous phase liquid during surfactant flooding by design simulations, Water Resour. Res., 43, W01412,


doi:10.1029/2006WR004858.


1. Introduction


[2] Schwille’s [1988] use of two-dimensional sand tank
models of granular porous media began an extensive
tradition in contaminant hydrogeology of laboratory-based
experimentation that has expanded our understanding of the
movement and fate of chlorinated solvent dense nonaqueous
phase liquid (DNAPL) in the subsurface. In this paradigm,
the DNAPL is the nonwetting liquid that displaces water as
it moves through zones of higher permeability. The sand
tank experiments conducted by Kueper et al. [1989] at the
University of Waterloo epitomized this conceptual model
but did not allow measurement of in situ DNAPL satura-
tions. Subsequently, researchers have developed an im-


proved experimental technique that relies upon gamma
attenuation devices to measure the in situ saturations at
the local scale [Illangasekare et al., 1995; Oostrom et al.,
1999].
[3] Over the years, many one-dimensional column and


two-dimensional sand tank experiments have been con-
ducted to examine the recovery efficiency of DNAPL using
surfactants. Surfactants increase the DNAPL solubilization
potential and as a result improve DNAPL recovery effi-
ciency significantly. Use of surfactants also reduces the
interfacial tension between DNAPL and injection fluid,
which in turn also helps in mobilization and ultimate
recovery of trapped DNAPL. The recovery mechanism of
DNAPL mobilization, however, has its unwanted potential
consequence of downward migration. Downward migration
of mobilized DNAPL would cause deeper spreading of the
DNAPL and is regarded as an undesirable result. Oostrom et
al. [1999], Ramsburg and Pennell [2001], and Conrad et al.
[2002], detected significant vertical DNAPL mobilization in
their experiments. Kostarelos et al. [1998], on the other
hand, used the trapping number concept to show that the
downward mobilization of DNAPL can be minimized by
maintaining the neutral buoyancy of the microemulsion.
Therefore we wish to demonstrate that the control of vertical
DNAPL mobilization is a design issue rather than an
inevitable consequence of the use of surfactants to remove
DNAPL from granular aquifer materials.
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[4] In the field, the potential for vertical mobilization of
DNAPL is real and the spatial distribution of DNAPL
saturation is initially poorly known. The motivation in
writing this paper is to show how viscous forces can be
used to design and conduct surfactant floods in actual
heterogeneous aquifer materials while minimizing such
undesired results. In order to perform such an analysis, we
consider one particularly well-described sand tank experi-
ment conducted at Sandia National Laboratories [Conrad et
al., 2002] and explain why vertical mobilization of trichloro-
ethene DNAPL occurred and how it can be minimized.


2. Design Issues in Surfactant-Enhanced
Aquifer Remediation


[5] Two particular concerns in the application of
surfactant-enhanced aquifer remediation (SEAR) for the
removal of chlorinated degreasing and dry-cleaning solvents
(e.g., trichloroethene (TCE), 1,1,1-trichloroethane (TCA)
and tetrachloroethene (PCE)) from heterogeneous alluvial
aquifers are: (1) the potential for the uncontrolled mobili-
zation of the DNAPL following the injection of surfactant
solutions into the contaminated alluvium and (2) the effi-
cacy of removal of the DNAPL present in low-permeability
units within a generally higher-permeability alluvial geo-
system, i.e., the ‘‘by-passing’’ problem noted by Saenton et
al. [2002]. The sand tank experiments previously mentioned
clearly demonstrate the former but not the latter concern.
The latter concern is one of ensuring improved sweep
efficiency and has been the motivation for the use of
mobility control methods such as foam flooding [Hirasaki
et al., 2000] in removing chlorinated solvents from alluvial
aquifers.
[6] The design of successful surfactant floods that over-


come the mobilization and low-permeability concerns men-
tioned above must involve (1) the use of enhanced viscous
forces yielding high horizontal gradients during surfactant
flooding and (2) the choice of efficient surfactant systems
for the particular field DNAPL that result in rapid micro-
emulsion coalescence and high DNAPL solubilization. The
second issue, that of efficient surfactant systems, has been
addressed elsewhere [Dwarakanath and Pope, 2000;
Jayanti et al., 2002]. In this paper, the first issue, the use
of enhanced viscous forces to prevent the excessive down-
ward mobilization of DNAPL zones, is discussed.
[7] There are three major forces controlling the move-


ment of the trapped DNAPL globule: (1) the viscous or
shear force of the displacing phase, (2) the buoyancy force,
and (3) the capillary pressure difference between the ad-
vancing and receding ends of the globule. The condition for
initiating the flow of the trapped globule is


Viscous


Force


� �
� Buoyancy


Force


� �
� Capillary


Force


� �
ð1Þ


or mathematically (Lake, 1989):


DLjrF� gDrrDj � DPc ¼ 2s
cos qa
Rn


� cos qr
Rb


� �
ð2Þ


where DL is the length of the globule, DPc is the capillary
pressure difference between the advancing and receding


ends of the globule, F is the displacing phase potential, s is
the interfacial tension between the two contacting fluids, g
is the gravitational acceleration, qa and qr are the advancing
and receding contact angle at the advancing and receding
ends of the globule, and Rn and Rb are the radii of pore neck
and pore body, r is fluid density and D is the positive
distance below some horizontal reference plane. The
detailed information on the conceptual meaning of the
above equation is given by Lake [1989].
[8] A ‘‘trapping number’’, Nt [Jin, 1995; Pennell et al.,


1996; Delshad et al., 1996; Shook et al., 1998], was
developed to represent the combined effects of viscous
and buoyancy forces on the mobilization of the trapped
DNAPL globule based on this force balance equation. The
details in the development of the trapping number concept
under both two- and three-dimensional heterogeneous po-
rous medium conditions are given by Jin [1995]. To
understand the context of the two-dimensional laboratory
experiment conducted by Conrad et al. [2002], a summary
of the trapping number in the two-dimensional condition is
presented here.
[9] Figure 1 shows a schematic of a continuous phase


(phase 1) displacing a discontinuous phase (phase 2) in a
two-dimensional cross section. The most probable mobili-
zation direction of the trapped globule of phase 2 under the
influence of viscous and buoyancy forces is oriented in the
direction ‘ which makes an angle, g with the x axis.
[10] A special case of the trapping number for two-


dimensional flow in an isotropic medium can be written
in terms of the conventional capillary number (Nc) and bond
number (Nb) that, respectively, measure the ratio of the
viscous and the gravity to capillary forces:


Nt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2


c þ N2
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and


Nb ¼
k r1 � r2ð Þg


s
ð5Þ


where k is the permeability and all other parameters are as
previously defined.
[11] Note that the angle g, which represents the angle that


the mobilized DNAPL makes with the horizontal x axis,
i.e., its dip, is


g ¼ arctan
Nb


Nc


� �
ð6Þ


The significance of equation (6) is that the ratio of the
magnitude of the buoyancy force to that of the viscous force
controls the flow direction of the displaced phase (i.e.,
mobilized nonaqueous phase liquid (NAPL)). To prevent
downward mobilization, the horizontal or lateral viscous
force has to be significantly larger than the buoyancy force,
so it is desirable that surfactant floods are designed such that
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the value of g is relatively small (less than 45� if possible).
Some laboratory experiments reported in the literature
employed flow rates that were extremely low. Conse-
quently, the bond number representing the buoyancy forces
in these experiments was significantly larger than the
capillary number that represents the viscous forces. As a
result, downward mobilization of DNAPL was observed.
Observation of downward migration in these experiments is
consistent with a gamma >70�. This demonstrates that while
there may be many important design considerations for
SEAR floods, the importance of the gamma angle concept
should not be overlooked.


3. Simulation of the Sandia Sand Tank
Experiment


[12] In this section, we present the simulation results of
the sand tank experiment conducted at Sandia National
Laboratories by Conrad et al. [2002]. This simulation study
illustrates the value of modeling in SEAR design, the kinds
of results that simulation can be expected to produce, and
how surfactant-induced mobilization of DNAPL can be
anticipated and controlled. The numerical simulator used
for this purpose is UTCHEM, a three-dimensional, finite
difference, multicomponent, multiphase compositional flow
and transport model. A detailed discussion of the UTCHEM
simulator is can be found in the literature [Delshad et al.,
1996; Pope et al., 1999]. To provide the context for the
discussion of the simulation results, a brief description of


the experiment presented by the Sandia team is presented
here.


3.1. Brief Description of the Experiment


[13] The artificial sand tank was constructed in a rectan-
gular container filled with four types of sand. The sands
range in texture from coarse to medium-fine with the
properties given in Table 1. A digital image of the sand
pack is shown in Figure 2. The internal dimensions of the
sand tank were 1-cm thick by 60.5-cm wide by 60-cm tall.
Both ends of the sand tank were fully screened to allow
inflow and outflow.
[14] The experiment described here started by injecting


TCE solvent into water-saturated sand to establish the initial
conditions for the subsequent surfactant flood. TCE solvent
was injected with a syringe pump at a rate of 0.25 mL/min
through an 18-gauge needle (0.84 mm ID) that was inserted
in the middle of the top manifold downward through the top
fine layer and into the underlying coarse layer. TCE
injection was terminated just as the vertical TCE finger
reached the fine sand layer at the bottom of the sand tank. A
total of 67 mL TCE was introduced, apparently with no
horizontal water flood occurring during the TCE release that
would mitigate its downward migration. A significant
amount of redistribution was observed once injection
ceased. Once redistribution had ceased, the surfactant
flood was conducted. Surfactant solution was introduced
through left side of the sand tank and fluid was produced
from the right side with a constant flow rate of approxi-
mately 5 mL/min. The surfactant composition for one of the
surfactant flood experiments was 1.6% sodium dihexyl
sulfosuccinate (Aerosol MA), 4% isopropanol, and 0.3%
NaCl in deaired, deionized water.


3.2. Description of Simulations


[15] The simulation domain was chosen to be exactly the
same as dimensions of the sand tank. The finite difference
grid used has 61 columns (x direction), 1 slice (y direction)
and 120 layers (vertical z direction) as shown in Figure 3.
TCE injection was located in grid blocks with coordinates
I = 31, J = 1, and K = 13, corresponding to the x, y, and z
directions, respectively. The hydraulic conductivity distri-
bution was mapped into the model according to the sand
type presented in Table 1. An average porosity of 0.35 was
assumed for all simulations. The compressibility of sand,
water and TCE were neglected since they are very small and
would have no significant effect on the results. The densities
of water and TCE solvent were taken as 1.0 g/cm3 and
1.46 g/cm3, respectively. The viscosity of water and TCE
solvent were 1.0 cp and 0.57 cp, respectively. The solu-
bility of TCE in the water phase was taken as 1400 mg/L.
Local equilibrium was assumed, so mass transfer between
phases was not rate limited in these simulations.


Figure 1. Schematic of phase 2 (DNAPL) displacement.


Table 1. Properties of the Sandia Sand Tank


Sand Sieve Size Grain Size: Minimum, Mean, Maximum, mm Porosity, % Permeability, m2


Coarse 12–20 0.84, 1.1, 1.7 34.8 632 
 10�12


Medium-coarse 20–30 0.50, 0.71, 1.0 34.8 255 
 10�12


Medium 30–40 0.42, 0.53, 0.60 35.4 120 
 10�12


Medium-fine 50–70 0.21, 0.26, 0.30 36.2 29.7 
 10�12
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[16] Saturation-dependent properties are capillary pres-
sure and relative permeability. Sufficient data are not
available to quantify these important properties. Pressure-
saturation curves between TCE solvent and air for three of
the sands measured within the chamber geometry were
reported by Glass et al. [2000] and used in the UTCHEM
simulations. In order to obtain a set of appropriate TCE-
water capillary pressure and relative permeability functions
for both drainage and imbibition processes for the sands
used in the experiment, a series of UTCHEM inverse
history matching simulations were conducted. That is, the
capillary and relative permeability model parameters were
adjusted so that the simulated distributions at the end of
TCE injection (Figure 4a) and at the end of TCE redistri-
bution (Figure 4b) matched the experimentally observed
TCE distribution (i.e., Figure 4c). Drainage data were used
for the simulation of the TCE contamination process and
imbibition data were used for the redistribution and surfac-
tant flood processes.
[17] The boundary conditions are no-flow at the top and


at the base as well as the front and back sides of the
simulation domain. Constant potential boundaries of one
atmosphere (14.7 psi) were specified at the sand tank inlet
and outlet boundaries for the TCE migration. A constant
flow rate of 5 mL/min at the inlet was implemented for the
surfactant flood.
[18] The following simulation studies were completed:


(1) simulation of the TCE spill, its migration and redistri-
bution process, (2) simulation of the Aerosol MA (sodium
dihexyl sulfosuccinate) surfactant experiment reported by
Conrad et al. [2002], (3) simulation of a surfactant flood
with a higher flow rate and surfactant concentration,
(4) simulation of a surfactant-polymer flood, (5) simulation
of a polymer flood followed by a surfactant-polymer flood,
and (6) simulation of the effect of a more realistic aquitard.


3.3. Simulation Results


3.3.1. Simulation of TCE Migration and Redistribution
[19] Figure 4a illustrates the simulated TCE saturation


profile at the time when TCE injection was terminated. A
total of 67 mL of TCE was injected. As Figure 4a shows,
TCE fingers just touch the top surface of the fine sand


Figure 3. Schematic of simulation grid and TCE entry
location. The color was added to increase the contrast of
different sand units. Yellow, coarse; green, medium coarse;
blue, medium; red, medium fine.


Figure 2. Digital image of a heterogeneous sand pack used in Sandia experiment.
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layer at the bottom of the sand tank at this time, which
is consistent with the actual experimental observation.
Figure 4b shows the simulated TCE saturation profile at the
time when TCE redistribution had ceased. A comparison of
Figures 4a and 4b indicates that a significant amount of TCE
redistribution occurred under the influence of gravity. More
importantly, a comparison of Figure 4b with Figures 2a and
4a of Conrad et al. [2002] shows that the simulated TCE
distribution is consistent with that of the their experimental
observations. As pointed out in the earlier sections of this
paper, the matching of TCE distribution was obtained by
adjusting the fitting parameters of the capillary pressure and
relative permeability functions. This exercise illustrates that
the UTCHEM simulator can accurately model the TCE
migration and redistribution process and provides a basis


for the comparative simulation studies presented in the
following sections.
3.3.2. Simulation of the Aerosol MA Surfactant
Experiment Reported by Conrad et al. [2002]
[20] The phase behavior of the sodium dihexyl sulfosuc-


cinate (Aerosol MA) surfactant system used by Conrad et al.
[2002] was studied by Zhong et al. [2001]. To simulate the
surfactant flood experiment, we converted the phase behav-
ior parameters reported by Zhong et al. [2001] into
UTCHEM input parameters. Three of the most important
parameters are interfacial tension between the TCE DNAPL
and the surfactant solution, the TCE solubility in the surfac-
tant solution, and the surfactant solution viscosity. The
measured interfacial tension was 0.62 dyne/cm, the TCE
solubility was 5080 mg/L, and the viscosity was 1.63 cp.


Figure 4. TCE saturation profiles at various stages of TCE contamination event.
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[21] Another important input parameter in the simulation
of surfactant flood is the capillary desaturation curve. As
pointed out in a previous section, the trapping number
concept was incorporated within UTCHEM to predict the
onset of DNAPL mobilization in heterogeneous conditions.
The experimental data from Pennell et al. [1996] and
Dwarakanath et al. [2002] were used to estimate the
UTCHEM input parameters for residual TCE saturation
calculation using the capillary desaturation curve and trap-
ping number relationship.
[22] Figures 5a–5f illustrate the simulated TCE saturation


profiles at different stages of the surfactant flood. The
saturation color bar used for Figure 5 and subsequent figures
for saturation profiles is the same as in Figure 4 for


comparative purposes. The results indicate that UTCHEM
can predict the surfactant process extremely well. As shown
in Figure 5a, UTCHEM correctly predicted the upstream
migration of previously trapped TCE at the left side of pool
#2 and pool #3. This upstream migration was observed in
the actual sand tank experiment. More importantly, the
UTCHEM simulation predicts significant TCE downward
mobilization as was observed in this experiment.


[23] UTCHEM simulation results show that the trapping
numbers were high enough to mobilize the TCE contami-
nant. The viscous forces that are reflected in the capillary
number were insignificant compared to the gravitational
forces reflected in the bond number due to the extremely
low horizontal flow rate used during the experiment, i.e., a


Figure 5. TCE saturation profiles at various stages of surfactant flood with surfactant system specified
in Sandia experiment.
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Table 2. Angle of DNAPL Mobilization With Respect to the Horizontal x Axis


Surfactant Experiment or Flood Hydraulic Gradient Angle g, deg


Ramsburg and Pennell [2001], MA-80 experiment 0.084 82
Ramsburg and Pennell [2001], Tween experiment 0.033 87
Conrad et al. [2002], MA-80 and Tween experiments 0.007 89
Kostarelos et al. [1998], experiment 0.056 85
Hill AFB 2002 surfactant-foam flood 0.80 25
Hill AFB 2000 surfactant flood 0.24 57
Hill AFB 1997 surfactant-foam flood [Hirasaki et al., 2000] 0.36 46
Hill AFB 1996 surfactant flood 1 [Londergan et al., 2001] 0.19 62
Hill AFB 1996 surfactant flood 2 [Londergan et al., 2001] 0.26 56
Camp Lejeune 1999 surfactant flood [Holzmer et al., 2000] 0.60 44


Figure 6. TCE saturation profiles at various stages of surfactant flood with higher flow rate and
surfactant concentration.
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hydraulic gradient of only approximately 0.007. The esti-
mated ratio of bond to capillary numbers is about 155:1 in
the Sandia experiment. Low flow rates and poor surfactant
solubilization are likely two of the primary reasons for the
observed mobilization path.
[24] The amount of TCE migrated into the bottom strata


of the sand tank can be estimated to be about 20% of the
67 mL injected (or 13.4 mL).
3.3.3. Simulation of Aerosol MA Surfactant Flood
With Higher Flow Rate and Surfactant Concentration
[25] There are two changes made in this case. First,


the simulated flow rate was increased from 5 mL/min to
50 mL/min. This change will increase the hydraulic gradient
from 0.007 to 0.07, a very achievable hydraulic gradient
under both laboratory and field conditions (see Table 2). By
doing so, the viscous force was consequently increased by a
factor of 10 without change in the bond number. Depending
on actual field conditions, a typical water flood will
generate a hydraulic gradient of 0.1. Surfactant-foam or
simple surfactant floods can create hydraulic gradients
range from 0.2 to 0.8 (see Table 2). Secondly, while keeping
the same Aerosol MA surfactant, a different surfactant
mixture was used in this case. The surfactant concentration
was increased from 1.6% to 8%, IPA concentration was
increased from 4% to 4.5%, and NaCl concentration was
increased from 0.3% to 0.67%. This surfactant mixture is
much more efficient in solubilizing TCE with a solubility of
250,000 mg/L. The phase behavior for this system has been
presented by Brown et al. [1999] and Dwarakanath et al.
[1999]. The measured interfacial tension between TCE and
this surfactant solution was approximately 0.01 dyne/cm;
the viscosity of this surfactant solution was 2.1 cp.
[26] Figures 6a–6f illustrate the simulated TCE satura-


tion profiles at different stages of the surfactant flood. A
direct comparison of Figure 6 with Figure 5 shows that that
TCE downward mobilization has been significantly re-
duced. The amount of TCE that migrated to the bottom of
the sand tank has been reduced to 10% of that introduced
into the tank and the rate of DNAPL downward migration
has been slowed. The simulation results clearly indicate that
surfactant-induced mobilization can be minimized, although
not necessarily avoided, even in this particularly unfavor-
able sedimentary condition.
3.3.4. Simulation of Surfactant-Polymer Flood
[27] Simulation results in case 3 show that surfactant-


induced mobilization can be minimized. In this section, we
show that downward mobilization can be further reduced by
including polymer in the surfactant solution to increase the
viscous force by increasing the viscosity of the displacing
phase. Young et al. [2002] achieved a hydraulic gradient of
2.5 during a surfactant-polymer flood at shallow depth (i.e.,
�10 m) causing stronger cross-formational flow. The addi-
tion of polymer also reduces the fingering and channeling
due to the heterogeneity of different sand units, and thus
improves the sweep efficiency of the flood by forcing
surfactant into lower-permeability lenses within the con-
taminated aquifer. This same principle can be used to force
bioamendments into low-permeability lenses.
[28] For this simulation study, a concentration 1,000 mg/L


of polymer was added in the surfactant solution. Addition
of polymer has no effect on the density of the injection
fluid which is about 1 g/mL, however the viscosity of


displacing fluid varies in the pore space, ranging from 2 to
7 cp depending on the local-scale polymer concentration
and sheer rate. Addition of polymer does not change the
magnitude of the bond number, but increases the capillary
number by a factor of 2 to 7 due to the changes in
viscosity. The trapping number will also increase according
to equation (3).
[29] Figures 7a–7d show the simulated TCE saturation


profiles at different stages of the surfactant-polymer flood
for this case. The simulation results show that the down-
ward mobilization of TCE has been reduced further and the
TCE removal efficiency has also been improved. In this
case, only 5.5% (3.7 mL) of the TCE DNAPL migrated into
the medium-fine sand unit at the bottom of the sand tank.
3.3.5. Simulation of Polymer Flood Followed by
Surfactant-Polymer Flood
[30] To illustrate that the downward mobilization of TCE


can be controlled, we show in this case a flood design
process consists of a 1 pore volume polymer flood followed
by a surfactant-polymer flood. The polymer flood would
displace any mobile TCE, i.e., TCE present at a saturation
exceeding the residual saturation, without reducing the
interfacial tension. The surfactant-polymer flood that fol-
lows would then solubilize or mobilize any residual TCE
remaining, depending on the volume of TCE present and
the trapping number. Figures 8a–8f show the simulated
TCE saturation profiles at different stages of the flood for
this case. The simulation results show that the downward
mobilization of TCE in to the 30-darcy sand unit at the
bottom of the sand tank has been largely controlled. In this
case, only 0.7% (�0.5 mL) of the TCE DNAPL has
migrated into the bottom of the sand tank.
3.3.6. Simulation of the Effect of a Realistic Aquitard
[31] The aquifer materials used by Conrad et al. [2002]


are extremely permeable. The coarsest materials (i.e., coarse
sand in Table 1) had a permeability of over 600 darcies (i.e.,
k = 600 
 10�12 m2; K � 600 
 10�5 m/s), while the
‘‘aquitard’’ (medium-fine sand in Table 1) had a permeabil-
ity of 29.7 darcies, (i.e., k = 29.7 
 10�12 m2; K � 29.7 

10�5 m/s).
[32] Typical aquitards beneath alluvial aquifers have per-


meabilities several orders of magnitude less than this value.
Therefore the final simulation addresses a more realistic
case in which a coarse alluvial sequence contains or is
underlain by a significant fine-grained unit that would act as
a true aquitard and deflect DNAPL migration or even
prevent it from further downward migration, i.e., form a
‘‘trap’’. High DNAPL saturations (e.g., >20%) are most
likely to be responsible for vertical DNAPL migration that
might cause further DNAPL spreading. However, high
DNAPL saturations are caused by DNAPL trapping above
low-permeability materials and these same materials inhibit
further spreading of DNAPL in alluvial systems.
[33] The likelihood that alluvial aquifers are underlain by


capillary barriers to DNAPL migration composed of low-
permeability silts and clays has been examined in detail by
Love et al. [1999]. Their analysis (p. 97) of paleochannel
deposits revealed in cross section in the Albuquerque Basin,
New Mexico led them to conclude that ‘‘over 90 percent of
the preserved channels have either free phase DNAPL
trapping potential (in two dimensions) or the ability to
control free phase DNAPL migration paths.’’ This observa-
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tion is further substantiated by considering the hydro-
stratigraphy of experimental DNAPL remediation sites
outside the U.S. southwest. For example, Canadian Forces
Base Borden in Ontario [Kueper et al., 1993], Hill Air Force
Base (AFB) in Utah [Oolman et al., 1995] and the Savannah
River Site in South Carolina [Ochs et al., 2003], all comprise
an alluvial aquifer underlain by or containing a clay unit that
has been observed to inhibit DNAPL migration. Thus
absence of a realistic aquitard detracts from the verisimili-
tude of the Sandia sand tank experiment.
[34] Therefore, while not changing the permeability of


the other aquifer materials used in the Sandia sand tank
experiment, the 29.7-darcy ‘‘aquitard’’ as the base of the
sand tank was replaced with a porous media having a
permeability of 30 mdarcies (i.e., k = 30 
 10�15 m2;
K � 30 
 10�8 m/s). The surfactant/alcohol system and
higher flow rate of scenario 3 were employed together
with this change in sand tank structure and the effect of
such changes on DNAPL mobilization was reexamined.
[35] Figure 9 shows that with a more realistic aquitard


forming the lower boundary, the mobilized DNAPL does
not penetrate this capillary barrier and most of it is recov-
ered by the ‘well’ at the downgradient side of the tank.
Figures 6 and 9 present equivalent cases in which the only


difference is in the permeability of the lowermost unit in the
Sandia sand tank. In this case, less than 0.5% (�0.33 mL) of
TCE DNAPL would have migrated into the aquitard.


4. Summary of Simulation Studies


[36] Figure 10 shows a comparison of vertical DNAPL
displacements in the five simulations conducted above. All
results are presented as a percentage of the 67 mL of TCE
DNAPL introduced into the Sandia sand tank [Conrad et
al., 2002]. The initial Sandia experiment vertically dis-
placed �20% after three pore volumes of fluid flow, while
we demonstrate that a higher surfactant concentration and
flow rate could reduce this to 10%. The use of polymer in
our surfactant flood simulations further decreased the
vertical displacement in both scenarios studied by reducing
the zones in which DNAPL had relatively high saturations
(>20%). With a more realistic aquitard and higher surfac-
tant concentrations and flow rates, only <1% of the
injected TCE penetrated the aquitard at the base of the
sand tank. Therefore we demonstrate that the removal of
99% of the DNAPL from an aquifer with the permeability
structure of the modified Sandia sand tank is possible. This
result is consistent with the 98.5% DNAPL recovered


Figure 7. TCE saturation profiles at various stages of surfactant-polymer flood.
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during the 1996 pilot surfactant flood at Hill Air Force
Base, Utah [Brown et al., 1999; Londergan et al., 2001]
from an aquifer/aquitard system similar to this modified
sand tank with a more realistic aquitard.


5. Discussion


[37] With this background, we now consider the ratio
of viscous and buoyancy forces for several sand tank
experiments and field-scale surfactant floods that are


reported in the literature to determine the cause of vertical
DNAPL mobilization during so many of these sand tank
experiments.
[38] Figure 11 shows the imposed hydraulic gradient,


which represents the viscous forces, plotted against the
value of gamma (g), which represents the angle that the
mobilized DNAPL makes with the x axis, positive clock-
wise (see Figure 1), for these surfactant floods. Table 2
summarizes these values in tabulated format. The results
show that the sand tank experiments have very high angles


Figure 8. TCE saturation profiles at various stages of polymer flood followed by surfactant-polymer
flood.
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of mobilization, which necessarily results in vertical migra-
tion of the DNAPL during surfactant flooding if mobiliza-
tion occurs. Figure 12 shows the trapping number plotted
against gamma for the same set of experiments and field-
scale surfactant flood data. Figure 12 can be divided into
three different zones in vertical direction according to the
magnitude of trapping number – zone of no mobilization,
zone of partial mobilization and zone of complete mobili-
zation based upon typical capillary desaturation curves [e.g.,
Dwarakanath et al., 2002]. When the trapping number is
small (approximately less than 10�5 or 10�4 under certain
conditions), no DNAPL mobilization occurs. This zone is
referred to as the zone of no mobilization. The gamma angle
has no real importance in this zone.


[39] When the trapping number falls in the range 10�5 to
10�2, reduction of trapped DNAPL saturation occurs and
some of the trapped DNAPL is mobilized. This zone is
referred as zone of partial mobilization. It represents the
transition from zone of no mobilization to zone of complete
mobilization. The importance of the range of capillary
numbers from 10�5 to 10�2 has long been well established
in the petroleum reservoir engineering literature and derives
from the experimental work of Stegemeier [1977] and
further developments [Willhite, 1986; Lake, 1989].
[40] The zone of complete mobilization falls in the region


where the trapping number is relatively high (more than
approximately 10�2) and the vast majority of trapped
DNAPL will be mobilized under the influence of viscous


Figure 9. TCE saturation profiles at various stages of a surfactant flood with the higher flow rate and
surfactant concentration of scenario 3 and a 30 mdarcy basal aquitard.
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and gravitational forces. The direction of DNAPL mobili-
zation, however, depends on the magnitude of gamma
angle. Therefore these two zones can be further subdivided
into three different subzones in the horizontal direction
according to the magnitude of the gamma angle, namely,
zone of low-risk downward mobilization, a transition zone,
and the zone of high risk downward mobilization, as shown
in Figure 12. When the gamma angle is small (less than


approximately 45�), viscous forces dominate the DNAPL
migration direction. Because the mobilized DNAPL under
this condition migrates toward the extraction wells under
the influence of hydraulic gradient, this zone is classified as
the zone of low-risk downward mobilization.
[41] As the gamma angle increases, the gravitational force


starts to play a more important role in the control of the
direction of DNAPL mobilization. Under the influence of


Figure 10. Percentage of TCE DNAPL (67 mL) that penetrates the lowest unit in the sand tank.


Figure 11. Hydraulic gradient versus gamma angle.


12 of 14


W01412 JIN ET AL.: CONTROL OF DOWNWARD MIGRATION OF DNAPL W01412







gravitational force, the DNAPL tends to migrate downward.
This zone of change in direction of DNAPL migration is
referred as the transition zone. When the gamma angle
reaches a critical value, roughly 70�, the gravitational force
completely dominates the viscous force and DNAPL
migrates largely downward instead of toward the direction
of extraction wells. This zone is referred as zone of high-
risk downward mobilization. It represents uncontrolled
downward DNAPL mobilization under the influence of
the gravitational force and should be avoided for any
surfactant flood operations.
[42] The surfactant floods conducted by Sandia [Conrad


et al., 2002] and Georgia Tech (Aerosol MA flood only
[Ramsburg and Pennell, 2001]) have values that fall in this
zone of uncontrolled mobilization as shown in Figure 12.
Therefore the downward DNAPL mobilization observed in
their experiments was the inevitable result of their experi-
mental conditions. Kostarelos et al. [1998] show an exam-
ple of a sand tank experiment using the same surfactant
system that did not show any downward mobilization. As
shown in Figure 12, surfactant floods conducted at Hill
AFB and Camp Lejeune also show much lower angles.
These field surfactant flood operations have values that fall
in either the zone of low-risk downward mobilization or the
transition zone and minimize vertical DNAPL mobilization.
For operational purposes such mobilization would be of
little consequence because both sites are underlain by thick
clay aquicludes of the kind described by Love et al. [1999],
which prevented DNAPL drainage of the large volumes


released at both sites and therefore explain the high initial
DNAPL saturations.


6. Summary and Conclusions


[43] 1. The onset of DNAPL mobilization can be
predicted by numerical simulations with simulators that
include the three-dimensional implementation of the
trapping number. UTCHEM is an example of such a simu-
lator. Given the potential for vertical DNAPLmobilization, it
is critical that aquifers be appropriately characterized so that
the volume and spatial distribution of DNAPL is appreciated.
[44] 2. The likelihood of DNAPL sinking can be


expressed as a function of the trapping number and the
angle that the viscous forces make relative to the gravita-
tional forces. Thus DNAPL mobilization can be controlled
by managing the ratio of horizontal or lateral viscous to
gravitational forces, although it is likely to occur to varying
extents if surfactants are used.
[45] 3. The strong viscous or shear forces yielding high


horizontal gradients during surfactant flooding are essential
to moving DNAPLs through porous media to extraction
wells without losing control of the DNAPL. If such forces
are not properly implemented, DNAPL zone sinking occurs
as has been shown in the Sandia experiment. These forces
for controlled mobilization can be achieved by the use of
polymer or surfactant-foam methods in the field.
[46] 4. The rapid and extensive downward mobilization


of DNAPL as observed in the Sandia sand tank experiment
is a result of the use of high permeability materials, weak


Figure 12. DNAPL mobilization zone classification map.
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viscous forces and low surfactant solubilization potential.
This consequence could have been anticipated by numerical
simulation beforehand.
[47] 5. Numerical simulation plays a significant role in


the design of either lab column experiments or field SEAR
application. A wide range of conditions can be simulated
numerically prior to the implementation of the test. That is,
the design process can be considered as a sensitivity
analysis exercise in which the heterogeneity in the perme-
ability field, DNAPL saturation distribution and other
critical variables are varied to produce a robust design. This
process was used during the period 1995–2002 by the
authors in the design of surfactant floods to remove DNAPL
that are referred to in Table 2 and Figures 11 and 12.
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the Editors of this journal and the anonymous reviewers.
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ABSTRACT: A polymer-surfactant flood was demonstrated for the recovery of coal tar
at a former manufactured gas plant (MGP) site.  The ground water was heated to reduce
the viscosity of the coal tar and improve solubility.  Polymer was used as a mobility
control mechanism to reduce the affect of textural heterogeneities.  In lab tests, the use of
polymer significantly increased surfactant effectiveness.  More than 80% of the coal tar
within the treatment zone was removed during the pilot study.  Approximately 10% of
the recovered coal tar was solubilized and about 90% of the coal tar was free-phase liquid
indicating that mobilization was the predominant removal mechanism.


INTRODUCTION
A demonstration of micellar-polymer flooding has been completed at a former


MGP site in Bloomington, Illinois.  The objective was to use Surfactant Enhanced
Aquifer Remediation (SEAR) to remove the free-phase coal tar from a shallow
subsurface water-bearing unit.  An innovation used during this surfactant flood was to use
polymer for mobility control.  Mobility control mechanisms reduce hydrodynamic
instability caused by viscosity contrasts and reduce inefficiencies caused by aquifer
heterogeneity.  Mobility control was previously evaluated for surfactant-flooding at Hill
Air Force Base, where injected foam was used to divert flow from high permeability
zones to low-permeability zones (Szafranski et al. 1998).  Hill Air Force Base is also the
site for the first full-scale remediation project using SEAR (Londergan et al. 2001).


The coal tar was present in the test area primarily as a dense non-aqueous phase
liquid (DNAPL).  Coal tar is a multi-component hydrocarbon, with a strong tendency to
adhere to all surfaces.  The design approach was to select a surfactant system capable of
recovering the coal tar by solubilization and by mobilization.  The objective was to
remove all of the free-phase coal tar, leaving only residual DNAPL that would be trapped
by capillary forces and would be incapable of flowing.


Site Description.  A site layout map is shown in Figure 1.  The test was performed in the
middle of the site near the location of a former gas holder.  Soil textures in the glacio-
fluvial deposits consist of sands, silts and clays. The water-bearing unit consists mainly
of sands and gravels of the Henry Formation, while an aquitard composed of low-
permeability glacial tills of the Wedron Group exists below the sands and gravels.  The
Henry Formation sediments are fining-upward from a basal gravelly sand to a silty sand.







Depths below ground
surface to the water-
bearing unit range
from 4 to approxi-
mately 28 feet.


An earlier
tracer test performed
in the demonstration
area determined that
the hydraulic conduc-
tivity ranges from 8.7
x 10-3 to 1.7 x 10-2


cm/s.  The direction
of groundwater flow
is to the northwest
and the topography is
steeply sloping to the
northwest.


Physical Properties of the NAPL.  Laboratory work showed that the coal tar has a
viscosity of about 65 centipoise (cP) at 24º C and a density of 1.08 g/cc.  The viscosity of
the coal tar was measured at various temperatures in order to determine the effect of
temperature on mobility.  The viscosity of the coal tar decreases with increased
temperature, as shown in Figure 2.  Lower NAPL viscosity improves both mobilization
and solubilization; therefore, the design of the surfactant flood included the injection of
heated water.


LABORATORY TESTING
Several laboratory


experiments were conducted to
select the appropriate surfactant
system.  A new series of
surfactant molecules had earlier
been designed by INTERA in
conjunction with the University
of Texas and synthesized by
SASOL Chemical Industries for
recovery of bunker fuel.  These
molecules are branched
propoxylated alcohol sulfates
trade-marked as AlfoterraTM 123-
8 PO Sulfate (referred to herein
AlfoterraTM).  This surfactant
was tested for use at the


FIGURE 1. Site layout with test location
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Bloomington site.
The laboratory experiments consisted of two tasks.  First, phase behavior


experiments were conducted for preliminary screening of the surfactants.  Second,
surfactant floods were performed in soil column experiments to evaluate the selected
surfactants under dynamic conditions in the presence of coal tar from the Bloomington
site.  A brief discussion of these experiments follows.  For a full discussion of the
selection of surfactant systems, the reader should consult Dwarakanath et al. (1999), and
Dwarakanath and Pope (2000).


Phase Behavior Experiments.  Surfactants are amphiphilic agents that show dual
behavior; i.e. they are both water and oil soluble.  Surfactants can decrease the interfacial
tension between water and NAPL, and increase the aqueous solubility of NAPL
components.


Phase behavior experiments were carried out with the AlfoterraTM surfactant and
the site coal tar at 40°C.  The surfactant concentration was varied between 4% and 8% by
weight.  Secondary butanol (2-butanol) was used as a cosolvent to improve phase
behavior and was varied between 0% and 8% by weight in the surfactant system.  The
phase behavior of the surfactant was adjusted by adding electrolyte in the form of
calcium chloride (CaCl2).  The CaCl2 concentration was varied between 0% and 6% by
weight in the surfactant system.


Soil Column Experiments.  Once candidate surfactant systems were identified by phase
behavior experiments, the systems were tested in soil column tests.  Soil column tests
quantify the behavior of a surfactant under dynamic conditions in the presence of field
NAPL and in simulated natural flow conditions (Dwarakanath et al. 1999).


Stainless steel columns were packed with Ottawa sand to achieve a hydraulic
conductivity on the order of 1 x 10-2 cm/s.  Coal tar obtained from the site was introduced
into the soil to obtain saturations of 6 to 12%.  The column was saturated using synthetic
ground water.  During the tests the pressure drop across the soil columns was monitored
using pressure transducers.  In two tests, surfactant solutions were injected into soil
columns followed by water flooding to recover the surfactant.  In an additional
experiment approximately 3 pore volumes of surfactant containing 1200 mg/L xanthan
gum polymer was used followed by polymer flooding. At the end of the floods, any
remaining NAPL was extracted from the soil columns using dichloromethane to
determine the mass of NAPL remaining.


Results of Laboratory Testing.  The results indicated that the surfactant can solubilize
up to 38,000 mg/L of the coal tar constituents.  GC data indicate that there was no
selective solubilization of individual coal tar components.


In the two soil column experiments without polymer, an oil bank was formed but
the surfactant fingered through the coal tar due to the large viscosity contrast.  Due to the
viscous fingering, coal tar dissolution was limited by poor contact with the NAPL.
Experiment results indicate that even though a peak concentration of around 40,000 mg/L
was measured, a rapid tailing of contaminant concentrations due to bypassing of coal tar
indicated inefficient solubilization.  Bypassing was avoided by the addition of polymer in
Experiment 3, which improves contact and therefore solubilization.  The effect of the







addition of polymer can be seen in Figure 3.  The
addition of polymer improved performance while
reducing the pore volumes of surfactant required.


Well Field Design.  The well field was designed after
several iterative modeling steps with the UTCHEM code.
Use of polymers provides special problems for hydraulic
control.  The final design was a modified dipole, with a
single injector, two extractor and three back-stop
hydraulic control wells. The simulations indicated that
this well field could efficiently capture the injectate and
eliminate the risk for off-site migration of mobilized coal
tar.  The distance between the injector and the outboard
extractor was approximately 4.5 m.  The pore volume of
the test was approximately 7,000 L (1,850 gallons). The
orientation of the wells is shown in Figure 4.


Hydraulic control wells are 2-inches in diameter
and the injector and extractors are 4 inches.  All casings
and screens consist of stainless steel pipe.  The total
depths of the wells are 28 feet below ground surface.  The
screened sections are ten feet in length are continuously-
slotted with 0.020-inch (0.5 mm) openings.


FIELD DEMONSTRATION
The surfactant flood field


demonstration took place during the
first two weeks of April 2001.
Equipment setup was performed
during the first week and the flood was
conducted during the second week.


Equipment Setup.  A schematic of the
test system is shown in Figure 5.  All
components were assessed for
compatibility with the injectate and
with coal tar.  Most of the piping used
to transfer injectate was polyethylene
tubing.  Extracted fluids were
transferred with reinforced rubber
hose.  All fluid flows were controlled
with ball valves and measured using
electronic totalizing flow meters,
except for the electrolyte which was
fed into the injectate stream using a
metering pump.  The accuracy of the
meters was verified by bucket tests and


FIGURE 3.  Two column 
studies; a surfactant flood on 


the left and an micellar-
polymer flood on the right.
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FIGURE 4.  Design of the wellfield; IN-1 is 
the injector, EX-1 & 2 are extractors and HC-


1, 2 & 3 are hydraulic control wells







using appropriate fluid
viscosities.


Fluids were recovered
from the extraction wells
with pneumatic double-
diaphragm pumps.  Drop
tubes were placed in these
wells to recover DNAPL
from the base of the aquifer.
The test wells were instru-
mented with pressure trans-
ducers.  Well IN-1 and EX-1
were instrumented with ther-
mocouples.


Thermocouple and
transducer readings were
recorded using a data logger.


Chemical Mixing.  The
surfactant and alcohol were
mixed in a concentrated batch
mixture in an 11-m3 (3000
gallon) tank.  This mixture
contained 2,800 kg of
AlfoterraTM and 1,634 kg of
secondary butyl alcohol.  A
concentrated mixture of
calcium chloride electrolyte
was placed in a 1.9-m3 (500
gallon) tank.  A total of 57 kg
of polymer was mixed in a 15-m3 (4000 gallon) tank.  The mixing of xanthan biopolymer
is a somewhat complex process involving the suspension of a fine powder in water and
the subsequent hydration of the powder grains using high-shear pumps.


First Preflood (Aquifer Heating).  Heated water was injected into well IN-1 and
groundwater was extracted from well EX-1. Two electric industrial water heaters were
used.  The temperature of the extracted water reached 35°C after five days of heating.
Electrolyte was added to the injectate during all phases of testing to minimize clay
mobilization.


Injectivity Test.  An injectivity test was conducted to assure that injection of the viscous
polymer solution could be maintained on a sustained basis at the planned flow rate.  The
test is a quality assurance measure to demonstrate the proper mixing of the polymer.
The injection pressure remained constant during a one hour test.  The test indicated that
the formation could sustain the planned polymer injection rate.  The gradient between the
two wells was 2.5 ft/ft.
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Figure 5.  Schematic of Injection and Extraction Systems







Second Pre-Flood (Stabilizing the Flow Field).  The second pre-flood was initiated
after the temperature of the extracted water reached 35°C.  The objective of the second
pre-flood was to begin injection in the hydraulic control wells and pumping from the
second extraction well and thereby produce and stabilize the groundwater flow field that
would be used during the surfactant flood.  The duration of this pre-flood was 1.5 hours.


Polymer/ Surfactant Flood.  The polymer/ surfactant flood was begun immediately after
the second Pre-flood.  Injection of the polymer/ surfactant solution lasted for 2.6 days,
which equates to a flush of three pore volumes of polymer/surfactant solution. The
temperature of the injectate was maintained at 40°C.  The surfactant/ polymer solution
consisted of potable water mixed with 4% surfactant, 8% secondary butyl alcohol, 0.13%
polymer, and 0.08% CaCl2. The surfactant/polymer solution was injected into well IN-1
at a rate of 7.6 L/min.  Heated water containing electrolyte was simultaneously injected
into the hydraulic control wells.  Aqueous and coal-tar phases were extracted from
extraction wells EX-1 and EX-2.


Polymer Post-Flood.  Once all of the surfactant solution was injected, a polymer flood
was used to recover the surfactant remaining in the test zone.  The polymer concentration
was the same as was used during the surfactant/ polymer flood and also included
electrolyte. As was the case for the surfactant/ polymer flood, all injected fluids were
heated.  The duration of the post-flood was 16.5 hours, which was just over one pore
volume.


RESULTS
Effluent samples obtained during the pre-flood contained some free coal tar,


although some of the initial samples contained sediment that was derived from the
development of the sand-pack and aquifer materials near the well.  The effluent samples
were analyzed for concentrations of solubilized coal tar using EPA 8260 – modified.  The
volume of mobilized coal tar was estimated by measuring the free phase in each of the
samples.


Figure 6 displays extraction rates and the oil cut (i.e. coal tar fraction) in extracted
fluids.  Extraction rates decreased by nearly 50% as the polymer/ surfactant flood
progressed, due to the viscosity of the polymer.  The water level in Well EX-1 decreased
steadily during the first 1.5 days.  The oil cut (percentage of DNAPL in extracted fluid)
from EX-1 remained at approximately 1% during the course of the flood.  The oil cut
from EX-2 increased to more than 8% during several periods.


The concentration of solubilized coal tar that was recovered from EX-1 rose to
more than 9,400 mg/L after 10 hours of flooding.  The average concentration in this well
was about 2,400 mg/L during the flood and post-flood.  The concentration in Well EX-2
rose to 7,400 mg/L after approximately 2 days of flooding.  The difference in
concentrations is probably due to the greater amount of dilution that would have occurred
at Well EX-2.  Conversely, the oil cut from EX-2 was three times higher than from EX-1
(3% compared to 1%). The oil cut from EX-1 remained consistently at 1% while from
EX-2 the oil cut ranged from 1% to about 8% by volume. From Extraction Well EX-1, a
total of 156 L of solubilized coal tar was produced and 413 L of mobilized coal tar was
produced.  From Extraction Well EX-2, the recovery was 134 L as solubilized and







1,774 L as the free phase.  Therefore, the total recovery of coal tar from the test zone
during the polymer/ surfactant flood and post-flood amounts to 2,476 L.  This volume
amounts to 35% of the test-area pore volume of 7,000 L.  Figure 7 is a time-sequence of
samples from the two extraction wells.


Five soil samples were collected both before and after the demonstration using a
Geoprobe™ in order to verify the effectiveness of the flood.  The soil samples acquired
before the flood appeared to have flowing product in them.  The samples acquired after
the flood had no free product associated with them.  Comparison of analyses from before
and after flooding indicate that 92% of the benzene and from 60% to 90% of the various
PAH components were removed from the soil within the test area.
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FIGURE 6.  Fluxes of aqueous and coal tar phases during the flood and post-flood
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