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4.3.3.3 Dissolved chemical discharge from fractured clay

Recent experimental and theoretical studies have demonstrated that DNAPLs present in fractures in low
permeability fractured porous media can dissolve and diffuse from the fractures into the matrix (Parker
etal., 1994; 1997; Ross and Lu, 1999; Slough et al., 1999; Esposito and Thomson, 1999; O’Hara et al.,
2000; Reynolds and Kueper, 2001; 2002; 2004; Parker et al., 2004). This relatively rapid mass transfer
into the porous matrix occurs because of the sharp concentration gradients that exist after a DNAPL enters
a fracture. Once the matrix has been contaminated, the contaminant can slowly diffuse back into water
flowing through the fractures, leading to a long-term source of groundwater contamination. It is possible
that after all of the DNAPL has been removed from a contaminated site, this dissolved mass trapped in the
low permeability matrix could continue to act as a groundwater source term, perhaps for hundreds of years
(Parker et al., 1997; Esposito and Thomson, 1999; Reynolds and Kueper, 2002).

Reynolds and Kueper (2002) provide some compelling analyses of the possible long-term behavior of
DNAPL chemicals in fractured clays. They considered a case where 5 ml of a DNAPL were spilled into
a 30 wm aperture fracture in a 3 m thick clay aquitard. Following the DNAPL release, they simulated the
immediate flushing of the fracture with clean water under a gradient of 0.01. Because of the very large
surface area and small volume of the fracture, the DNAPL only persists in the fracture for a few hours or
days, and essentially all of it diffuses into the clay matrix, despite the clean water flush of the fracture.
However, the water exiting the fracture following the clean water flush is contaminated, and a significant
result of their analysis is that the chemical concentration leaving the aquitard remains above regulatory
limits for 1,000 years or more under this scenario.

The purpose of this study was to explore the matrix diffusion process further, and in particular to assess

the likely impact to a potable water aquifer that might underlie a contaminated aquitard (Falta, 2005). The
primary scenario that will be considered here is shown in Figure 4.3-24. It is assumed that a DNAPL spill
has occurred on top of a fractured clay aquitard, and that a small amount of the DNAPL has penetrated the
fractures, but that no DNAPL has reached the aquifer itself. Under these conditions, it is well known that
the DNAPL will disappear relatively quickly owing to matrix diffusion effects (Parker et al., 1994; 1997;
Reynolds and Kueper, 2002). If a downward gradient is imposed across the aquitard (caused, for example,
by groundwater pumping), then contaminated water leaving the aquitard will serve as a long-term source of
groundwater contamination.

Single fracture simulations were used to examine the sensitivity of the contaminated fractured clay system
to fracture flow rates and contaminant decay in the clay matrix. These simulations were performed

using the T2VOC compositional multiphase flow simulator, developed at Lawrence Berkeley National
Laboratory (Falta et al., 1995). The simulation grid is similar to that used by Reynolds and Kueper (2002);
it explicitly discretizes a single fracture and the clay, with a very fine grid spacing (~100 um) in the clay
near the fracture. A total of 2,700 gridblocks are used in the simulation. The fracture aperture was either
30 or 100 um, the clay was 3 m thick, with the same properties as in the Reynolds and Kueper case: a
very low permeability (1.0 x 1017 m? ), a high fraction of organic carbon (0.01), and a moderate porosity
(0.3). The DNAPL is given the properties of TCE, the aqueous diffusion coefficient was set equal to

1.0 x 10 m? /s , and the tortuosity is taken to be 0.67 following Millington and Quirk (1961). The fracture
apertures of 30 and 100 um used in this study fall within the 1 to 100 pm aperture range typically reported
for shallow clay deposits (Parker et al., 1994).
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Figure 4.3-24. Conceptual view of a fractured clay aquitard. While the aquitard has a low effective
hydraulic conductivity, water can flow through the fractures into the aquifer below.
Contamination in the clay aquitard can then contaminate the upper part of the aquifer as
shown (Falta, 2005).

To focus mainly on the long-term behavior of this TCE source, the DNAPL emplacement process is
simplified somewhat compared to Reynolds and Kueper (2002). Instead of simulating a 5 ml DNAPL
spill, the initial condition in these simulations is a DNAPL residual saturation of 10% or 3% throughout the
fracture, depending on its aperture. This corresponds to an initial TCE mass of 13.56 g for either fracture.
Because of symmetry, only half of the fracture/clay is simulated, and a no-flow outer boundary at 1.45 m
corresponds to an equivalent fracture spacing of 2.9 m. The simulations each consist of two parts. In part
one, the 13.56 g of TCE DNAPL is placed in the fracture with no water flow and allowed to equilibrate for
a period of 20 years. Interestingly, the DNAPL phase disappears from the fracture in a few hours in this
scenario, as a result of aqueous phase diffusion into the clay matrix. This is somewhat faster than Reynolds
and Kueper (2002) simulated, but their DNAPL saturations in the upper part of the fracture were higher
because of their DNAPL release scenario. As Reynolds and Kueper (2002) have pointed out, behavior of
DNAPL in the fracture is very sensitive to the precise initial and system conditions.

Figure 4.3-25 shows the aqueous concentration of TCE in the fracture over the 20-year equilibration period.
Once the DNAPL phase disappears, the concentration in the fracture shows a logarithmic decline down to a
value of about 2270 pg/L, a reduction of a factor of 440, due to diffusion into the matrix. All of the initial
TCE mass remains in the volume. After 20 years, a strong concentration gradient still exists in the clay, and
significant dissolved concentrations have reached the model boundary at 1.45 m from the fracture.
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Figure 4.3-25. Simulated TCE aqueous concentration in the fracture during the 20-year equilibrium period
for a 30 um fracture with no TCE decay and a clay f of 0.01 (Falta, 2005).
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Part two of the simulation models clean water flushing of the fracture under a vertical gradient of 0.01. For
30 um, the equivalent parallel plate permeability is 7.5 x 10! m?, so the imposed gradient results in a Darcy
velocity of 0.64 m/day, or a water flow rate of 19.2 mL/day. At 100 years, the concentration gradients in
the clay have become smaller, but they are still present. For the 30 um fracture case, after 100 years of
flushing, the matrix and fracture effluent concentration (Figure 4.3-26) remains fairly high, and only about
7% of the TCE has been removed from the system. Even after 2,851 years (the end of the simulation),

for the 30 um fracture, high concentrations of the TCE remain in the system, and the fracture effluent
concentration is still about 240 pg/L (Figure 4.3-26).

As noted by Reynolds and Kueper (2002), the contaminant removal by fracture flushing occurs in this case
on a time scale measured in the thousands of years. However it should be recognized that this scenario did
not consider any type of chemical or biological degradation of the TCE. It is not known at what rate, or by
what mechanisms chlorinated solvents might degrade in a low permeability matrix, but it is plausible that
some degradation could take place. To illustrate the possible importance of TCE degradation, a second
simulation was run, using identical parameters, but assuming that the TCE can degrade in the aqueous
phase, with a half life of 10 years. This half life is substantially longer than what is often observed in
dissolved TCE plumes at field sites (Weidemeyer et al., 1999), and the production of daughter products is
neglected. This simulation also uses a lower fraction of organic carbon in the clay compared to the previous
simulation, 0.002 instead of 0.01. The same initial TCE mass is present in both cases. The fracture effluent
from this case with TCE degradation is shown as the curve with grey diamonds in Figure 4.3-27. While the
early time behavior is similar to the simulation with no degradation, a large effect is seen beginning at about
10 years. The fracture effluent concentration drops below 1 pg/L in less than 300 years in this case.
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Figure 4.3-26. TCE concentration in the fracture effluent for the 30 um and 100 um fractures. There is no
decay of TCE in the clay matrix and the = 0.01 (Falta, 2005).

The amount of flushing that takes place in a 30 um fracture is relatively small because of the small area of
the fracture. As the fracture aperture increases, the flow rate through the fracture increases approximately
as the cube of the aperture. Thus, a 100 um fracture (which represents the largest aperture typically found
in a fractured clay) would conduct 37 times more water than a 30 um fracture under the same gradient. A
pair of simulations was performed using a 100 um fracture aperture. The other system parameters were
maintained at their previous values, and the total TCE mass initially in the fracture was the same as in the
previous cases. Following the 20-year equilibration period, the fracture was flushed at a Darcy velocity
of 7.1 m/day, or a flow rate of 710 mL/day, corresponding to a hydraulic gradient of 0.01. The simulated
fracture effluent is shown in Figure 4.3-26 for a case with no TCE degradation (white squares), and in
Figure 4.3-27 for a case with TCE degradation (white squares). Here, the larger rate of flushing leads to a



more rapid depletion of the TCE mass in the clay, and the curves begin to drop after about 1 year. Although
the decline in fracture concentration is more rapid in this case than it was for the 30 um case, the time

scale for achieving regulatory limits in the fracture is still on the order of 1,000 years for the case without
any TCE degradation. As would be expected, including TCE degradation speeds up this process, and the
fracture concentration drops below 1 pg/L at about 150 years.
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Figure 4.3-27. TCE concentration in the fracture effluent for the 30 um and 100 pum fractures. The
dissolved TCE has an aqueous phase half-life of 10 years in the clay matrix and the
/,.=0.002 (Falta, 2005).

4.3.3.4 Monte Carlo simulations of source behavior with remediation

Addressing the benefit of DNAPL source remediation effort on plume response is a difficult challenge due
to the intrinsic complexities and uncertainties in the process and performance of these remediation efforts
(Falta et al., 2005a, Falta, 2007). Uncertainties and variability in parameters arise from hydrological and
biogeochemical properties (e.g., hydraulic conductivity), from the effects of remediation (fraction of source
removal, effect of source removal on discharge, rate of natural or enhanced attenuation in plume), and from
the site condition and history (size and timing of contaminant releases, discharge to groundwater).

Several three-dimensional multiphase numerical models of source zone behavior that account for these
parameters have been developed (see Falta et al., 1992, 1995; Delshad et al., 1996). These codes have been
useful for improving the understanding of the physical and chemical processes that control the contaminant
fate, transport, and removal in the source zone. These models use the deterministic approach, taking a
single value for each parameter (perhaps in each gridblock), leading to a single prediction of the system
response. Typically, these are selected to be “best estimates™ or sometimes “worst case values”. In reality,
the hydrogeologic, geochemical, and process parameters used in a model are either variable, uncertain, or
both variable and uncertain. The deterministic model does not reflect the nature of overall uncertainty in a
simulation. The best approach to capture this inherent uncertainty is probabilistic simulation (e.g., using the
Monte Carlo method), in which the uncertain parameters are represented by probability density functions
(PDFs), and the result itself is also represented by a probability distribution.

Predicting the effect of the source remediation on plume behavior also has been limited by the lack of

tools that explicitly link source and plume remediation (Falta et al., 2005a, Falta, 2008). A new analytical
model, called REMChlor, coupling source and plume remediation, was developed to evaluate the impact of
source and plume remediation at a more generic and strategic level (Falta, 2008). This transport model is
not specific to any remediation technology. The contaminant source remediation is simulated as a fractional
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removal at a future time; plume remediation is modeled considering decay rates of parent and daughter
compounds that are variable in space and time (Falta, 2008).

In the present work, the DNAPL source function from the new analytical transport code was linked to a
commercial probabilistic simulation software (GoldSim, 2007). Probabilistic simulations were conducted to
evaluate the influence of the uncertainty in parameters on the effectiveness of source remediation in terms
of the source discharge.

Among several commercial packages, GoldSim software (GoldSim, 2007) was chosen to perform
probabilistic simulations. GoldSim is widely used in the nuclear industry for conducting performance
assessment calculations. The analytical FORTRAN code for the DNAPL source function, REMChlor, was
linked to GoldSim through a dynamic link library (DLL) approach. The probabilistic simulation model
was developed by solving Equations (4.3-6) and (4.3-7) analytically (see Falta et al., 2005a), and using that
analytical solution as the simulation model in GoldSim.

The solution of Equation (4.3-7) with the power function (Equation 4.3-6) can be used to predict the time-
dependent depletion of the source zone mass by dissolution. The time-dependent mass is then used in
Equation (4.3-6) to calculate the time-dependent source discharge. This model can simulate a wide range of
source responses to mass loss, and it can include effects of remediation (Falta et al., 2005a).

The input variables for the current probabilistic DNAPL source model include the initial source DNAPL
mass (M, ), the initial average source concentration (C,, ), the exponent of the power function (T,
gamma) relating source strength to source mass, the source decay rate by processes in addition to
dissolution (A ), the water flow rate through the source zone (Q ), and the mass fraction (X') of the source
removed by a source remediation effort. All of these input variables are uncertain, but the largest uncertainty

is likely to be in the power function exponent, I', in the initial DNAPL source mass, M, , and in the
fraction of source removed by remediation, X.
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Figure 4.3-28. Two input probability distribution functions (without source remediation).

Two examples are given to illustrate the probabilistic DNAPL model. The first example is a probabilistic
simulation using the DNAPL source function model, Equations (4.3-6) and (4.3-7) without any remediation
effort (only natural rates of dissolution) for a hypothetical DNAPL site. The power function exponent

was assumed to have a log-normal distribution with a mean value of 1, and a range between 0.5 and 2 for
most values (Figure 4.3-28). The initial DNAPL source mass was treated as a stochastic variable, using a
triangular PDF with a most likely value of 1000 kg, a minimum value of 500 kg, and a maximum value of
2000 kg (Figure 4.3-28). All of the other variables were held constant in this simulation (Table 4.3-5).



Table 4.3-5. Constant input parameters used in probabilistic simulation applications.

Input Parameter Value
Averaged Initial Concentration 100 mg/L

Darcy Velocity 20 m/yr

X-section Area 30 m?

Porosity 0.33

Source Decay Rate 0 l/yr

Time until Remediation 31yr

Period of Remediation 0.5 yr

One thousand Monte Carlo deterministic runs were used to generate the time-dependent statistical results.
Unlike a conventional deterministic simulation that only gives a single prediction of system behavior, the
probabilistic simulation output shows the mean and ranges of possible system behavior (the time-dependent
source concentration and mass discharge here) responding to the stochastic input variables (I" and M, ).
The overall source concentration (Figure 4.3-29) tends to drop gradually due to the natural dissolution,
faster in the first 40 years and slower after that. Note that with an initial value of 100 mg/L, the source
concentration after 100 years natural dissolution still remains at a mean value of about 1.2 mg/L.

Mass discharge leaving the source zone is linearly related to the source concentration so that it shows a
similar trend as the source concentration. The initial mass discharge is 60 kg/yr and it gradually decreases
to about a mean value of 0.8 kg/yr after 100 years of natural dissolution. This high source concentration and
mass discharge may still result in a large dissolved plume zone.

Concentration vs. Time
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Figure 4.3-29. Probability simulation output of source concentration (without source remediation).
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The second example is a probabilistic simulation using the DNAPL source function model with source
remediation (see Falta et al., 2005a). Source remediation was assumed to be conducted at the 31 year after
DNAPL release and lasted for a half year. In addition to two stochastic variables (M, and I ) in the first
example, the fraction of removed source mass, X, was also considered as a stochastic variable, using a
triangular PDF with a most likely value of 80%, a minimum value of 60%, and a maximum value of 95%
(Figure 4.3-30). All of the other variables were held constant as in the first example, and 1000 Monte Carlo
deterministic runs were used to generate the time-dependent statistical results.
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Figure 4.3-30. Three input probability distribution functions (with source remediation).

Again, the probabilistic simulation outputs show the mean and ranges of possible time-dependent source
concentration and mass discharge responding to three stochastic input variables (I, M and X'). The
overall source concentration range shows a similar gradual decrease in the first 31 years due to the natural
dissolution (Figure 4.3-31). As the result of a half-year source remediation effort started at the 31* year, a
sharp drop of concentration occurred in a short period of time. Following a half-year remediation effort,
the mean value of the source concentration drops to 1.2 mg/L at the 53" year and around 0.3 mg/L at the
100" year, respectively. The simulation result also indicates a decrease of uncertainty that is reflected by a
narrower band of source concentration range.

Mass discharge leaving the source zone shows a similar trend as the source concentration. The mass
discharge gradually drops in the first 31 years due to the natural dissolution process. A sharp drop of mass
discharge then occurs in a short period of time after the source remediation effort. Following the half year
remediation effort, the mean value of the mass discharge decreases to 0.8 kg/yr at the 53™ year and less than
0.2 kg/yr at the 100" year, respectively. Compared to the first example, the second example would result in
a smaller dissolved plume zone due to the source remediation effort. The probabilistic simulation outputs
for both examples show that the uncertainty in source concentration and discharge is increasing with
increasing time.
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Figure 4.3-31. Probability simulation output of source concentration (with source remediation).

In summary, the GoldSim model is capable of performing the probabilistic simulation using the DNAPL
source function model. It took less than a minute of computer time on a personal computer to run 1000
Monte Carlo realizations using the DNAPL source function model linked to GoldSim through a DLL
approach.

Although only three stochastic input variables have been tested at this point, it is evident that this model
can account for more uncertain variables, such as groundwater velocity, retardation factor, and plume decay
rates. By using the full source and plume function model and considering all the uncertainties occurring
during process and performance of DNAPL remediation efforts, probabilistic simulation can better

predict the impact and benefit of source and plume remediation and form the basis for decisions regarding
remediation alternatives.

4.3.3.5 Simplified contaminant source depletion models as analogs of multiphase simulators

Four simplified DNAPL source depletion models recently introduced in the literature are evaluated for
the prediction of long-term effects of source depletion under natural gradient flow (Basu et al., 2008b).
These models are simple in form (a power function equation is an example) but are shown here to serve
as mathematical analogs to complex multiphase flow and transport simulators. The spill and subsequent
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dissolution of DNAPLs was simulated in domains having different hydrologic characteristics (variance of
the log conductivity field = 0.2, 1 and 3) using the multiphase flow and transport simulator UTCHEM. The
dissolution profiles were fitted using four analytical models: the equilibrium streamtube model (ESM), the
advection dispersion model (ADM), the power law model (PLM) and the Damkohler number model (DaM).
All four models, though very different in their conceptualization, include two basic parameters that describe
the mean DNAPL mass and the joint variability in the velocity and DNAPL distributions.

Three of the four source depletion models (ESM, ADM and PLM) can be expressed in a generalized form
where the flux-averaged concentration exiting the source zone, C, [ M/L? ], can be related to a source depletion
term, SD:

C,,)

»fC,OCS
where C| is the solubility of the DNAPL in groundwater [M/L?], ¥, is the number of pore volumes of natural
flowing groundwater that have traversed the source zone, and the contaminated fraction, £, , is the fraction

of the streamlines initially containing DNAPL. The three models differ only in the formulation of SD. The
DaM has a different form but simplifies to the PLM under specific conditions, as described in detail below.

=1-SD(V,) (4.3-57)

The equilibrium streamtube model (ESM) is based on a Lagrangian approach where the DNAPL source
zone is conceptualized as a collection of non-interacting streamtubes, with hydrodynamic and DNAPL
heterogeneity represented by the variation of the travel time and DNAPL saturation among the streamtubes.
Using the concept of reactive travel time, SD(V)) is equivalent to the cumulative distribution function of t
(Jawitz et al., 2005):

I 1 In(V,) — ,,
SD(,) =+ erf [”—1] (4.3-58)

O-lnT \/E

where . and 6, _are the mean and standard deviation of the log transformed variable In 7 .

Equation (4.3-58) is appealing in that it is a compact analytical expression that can be employed in a
spreadsheet type application to efficiently explore key system parameters that are frequently identified

as playing a central role in the natural gradient depletion of a DNAPL source zone, including: the total
DNAPL mass and the mean travel time (directly related to the first moment of S and ¢ ), the variability of
the Lagrangian DNAPL architecture (related to the second moment of S') and the variability of the velocity
field (second moment of # ). Further details of the ESM approach are presented in Jawitz et al. (2005).
Here, we will use p,, . and o, _ as fitting parameters to simulate the source depletion profile. Physically,

W, . quantifies the mean of the combined hydrodynamic field and DNAPL architecture, while ,, . quantifies
the variability of the two distributions (Jawitz et al., 2005).

Jury and Roth (1990), among others, have demonstrated the mathematical similarity of the advection
dispersion equation and the lognormal travel time distribution. An alternative to representing SD(V, ) as
the cumulative distribution function of the lognormal variable T would then be the dimensionless analytical
solution for the advection dispersion equation (continuous injection; injection and detection in flux) given
by (Kreft and Zuber, 1978):

1 P 1 P
= /— - ~ /— 4.3-59
SO, =erfel |- 7 (R=V,) |+—exp(Perfe| | — 7 (R+V,) (4.3-59)

where P is the Peclet number and R is the retardation coefficient. The Peclet number is used here in a
manner analogous to 6, . in the ESM, functioning as a variability index to describe the combined effects

of hydrodynamics and DNAPL architecture. The retardation factor, R, is used to describe the total mass

of DNAPL in the source zone in a manner similar to p, . . Note that R represents the DNAPL mass in the
contaminated zone and can be converted to a total-domain retardation using f, , as described in Jawitz et al.,
2003.



Power law source depletion models have recently been presented by Zhu and Sykes (2004) and Falta et al.

(2005a). The concept behind the PLM is to relate C, to changes in DNAPL mass though an empirical
variability index. Such models can be generalized as:

Bp
SD(Vp) =1- [M] (4.3-60)
My,
where M(V,) is the DNAPL mass in the source zone after V, pore volumes of flow, M, is the initial
DNAPL mass in the source zone, and f3,, is an empirical index that is a function of the variability of both
the DNAPL distribution and the permeability field. Combining equations (4.3-57) and (4.3-60), C, can be
expressed as:

(4.3-61)

M)
M

CJ(VP) = .G, I:

S,0

The parameter 3, is similar to the variability parameter o,  in the ESM and increases with increasing
domain heterogeneity (Falta et al., 2005a).

Parker and Park (2004) presented a simplified model for estimating DNAPL source zone depletion based on
the concept of an effective Damkohler number Da:

C,,)
C

N

=1—exp[-Da| (4.3-62)

Here, Da=x,,L;/ q where x,,[T'] is the field-scale effective mass transfer coefficient, L  is the source
zone length in the mean flow direction, and g [LT'] is the average Darcy flux for the source zone. The form
of this equation is slightly different from the previous three models and thus C, (¥, ) cannot be expressed in
terms of SD(V,). The effective mass transfer coefficient (k ), is related to changes in the DNAPL mass and
the average groundwater velocity (Parker and Park, 2004):

A By
7 V(M)
K‘eﬁf =K, (?) [T) (4.3-63)

s o

where KS [LT'] is the average saturated hydraulic conductivity of the source zone, and x,[T'] B, , and 3,
are empirical fitting parameters. The parameter 3, describes rate limited dissolution that is neglected in the
other models. For all values of 3, except 1 the flux-averaged concentration exiting the source zone is a
function of the Darcy flux, indicating that changes in contact time between the advecting groundwater and
the DNAPL phase result in rate limiting effects. The “mass depletion exponent” B3, is related to the
groundwater velocity distribution, the DNAPL geometry, and the correlation between the two (Parker and
Park, 2004).

The ESM, ADM, PLM, and DaM were evaluated for their ability to serve as mathematical analogs to
simulations conducted using the multiphase flow and transport simulator UTCHEM (Delshad et al., 1996)
over a range of hydraulic conductivity field variances ( O'lzng ). The 2-D model domain was 30 m long
(x-direction) and 10 m deep (z-direction) with 60 cells along the x-direction and 125 cells along the
z-direction. The parameters used in the UTCHEM simulations were selected to represent typical values,
consistent with recent numerical simulations of multiphase flow and transport. After the DNAPL spill, the
dissolution process was initiated through a pair of fully-screened injection and extraction wells at the left
and right boundaries. The dissolution kinetics of the DNAPL were evaluated under both equilibrium and
rate-limiting conditions. The effect of non-equilibrium dissolution was implemented using a mass transfer
coefficient described by the power law model of Miller et al. (1990).

DNAPL distributions are presented in Figure 4.3-32 for spills in two of the four realizations from each of
the three simulation sets. Low variability in the permeability field ( O'IZM =0.2) led to relatively uniform
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DNAPL architecture with the potential of greater pooling at the underlying capillary barrier (no flow
boundary in the numerical simulations). As the variability of the permeability field increased, the total
penetration depth decreased, leading to a DNAPL architecture that was more dominated by ‘pools’.
Another interesting feature is the difference in DNAPL architectures in different realizations of random
fields with the same geostatistical parameters. These differences are more pronounced for domains with
greater heterogeneity (Figure 4.3-32). DNAPL spill simulations are very sensitive to local permeability
contrasts and thus, very different spill scenarios may sometimes be created in domains having the same

o,

The UTCHEM dissolution profiles were fitted using Equations (4.3-57) and (4.3-58) for the ESM, (4.3-57)
and (4.3-59) for the ADM, (4.3-61) for the PLM, and (4.3-62) and (4.3-63) for the DaM. The fraction
contaminated f, in the ESM, ADM and PLM is the ratio between the initial flux-averaged concentration

C, (V) and the aqueous solubility of the DNAPL C. . The rate-limiting parameter {3, in the DaM was
assumed to be equal to 1 since local-scale mass transfer was not found to significantly affect the dissolution
profiles. Fitting parameter values were obtained by fitting the UTCHEM simulation results to the four
source depletion models using the normalized root mean square deviation (NRMSD, Jawitz et al. 2003) as
the objective function for regression.

All four models (except the power function model for simulation set 1) provided reasonable fits (based on
visual inspection and low NRMSD values) of the UTCHEM-generated dissolution data. For illustration,
UTCHEM-generated dissolution profiles are compared to ESM, PLM and DaM fits in Figure 4.3-33. Since
ADM fits were very similar to the ESM fits, they have not been shown in the figure. The good fits suggest
that these simplified source depletion models can describe the dissolution behavior from DNAPL spills
generated by sophisticated numerical simulators such as UTCHEM.
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Figure 4.3-32. DNAPL spills for six representative cases. Note that x <7 m and x > 23 m are cropped from
the figures to focus on the DNAPL (Basu et al., 2008b).
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Figure 4.3-33. UTCHEM-generated dissolution profiles (symbols) and corresponding model fits for
simulation realizations 3-1 and 3-3 (O, =3 ) (Basu et al., 2008Db).

The ESM, ADM and DaM fits resulted in similar NRMSD values. The ESM and ADM fits were
approximately equal which is consistent with the observations made by Jury and Roth (1990) regarding the
mathematical similarity of the advection dispersion equation and the lognormal distribution. The single-
parameter PLM failed to capture the dissolution profile shapes as well as the other three models, especially
for the low heterogeneity cases.

The dissolution profiles were integrated to examine the relationship between mass reduction R, (V) and
flux reduction R, (¥, ) (Figure 4.3-34). Flux reduction is defined as 1 — C, (V, ) /C, (0) and mass reduction
is similarly defined as 1 — M (V) /M(0) where M, (¥, ) is integrated from the dissolution profile. The
results from the source depletion models compared well to those from UTCHEM, indicating that the
simplified models not only captured the dissolution behavior, but also the integrated mass reduction—flux
reduction (R, (R,, )) relationships. As described by Jawitz et al. (2005), in addition to the media and DNAPL
heterogeneity, the R, (R, ) relationship is also a function of the parameter A, which is the product of the
ratio of DNAPL density to its aqueous solubility C, and the mean DNAPL content in the domain. In

the present set of simulations A is approximately equal to 5, which is close to the A = 3 used to generate
Figure 2 of Jawitz et al. (2005). Thus the R,, (R,,) curves in Figure 4.3-34 and those presented by Jawitz
et al. (2005) are similar.

The simplified models are conceptually appealing as the Eulerian point-by-point variability in permeability
and DNAPL in thousands of grid blocks can be integrated into only 1, 2 or 3 parameters and yield

very similar results. The models, though very different in their conceptualization, have certain basic
similarities. Three of the four models (ESM, ADM and PLM) could be described by a general equation
(Equation 4.3-57) with a parameter f, describing the relationship between the DNAPL solubility and

the source zone concentration at the onset of dissolution. An important difference between the ESM and
the other three models is the specificity with which the velocity and DNAPL distributions are described.

In the ESM, variability in velocity and DNAPL saturation along a single streamtube are integrated and
transformed into an effective value (reactive travel time t) for the individual streamtube, with the variability
of this distribution controlling dissolution behavior. In the other models, the variability in velocity and
DNAPL saturation is integrated not just along the individual streamtube, but into an effective parameter (P,
B, B,) for the entire source zone.
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Figure 4.3-34. UTCHEM-generated mass reduction-flux reduction profiles (symbols) compared with DaM
(Set 1-3), ESM (Set 2-3), ESM (Set 3-1),and PLM (Set 3-3) fits (lines) to the dissolution
profile (Basu et al., 2008b).

One of the objectives of this study was to compare the four source depletion models in terms of their
ability to describe UTCHEM-generated dissolution profiles. Three of the four models (ESM, ADM and
DaM) resulted in similar fits. The single-parameter PLM failed to capture the dissolution behavior as well
as the other three models, especially for the low-heterogeneity cases. In addition to the fitting parameters,
the PLM and DaM also require information on the breakthrough curve that is integrated to calculate

Mg (V) /M, . This information is not required in the ESM and ADM.

The physical interpretations of the fitted parameters can be broadly summarized as parameters that describe
the characteristics of the travel time and the DNAPL saturation distribution. In the ESM, the parameter Oy,
describes the variability in the travel time and the DNAPL saturation distribution, while the parameter

L, . describes the mean values. In the ADM, P describes the variability in the travel time and the DNAPL
saturation distributions, while R describes the DNAPL mass in the contaminated zone. In PLM and DaM,
the parameters B3, and 3, describe the variability of the DNAPL saturation distribution. The parameter i, in
the DaM is analogous to f; in the other three models. The DaM has a third parameter 3, that accounts for
rate limited dissolution that is neglected in the other models presented in this paper. Note that a
modification of the ESM was proposed by Jawitz et al. (2005) that accounted for rate-limited effects.

The challenge now lies in estimation of the model parameters at the field scale. Parker and Park (2004)
proposed that the models can be calibrated to measured source zone mass flux over time. This requires
detailed flux characterization over the entire source depletion history, which is impossible at most field sites.
Models calibrated for shorter time spans will not be able to capture the entire dissolution behavior. In any
case, a priori estimation of the model parameters is preferred to requiring dependence on the measured
dissolution profile.

Christ et al. (2006) proposed the use of the ganglia-to-pool (GTP) ratio for calibrating the DaM by
establishing an empirical relationship between GTP and the mass transfer coefficient. However, techniques
for determining the initial GTP ratio at the field scale have not yet been established. Jawitz et al. (2003,
2005) proposed the use of non-reactive and reactive tracers to describe aquifer heterogeneity and DNAPL
architecture in terms of ESM parameters that could be used to forecast remedial performance. These
authors presented theoretical arguments and limited field evidence in support of this approach, and Fure

et al. (2006) presented laboratory data that also supported the ESM. However comprehensive validation of
the ability of tracer-determined ESM parameters to predict remedial performance remains for future work.



4.3.3.6 Temporal evolution of DNAPL source and contaminant flux architecture

The objective of this study was to investigate the impact of DNAPL source mass depletion on the alteration
of the contaminant flux [J (y,z,t)] distribution at the control plane (CP ) (Basu et al., 2008a). Contaminant
mass discharge (M, ; local flux values integrated over the source CP ) and flux distribution act as the

key linkages for understanding the relationship between source mass depletion and plume dynamics

(EPA, 2003). Simulation results from two separate numerical studies and CP flux monitoring data from

a source depletion field study at Hill Air Force Base, Utah (Brooks et al., 2008) were used for the present
analysis. Model outputs were examined to determine the temporal evolution of the population statistics
(mean, variance, coefficient of variation) and the spatial structure (centroid, first and second moments

and variograms) of source mass and contaminant fluxes. The associated changes in trajectory-integrated
DNAPL content ( S) (Jawitz et al., 2005) were also investigated to link source depletion to flux changes.

Groundwater flow and contaminant transport were simulated in three-dimensional, heterogeneous, random,
spatially correlated permeability € fields with emplaced DNAPL sources. Two different sets of simulations
were analyzed for this study: Set 1 was done using the numerical code ISCO3D (Zhang and Schwartz,
2000), while Set 2 was done using the code T2VOC (Falta et al., 1995). These two sets of simulations were
also different in terms of flow-domain configurations, mass-transfer assumptions, and boundary conditions.
Attributes of the simulated DNAPL source zones are presented in Table 4.3-6. The objective behind
presenting such different scenarios was to demonstrate that the resulting observations were not a function of
the assumptions of the domain characteristics or the flow and transport model used.

Table 4.3-6. Attributes of the simulated DNAPL source zones used in the numerical simulations.

Set 1: * Mean intrinsic permeability Case o2 =1
Domain1  p =9.7 x 10" m? 1 e =
* Domain dimensions 3 m x 0.49 m x 0.98 m * Sy and ¢ positively correlated
(nx=43,ny="17;nz=14) In(Sy) = In(e) +26.2, (¢ in m?; Sy ., = 0.15)
* Correlation lengths § =0.7m, §,=0.07 m, * DNAPL mass M =2.36 kg
£.=0.07m
* Darcy flux ¢ = 5.4 cm/da Case
v Y S8 on, =245
+ S, and € positively correlated
In(Sy) = In(e) +23.6, (e inm?*; S, = 0.15)

* DNAPL mass M =2.36 kg

Case
3 * O—Izn €

* Binary distribution of Sy, (S, = 0.15 and 0.5)
* DNAPL mass M =12.3 kg

=1

Set 2: * Mean intrinsic permeability Case o

Domain2 p =2x10""?m? 1 "Opne =243
* Domain dimensions 30 m x 30 m x 15 m + S, and € positively correlated
(nx =ny =20, nz =25) In(Sy ) = In(e) +23.2, (e in m* S, = 0.17)
* Correlation lengths § =30m, § =10 m, * DNAPL mass M = 1950 kg
E=1m
* Darcy flux ¢ = 0.6 cm/day Case
2 <0, =245
+ S, and € negatively correlated
In(S)=—In(e) - 31.7, (¢ inm*; S ., = 0.09)

* DNAPL mass M = 826 kg
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Dissolution of DNAPL source mass during groundwater flow was simulated using ISCO3D (Domain 1) and
T2VOC (Domain 2) codes. Simulated, time-varying DNAPL content and contaminant flux distributions

at the outflow control plane during mass depletion were analyzed to study the effects of source depletion

on contaminant flux (J) distribution. In addition, passive flux meter (PFM) data were used to evaluate the
impact of source mass depletion on the evolution of CP flux distribution at operable unit 2 (OU2), Hill Air
Force Base, Utah. These PFM data had horizontal and vertical resolutions of 3 m and ~25 cm, respectively.

The initial values for the mean, standard deviation and the coefficient of variation (CV") of the contaminant
flux distribution (J ), and the DNAPL distribution (S ) within the domain for the simulated cases are
presented in Table 4.3-7. The higher value of (CV ) relative to CV, is attributed to the sparse distribution
of the DNAPL within the source zone, with certaln regions having no DNAPL and other regions at residual
saturation (see Feenstra and Cherry, 1996; Meinardus et al., 2002). An evaluation of population statistics
for J and S, distributions as a function of increasing source mass removal showed that the CV of the S
distribution increased with time, while that of the J distribution oscillated but remained relatively constant.
The relatively constant CV, at the source CP is an interesting feature and was thus investigated for all five
cases (Table 4.3-6). Since the initial CV, for the domains are different, we normalized the data by plotting
the relative reductions in the mean contaminant flux (R, ) and the flux standard deviation (R,):

R, = At (4.3-64)

R =—i (4.3-65)

Where , and o, are the initial mean and standard deviation of the distribution, while p, and , are the
mean and standard deviation of the distribution at time ¢. The results from simulations for all cases are
plotted in Figure 4.3-35. All data sets indicate a 1:1 relationship between R and R, , indicating a constant
coefficient of variation. For the cases we examined, the relationship thus appears to be independent of the
hydrodynamic heterogeneity as well as the correlation structure between the DNAPL and the permeability
field.

Consistent with the numerical simulations, the TCE flux data from the Hill AFB field study (Brooks et al.,
2008), also suggest that source mass depletion led to a proportional reduction in the mean and standard
deviation of the J distribution, and thus, a temporally constant CV, (Figure 4.3-35). However, it should be
noted that to claim temporal stability based only on measurements at three points in time is difficult. Field
studies are needed to characterize the complete evolution with time of the contaminant flux distribution at
DNAPL source CPs.

Table 4.3-7. Coefficient of variation (CV) of the Darcy flux (¢ ), contaminant flux (J'), and the DNAPL
mass (S,) distribution.

Distribution properties Domain I (ISCO3D) Domain II (T2VOC)
Case 1 Case 2 Case 3 Case 1 Case 2
Initial CV, 0.6 1.7 0.6 1.7 1.7
Initial CV, 0.7 1.7 0.7 4.6 4.8
Initial CV, 7.0 6.4 6.4 8.6 11.8
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Figure 4.3-35. Relationship between the relative reductions in the mean and standard deviations of the
contaminant flux (Basu et al., 2008a).

The evolution of the source distribution and the contaminant flux distribution at source CP were also
investigated by examining the changes in spatial moments of S, and J. The first normalized moments
define location of the centroid, while the second centralized moments indicate the spread of the distribution
about the centroid. Physically, these two parameters give an indication of the mean location of the ‘hotspot’
and its spatial extent. For the trajectory of the centroid, we focused on the T2VOC simulations instead

of ISCO3D because (1) of the larger spatial dimensions of the flow domain, and (2) alternative DNAPL
saturation distributions available based on positive or negative permeability (¢ ) vs. S correlation.

The loci of the centroid of the contaminant flux distributions are shown alongside the projection of the loci
of the DNAPL distributions at the source CP (Figure 4.3-36). The Darcy flux (g ) distribution at the same
CP is superimposed on this plot to enable a comparison between centroids of J and up-gradient DNAPL
mass. As DNAPL mass is depleted, the centroid of the DNAPL distribution shifts from the high € to the
low-g zones because of the extended timelines required for DNAPL mass removal from those regions
(Figure 4.3-36). For the positively correlated case, there was a larger amount of DNAPL mass at the
bottom of the domain and thus, the centroid moves in that direction, while for the negatively correlated
case, there was more DNAPL mass at the top causing the centroid to shift upwards.

YA
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Figure 4.3-36. Locus of the Centroid of the DNAPL and contaminant flux distributions (at the source
control plane) in Domain 2 (white circles indicate the initial location of the centroid and
black stars denote their final location). Note that: (1) only the section of the domain
below the water table is shown in the figure; (2) the initial location of the centroid of the
contaminant flux distribution is the same in the positive and negative correlation cases
(Basu et al., 2008a).

125




126

The second centralized spatial moments about the center of mass (o2, Giy , 02 ) are a measure of the spread

of the S distribution along the X, y and z axes, respectively. Three example cases, Case 1 in Domain 1
(Figure 4.3-37a) and Cases 2 and 3 in Domain 2 (Figure 4.3-37b), are presented to show the temporal
evolution of the spreads of the DNAPL and the contaminant flux distributions. The other simulations
exhibited similar behavior (data not shown). These results support the previous hypotheses regarding
the approximately time-invariant nature of the contaminant flux distribution. The spreads of the flux
distribution were less variable in time than those of the DNAPL distribution, indicating again the greater
stability of the J distribution (Figure 4.3-37b).
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Figure 4.3-37. Spatial variance of the DNAPL and contaminant flux distributions in (a) Domain 1, Case 1
(ISCO3D), and (b) Domain 2, Cases 1 and 2 (T2VOC). Note that the spreads of the flux
distributions have been plotted after flushing about one pore volume through the domain
such that the fluxes at the exit control plane are reflective of the source conditions (Basu et
al., 2008a).

This study shows that both the mean (i ) and the standard deviation (o ) of the contaminant flux distribution
at the source CP decreases with source mass reduction. Moreover, . and ¢ decrease proportionally,
resulting in a coefficient of variation that appears to be essentially constant in time. The spatial moments

of the contaminant flux distribution appear to be also essentially constant in time, indicating that — for
DNAPL source zones cleaned up through in-situ flushing — the contaminant flux distribution remains stable
throughout the DNAPL mass depletion process while the flux magnitude gradually fades away with time.

It should be noted, however, that these conclusions are preliminary. Rigorous investigations that

account for spill scenarios, different remedial alternatives and flow configurations are required prior to
generalization and subsequent application of these results. More importantly, field studies that characterize
the temporal evolution of the source and flux distribution need to be conducted.



4.3.3.7 Predicting DNAPL dissolution using a simplified source depletion model parameterized
with partitioning tracers

Simulations of non-partitioning and partitioning tracers were used to parameterize the equilibrium
streamtube model (ESM) that predicts the dissolution dynamics of DNAPLSs as a function of the
Lagrangian properties of DNAPL source zones (Basu et al., 2008c). Lagrangian, or streamtube-based,
approaches characterize source zones with as few as two trajectory-integrated parameters, in contrast to
the potentially thousands of parameters required to describe the point-by-point variability in permeability
and DNAPL in traditional Eulerian modeling approaches. The spill and subsequent dissolution of
DNAPLs was simulated in two-dimensional domains having different hydrologic characteristics using the
multiphase flow and transport simulator UTCHEM. Simulations were conducted with log conductivity
variances O’lzn . = 10.2, 1, 3} to evaluate a range of field scenarios. A set of simulations comprised of
four realizations was run for each value of ©; 12n - Non-partitioning and partitioning tracers were used to
characterize the Lagrangian properties (non-reactive travel time (t) and trajectory-integrated DNAPL
content (S ) statistics) of DNAPL source zones, which were in turn shown to be sufficient for accurate
prediction of source dissolution behavior using the ESM throughout the relatively broad range of hydraulic
conductivity variances tested here.

Tracer BTCs were found to be closely matched by lognormal distributions generated using p, ,and o, |,
determined from the tracer moments (Figure 4.3-38.), suggesting that the assumption of log-normality for
the non-reactive and reactive travel time distributions is reasonable.
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Figure 4.3-38. Non-partitioning and partitioning tracer data for simulation set 2-4. Symbols represent
UTCHEM output while solid lines represent lognormal fits (Basu et al., 2008c).

The reactive travel times (distribution parameters, determined from ¢ and S distributions (t = NS, where
N is the ratio of the DNAPL density to aqueous solubility)), were used to predict the DNAPL dissolution
profile using the ESM. The UTCHEM-generated dissolution profile is shown along with the tracer-based
ESM predicted profile for an example realization from each of the three simulation sets in Figure 4.3-39.
In these simulations, 7 = 0 is defined as the time at which the contaminant peak arrives at the exit control
plane (x =30 m). The ESM accurately predicted the dissolution dynamics at the source control plane with
average normalized root mean square deviation (NRMSD) values of 0.022, 0.025, and 0.027 for o—lzn =02,
1, and 3, respectively.
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Figure 4.3-39. ESM-predicted and UTCHEM-generated dissolution profiles for simulation sets 1-4, 2-4,
and 3-2. Symbols represent UTCHEM output while solid lines represent predictions (Basu
et al., 2008c).

The predicted dissolution profiles were integrated to examine the relationship between mass reduction R,
and flux reduction R, (Figure 4.3-40). Flux reduction is defined as 1 — C, (¢)/C, (¢ =0 ) and mass reduction
is similarly defined as 1 — M (¢) /M (¢t =0 ) where C, (¢ ) is the flux-averaged concentration at the exit
control plane at time ¢, and M (¢ ) is DNAPL mass in the source zone at time ¢. The predicted mass
reduction—flux reduction profiles also matched the UTCHEM-simulated behavior well, with NRMSD values
varying between 0.034 (0;,, =0.2) and 0.054 (o7, =3).
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Figure 4.3-40. ESM-predicted and UTCHEM-generated mass reduction-flux reduction profiles for
simulation sets 1-4, 2-4, and 3-2. Symbols represent UTCHEM output while solid lines
represent predictions (Basu et al., 2008c).

Following Christ et al. (2006), the ganglia-to-pool ratio (GTP) was defined as the ratio of the DNAPL mass
in cells with DNAPL saturation less than 15%, to the mass in cells with saturation greater than 15%. Based
on the GTP ratio, the following up-scaled mass transfer model was proposed (Christ et al., 2006) for the
prediction of flux-weighted concentration C,(7") from DNAPL source zones:



N

¢, _,_(,_Cu=0
C C

)(

M (1) o
M (1=0)

(4.3-66)

where B,= 1.5 GTP* and C, is the aqueous solubility. The GTP correlation coefficient B, was developed
from simulations with GTP limited between 0.5 and 24. This model was used to predict the dissolution
BTCs and the R, (R,, ) relationships for the simulations presented here; two example cases are presented
in Figure 4.3-41. The model predicts a temporally constant aqueous flux for GTP equal to o and was
thus incapable of representing the dissolution dynamics for simulations 1-2 and 1-3 (Table 4.3-8). Within
simulations where the GTP was within the prescribed range (simulation sets 2 and 3), the model proved to
be a good predictor of dissolution dynamics in some cases (e.g., simulation 3-2, Figure 4.3-41); however
for other cases (e.g., simulation 2-4, Figure 4.3-41) it was a relatively poor predictor of dissolution.

Table 4.3-8. Tracer-derived ESM parameters.

Reactive travel

Non-reactive Partitioning
Simul- Domain properties tracer tracer distribution Ganglia
ation parameters parameters moments to p9ol
— ratio
Hine 0-1316 Sy Min O s Hin s O s Mint Oln+
1-1 -6.85 0.19 0.00419 -0.01 0.17 -5.58 0.47 1.39 0.50 00
1-2 -6.92 0.19 0.0033 -0.01 0.15 -5.90 0.61 1.09 0.63 00
1-3 -6.92 0.18 0.0033 -0.01 0.17 -5.91 0.65 1.06 0.67 00
1-4 -6.94 0.24 0.00446 -0.01 0.15 -5.55 0.55 1.44 0.55 00
2-1 -5.62 1 0.00393 -0.06 0.33 -5.95 1.02 0.98 1.07 31.8
2-2 -5.62 1 0.00446 -0.06 0.34 -5.61 0.87 1.32 0.93 29.6
2-3 -5.62 1 0.00357 -0.08 0.40 -5.74 0.77 1.17 0.87 35.5
2-4 -5.62 1 0.00446 -0.05 0.31 -5.82 0.98 1.12 1.03 27.6
3-1 -5.62 3 0.00447 -0.15 0.54 -5.31 0.36 1.54 0.65 4.1
3-2 -5.62 3 0.00445 -0.19 0.62 -4.82 0.98 1.97 1.16 2.3
3-3 -5.62 3 0.00446 -0.20 0.63 -5.77 1.44 1.02 1.57 1.1
34 -5.62 3 0.00449 -0.17 0.58 -5.40 0.95 1.43 1.11 2.7

S, = average NAPL saturation
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Figure 4.3-41. Comparison between the ESM and the GTP models for prediction of source dissolution
behavior (Basu et al., 2008c).

Since the GTP ratio accounts for the population distribution of the NAPL but not its spatial structure, it is
an incomplete descriptor of the DNAPL architecture. The Lagrangian description of the ¢ and S distributions
characterizes both the NAPL_population distribution and spatial structure. No definite correlation was
observed between GTP and O, ; for the simulations presented here (Table 4.3-8). Finally, it is noted that it
has not been determined how the GTP ratio would be measured at field sites (Christ et al., 20006).

In summary, the results were found to be relatively insensitive to travel time variability, suggesting that
dissolution could be accurately predicted even if the travel time variance was only coarsely estimated.
Estimation of the ESM parameters was also demonstrated using an approximate technique based on
Eulerian data in the absence of tracer data; however determining the minimum amount of such data required
remains for future work. Finally, the streamtube model was shown to be a more unique predictor of
dissolution behavior than approaches based on the ganglia-to-pool model for source zone characterization.



5.0
Conclusions

The principal goal of this project was the development of tools by which to evaluate the impacts of partial
DNAPL source removal. The research was based on the examination of contaminant flux responses

to source zone treatment at DNAPL-contaminated sites. These field studies were supplemented with
in-depth laboratory studies of the factors that control the relationship between DNAPL mass depletion
and contaminant mass flux. Results from field and laboratory investigations were used to evaluate the
performance of existing source remediation models and to develop new source and coupled source-plume
simulators.

Results of the field, laboratory, and modeling investigations show that although response to DNAPL
source treatment is dependent on a number of site specific factors (e.g., site hydrogeology, contaminant
composition and architecture, remedial technology), significant contaminant flux reductions can be
achieved at many sites by partial DNAPL removal. Modeling results suggest that as heterogeneity in
aquifer properties and NAPL spatial distribution increases, less mass reduction is required to achieve

a given flux reduction, although the overall source longevity may increase. In addition, early source
treatment enhances risk reduction by decreasing contaminant discharge to the plume.

Contaminant mass flux and mass discharge data were collected before and after source treatment at four
field sites. These data provide the first comprehensive field assessment of mass flux/discharge response
to DNAPL source treatment. Three flux measurement techniques (transect method, passive flux meters
and modified integral pump tests) were used. The MIPT employed in this study was based on published
techniques and included concurrent pumping across a transect in conjunction with hydraulic head
monitoring to provide a direct estimate of groundwater flux.

Mass discharge reductions of approximately 90% and 99% were observed at the Hill Air Force Base and
Fort Lewis sites, respectively. Passive flux meter and MIPT test data exhibited comparable results for these
sites. Less dramatic mass discharge reductions were seen at the Borden and Sages sites and significant
differences were observed between measurement methods. Because the support volumes for these
measurement techniques can be very different, heterogeneities in contaminant distribution and hydraulic
properties could be responsible for these differences.

Relationships between contaminant architecture and mass flux were evaluated in the laboratory using
2-dimensional flow chambers. Contaminants were injected into the flow chambers to create DNAPL source
zones and subsequent DNAPL mass depletion was accomplished by dissolution by aqueous, surfactant or
cosolvent solutions, or by gas-phase sparging. Source strength function (relationship between DNAPL
mass and contaminant mass flux) was observed to be primarily controlled by the DNAPL architecture
which can be characterized by the trajectory integrated NAPL content distribution. Reactive and non-
reactive tracer tests were used to estimate Lagrangian parameters (travel time and trajectory-integrated
NAPL content statistics) required for predicting source dissolution behavior. These estimated parameters
were used in the equilibrium streamtube model to accurately predict source dissolution.

The benefits of partial source zone remediation were evaluated from fundamental physical principles

using numerical, Lagrangian and analytical approaches. Numerical models are based on the most detailed
description of process behavior at the pore scale, but they are computationally intensive and require
information on spatially variable parameters that are difficult to characterize with reasonable accuracy using
available technologies. Though it may be difficult to calibrate these models to specific field sites, they
nonetheless help improve our understanding of behavior of DNAPL sources and plumes from a process
standpoint. Numerical models were used in this study to simulate laboratory and field source treatment
experiments and demonstrations. Both laboratory and pilot-scale field tests of air sparging for DNAPL
removal were simulated using TMVOC, a multi-component compositional multiphase flow simulator;
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and a field pilot study of cosolvent flushing was simulated using UTCHEM, also a multi-component
compositional multiphase flow simulator.

The Lagrangian models offer the only practical techniques currently available for predicting site specific
mass removal/mass flux relationships. These models describe the source zone as a collection of non-
interacting streamtubes with hydrodynamic and DNAPL heterogeneity represented by variations in travel
time and trajectory-integrated DNAPL saturations within the streamtubes. Lagrangian models were used
to estimate contaminant elution curves from laboratory and field pilot-scale in-situ flushing tests. Results
suggest that this modeling approach can predict dissolution behavior using reactive and non-reactive travel
time distributions to estimate hydrodynamic variability and NAPL distribution heterogeneity. However,

as currently deployed, tracer tests that are used to characterize these travel time distributions are very
expensive and may not be affordable at most field sites.

Because numerical and Lagrangian models are difficult to parameterize, analytical models of source
behavior can be important decision making tools for risk assessment and remedial design. In these models,
the source is represented by an effective homogeneous domain with the flux-averaged concentration at the
source control plane described as a function of the mean advective flow and the mean DNAPL mass in the
domain.

Predicting the effect of the source remediation on plume behavior has been limited by the lack of tools that
explicitly link source and plume remediation. To address this problem, coupled source and plume models
are presented. One of these models, REMChlor, was developed to evaluate the impact of source and plume
remediation at a more generic and strategic level. This screening-level mass balance approach is not specific
to any remediation technology. The contaminant source model is based on a power function relationship
between source mass and source discharge, and it can consider partial source remediation at any time after
the initial contaminant release. The source model serves as a time-dependent mass flux boundary condition
to a new analytical plume model. The plume model simulates first-order sequential decay and production of
several species, and the decay rates and parent/daughter yield coefficients are variable functions of time and
distance.



6.0
References

Alvarez, P.J.J., and W.A. [llman (2006). Bioremediation and Natural Attenuation. Wiley-Interscience.

Annable, M.D., K. Hatfield, J. Cho, H. Klammler, B.L. Parker, J.A. Cherry, and P.S.C Rao (2005).
Field-scale evaluation of the passive flux meter for simultaneous measurement of groundwater and
contaminant fluxes. Environmental Science and Technology 39(18):7194-7201.

API (2003). Groundwater Remediation Strategies Tool. Washington, DC, 80 pp.

Applied Research Associates (1996). Groundwater Remediation Field Laboratory. Hydrogeology
Characterization and Site Development. Dover AFB, Delaware,. 1:192.

Aziz, C.E., C.J. Newell, and J.R. Gonzales (2002). BIOCHLOR Natural Attenuation Decision Support
System Version 2.2, User’s Manual Addendum, from http://www.epa.gov/ada/download/models/
biochlor22.pdf.

Aziz, C.E., C.J. Newell, J.R. Gonzales, P. Haas, T. Prabhakar, and Y. Sun (2000). BIOCHLOR Natural
Attenuation Decision Support System. User s Manual, Version 1.0, National Risk Management
Research Laboratory, U.S. EPA, Ada, OK.

Bass, D.H., N.A. Hastings, and R.A. Brown (2000). Performance of air sparging systems: a review of case
studies. Journal of Hazardous Materials 72(2-3):101-119.

Basu, N.B., P.S.C. Rao, 1. C. Poyer, M.D. Annable, and K. Hatfield (2006). Flux-based assessment at a
manufacturing site contaminated with trichloroethylene. Journal of Contaminant Hydrology 86(1-
2):105-127.

Basu, N.B., P.S.C. Rao, R.W. Falta, M.D. Annable, J.W. Jawitz, and K. Hatfield (2008a). Temporal
evolution of DNAPL source and contaminant flux distribution: impacts of source mass depletion.
Journal of Contaminant Hydrology 95(3-4):93-109.

Basu, N.B., A.D. Fure, and J.W. Jawitz (2008b). Simplified contaminant source depletion models as
analogs of multiphase simulators. Journal of Contaminant Hydrology 97(3-4):87-99, doi: 10.1016/j.
jeonhyd.2008.01.001.

Basu, N.B., A.D. Fure, and J.W. Jawitz (2008c¢). Predicting DNAPL dissolution using a simplified source
depletion model parameterized with partitioning tracers. Water Resources Research 44(7):W07414.1-
13, doi:10.1029/2007WR006008.

Bateman, H. (1910). The solution of a system of differential equations occurring in the theory of radio-
active transformations. Proceedings of the Cambridge Philosophical Society 15:423-527.

Bauer, S., M. Bayer-Raich, T. Holder, C. Kolesar, D. Muller, and T. Ptak (2004). Quantification of
groundwater contamination in an urban area using integral pump tests. Journal of Contaminant
Hydrology 75(3-4):183-213.

Bayer-Raich, M., J. Jarsjo, R. Liedl, T. Ptak, and G. Teutsch (2004). Average contaminant concentration and
mass flow in aquifers from time-dependent pumping well data: analytical framework. Water Resources
Research 40(8):W08303.1-10.

Bayer-Raich, M., J. Jarsjo, R. Liedl, T. Ptak, and G. Teutsch (2006). Integral pumping test analysis of
linearly sorbed groundwater contaminants using multiple wells: inferring mass flows and natural
attenuation rates. Water Resources Research 42, W08411. doi:10.1029/2005WR004244.

Bear, J. (1979). Hydraulics of Groundwater. McGraw Hill Book Company, New York.

Bear, J., and M. Jacobs (1965). On the movement of water injected into aquifers. Journal of Hydrology
3:37-57.

Beyke, G. and D. Fleming (2005). In situ thermal remediation of DNAPL and LNAPL using electrical
resistance heating. Remediation Journal 15(3):5-22.

133




134

Bob, M.M., M.C. Brooks, S.C. Mravik, and A.L. Wood (2008). A modified light transmission visualization
method for DNAPL saturation measurements in 2-D models. Advances in Water Resources 31(5):727-
742.

Bob, M.M., M.C. Brooks, S.C. Mravik, and A.L. Wood (2009). The impacts of partial remediation by
sparging on down-gradient DNAPL mass discharge. (In preparation).

Bockelmann, A., T. Ptak, and G. Teutsch (2001). An analytical quantification of mass fluxes and natural
attenuation rate constants at a former gasworks site. Journal of Contaminant Hydrology 53(3-4):429-
453.

Bockelmann, A., D. Zamfirescu, T. Ptak, P.Grathwohl, and G. Teutsch (2003). Quantification of mass
fluxes and natural attenuation rates at an industrial site with a limited monitoring network: a case study.
Journal of Contaminant Hydrology 60(1-2):97-121.

Braida, W.J. and S.K. Ong (1998). Air Sparging: Air-water mass transfer coefficients. Water Resource
Research 34(12):3245-3254.

Broholm, K., S. Feenstra, S., and J.A. Cherry (1999). Solvent release into a sandy aquifer. 1. Overview of
source distribution and dissolution behavior. Environmental Science and Technology 33(5):681-690.

Brooks, M.C., A.L. Wood, M.D. Annable, K. Hatfield, J. Cho, C. Holbert, P.S.C. Rao, C.G. Enfield, K.
Lynch, and R.E. Smith (2008). Changes in contaminant mass discharge from DNAPL source mass
depletion: Evaluation at two field sites. Journal Contaminant Hydrology 102(1-2):140-153.

Brown, C.L., G.A. Pope, L.M. Abriola, and K. Sepehrnoori (1994). Simulation of surfactant-enhanced
aquifer remediation. Water Resources Research 30(11):2959-2977.

Brown, G. (2006). Using Multilevel Samplers to Assess Ethanol Flushing and Enhanced Bioremediation at
Former Sages Drycleaners. M.S. Thesis, University of Florida.

Camilleri, D., A. Fil, G.A. Pope, B.A. Rouse, and K. Sepehrnoori (1987). Improvements in physical-
property models used in micellar/polymer flooding. SPE Reservoir Engineering 2(7):433-440.

Chapelle, F.H. and P.M. Bradley (1998). Selecting remediation goals by assessing the natural attenuation
capacity of groundwater systems. Bioremediation Journal 2(3-4):227-238.

Chapelle, F.H., B.B. Looney, and C. Sink (2004). A mass balance approach to monitored natural attenuation.
In: Remediation of Chlorinated and Recalcitrant Compounds, A.R. Gavaskar and A.S.C. Chen (eds).

Chapelle, F.H., J.S. Widdowson, J.S. Bruner, E. Mendez, and C.C. Casey (2003). Methodology for
Estimating Times of Remediation Associated with Monitored Natural Attenuation, U.S. Dept. of the

Interior, U.S. Geological Survey; U.S. Geological Survey, Water-Resources Investigations Report 03-
4057.

Chen, N.H. (1983), Process Reactor Design, Allyn and Bacon, Inc., Boston, MA.

Christ, J.A., C.A. Ramsburg, K.D. Pennell, and L.M. Abriola (2006). Estimating mass discharge from dense
nonaqueous phase liquid source zones using upscaled mass transfer coefficients: an evaluation using
multiphase numerical simulations. Water Resources Research 42(11):W11420.1-13.

Chu, M., PK. Kitanidis and P.L. McCarty (2004). Possible factors controlling the effectiveness of
bioenhanced dissolution of non-aqueous phase tetrachloroethene. Advances in Water Resources
27(6):601-615.

Cirpka, O.A. and P.K. Kitanidis (2000). Impact of biomass-decay terms on the simulation of pulsed
bioremediation. Ground Water 38(2):254-263.

Clement, T.P. (1997). RT3D - A Modular Computer Code for Simulating Reactive Multi-Species Transport
in 3-Dimensional Groundwater Systems. Pacific Northwest National Laboratory, Richland, WA, 59 pp.

Clement, T.P., C.D. Johnson, Y. Sun, G.M. Klecka, and C. Bartlett (2000). Natural attenuation of chlorinated
ethene compounds: model development and field-scale application at the Dover site. Journal of
Contaminant Hydrology 42(2):113-140.



Conrad, S.H., R.J. Glass, and W.J. Peplinski (2002). Bench-scale visualization of DNAPL remediation
processes in analog heterogeneous aquifers: surfactant floods and in situ oxidation using permanganate.
Journal of Contaminant Hydrology 58(1-2):13-49.

Cvetkovic, V., G. Dagan, and H. Cheng (1998). Contaminant transport in aquifers with spatially
variable hydraulic and sorption properties. Proceedings of the Royal Society of London, A. Math
454(1976):2173-2207.

Darnault C.J., J.A. Throop, D.A. DiCarlo, A. Rimmer, T.S. Steenhuis, and J-Y. Parlange (1998).
Visualization by light transmission of oil and water contents in transient two-phase flow fields. Journal
of Contaminant Hydrology 31(3-4):337-348.

Datta-Gupta, A., G.A. Pope, K. Sepehrnoori, and M.J. King (1991). High resolution monotonic schemes for
reservoir fluid flow simulation. In Situ 15(3):289-317.

Delshad, M., G.A. Pope, and K. Sepehrnoori (1996). A compositional simulator for modeling surfactant
enhanced aquifer remediation, 1. Formulation. Journal of Contaminant Hydrology 23(4):303-327.

DiFilippo, E.L. and Brusseau, M.L. (2008). Relationship between mass-flux reduction and source-zone
mass removal: analysis of field data. Journal of Contaminant Hydrology 98(1-2):22-35.

Domenico, P.A. (1987). Analytical model for multidimensional transport of a decaying contaminant species.
Journal of Hydrology 91(1-2):49-58.

Edwards, D.A., R.G. Luthy, and Z. Liu (1991). Solubilization of polycyclic aromatic hydrocarbons in
micellar nonionic surfactant solutions. Environmental Science and Technology 25(1):127-133.

Einarson, M.D., and D.M. Mackay (2001). Predicting impacts of groundwater contamination.
Environmental Science and Technology 35(3):66A-73A.

Elder, C., and C. Benson (1999). Air channel formation, size, spacing, and tortuosity during air sparging.
Ground Water Monitoring and Remediation 19(3):171-181.

Enfield, C.G., A.L. Wood, F.P. Espinoza, M.C. Brooks, M. Annable, and P.S.C. Rao (2005). Design of
aquifer remediation systems: (1) Describing hydraulic structure and NAPL architecture using tracers.
Journal of Contaminant Hydrology 81(1-4):125-147.

Esposito, S.J. and N.R. Thomson (1999). Two-phase flow and transport in a single fracture-porous medium
system. Journal of Contaminant Hydrology 37(3-4):319-341.

Falta, R.W., K. Pruess, 1. Javandel, and P.A. Witherspoon, (1992). Numerical modeling of steam injection
for the removal of nonaqueous phase liquids from the subsurface, 1. Numerical formulation.
Water Resources Research, 28(2): 451-465.

Falta, R.W. (1998). Using phase diagrams to predict the performance of cosolvent floods for NAPL
remediation. Ground Water Monitoring and Remediation 18(3):94-102.

Falta, R.W. (2000). Numerical modeling of kinetic interphase mass transfer during air sparging using a
dual-media approach. Water Resources Research 36(12):3391-3400.

Falta, R.W. (2003). Modeling sub-grid-block-scale dense nonaqueous phase liquid (DNAPL) pool
dissolution using a dual-domain approach. Water Resources Research 39(12):SBH 18.1-8.

Falta, R.W. (2005). Dissolved Chemical Discharge from Fractured Clay Aquitards Contaminated by
DNAPLSs, In: Dynamics of Fluids in Fractured Rock, B. Faybishenko, P.A. Witherspoon, and J. Gale,
eds., Geophysical Monograph 162, American Geophysical Union.

Falta, R.W. (2009). Monte Carlo simulations of source behavior with remediation. (In preparation).

Falta, R.W.,, C. Lee, S. Brame, J. Coates, and J. Myers (2003). Field Evaluation of Cosolvent-Enhanced In-
Situ Remediation Cooperative Agreement CR-821992-01-0, Clemson University. 86 pp.

Falta, R.W., M.B. Stacy, A.N.M Ahsanuzzaman, M. Wang, and R. Earle (2007). REMChlor Remediation
Evaluation Model for Chlorinated Solvents User’s Manual Version 1.0. http://www.epa.gov/ada/csmos/
models/remchlor.html

Falta, R.W. (2008). Methodology for comparing source and plume remediation alternatives. Ground Water
46(2):272-285.

135




136

Falta, R.W., N. Basu, and P.S.C. Rao (2005b). Assessing impacts of partial mass depletion in DNAPL
source zones: II. Coupling source strength functions to plume evolution. Journal of Contaminant
Hydrology 79(1-2):45-66.

Falta, R.W., K. Pruess, S. Finsterle, and A. Battistelli (1995). T2VOC User s Guide. University of
California, Berkeley, CA, Lawrence Berkeley Laboratory, Earth Sciences Division, Report LBL-36400.

Falta, R.W., P.S.C. Rao, and N. Basu (2005a). Assessing the impacts of partial mass depletion in DNAPL
source zones: 1. Analytical modeling of source strength functions and plume response. Journal of
Contaminant Hydrology 78(4):259-280.

Feenstra, S., J.A. Cherry, and B.L. Parker (1996). Conceptual models for the behavior of dense non-aqueous
phase liquids (DNAPLS) in the subsurface. In: Dense Chlorinated Solvents and Other DNAPLs in
Groundwater: History, Behavior, and Remediation, pp. 53-88.

Fine, D., M. Brooks, M. Bob, S. Mravik and L. Wood (2008). Continuous determination of high-vapor-
phase concentrations of tetrachloroethylene using on-line mass spectrometry. Journal of Analytical
Chemistry 80(4):1328-1335

Freeze, G.A., J.C. Fountain, and G.A. Pope (1994). Modeling the surfactant-enhanced remediation of

PCE at the Borden Test Site using the UTCHEM compositional simulator. Toxic Substances and the
Hydrologic Sciences, pp. 339-345.

Fure, A.D., J.W. Jawitz, and M.D. Annable (2006). DNAPL source depletion: linking architecture and flux
response. Journal of Contaminant Hydrology 85(3-4):118-140.

Geller, J.T., and J.R. Hunt (1993). Mass transfer from nonaqueous phase organic liquids in water saturated
porous media. Water Resources Research 29(4):833—845.

Gierke, J.S., D.A. Taege, D.L. Perram, and N.J. Hutzler (2002). Design Guidance for Air Sparging of Dense
Nonaqueous Phase Liquids (Tetrachloroethylene, PCE) in Unconsolidated Geological Environments
(Coastal Plain Aquifer): Based on the Performance Measured in a Field Test Conducted at the
Groundwater Remediation Field Laboratory (GRFL), Dover National Test Site (DNTS), Dover Air
Force Base (DAFB), Delaware.

GoldSim (2007). From http://www.goldsim.com/

Goltz, M.N., J. Huang, M.E. Close, M.J. Flintoft, and L. Pang (2008). Use of tandem circulation wells to
measure hydraulic conductivity without groundwater extraction. Journal of Contaminant Hydrology
100(3-4):127-136.

Goltz, M.N., M.E. Close, H. Yoon, J. Huang, M.J. Flintoft, S. Kim, and C. Enfield (2009). Validation of
two innovative methods to measure contaminant mass flux in groundwater. Journal of Contaminant
Hydrology 106(1-2):51-61.

Guilbeault, M.A., B.L. Parker, and J.A. Cherry (2005). Mass and flux distributions from DNAPL zones in
sandy aquifers. Ground Water 43(1):70-86.

Hand, D.B. (1930). The distribution of a consolute liquid between two immiscible liquids. Journal of
Physical Chemistry 34:1961.

Harten, A. (1983). High resolution schemes for hyperbolic conservation lows. SIAM Review 25(1):1085-
1090.

Hatfield, K., M.D. Annable, S. Kuhn, P.S.C. Rao, and T. Campbell (2002). A new method for quantifying
contaminant flux at hazardous waste sites. In: Groundwater Quality: Natural and Enhanced
Restoration of Groundwater Pollution. Groundwater Quality 2001 Conference, Sheffield, UK, IAHS.

Hatfield, K., M.D. Annable, J. Cho, P.S.C. Rao, and H. Klammler (2004). A direct passive method for
measuring water and contaminant fluxes in porous media. Journal of Contaminant Hydrology 75(3-
4):155-181.

Hayden, N.J., J. Diebold, and G. Noyes (1999). Phase behavior of chlorinated solvent + water + alcohol

mixtures with application to alcohol flushing. Journal of Chemical and Engineering Data 44(5):1085-
1090.




Heron, G., J.S. Gierke, B. Faulkner, S. Mravik, L. Wood, and C.G. Enfield (2002). Pulsed air sparging
in aquifers contaminated with dense nonaqueous phase liquids. Ground Water Monitoring and
Remediation 22(4):73-82.

Hoa, M. (1981). A new method allowing the measurement of rapid variations of the water content in sandy
porous media. Water Resources Research 17(1):41-48.

Holder, T.H., G. Teutsch, T. Ptak, and R. Schwarz (1998). A new approach for source zone characterization:
the Neckar Valley study. Groundwater quality: remediation and protection. Proceedings of the GQ’98
Conference, vol. 250. IAHS Publication, Tubingen, Germany, pp.49-55.

Hopmans J.W., and J.H. Dane (1986). Calibration of a dual-energy gamma radiation system for multiple
point measurements in a soil. Water Resources Research 22(7):1009-1114.

Huntley, D. and G.D. Beckett (2002). Persistence of LNAPL sources: relationship between risk reduction
and LNAPL recovery. Journal of Contaminant Hydrology 59(1-2):3-26.

Jarsjo, J. and M. Bayer-Raich (2008). Estimating plume degradation rates in aquifers: effect of
propagating measurement and methodological errors. Water Resources Research 44:W02501,
doi:10.1029/2006WR005568.

Jarsjo, J., M. Bayer-Raich, and T. Ptak (2005). Monitoring groundwater contamination and delineating
source zones at industrial sites: uncertainty analyses using integral pumping tests. Journal of
Contaminant Hydrology 79(3-4):107-134.

Jawitz, ].W., M.D. Annable, and P.S.C. Rao (1998). Miscible fluid displacement stability in unconfined
porous media: two-dimensional flow experiments and simulations. Journal of Contaminant Hydrology
31(3-4):211-230.

Jawitz, J.W., MD. Annable, G.G. Demmy, and P.S.C. Rao (2003). Estimating non-aqueous phase liquid
spatial variability using partitioning tracer higher temporal moments. Water Resources Research
39(7):SBH 7.1-19.

Jawitz, J.W., A.D. Fure, G.G. Demmy, S, Berglund (2005). Groundwater contaminant flux
reduction resulting from nonaqueous phase liquid mass reduction. Water Resources Research
41(10):W10408.1-15.

Jawitz, JW., R.K. Sillan, M.D. Annable, P.S.C. Rao, and K. Warner (2000). In-situ alcohol flushing of a
DNAPL source zone at a dry cleaner site. Environmental Science and Technology 34(17):3722-3729.

Ji, W., A. Dahmani, D.P. Ahlfeld, J.D. Lin and E. Hill (1993). Laboratory study of air sparging: air flow
visualization. Ground Water Monitoring and Remediation 13(4):115-126.

Jin, M., M. Delshad, V. Dwarakanath, D.C. McKinney, G.A. Pope, K. Sepehrnoori, C.E. Tilburg, and
R.E. Jackson (1995). Partitioning tracer test for detection, estimation, and remediation performance
assessment of subsurface nonaqueous phase liquids. Water Resources Research 31(5):1201-1212.

Johnson, W.P. and W.W. John (1999). PCE solubilization and mobilization by commercial humic acid.
Journal of Contaminant Hydrology 35(4):343-362.

Jury, W.A., and K. Roth (1990). Transfer Functions and Solute Movement Through Soil: Theory and
Application. Birkhduser, Boston, MA.

Keely, J.F. (1982). Chemical time-series sampling. Ground Water Monitoring Review 2:29-38.

Keely, J.F., and F. Wolf (1983). Field applications of chemical time-series sampling. Ground Water
Monitoring Review 3:26-33.

Klammer, H., K. Hatfield, M.D. Annable, E. Agyei, B. Parker, J.A. Cherry, and P.S.C. Rao (2007). General
analytical treatment of the flow field relevant to the interpretation of passive fluxmeter measurements.
Water Resources Research 43(4):W04407.

Kovalic, J.M. (1987). The Clean Water Act of 1987, 2nd edition, Water Pollution Control Federation,
Alexandria, VA.

Kreft A, and A. Zuber (1978). On the physical meaning of the dispersion equation and its solutions for
different initial and boundary conditions. Chemical Engineering Science 33:1471-1480.

137




138

Kubert, M., and M. Finkel (2006). Contaminant mass discharge estimation in groundwater based on
multi-level point measurements: a numerical evaluation of expected errors. Journal of Contaminant
Hydrology 84(1-2):55-80.

Lerner, D.N. and G. Teutsch (1995). Recommendations for level-determined sampling in wells. Journal of
Hydrology 171(3-4):355-377.

LFR (2005). Phase I Injection Completion Report Former Sages Dry Cleaners. Prepared for Florida
Department of Environmental Protection, Tallahassee, Florida.

Li, B. and J. Fu (1992). Interfacial tensions of two-liquid-phase ternary systems. Journal of Chemical and
Engineering Data 37(2):172-174.

Liang, H., and R.W. Falta (2007). Modeling field-scale cosolvent flooding for DNAPL source zone
remediation. Journal of Contaminant Hydrology 96(1-4):1-16.

Liu, J., M. Delshad, G.A. Pope and K. Sepehrnoori (1994). Application of higher order flux-limited methods
in compositional simulations. Journal of Transport in Porous Media 16(1):1-29.

LiuY., B. Bierck, J.S. Selker, T.S. Steenhuuis, and J-Y. Parlange (1993). High intensity x-ray and
tensiometer measurements in rapidly changing preferential flow fields. Soil Science Society of America
Journal 57:1188-1192.

Lowe, D.F., C.L. Oubre, C.H. Ward, and T.J. Simpkin (1999). Surfactants and Cosolvents for NAPL
Remediation: A Technology Practices Manual. Lewis Publishers.

Lunn, S.R.D. (1998). Alcohol Flooding of Porous Media Contaminated with Hazardous Immiscible Liquids.
Ph.D. Dissertation, Civil Engineering, Queen’s University, Kingston, Ontario, Canada.

Lunn, S.R.D. and B.H. Kueper (1997). Removal of pooled dense, non-aqueous phase liquid from saturated
porous media using upward gradient alcohol floods. Water Resource Research 33(10):2207-2220.

MacKay, D.M. and J.A. Cherry (1989). Groundwater contamination: pump-and-treat remediation.
Environmental Science and Technology 23(6):630—- 636.

Maxwell, R.M., S.D. Pelmulder, A.F.B. Tompson, and W.E. Kastenberg (1998). On the development of a
new methodology for groundwater-driven health risk assessment. Water Resources Research 34(4):833-
847.

McGuire, T.M., J.M. McDade, and C.J. Newell, (2006). Performance of DNAPL source depletion
technologies at 59 chlorinated solvent-impacted sites. Ground Water Monitoring and Remediation
26(1):73-84.

McGuire, T.M., C.J. Newell, B.B. Looney, K.M. Vangelas, and C.H. Sink (2004). Historical analysis
of monitored natural attenuation: a survey of 191 chlorinated solvent sites and 45 solvent plumes.
Remediation Journal 15(1):99-112.

McKone, T.E. (1987). Human exposure to volatile organic compounds in household tap water: the indoor
inhalation pathway. Environmental Science and Technology 21(12):1194-1201.

Meinardus, H.W., V. Dwarakanath, J. Ewing, G.J. Hirasaki, R.E. Jackson, M. Jin, J.S. Ginn, J.T. Londergan,
C.A. Miller, and G.A. Pope (2002). Performance assessment of NAPL remediation in heterogeneous
alluvium. Journal of Contaminant Hydrology 54(3-4):173-193.

Miller, C.T., M.M. Poirier-McNeill, and A.S. Mayer (1990). Dissolution of trapped nonaqueous phase
liquids: mass transfer characteristics. Water Resources Research 26:2783-2796.

Millington, R.J., and J.P. Quirk (1961). Permeability of porous solids. Transactions of the Faraday Society
57:1200-1207.

Mravik, S.C., G.W. Sewell, and A.L. Wood (2000). Cosolvent-based source remediation approaches.
In: Remediation of Chlorinated and Recalcitrant Compounds: Physical and Thermal Technologies,
pp. 269-276.

Mravik, S.C., R.K. Sillan, A.L. Wood, and G.W. Sewell (2003). Field evaluation of the solvent extraction
residual biotreatment technology. Environmental Science and Technology 37(21):5040-5049.



Newell, C., R.K. McLeod, and J.R. Gonzales (1996). BIOSCREEN Natural Attenuation Decision Support
System User s Manual, Version 1.3, U.S. Environmental Protection Agency, National Risk Management
Research Laboratory.

Newell, C.J., H.S. Rifai, J.T. Wilson, J.A. Connor, J.J. Aziz, and M.P. Suarez (2002). Calculation and
Use of First-Order Rate Constants for Monitored Natural Attenuation Studies, U.S. EPA Remedial
Technology Fact Sheet. U. S. Environmental Protection Agency.

Newell, C.J. and D.T. Adamson (2005). Planning-level source decay models to evaluate impact of source
depletion on remediation time frame. Remediation Journal 15(4):27-47.

Newell, C.J., I. Cowie, T.M. McGuire, and W. McNab (2006). Multi-year temporal changes in chlorinated
solvent concentrations at 23 MNA sites. Journal of Environmental Engineering 132(6):653-663.

Niemet M.R., and J.S. Selker (2001). A new method for quantification of liquid saturation in 2-D
translucent porous media systems using light transmission. Advances in Water Resources 24(6):651-
660.

NRC (2000). Natural Attenuation for Groundwater Remediation, National Research Council, National
Academy Press, Washington, DC, 274 pp.

NRC (2005). Contaminants in the Subsurface Source Zone Assessment and Remediation. Committee on
Source Removal of Contaminants in the Subsurface. The National Academies Press. Washington, DC,
372 pp.

O’Hara, S.K., B.L. Parker, P.R. Jorgensen, and J.A. Cherry (2000). Trichloroethene DNAPL flow and mass
distribution in naturally fractured clay: evidence of aperture variability. Water Resources Research
36(1):135-147.

OEHHA (2006). Cancer Potency Information, California Office of Environmental Health Hazard
Assessment, http://www.oehha.ca.gov/risk/ChemicalDB/index.asp.

Ostrom M., C. Hofstee, H. Dane, and R.J. Lenhard (1998). Single-source gamma radiation procedures for
improved calibration measurements in porous media. Soil Science 163(8):646-656.

Parker, B.L., J.A. Cherry, and S.W. Chapman (2004). Field study of TCE diffusion profiles below DNAPL
to assess aquitard integrity. Journal of Contaminant Hydrology 74(1-4):197-230.

Parker, B.L., R.W. Gillham, and J.A. Cherry (1994). Diffusive disappearance of immiscible-phase organic
liquids in fractured geologic media. Ground Water 32(5):805-820.

Parker, B.L., D.B. McWhorter, and J.A. Cherry (1997). Diffusive loss of non-aqueous phase organic
solvents from idealized fracture networks in geologic media. Ground Water 35(6):1077-1088.

Parker, J.C. and E. Park (2004). Modeling field-scale dense nonaqueous phase liquid dissolution kinetics in
heterogeneous aquifers. Water Resources Research 40(W05109):1-12.

Pennell, K.D., L.M. Abriola, and W.J.Weber, Jr. (1993). Surfactant enhanced solubilization of residual
dodecane in soil columns. 2. Mathematical modeling. Environmental Science and Technology
27(12):2341-2351.

Pickens, J.F., J.A. Cherry, G.E. Grisak, W.F. Merrittand, and B.A. Risto (1978). A multilevel device for
ground-water sampling and piezometric monitoring. Ground Water 16(5):322-327.

Pope, G.A., and R.C. Nelson (1978). A chemical flooding compositional simulator. Society of Petroleum
Engineers Journal 18(5):339-354.

Powell, T., G. Smith, J. Sturza, K. Lynch, and M. Truex (2007). New advancements for in situ treatment
using electrical resistance heating. Remediation Journal 17(2):51-70.

Powers, S.E., L.M. Abriola, and W.J. Weber (1992). An experimental investigation of nonaqueous phase
liquid dissolution in saturated subsurface systems: steady-state mass-transfer rates. Water Resources
Research 28(10):2691-2705.

Pruess, K. and A. Battistelli (2002). TMVOC, a Numerical Simulator for Three-Phase Non-Isothermal
Flows of Multicomponent Hydrocarbon Mixtures in Saturated-Unsaturated Heterogeneous Media,
Lawrence Berkeley National Laboratory, Berkeley, CA, Report LBNL-49375.

139




140

Rao, P.S.C., M.D. Annable, and H. Kim (2000). NAPL source zone characterization and remediation
technology performance assessment: recent developments and applications of tracer techniques. Journal
of Contaminant Hydrology 45(1-2):63-78.

Rao, P.S.C., J.W. Jawitz, C.G. Enfield, R.W. Falta Jr, M.D. Annable, and A.L. Wood (2002). Technology
integration for contaminated site remediation: cleanup goals and performance criteria. In: Groundwater
Quality: Natural and Enhanced Restoration of Groundwater Pollution. Proceedings of the Groundwater
Quality 2001 Conference, Sheffield, UK, June 2001, pp. 571-578.

Rao, P.S.C. and J.W. Jawitz (2003). Comment on ““Steady-state mass transfer from single-component dense
non-aqueous phase liquids in uniform flow fields” by T.C. Sale and D.B. McWhorter. Water Resources
Research 39(3):1068.

Reynolds, D.A. and B.H. Kueper (2001). Multiphase flow and transport in fractured clay/sand sequences.
Journal of Contaminant Hydrology 51(1-2):41-62.

Reynolds, D.A. and B.H. Kueper (2002). Numerical examination of the factors controlling DNAPL
migration through a single fracture. Ground Water 40(4):368-377.

Reynolds, D.A. and B. H. Kueper (2004). Multiphase flow and transport through fractured heterogeneous
porous media. Journal of Contaminant Hydrology 71(1-4):89-110.

Rimmer A., D.A. DiCarlo, T.S. Steenhuis, B. Bierck, D. Durnford and J-Y. Parlange (1998). Rapid fluid
content measurement method for fingered flow in an oil-water-sand system using synchrotron x-rays.
Journal of Contaminant Hydrology 31(3-4):315-334.

Rivett, M.O. and S. Feenstra (2005). Dissolution of an emplaced source of DNAPL in a natural aquifer
setting. Environmental Science and Technology 39(2):447-455.

Rivett, M.O., S. Feenstra, and J.A. Cherry (2001). A controlled field experiment on groundwater
contamination by a multicomponent DNAPL: creation of the emplaced-source and overview of
dissolved plume development. Journal of Contaminant Hydrology 49(1-2):111-149.

Ross, B. and N. Lu (1999). Dynamics of DNAPL penetration into fractured porous media. Ground Water
37(1):140-147.

Sale, T.C., and D.B. McWhorter (2001). Steady state mass transfer from single-component dense
nonaqueous phase liquids in uniform flow fields. Water Resources Research 37(2):393-404.

Sanchez-Vila, X., PM. Meier, and J. Carrera (1999). Pumping tests in heterogeneous aquifers: an analytical
study of what can be obtained from their interpretation using Jacob’s method. Water Resources
Research 35(4):943-952.

Schwarz, R., T. Ptak, T. Holder, and G. Teutsch (1998). Groundwater risk assessment at contaminated
sites: a new investigation approach. In: Groundwater Quality: Remediation and Protection. GQ’98
Conference, Tiibingen, Germany, IAHS Publication No. 250.

Schwille, J.F. (1988). Dense Chlorinated Solvents in Porous and Fractured Media, Model Experiments.
Lewis Publishers, Chelsea, MI.

Sillan, R.K., M.D.Annable, and P.S.C. Rao (1997). In-situ Cosolvent Flushing for Enhanced Solubilization
of a Complex NAPL: Comprehensive Field-Scale Evaluation, Draft Final Report. University of Florida,
Gainesville, FL.

Sillan, R.K., M.D. Annable, and P.S.C. Rao (1999). Evaluation of In-Situ DNAPL Remediation and
Innovative Site Characterization Techniques. Florida Center for Solid and Hazardous Waste
Management, Gainesville, FL.

Slough, K.J., E.A. Sudicky, P.A. Forsyth (1999). Numerical simulation of multiphase flow and phase
partitioning in discretely fractured geologic media. Journal of Contaminant Hydrology 40(2):107-136.

Soga, K., J. Page, and N. Gowers (2002). NAPL source zone remediation — mass flux approach. In:
Environmental Geotechnics. Fourth International Congress on Environmental Geotechnics (4th ICEG),
Rio de Janeiro, Brazil, 2:1069-1081.

Soga, K., J.W. Page, and T.H. Illangasekare (2004). A review of NAPL source zone remediation efficiency
and the mass flux approach. Journal of Hazardous Materials 110(1-3):13-27.



Sun, Y., J.N. Petersen, and T.P. Clement. (1999a). Analytical solutions for multiple species reactive
transport in multiple dimensions. Journal of Contaminant Hydrology 35(4):429-440.

Sun, Y., J.N. Petersen, T.P. Clement, and R.S. Skeen (1999b). Development of analytical solutions for
multi-species transport with serial and parallel reactions. Water Resources Research 35(1):185-190.

Suter, G.W. (1993). Ecological Risk Assessment. Lewis Publishers, Chelsea, MI, 643 pp.

Thermal Remediation Services, Inc. (2005). Final NAPL Area 1 Completion Report. In Situ Thermal
Remediation (Electrical Resistance Heating) East Gate Disposal Yard. Ft. Lewis, WA.

Tidwell V.C., and R.G. Glass (1994). X-ray and visible light transmission for laboratory measurement of
two dimensional saturation fields in thin-slab systems. Water Resources Research 30(11):2873-2882.

Totten, C.T., M.D. Annable, J.W. Jawitz, and J.J. Delfino (2007). Fluid and porous media property effects
on dense non-aqueous phase liquid migration and contaminant mass flux. Environmental Science and
Technology 41(5):1622-1627.

U.S. ACE (2002). Field Investigation Report, Phase Il Remediation Investigation. East Gate Disposal Yard,
Fort Lewis, WA, DSERTS No. FTLE-67.

U.S. EPA (2003). In-situ Thermal Treatment of Chlorinated Solvents: Fundamentals and Field
Applications, U.S. Environmental Protection Agency, Office of Solid Waste and Emergency Response,
Office of Superfund Remediation, Technology Innovation Office, Washington DC. EPA 542-R-04-010.
http://www.epa.gov/tio/download/remed/epa542r04010.pdf

U.S. EPA. (1989). Risk Assessment Guidance for Superfund, Volume 1, Part A. Office of Emergency and
Remedial Response, Washington, D.C. EPA/540/1-89/002.
http://www.epa.gov/oswer/riskassessment/ragsa/index.htm

U.S.G.S. (2000). MODFLOW-2000, The U.S. Geological Survey Modular Ground-Water Model, User
Guide to Modularization Concepts and the Ground-Water Flow Process. U.S.G.S. Open File Report
00-92, 121 pp.

URS Corporation (URS) and INTERA (2003). Final Panel 1 and Panel 5 Surfactant Enhanced Aquifer
Remediation (SEAR) Report, Operable Unit 2, Hill Air Force Base, Utah. Prepared for the Air Force
Center for Environmental Excellence and the Environmental Management Division, Hill Air Force
Base, Utah.

VanAntwerp, D. (2006). Using a Dual-Media Approach to Model Air Sparging Mass Transfer, Clemson
University.

VanAntwerp, D., R.W. Falta, and J.S. Gierke (2008). Numerical simulation of field scale contaminant mass
transfer during air sparging. Vadose Zone Journal 7:294-304.

van Genuchten, M.T. and W.J. Alves (1982). Analytical Solutions of the One-Dimensional Convective-
Dispersive Solute Transport Equation, U.S. Department of Agriculture, Technical Bulletin No. 1661,
151 pp.

van Valkenburg, M.E. (1999). Solubilization and Mobilization of Perchloroethylene by Cosolvents in
Porous Media. Ph.D. Dissertation, Environmental Engineering Sciences, University of Florida.
Gainesville, FL.

Waduge, W.A.; Soga, K. and Kawabata, J. (2004). Effect of DNAPL entrapment conditions on air sparging
remediation efficiency. Journal of Hazardous Materials 110(1-3):173-183

Wagner, D.E., J. Huang, J.L. Heiderscheidt, and M.N. Goltz. (2009). Modeling study to quantify the
benefits of groundwater contaminant source remediation. (In preparation).

Wang, H., X. Chen, and J.W. Jawitz (2008). Locally calibrated light transmission visualization methods to
quantify nonaqueous phase liquid mass in porous media. Journal of Contaminant Hydrology 102(1-
2):29-38.

Weidemeier, T.D., H.S. Rifai, C.J. Newell, and J.T.Wilson (1999). Natural Attenuation of Fuels and
Chlorinated Solvents in the Subsurface. John Wiley and Sons, Inc., New York, NY, 632 pp.

141




142

Weidemeier, T.H., M.S. Swanson, D.E. Moutoux, E.K. Gordon, J.T. Wilson, B.H. Wilson, D.H. Kampbell,
P.E. Haas, R.N. Miller, J.E. Hansen, and F.H. Chapelle (1998). Technical Protocol for Evaluating
Natural Attenuation of Chlorinated Solvents in Ground Water. EPA 600/R-98/128, 248 pp.

Weisbrod N., M. Niemet, and J.S. Selker (2003). Light transmission technique for the evaluation
of colloidal transport and dynamics in porous media. Environmental Science and Technology
37(16):3694-3700.

Widdowson, M.A., S. Shearer, R.G. Andersen, and J.T. Novak (2005). Remediation of polycyclic aromatic
hydrocarbon compounds in groundwater using poplar trees. Environmental Science and Technology
39(6):1598-1605.

Williams, P.R.D., L. Benton, and P.J. Sheehan (2004). The risk of MTBE relative to other VOCs in public
drinking water in California. Risk Analysis 24(3):621-634.

Wilson R.D., and M.D. Mackay (1995). Direct detection of residual non-aqueous phase liquid in the
saturated zone using SF6 as a partitioning tracer. Environmental Science and Technology 29(5):1255-
1258.

Wood, A.L., and C.G. Enfield (1999). In Situ Enhanced Source Removal. EPA/600/C-99/002.

Wood, A.L., C.G. Enfield, F.P. Espinoza, M. Annable, M.C. Brooks, P.S.C. Rao, D. Sabatini, and R. Knox
(2005). Design of aquifer remediation systems: (2) Estimating site-specific performance and benefits of
partial source removal. Journal of Contaminant Hydrology 81(1-4):148-166.

Zeru, A., and G. Schifer (2005). Analysis of groundwater contamination using concentration—time series
recorded during an integral pumping test: bias introduced by strong concentration gradients within the
plume. Journal of Contaminant Hydrology 81(1-4):106-124.

Zhang, H., and F.W. Schwartz (2000). Simulating the in situ oxidative treatment of chlorinated compounds
by potassium permanganate. Water Resources Research 36(10):3031-3042.

Zhang, Y.K., [.LA. Khan, X.H. Chen and R.F. Spalding (2006). Transport and degradation of ethanol in
groundwater. Journal of Contaminant Hydrology 82(3):183-194.

Zhu, J., and J. F. Sykes (2004). Simple screening models of NAPL dissolution in the subsurface. Journal of
Contaminant Hydrology 72(1-4):245-258.



7.0
Appendix A
List of Technical Publications

Peer-Reviewed Papers:

Basu, N.B., A.D. Fure, and J.W. Jawitz (2008), Simplified contaminant source depletion models as
analogs of multiphase simulators, Journal of Contaminant Hydrology 97(3-4):87-99 doi: 10.1016/].
jeonhyd.2008.01.001.

Basu, N.B., A.D. Fure, and J.W. Jawitz (2008). Predicting DNAPL dissolution using a simplified source
depletion model parameterized with partitioning tracers, Water Resources Research, 44:W07414,
doi:10.1029/2007WR006008.

Basu, N.B., P.S.C. Rao, R.W. Falta, M.D. Annable, J.W. Jawitz, and K. Hatfield (2008). Temporal evolution
of DNAPL source and contaminant flux distribution: impacts of source mass depletion, Journal of
Contaminant Hydrology, 95(3-4):93-109.

Bob, M., M. Brooks, L. Wood, T. Lee, and C. Enfield (2008). A modified light transmission visualization
method for DNAPL saturation measurements in 2-D models. Advances in Water Resources Journal
31(5):727-742.

Brooks, M.C., A.L. Wood, M.D. Annable, K. Hatfield, J. Cho, C. Holbert, P.S.C. Rao, C.G. Enfield,
K. Lynch, and R.E. Smith. (2008). Changes in contaminant mass discharge from DNAPL source
mass depletion: evaluation at two field sites. Journal Contaminant Hydrology 102(1-2):140-153,
doi:10.1016/j.jconhyd.2008.05.008.

Chen, X., and J.W. Jawitz, (2008). Reactive tracer tests to predict DNAPL dissolution dynamics in
laboratory flow chambers. Environmental Science & Technology 42(14):5285-5291.

Cho, J., M.D. Annable, and P.S.C. Rao (2003). Residual alcohol influence on NAPL saturation estimates
based on partitioning tracers. Environmental Science & Technology, 37(8):1639-1644.

Falta, R.W. (2003). A dual domain approach for modeling subgridblock scale DNAPL pool dissolution.
Water Resources Research 39(12):SBH 18-1-8.

Falta, R.W. (2008), Methodology for comparing source and plume remediation alternatives. Ground Water
46(2):272-285.

Falta, R.W., N. Basu and P.S.C. Rao (2005). Assessing the impacts of partial mass depletion in DNAPL
source zones: II. Coupling source strength functions to plume evolution. Journal of Contaminant
Hydrology 79(1-2):45-66.

Falta, R.W., P.S.C. Rao and N. Basu (2005). Assessing the impacts of partial mass depletion in DNAPL
source zones: . Analytical modeling of source strength functions and plume response. Journal of
Contaminant Hydrology 78(4):259-280.

Fine, D., M. Brooks, M. Bob, S. Mravik and L. Wood (2008). Continuous determination of high-vapor-
phase concentrations of tetrachloroethylene using on-line mass spectrometry. Journal of Analytical
Chemistry 80(4):1328-1335.

Fure, A.D., J.W. Jawitz, and M.D. Annable (2006). DNAPL source depletion: linking architecture and flux
response. Journal of Contaminant Hydrology 85(3-4):118-140.

Goltz, M.N., M.E. Close, H. Yoon, J. Huang, M.J. Flintoft, S.J. Kim, and C.G. Enfield (2009). Validation
of two innovative methods to measure contaminant mass flux in groundwater, Journal of Contaminant
Hydrology 106(1-2):51-61.

143




144

Goltz, M.N., S. Kim, H. Yoon, and J. Park (2007). Review of groundwater contaminant mass flux
measurement. Environmental Engineering Research 12(4):176-193.

Goltz, M.N.; J. Huang, M.E. Close, M.J. Flintoft, and L. Pang (2008). Use of tandem circulation wells to
measure hydraulic conductivity without groundwater extraction. Journal of Contaminant Hydrology
100(3-4):127-136.

Jawitz, J.W., A.D. Fure, G.G. Demmy, S. Berglund, and P.S.C. Rao (2005). Groundwater contaminant

flux reduction resulting from nonaqueous phase liquid mass reduction. Water Resources Research.
41(10):W10408.1-15.

Kaye, A.J., J. Cho, N.B. Basu, X. Chen, M.D. Annable, and J.W. Jawitz (2008). Laboratory investigation
of flux reduction from dense non-aqueous phase liquid (DNAPL) partial source zone remediation
by enhanced dissolution. Journal of Contaminant Hydrology 102(1-2):17-28, doi: 10.1016/j.
jconhyd.2008.01.006 .

Liang, H., and R.W. Falta (2008). modeling field-scale cosolvent flooding for DNAPL source zone
remediation. Journal of Contaminant Hydrology, 96(1-4):1-16.

Rao, P.S.C. and J.W. Jawitz (2003). Comment on “Steady state mass transfer from single-component dense
nonaqueous phase liquids in uniform flow fields” by T.C. Sale and D.B. McWhorter. Water Resources
Research 39(3):1068.

Totten, C.T., M.D. Annable, J.W. Jawitz, and J.J. Delfino (2006). Fluid and porous media property effects
on dense non-aqueous phase liquid migration and contaminant mass flux, Environmental Science &
Technology 41(5):1622-1627.

VanAntwerp, D., R.W. Falta, and J.S. Gierke (2008). Numerical simulation of field scale contaminant mass
transfer during air sparging, Vadose Zone Journal, 7:294-304.

Wang, H., X. Chen, and J.W. Jawitz (2008). Locally calibrated light transmission visualization methods
to quantify nonaqueous phase liquid dissolution dynamics in porous media. Journal of Contaminant
Hydrology 102(1-2)29-38, doi:10.1016/j.jconhyd.2008.05.003.

Wood, A.L., C.G. Enfield, F. Espinoza, M. Annable, M.C. Brooks, P.S.C. Rao, D. Sabatini and R. Knox
(2005). Design of aquifer remediation systems: (2) Estimating site-specific performance and benefits of
partial source removal Journal of Contaminant Hydrology 81(1-4):148-166.

Wood, R.C., J. Huang and M.N. Goltz (2006). Modeling chlorinated solvent bioremediation using
hydrogen release compound (HRC). Remediation Journal 10(3):129-141.

Zhang, C., H. Yoon, C.J. Werth, A.J. Valocchi, M.B. Basu, and J.W. Jawitz (2008). Evaluation of simplified
mass transfer models to simulate the impacts of source zone architecture on nonaqueous phase liquid
dissolution in heterogeneous porous media. Journal of Contaminant Hydrology 102(1-2):49-60,
doi:10.1016/j.jconhyd.2008.05.007.

Zhang, R. A.L. Wood, C.G. Enfield and S-W. Jeong (2003). Stochastical analysis of surfactant-enhanced
remediation of denser-than-water nonaqueous phase liquid (DNAPL)-contaminated soils. Journal of
Environmental Quality 32(3):957-965.

Technical Reports:

Basu, N. (20006). Flux Based Site Assessment and Design of an Integrated Remediation System. Ph.D.
Dissertation, Purdue University.

Brown, G. (2006). Using Multilevel Samplers to Assess Ethanol Flushing and Enhanced Bioremediation at
Former Sages Drycleaners. M.S. Thesis, University of Florida.

Bulsara, N. (2004). The Occurrence of the Lead Scavengers Ethylene Dibromide and 1,2-Dichloroethane in
Groundwater from Leaking Gasoline Underground Storage Tanks with a Case Study in South Carolina.
M.S. Thesis, Clemson University.

Falta, R.W. and M.B. Stacy (2008). REMChlor - Remediation Evaluation Model for Chlorinated Solvents.
http://www.epa.gov/ada/csmos/models.html.



Fure, A.D. (2005). Relationships Between Mass and Flux in DNAPL Source Zones. Ph.D. Dissertation.
University of Florida.

Kavanaugh, M. and P.S.C. Rao, eds. (2003). The DNAPL Remediation Challenge: Is There a Case for
Source Depletion? EPA/600/R-03/143.

Kaye, A. (2006). Laboratory Investigation of Dense Non-Aqueous Phase Liquid (DNAPL) Partial Source
Zone Remediation Using Cosolvents. M.S. Thesis, University of Florida.

Kim, S.J. (2005). Validation of an Innovative Groundwater Contaminant Flux Measurement Method. M.S.
Thesis, AFIT/GES/ENV/05M-02, School of Engineering and Management, Air Force Institute of
Technology.

Lee, J. (2006). Development and Assessment of Surfactant Modified Sorbents to Measure Inorganic and
Organic Contaminant Fluxes Using Passive Flux Meter. Ph.D. Dissertation, Purdue University.

Liang, H. (2005). Multiphase Flow Modeling of Field Scale Cosolvent Flooding for DNAPL Remediation.
M.S. Thesis, University of Clemson.

Totten, C. (2006). Effect of Porous Media and Fluid Properties on Dense Non-Aqueous Phase Liquid
Migration and Dilution Mass Flux. PhD Dissertation, University of Florida.

VanAntwerp, D. (2006). Using a Dual-Media Approach to Model Air Sparging Mass Transfer. M.S. thesis,
Clemson University.

Wagner, D.E. (20006). Modeling Study to Quantify the Benefits of Groundwater Contaminant Source
Remediation. M.S. Thesis, AFIT/GES/ENV/06M-07, School of Engineering and Management, Air
Force Institute of Technology.

Wheeldon, J.G. (2008). An Evaluation of Current Mass Flux Measurement Practices and Implementation
Guide. M.S. Thesis, AFIT/GEM/ENV/08M-23, School of Engineering and Management, Air Force
Institute of Technology.

Wood, R.C. (2005). Modeling Application of Hydrogen Release Compound to Effect In Situ Bioremediation
of Chlorinated Solvent-Contaminated Groundwater. M.S. Thesis, AFIT/GEM/ENV/05M-14, School of
Engineering and Management, Air Force Institute of Technology.

Yoon, H. (2006). Validation of Methods to Measure Mass Flux of a Groundwater Contaminant. M.S.
Thesis, AFIT/GES/ENV/06M-08, School of Engineering and Management, Air Force Institute of
Technology.

Conference Proceedings:

Brown, G.H., M.D. Annable, J. Cho, H. Kim (2005). Surfactant enhanced air sparging in Borden sand.
Bringing Groundwater Quality Research to the Watershed Scale (Proceedings of GO2004, the 4th
International Groundwater Quality Conference, held at Waterloo, Canada, July 2004). IAHS Publ. 297,
pp. 418-425.

Falta, R.W. (2003). Modeling subgridblock scale DNAPL pool dissolution using a dual domain approach.
In: Proceedings TOUGH Symposium, Lawrence Berkeley National Laboratory, Berkeley, CA. May 12-
14.

Published Technical Abstracts:

Annable, M.D. (2003). Flux based site characterization and remedial performance assessment. SERDP
Annual Technical Symposium, Washington, DC, December 2-4.

145




146

Annable, M.D., M.C. Brooks, C.G. Enfield, R.W. Falta, M.N. Goltz, ].W. Jawitz, P.S.C. Rao, and
A.L. Wood (2006). Field and laboratory evaluation of DNAPL remedial performance. Partners in
Environmental Technology Technical Symposium and Workshop, Washington, DC, November 28-30.

Basu, N.B., A.D. Fure, and J.W. Jawitz (2006). Prediction of down-gradient impacts of DNAPL source
depletion using tracer techniques. Fall Meeting of the American Geophysical Union, EOS Transactions
AGU, 87(52), Fall Supplement, Abstract H23G-04, San Francisco, CA, December 11-15.

Bob, M., M.C. Brooks, T.R. Lee, C.G. Enfield, and A.L. Wood (2004). Saturation measurements of
immiscible fluids in 2-D static systems: validation by light transmission visualization, American
Geophysical Union Fall Meeting, San Francisco, CA, December 13-17.

Bob, M.M, A.L.Wood and T.R. Lee (2004). The impact of partial DNAPL source zone remediation. Fourth
International Conference on Remediation of Chlorinated and Recalcitrant Compounds, Monterey, CA,
May 24-27.

Bob, M.M, M.C. Brooks, S.C. Mravik and A.L. Wood (2007). An experimental assessment of the
impacts of partial DNAPL source zone depletion using sparging as a remediation technology. Second

International Conference on DNAPL: Characterization and Remediation, Niagara Falls, NY, September
24-28.

Bob, M.M, M.C. Brooks, S.C. Mravik and A.L. Wood (2007). A modified light transmission visualization
method for DNAPL saturation measurements in 2-D models. The 2007 AGU Fall Meeting, San
Francisco, CA, December 10-14.

Brooks, M.C., C.G. Enfield, M.D. Annable, and A.L. Wood (2004). Field measurements of contaminant flux
by integral pumping tests, American Geophysical Union Fall Meeting, San Francisco, CA, December
13-17.

Brooks, M.C., C.G. Enfield, M.D. Annable, and A.L. Wood (2004). Field measurements of pre- and post-
remedial contaminant flux by integral pumping tests, SERDP/ESTCP Partners in Environmental
Technology Symposium, Washington DC, November 30-December 2.

Brooks, M.C. and A.L. Wood (2005). Measurement and use of contaminant flux as an assessment tool for
DNAPL remedial performance. NIEHS Web Seminar, August 10.

Brown, G.H., M.D. Annable, and H. Kim (2004). Design of a surfactant enhanced air sparging field test.
Groundwater Quality 2004, 4™ International Conference, Waterloo, July 19-22.

Chen, X., H. Wang, and J.W. Jawitz (2006). Comparison of tracers and image analysis for characterizing
DNAPL spatial distribution and the effects of mass removal on contaminant flux reduction. Fall
Meeting of the American Geophysical Union, EOS Transactions AGU, 87(52), Fall Supplement,
Abstract H11C-1264, San Francisco, CA, December 11-15.

Espinoza, F., A.L. Wood, M.C. Brooks, and C.G. Enfield (2004). Using tracers to describe NAPL
heterogeneity, American Geophysical Union Fall Meeting, San Francisco, CA, December 13-17.

Falta, R. (2004). Contaminant discharge from fractured clays contaminated with DNAPL. Proceedings of
the Second International Symposium, Dynamics of Fluids in Fractured Rock, Berkeley, CA, February
10-12.

Falta, R.W. (2004). The relationship between partial contaminant source zone remediation and groundwater
plume attenuation. Spring Meeting of the American Geophysical Union, abstract in EOS Transactions,
AGU, 85(17), Montreal, Canada, May 17-21.

Falta, R.W. (2005). Assessing the benefit of radiological source remediation efforts in terms of groundwater
plume attenuation. Poster presented at the 50" Annual Meeting of the Health Physics Society, American
Conference of Radiological Safety, Spokane, WA, July 10-14.

Falta, R.W. (2005). Impact of DNAPL source remediation on dissolved plumes. Invited talk presented at
the Theis Conference, National Ground Water Association, Sedona, AZ January 14-17.

Falta, R.W. (2005). The relationship between partial DNAPL source zone remediation and groundwater
plume attenuation. Presented at the 6™ Environmental Technology Symposium and Workshop, U.S.
Army Environmental Center, Portland, OR, March 14-16.



Falta, R.W. (2006). Impacts of DNAPL source zone treatment: experimental and modeling assessment of
benefits of partial source removal. SERDP/ESTCP DNAPL Source Zone Workshop, Baltimore, MD,
March 7-9.

Falta, R.W. (2006). REMChlor — Remediation evaluation model for chlorinated solvent sites. 18th Annual
National Tanks Conference, U.S. Environmental Protection Agency, Memphis, TN, March 20-22.

Falta, R.W., P.S.C. Rao, N. Basu, A.L. Wood, C. Enfield, M. Annable, J. Jawitz and M. Goltz (2004).
Analytical assessment of the impacts of partial mass depletion in DNAPL source zones. SERDP/
ESTCP Partners in Environmental Technology Symposium, Washington, DC, November 29-December
2.

Fure, A.D., J.W. Jawitz, and M.D. Annable (2004). Designing flushing-based remediation systems for
maximum reduction in contaminant mass discharge, EOS Transactions, AGU, 85(46), Fall Meeting
Supplement, Abstract H42A-05. December 13-16.

Fure, A.D., J.W. Jawitz, and M.D. Annable (2004). Relationship between NAPL mass reduction and
contaminant source strength: laboratory experiments. Groundwater Quality 2004, 4™ International
Conference, Waterloo, July 19-22.

Fure, A.D., J.W. Jawitz and M.D. Annable (2003). NAPL mass reduction effects on contaminant source
strength: laboratory experiments. American Geophysical Union Fall Meeting, San Francisco, CA,
December 8-11.

Goltz, M. (2003). Impact of source treatment. AFIT Remediation Project Manager Briefing. Wright-
Patterson AFB, April.

Goltz, M.N. (2007). Groundwater contaminant mass flux measurement methods, Stanford Hydrogeology
Seminar Series, Stanford, CA, November 7.

Goltz, M.N. (2007). Modeling and measuring the benefits of a groundwater contaminant source
remediation, Yonsei University, Seoul, Korea, June 21.

Goltz, M.N. (2007). Modeling and measuring the benefits of remediating a groundwater contamination
source. Hanyang University, Seoul, Korea, June 20.

Goltz, M.N., J. Huang, D.E. Wagner, and J.L. Heiderscheidt (2006). Modeling the benefits of groundwater
contaminant source remediation. 2006 Western Pacific Geophysics Meeting, Beijing, China, July 24-27.

Goltz, M.N,, J. Huang, D.E. Wagner, and J.L. Heiderscheidt (2006). Modeling the benefits of groundwater
contaminant source remediation. Partners in Environmental Technology Technical Symposium and
Workshop, Washington, DC, November 28-30.

Jawitz, J., M. Annable, M. Brooks, C. Enfield, R. Falta, M. Goltz, S. Rao, and L. Wood (2005). Impacts
of DNAPL source treatment on contaminant mass flux. SERDP Annual Technical Symposium,
Washington, DC, November 29-December 1.

Jawitz, J.W. (2003). Benefits of partial removal of NAPL source zones and measurement of solute fluxes.
United States Department of Agriculture Western Regional Project W-82 Regional Project Meeting,
Tucson, AZ, January 9-10.

Jawitz, J.W. (2003). The relationship between mass reduction and flux reduction for NAPL source zones.
225th American Chemical Society National Meeting, Division of Environmental Chemistry, New
Orleans, LA, March 23-28.

Jawitz, J.W. (2004). Effects of contaminated site age on dissolution dynamics. EOS Transactions, AGU,
85(46), Fall Meeting Supplement, Abstract H31A-0369, December 13-16.

Jawitz, J.W. (2004). Groundwater contaminant flux reduction resulting from contaminant mass reduction.
Gordon Research Conference: Modeling Flow and Transport in Permeable Porous Media, The Queens
College, Oxford, UK, July 11-16.

Jawitz, J.W. (2004). Groundwater contaminant flux reduction resulting from contaminant mass reduction.
Groundwater Quality 2004, 4" International Conference, Waterloo, July 19-22.

Jawitz, J.W. (2006). DNAPL source zone characterization and remedial performance assessment, U.S. EPA
National Remedial Project Manager Training Conference, New Orleans, LA, June 19-22.

147




148

Jawitz, J.W., N. Basu, and X. Chen (2007). Prediction of down-gradient impacts of DNAPL source
depletion using tracer techniques: Laboratory and modeling validation. EOS Transactions. AGU,
88(23), Joint Assembly Supplement, Abstract H22C-03, Acapulco, Mexico, May 22-25.

Jawitz, J.W., N. Basu, X. Chen, and A. Fure (2006). Tracer techniques for characterization of aquifer
and contaminant heterogeneity, and remedial performance prediction in a Lagrangian framework.
Geological Society of America Annual Meeting and Exposition, Philadelphia, PA, October 22-25.

Jawitz, J.W., X. Chen, and N.B. Basu (2007). Reactive tracer techniques for predicting DNAPL mass
depletion and flux reduction. Groundwater Quality 2007: 5th International Conference, Fremantle,
Australia, December 2-7.

Jawitz, J.W. and P.S.C. Rao (2003). Influence of aquifer heterogeneity on the mass reduction/flux reduction
relationship for NAPL source zones. Joint Meeting of the European Geophysical Union and the
American Geophysical Union, Abstract EAE03-A-07882, HS5-1M0O20-005, Nice, France, April 7-11.

Rao, P.S.C. (2003). DNAPL source remediation: what is the case for partial source depletion? NRC
Committee Meeting, Irvine, CA, August 19.

Totten, C.T., M.D. Annable, J.W. Jawitz, and J.J. Delfino (2004). Influence of media and fluid properties
on NAPL residual geometry and contaminant mass flux, EOS Transactions. AGU, 85(46), Fall Meeting
Supplement, Abstract H42A-03, December 13-16.

VanAntwerp, D., and R.W. Falta (2006). Modeling kinetic interphase mass transfer during field scale air
sparging operations with a dual domain approach. TOUGH Symposium 2006, Berkeley, CA, May 15-
17.

Wang, H., X. Chen, and J.W. Jawitz (2006). Visualization methods to quantify DNAPL dynamics in
chemical remediation. Fall Meeting of the American Geophysical Union, EOS Transactions AGU,
87(52), Fall Supplement, Abstract H11C-1267, San Francisco, CA, December 11-15.

Wood, A.L. (2003). DNAPL source remediation: assessment of state of the science and practice. EPA
Science Council, Ada, OK, October 21.

Wood, A.L. (2003). Impacts of DNAPL source remediation on source strength. SERDP Annual Technical
Symposium, Washington, DC, December 2-4.

Wood, A.L. (2003). Need and benefits of source control. ORD/HSRC Meeting. Cincinnati, OH, August 26.

Wood, A.L. (2005). DNAPL source remediation research. DOE Performance Monitoring Workshop, Butte,
MT, June 21-23.

Wood, A.L., M.D. Annable, J.W. Jawitz, C.G. Enfield, R.W. Falta, M.N. Goltz and P.S.C. Rao (2004).
Impact of DNAPL source treatment on contaminant mass flux. Third International Conference on
Remediation of Chlorinated and Recalcitrant Compounds. Monterey, CA, May 24-27.

Wood, A.L. and C.G. Enfield (2003). Performance monitoring and forecasting. U.S. EPA Technical Support
Project Semi-Annual Meeting, Seattle, WA, April 21-25.

Wood, A.L. and M.C. Brooks (2005). DNAPL source remediation research. Ground Water Forum Meeting,
Phoenix, AZ, May 24.

Wood, A.L. and M.C. Brooks (2007). Flux-based site management. U.S. EPA Ground Water Forum, Las
Vegas, NV, November 8.

Wood, R.C., J. Huang, C.A. Bleckmann, and M.N. Goltz (2005). Modeling in situ bioremediation of
chlorinated solvent-contaminated groundwater using HRC(r). Eighth International In Situ and On-site
Bioremediation Symposium, Baltimore MD, June 6-9.

Yoon, H., M.E. Close, J. Huang, M.C. Brooks, A.L. Wood, J. Bright, and M.N. Goltz (2006). Validation of
mass flux measurement methods in an artificial aquifer. Fifth International Conference on Remediation
of Chlorinated and Recalcitrant Compounds, Monterey, CA, May 22-25.



Book Chapters:

Annable M.D. (2008). Mass flux as a remedial performance metric at NAPL contaminated sites. In:
Methods and Techniques for Cleaning-up Contaminated Sites. M.D. Annable, M. Teodorescu, P.
Hlavinek and L. Diels (eds). NATO Science for Peace and Security Series—C, pp. 177-186.

Brooks, M.C. and A.L. Wood (2006). The measurement and use of contaminant flux for performance
assessment of DNAPL remediation. In: Remediation of Hazardous Waste in the Subsurface: Bridging
Flask and Field. C.J. Clark II and A.S. Lindner (eds.). ACS Symposium Series 940. American
Chemical Society, Washington, DC, pp. 211-220.

Falta, R.W. (2005). Dissolved chemical discharge from fractured clay aquitards contaminated by DNAPLS.
In: Dynamics of Fluids in Fractured Rock, B. Faybeshenko (ed). Geophysical Monograph Series
Volume 162, American Geophysical Union.







(o)
\" PRESORTED STANDARD

United States POSTAGE & FEES PAID
Environmental Protection EPA
Agency PERMIT NO. G-35

Office of Research and Development (8101R)
Washington, DC 20460

Official Business
Penalty for Private Use
$300

Recycled/Recyclable

Printed with vegetable-based ink on
paper that contains a minimum of
50% post-consumer fiber content
processed chlorine free







EPA 600/R-09/036 Impacts of DNAPL Source Treatment: Experimental and Modeling Assessment of the Benefits of Partial DNAPL Source Removal



