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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 
et al., 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 mm 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 mm) 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 mm, the clay was 3 m thick, with the same properties as in the Reynolds and Kueper case:  a 
very low permeability (1.0 x 10-17 m2 ), 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 10-9 m2 /s , and the tortuosity is taken to be 0.67 following Millington and Quirk (1961).  The fracture 
apertures of 30 and 100 mm used in this study fall within the 1 to 100 mm aperture range typically reported 
for shallow clay deposits (Parker et al., 1994).



111

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 mg/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.

Figure 4.3-25.	Simulated TCE aqueous concentration in the fracture during the 20-year equilibrium period 
for a 30 mm fracture with no TCE decay and a clay foc 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 mm, the equivalent parallel plate permeability is 7.5 x 10-11 m2, 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 mm 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 mm fracture, high concentrations of the TCE remain in the system, and the fracture effluent 
concentration is still about 240 mg/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 mg/L in less than 300 years in this case.

Figure 4.3-26.	TCE concentration in the fracture effluent for the 30 mm and 100 mm fractures.  There is no 
decay of TCE in the clay matrix and the foc = 0.01  (Falta, 2005).

The amount of flushing that takes place in a 30 mm 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 mm fracture (which represents the largest aperture typically found 
in a fractured clay) would conduct 37 times more water than a 30 mm fracture under the same gradient.  A 
pair of simulations was performed using a 100 mm 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 
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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 mm 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 mg/L at about 150 years.

Figure 4.3-27.	TCE concentration in the fracture effluent for the 30 mm and 100 mm fractures.  The 
dissolved TCE has an aqueous phase half-life of 10 years in the clay matrix and the 
foc = 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 (MS,0 ), the initial average source concentration (CJ,0 ), the exponent of the power function ( Γ , 
gamma) relating source strength to source mass, the source decay rate by processes in addition to 
dissolution (λS ), 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, Γ , in the initial DNAPL source mass, MS,0 , and in the 
fraction of source removed by remediation, X.

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).
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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 m2

Porosity 0.33
Source Decay Rate 0  1/yr

Time until Remediation 31 yr
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 (Γ and MS,0 ). 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.

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 31st year after 
DNAPL release and lasted for a half year. In addition to two stochastic variables (MS,0 and Γ ) 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.

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 ( Γ , MS,0 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 31st 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 53rd year and around 0.3 mg/L at the 
100th 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 53rd year and less than 
0.2 kg/yr at the 100th 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, CJ [ M/L3 ], can be related to a source depletion 
term, SD:
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where Cs is the solubility of the DNAPL in groundwater [M/L3], Vp is the number of pore volumes of natural 
flowing groundwater that have traversed the source zone, and the contaminated fraction, fc,0 , 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. 

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(Vp) is equivalent to the cumulative distribution function of τ 
(Jawitz et al., 2005):
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where µln τ and σln τ are the mean and standard deviation of the log transformed variable ln τ .  
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 Ŝ and t ), the variability of 
the Lagrangian DNAPL architecture (related to the second moment of Ŝ ) and the variability of the velocity 
field (second moment of t ).  Further details of the ESM approach are presented in Jawitz et al. (2005).  
Here, we will use µln τ  and σln τ  as fitting parameters to simulate the source depletion profile. Physically,  
µln τ quantifies the mean of the combined hydrodynamic field and DNAPL architecture, while σln τ  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(Vp ) as 
the cumulative distribution function of the lognormal variable τ 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):
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where P is the Peclet number and R is the retardation coefficient. The Peclet number is used here in a 
manner analogous to σln τ  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 µln τ  .  Note that R represents the DNAPL mass in the 
contaminated zone and can be converted to a total-domain retardation using  fc , as described in Jawitz et al., 
2003. 
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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 Cf  to changes in DNAPL mass though an empirical 
variability index. Such models can be generalized as: 
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where M(Vp ) is the DNAPL mass in the source zone after Vp pore volumes of flow, MS,0 is the initial 
DNAPL mass in the source zone, and βP 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), CJ  can be 
expressed as:
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The parameter βP is similar to the variability parameter σln τ  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:
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Here, Da = κeff LS /  q  where κeff [T-1] is the field-scale effective mass transfer coefficient, Ls is the source 
zone length in the mean flow direction, and q [LT-1] is the average Darcy flux for the source zone. The form 
of this equation is slightly different from the previous three models and thus CJ (Vp ) cannot be expressed in 
terms of SD(Vp). The effective mass transfer coefficient (κeff), is related to changes in the DNAPL mass and 
the average groundwater velocity (Parker and Park, 2004):
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where K
S [LT-1] is the average saturated hydraulic conductivity of the source zone, and κ0 [T-1], β1 , and β2  

are empirical fitting parameters. The parameter β1 describes rate limited dissolution that is neglected in the 
other models. For all values of β1 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” β2 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 (  2

ln εs  ). 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 ( 2

ln εs  = 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 

2
ln εs .

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  fc  in the ESM, ADM and PLM is the ratio between the initial flux-averaged concentration 
CJ (Vp ) and the aqueous solubility of the DNAPL  Cs . The rate-limiting parameter  β1 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.

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  ( 2

ln εs  =3 )  (Basu et al., 2008b).

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 RM (Vp ) and 
flux reduction RJ (Vp ) (Figure 4.3-34).  Flux reduction is defined as 1 – CJ (Vp ) /CJ (0) and mass reduction 
is similarly defined as 1 – MS (Vp ) /MS(0) where MS (Vp ) 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 (RJ (RM )) relationships. As described by Jawitz et al. (2005), in addition to the media and DNAPL 
heterogeneity, the RJ (RM ) relationship is also a function of the parameter λ, which is the product of the 
ratio of DNAPL density to its aqueous solubility Cw and the mean DNAPL content in the domain.  In 
the present set of simulations λ is approximately equal to 5, which is close to the λ = 3 used to generate 
Figure 2 of Jawitz et al. (2005).  Thus the RJ , (RM) 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  fc  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 τ) 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, 
βP , β2) 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 
MS (Vp) /MS,0 . 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  2

lnτs  
describes the variability in the travel time and the DNAPL saturation distribution, while the parameter 
µln τ 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 βP and β2 describe the variability of the DNAPL saturation distribution. The parameter κ0 in 
the DaM is analogous to fc in the other three models. The DaM has a third parameter β1 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. 
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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 (MD ; 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 ( Ŝ ) (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 ε 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: 
Domain 1

• Mean intrinsic permeability 
µε = 9.7 × 10− 13 m2

Case 
1 • 2

ln εs  = 1

• Domain dimensions 3 m × 0.49 m × 0.98 m 
(nx = 43, ny = 7; nz = 14)

• SN and ε positively correlated 
ln(SN) = ln(ε) + 26.2, (ε in m2; SN,max = 0.15)

• Correlation lengths ξx = 0.7 m, ξy = 0.07 m, 
ξz = 0.07 m

• DNAPL mass M = 2.36 kg

• Darcy flux q = 5.4 cm/day Case 
2 •

2
ln εs  = 2.45

• SN and ε positively correlated
 ln(SN) =  ln(ε) + 23.6, (ε in m2 ; SN,max = 0.15)
• DNAPL mass M = 2.36 kg

Case 
3 • 2

ln εs  = 1

• Binary distribution of SN (SN = 0.15 and 0.5)

• DNAPL mass M = 12.3 kg

Set 2: 
Domain 2

• Mean intrinsic permeability 
µε = 2 × 10− 12 m2

Case 
1 • 2

ln εs  = 2.45

• Domain dimensions 30 m × 30 m × 15 m 
(nx = ny = 20, nz = 25)

• SN and ε positively correlated 
ln(SN ) = ln(ε) + 23.2, (ε in m2; SN,max = 0.17)

• Correlation lengths ξx = 30 m, ξy = 10 m, 
ξz = 1 m

• DNAPL mass M = 1950 kg

• Darcy flux q = 0.6 cm/day Case 
2 • 2

ln εs  = 2.45
• SN and ε negatively correlated 
ln(S ) = − ln(ε) − 31.7, (ε in m2 ; SN,max = 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 (SN ) within the domain for the simulated cases are 
presented in Table 4.3-7.  The higher value of (CVSn

 ) relative to CVJ  is attributed to the sparse distribution 
of the DNAPL within the source zone, with certain 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 SN distributions as a function of increasing source mass removal showed that the CV of the SN 
distribution increased with time, while that of the J distribution oscillated but remained relatively constant.  
The relatively constant CVJ  at the source CP is an interesting feature and was thus investigated for all five 
cases (Table 4.3-6).  Since the initial CVJ for the domains are different, we normalized the data by plotting 
the relative reductions in the mean contaminant flux (Rµ ) and the flux standard deviation (Rσ):
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Where µi and σi are the initial mean and standard deviation of the distribution, while µt and σt are the 
mean and standard deviation of the distribution at time t.  The results from simulations for all cases are 
plotted in Figure 4.3-35.  All data sets indicate a 1:1 relationship between Rµ and Rσ , 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 CVJ (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 (q ), contaminant flux (J ), and the DNAPL 
mass (SN) distribution.

Distribution properties Domain I (ISCO3D) Domain II (T2VOC)

Case 1 Case 2 Case 3 Case 1 Case 2

Initial CVq 0.6 1.7 0.6 1.7 1.7

Initial CVJ 0.7 1.7 0.7 4.6 4.8

Initial CVSn 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 SN 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 (ε ) vs. SN 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 (q ) 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 ε to the 
low-ε 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.
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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).
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The second centralized spatial moments about the center of mass (σ2
xx , σ2

yy , σ2
zz ) are a measure of the spread 

of the SN  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 (µ ) and the standard deviation (σ ) of the contaminant flux distribution 
at the source CP decreases with source mass reduction. Moreover, µ  and σ  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.

(a) (b)
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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 DNAPLs 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  2

ln εs  = {0.2, 1, 3} to evaluate a range of field scenarios.  A set of simulations comprised of 
four realizations was run for each value of 2

ln εs . Non-partitioning and partitioning tracers were used to 
characterize the Lagrangian properties (non-reactive travel time (t) and trajectory-integrated DNAPL 
content (Ŝ ) 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 μln t and σln t 
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.  

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 t and Ŝ distributions (τ = NtŜ , 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, t = 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 2

ln εs = 0.2, 
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 RM 
and flux reduction RJ  (Figure 4.3-40).  Flux reduction is defined as 1 – CJ (t)/CJ (t =0 ) and mass reduction 
is similarly defined as 1 – MS (t) /MS (t =0 ) where CJ (t ) is the flux-averaged concentration at the exit 
control plane at time t , and MS (t ) is DNAPL mass in the source zone at time t.  The predicted mass 
reduction–flux reduction profiles also matched the UTCHEM-simulated behavior well, with NRMSD values 
varying between 0.034 ( 2

ln εs  = 0.2) and 0.054 ( 2
ln εs  = 3).

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 Cf (T ) from DNAPL source zones:
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where βG= 1.5 GTP-0.26 and Cs is the aqueous solubility. The GTP correlation coefficient βG was developed 
from simulations with GTP limited between 0.5 and 24. This model was used to predict the dissolution 
BTCs and the RJ (RM ) 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  ∞  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.

Simul-
ation

Domain properties
Non-reactive 

tracer 
parameters

Partitioning 
tracer 

parameters

Reactive travel 
time 

distribution 
moments

Ganglia 
to pool 
ratio

µln ε
2
ln εs

_
SN µln t σln t µln Ŝ σln Ŝ µln τ σln τ

1-1 -6.85 0.19 0.00419 -0.01 0.17 -5.58 0.47 1.39 0.50 ∞
1-2 -6.92 0.19 0.0033 -0.01 0.15 -5.90 0.61 1.09 0.63 ∞
1-3 -6.92 0.18 0.0033 -0.01 0.17 -5.91 0.65 1.06 0.67 ∞
1-4 -6.94 0.24 0.00446 -0.01 0.15 -5.55 0.55 1.44 0.55 ∞
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
3-4 -5.62 3 0.00449 -0.17 0.58 -5.40 0.95 1.43 1.11 2.7

_
SN = 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 t and Ŝ distributions 
characterizes both the NAPL population distribution and spatial structure.  No definite correlation was 
observed between GTP and 

2
ˆln S

s  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., 2006).

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.
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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.
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