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CHAPTER 1 
PARADIGM SHIFTS: THE CHALLENGE OF MANAGING DENSE NONAQUEOUS 

PHASE LIQUID CONTAMINATED SITES 

In this chapter I will provide a brief historical sketch of the approaches utilized to 

manage sites contaminated with dense nonaqueous phase liquids (DNAPLs). I have 

attempted to frame this discussion in terms of Thomas Kuhn’s The Structure of Scientific 

Revolutions as I believe the transition from mass-based to flux-based performance 

metrics for DNAPL source zones is a paradigm shift, marked by many of the 

characteristics outlined by Kuhn. Another reason I have elected to incorporate Kuhn is 

his notion of normal science or paradigm articulation. I would consider most of my own 

work as fitting into this classification, i.e. I feel that much of my work has been directed 

towards advancing and refining an already introduced flux-based paradigm (Rao et al., 

2001).  

Thomas Kuhn and Paradigm shifts 

The notion of paradigms—the idea that the direction of scientific inquiry and the 

interpretation of results is significantly influenced by background contexts—can be to 

traced to Thomas Kuhn’s influential book  The Structure of Scientific Revolutions. Kuhn 

was a graduate student in theoretical physics at Harvard “within sight of the end of [his] 

dissertation” when he became involved with an experimental college course treating the 

physical sciences for the non-scientist. This course would drastically alter his career path, 

taking him from physics to the history of science and eventually back to the 

1 
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“philosophical underpinnings” of science. He would publish The Structure of Scientific 

Revolutions 15 years later in 1962.   

 Kuhn suggests that paradigm shifts share two essential characteristics, they are 

sufficiently unprecedented to attract a group of adherents away from competing modes of 

scientific inquiry and they are open-ended enough to leave all sorts of problems for the 

redefined group of practitioners to resolve (Kuhn refers to the ‘resolution of these 

problems’ as normal science or paradigm articulation).  Although Kuhn dealt only with 

truly revolutionary paradigm shifts, such as the shift from the Ptolemaic system of 

astronomy (which placed the earth at the center of the solar system) to Copernican 

astronomy (which placed the sun at the center of the solar system), the same patterns of 

paradigm shifts have been applied extensively and perhaps often inappropriately to other 

‘less revolutionary’, non-scientific modes of inquiry that have undergone fundamental 

change in the background context within which they operate.  

In my opinion, a shift from mass-based to flux-based performance metrics for 

dense nonaqueous phase liquid (DNAPL) source zones constitutes a paradigm shift 

which, to borrow again from Kuhn, “requires the reconstruction of prior theory and the re-

evaluation of prior fact.”  This is especially true with regards to surfactant-based flushing 

technologies, a technology adapted from the oil industry which, by definition, has been 

previously designed and optimized to most effectively remove mass from the system, not 

to yield the largest reduction flux.  The mass reduction/flux reduction relationships 

discussed throughout serve as a sort of ‘paradigm transfer function’ seeking to take at 

least some of the large body of work that has operated within the mass reduction 

paradigm and cast it into the new flux based paradigm. 
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A Crisis of Technological Limitations 

Kuhn suggests that paradigm shifts occur as the result of crisis or the inability of an 

existing paradigm to describe certain observed behavior. In the case of Ptolemaic 

astronomy, the crisis arose from complications describing astronomical observations 

outside of planetary positions, such as equinoxes. Kuhn suggests that out of crises arise 

any number of competing paradigms, which vie for preeminence within the scientific 

community. The initial stages of a paradigm shift are invariably characterized by elevated 

tension between members belonging to the previous paradigm and those members 

aligning themselves with any one of the competing paradigms. Eventually, a dominant 

paradigm arises (e.g. that of Copernican astronomy) leading to the gradual disappearance 

of both the original paradigm and any competing paradigms.  

When, in the development of a natural science, an individual or group first 
produces a synthesis able to attract most of the next generation’s practitioners, the 
older schools gradually disappear. In part their disappearance is caused by the 
members’ conversion to the new paradigm. But there are always some men who 
cling to one or another of the old views, and they are simply read out of the 
profession, which thereafter ignores their work. The new paradigm implies a new 
and more rigid definition of the field. Those unwilling to or unable to accommodate 
their work to it must proceed in isolation or attach themselves to some other group. 

The crisis that precipitated the proposed shift from a mass based to a flux based 

paradigm is not one in which the preexisting paradigm was unable to describe a given set 

of physical observations, but rather a crisis of technological limitations.  In this case, the 

technological limitations are those associated with the suite of potential remediation 

technologies available to those charged with managing sites contaminated with DNAPLs, 

none of which perform as a ‘silver bullet’ technology capable of efficiently removing or 

destroying all of the contaminant mass from the subsurface and thereby, prima facie, 

appearing as failures. A paradigm shift occurs by considering these same technologies 
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not for their ability to remove or destroy mass, but for their ability to reduce risk, which 

does not require the complete removal of mass. Such a shift, as Kuhn suggests, has been 

characterized by initial resistance, both from those within the regulatory and scientific 

communities.  I hope the flux paradigm will soon be characterized, also as Kuhn 

suggests, by a large influx of research that advances and refines the new paradigm 

(paradigm articulation) as it gains acceptance as the more rational paradigm. 

Definition of Risk 

Of critical importance to the flux-based paradigm is the contention that there is no 

direct linkage between risk and the amount of DNAPL mass present at a given site as a 

receptor will virtually never come into direct contact with a contaminant in the 

nonaqueous phase. The risk associated with a given DNAPL contaminated site is thereby 

derived from that particular site’s ability to transfer contaminant mass from the 

nonaqueous phase to aqueous or gaseous phases which can migrate beyond the 

boundaries of the source zone and potentially interface with contaminant receptors. An 

evaluation of risk would thereby require an evaluation of the rate at which contaminant 

mass is being transferred from the nonaqueous to the aqueous and/or gaseous phases 

(source discharge) coupled with predictive contaminant fate and transport analysis to 

determine potential contaminant receptors, exposure pathways, and associated 

toxicological impacts.  While acknowledging gaseous phase transport, the following 

analysis is primarily directed towards aqueous phase transport.  Therefore, unless 

specifically stated the term ‘risk’ will be used hereafter to specifically refer to receptor 

exposure to a dissolved contaminant plume. 
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Historical Sketch of Approaches for Managing DNAPL Contaminated Sites 

Based upon the discussion outlined in the previous section there are three 

components to consider when managing the risk associated with a DNAPL contaminated 

site: the source, the receptor, and the pathway by which the contaminant is transferred 

from the source to the receptor (figure 1).  Management strategies can conceptually be 

delineated into three groups based upon which of the three components (the source zone, 

the exposure pathway, or the receptor) are targeted (figure 2).  

Source Zone

Transport Vehicle (e.g. 
flowing groundwater)

Receptor

Exposure 
Pathway

Nonaqueous Phase

Mass       Transfer

 

Figure 1-1. Components to consider in remedial design. 

 
Institutional based approaches provide an immediate short-term reduction in risk by 

removing the receptor from the exposure pathway. An example of such an institutional-

based approach would be taking a drinking water well offline due to the interaction of the 

well with a dissolved contaminant plume. Institutional approaches of course make no 
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attempt to remediate or restore sites to a level where the site can again be used for 

industrial, residential, or recreational purposes. 

Plume management based approaches target the exposure pathway by either 

removing/stripping the contaminant from the transport vehicle (e.g. reactive barriers), 

removing the transport vehicle from the exposure pathway (e.g. pump and treat), or by 

enhancing transformation of the contaminant to a more benign derivative as it migrates 

along the exposure pathway (e.g. enhanced bioremediation). Pump and treat, which 

extracts contaminated groundwater from the subsurface and treats it above ground, 

historically has been the approach most employed at DNAPL contaminated sites (NRC, 

1994). The major limitation associated with pump and treat technologies when applied to 

DNAPL sites stems from the longevity of most DNAPL source zones, which tend to 

function as sources of groundwater contamination for extended periods of time. Wide 

recognition in the early to mid 90’s that pump and treat was by and large ineffective at 

most DNAPL sites due to the longevity of DNAPL source zones (NRC, 1994; Travis and 

Doty, 1990) sparked interest in approaches directed towards the removal or destruction of 

the source of contamination. 
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Source Zone 
Remediation

Plume Management Institutional

• Eliminate source discharge by 
complete removal/destruction 
(e.g. surfactant flushing; 
chemical oxidation)

• Reduce source discharge via 
partial removal/destruction

• Reduce source discharge by 
limiting access of transport 
vehicle to source (e.g. slurry 
walls)

• Remove transport vehicle from 
exposure pathway (e.g. pump 
and treat)

• Remove contaminant from 
transport vehicle in-situ (e.g. 
permeable reactive barriers)

• Enhance in-situ transformation 
of contaminant as it travels along 
the exposure pathway (e.g. 
enhanced bioremediaton)

Source 
Zone Exposure Pathway Receptor

• Remove receptor from 
exposure pathway (e.g. taking 
drinking water well offline)

 
 
Figure 1-2. General approaches for managing risk at contaminated sites. 

 
It was of course initially hoped for that the research and funding directed towards 

source zone remediation would yield technologies capable of complete contaminant 

removal/destruction. Source zone remediation is inherently complex however, from the 

initial characterization of the site to the eventual implementation of the given technology, 

and has, as a result, prohibited the development of a “silver bullet” type technology 

which can efficiently remove or destroy all of the contaminant mass in the source zone 

(Soga et al., 2004). Several source zone remediation technologies have however shown 

the ability to remove/destroy a large portion of the contaminant mass which introduces 

questions as to the benefits of partial source removal and whether those benefits are 
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commensurate to the often considerable cost required to achieve partial source removal 

(E.P.A., 2003).  

Alternative Performance Metrics for Source Zone Remediation 

A recent E.P.A. report (EPA, 2003) groups source zone remediation performance 

metrics into three categories. Type I metrics are measurements that can be reliably 

acquired and are commonly used such as the total mass of DNAPL removed from the 

subsurface and changes in resident groundwater concentrations. Type II metrics are 

metrics that can sometimes be measured, but are not in wide use such as remaining 

DNAPL mass and DNAPL architecture. Type III metrics are metrics that are theoretically 

possible and under development such as mass flux and mass discharge.   

To consider partial source removal as a viable remedial alternative requires an 

alternative performance metric that is not based upon reducing local resident 

concentrations in the source zone below regulatory maximum contaminant levels (MCLs) 

(type I metrics), but rather on reducing risk to down-gradient receptors below a given 

threshold.  A risk-based analysis requires consideration of both the source strength (type 

III metrics) and fate and transport modeling of the dissolved contaminant plume.  Rao et 

al. (2001) discuss attenuation based performance metrics for aggressive source zone 

remediation technologies based on whether the contaminant flux is reduced to a level 

where the following four criteria are met: (a) the spatial extent of the existing dissolved 

plume is stable or decreases; (b) the total contaminant mass within the plume is constant 

or diminishing; (c) both the average concentration and the range in concentrations is 

diminishing; (d) contaminant fluxes decrease at succeeding control planes along the 

dissolved plume. If these conditions are met, then the dissolved plume is stable (source 
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strength equals attenuation capacity) or decreasing (source strength is less than the 

attenuation capacity) (Rao et al., 2001). 

When considering the ecological and human impacts of a migrating dissolved 

contaminant plume, one is typically concerned with communication between the plume 

and down-gradient surface water bodies and/or drinking water supply wells. In relation to 

surface water bodies, where there are potentially multiple contaminant sources 

contributing to the overall contaminant load, a mass discharge approach for evaluating 

and prioritizing source zone remediation is clearly more appropriate than an MCL 

approach as a mass discharge approach would fit into the preexisting Total Maximum 

Daily Load  (TMDL) framework. Einarson and Mackay (2001) suggest a similar TMDL 

type approach for the protection of water supply wells with the pollutant mass balance 

being performed on the capture zone as opposed to the surface water body. The approach 

used in the source zone TMDL approach to estimate the contaminant concentration at a 

drinking water supply well is to divide the total pollutant discharge to the capture zone by 

the total extraction flow rate from the capture wells (figure 3). As noted by Einerson and 

Mackay (2001), the TMDL approach, if implemented, would establish a more rational 

framework for addressing multiple sources and coping with the reality that the resources 

available for addressing groundwater contamination are substantially smaller than the 

scope of the problem. In the case of multiple sources, a TMDL approach would also 

provide an opportunity for emissions trading in manner directly analogous to the current 

approach utilized for air and water based emissions. 
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Figure 1-3.  Source zone TMDL approach of Einarson and Mackay (2001) 

 

Technical Considerations 

The purpose of this opening chapter is to provide a socio-political context for the 

more technical portion that follows. I want to emphasize that a flux-based 

paradigm/source zone TMDL approach is not widely accepted and is somewhat 

controversial. Aside from mentioning this controversy in passing and simply stating that 

the source zone TMDL approach is, in my opinion, the most rational and appropriate way 

to approach DNAPL contaminated sites, I will not evaluate the socio-political 

components of this controversy in any sort of systematic fashion. My main focus here is 

to look at some of the technical ramifications of adopting a flux based paradigm with my 

main thesis being that many of the technical challenges associated with the management 

of DNAPL contaminated sites are more tractable in a flux-based paradigm. 
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In the following chapters, analytical models are introduced which are useful for 

addressing some of the difficult questions surrounding the benefits of partial source 

removal. In chapter 2, the models are introduced and compared with numerical 

simulations conducted with the multiphase flow and transport simulator UTCHEM to 

determine if the analytical models are capable of reproducing the range of dissolution 

profiles produced by UTCHEM. Chapter 3 consists of experiments designed to 

qualitatively investigate linkages between source discharge and NAPL architecture. The 

experiments of chapter 3 were also designed to validate some of the underlying 

assumptions of the analytical models. In chapter 4, the use of tracers to parameterize the 

analytical models was investigated. The overall performance of the tracers served as an 

additional validation of the model assumptions. In chapter 5, the models are extended to 

handle flushing-based (surfactant/cosolvent) remediation. In chapter 6, after the models 

have been validated, a framework for utilizing the models is suggested. The models are 

also used to answer some important questions related to the benefits of partial source 

depletion.

 



 

CHAPTER 2 
SIMPLIFIED SOURCE DEPLETION MODELS 

Introduction 

The decision process for risk-based corrective action at sites contaminated with 

DNAPLs introduces several difficult questions, many of which do not have answers that 

are widely accepted throughout the technical and regulatory communities. Of critical 

importance when considering plume management vs. aggressive source zone remediation 

is the prediction of the long term natural-gradient dissolution of the source zone to 

determine the required duration of plume management. The use of numerical simulators 

for the prediction of long term source depletion is perhaps impractical due to the 

sensitivity of a migrating DNAPL to small scale changes in permeability, which leads to 

complex entrapment configurations (e.g., Keuper et al., 1993) which are next to 

impossible to characterize using currently available technologies (Parker and Park, 2004). 

The practical limitations of conventional numerical simulators has led researchers to 

propose simplified screening models which serve as analogs to more sophisticated 

numerical simulators (Parker and Park, 2004; Zhu and Sykes, 2004). These screening 

models require relatively few parameters and can be efficiently coupled to contaminant 

fate and transport models as source terms. Screening models are also useful for 

evaluating uncertainty in key input parameters (e.g., NAPL mass) and the associated 

effect of that uncertainty on predicted source depletion. In this chapter three simplified 

NAPL source depletion models are considered, a streamtube model, an advection 

dispersion model, and the power function model of Parker and Park (2004). 

12 
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There are two key questions to consider in relation to utilizing simplified source 

depletion models in the decision process for DNAPL contaminated sites. The first 

question is whether the model is capable of reproducing the range of source depletion 

behavior observed in field, laboratory and numerical studies of source depletion. The 

second question is how would the parameters for these models be determined in order to 

be of use to site managers? There are two approaches that can be employed. The first 

approach is to evaluate an expected range of model parameters based on typical values 

encountered in field, laboratory and numerical studies and incorporate that 

range/uncertainty into the site specific decision process. The second approach is to try 

and physically measure the parameters in the field. In order to do this, the parameters 

must take on some physical meaning (as opposed to being just fitting parameters) and 

there must be an available technology to measure the parameter. In this chapter I will 

investigate part of the first question: whether these simplified source depletion models 

can serve as mathematical analogs to more sophisticated numerical simulators. In chapter 

3, I will evaluate these models with respect to experimental studies of source depletion. 

In chapter 4, I will investigate the second question, whether these models can be 

parameterized using existing technologies. 

General Mathematical Framework 

The three models introduced below take on a similar formulation where the flux-

averaged concentration exiting a source zone is related to a source depletion term (SD) as 

in equation 3-1 below. 
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Where Cf is the flux averaged concentration exiting the source zone [M/L3], Cs is 

the solubility of the NAPL in groundwater (or flushing solution) [M/L3], and T is the 

flushing duration.  The contaminated fraction, fc, is the fraction of streamtubes initially 

containing NAPL. It is expected that the flux averaged concentration exiting a source 

zone will be well below solubility (MacKay et al., 1985) resulting from both a ‘physical 

nonequilibrium’ brought about by streamtubes that do not intersect with the contaminated 

fraction of the source zone (manifested in fc) and are subsequently blended in the 

extraction well with contaminated streamtubes, and to a lesser extent by chemical 

nonequilibrium brought about by rate limited mass transfer from the NAPL to the 

flowing aqueous phase. The three model types introduced below share the same general 

form as equation 3-1, differing only in the way in which the source depletion term (SD) is 

formulated. 

Streamtube Models 

Lagrangian Definition of NAPL Architecture 

Sale and McWhorter (2001) use the term “source zone architecture” to refer to the 

geometry, spatial distribution, and saturation of a collection of subzones comprising a 

source zone. Quantitatively there are two ways to define NAPL architecture, an Eulerian 

approach and a Lagrangian approach. In the Eulerian definition of source zone 

architecture, point values of NAPL saturation are expressed in terms of their magnitude 

and location in an arbitrary coordinate system. The concept behind the Lagrangian-based 

definition of NAPL architecture is to resolve the source zone into a collection of 

streamtubes with variability in NAPL saturation (and mass transfer rate coefficients) 

along each streamtube integrated and transformed into an effective value for each 

streamtube (Cvetkovic et al., 1998; Jawitz et al., 2003a). Following Jawitz et al. (2003a), 
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this integrated parameter is referred to as the trajectory integrated NAPL content, 

w

NS
S

θ
ηˆ

ˆ =  (where  is the trajectory integrated NAPL saturation, η is the porosity [LNŜ 3L-

3], and θw is the water content [L3L-3]). The paramter is utilized in place of  because 

it exhibits a range of (0, ) as opposed to the (0,1) range exhibited by , which is 

consistent with lognormal and gamma probability distributions. The Lagrangian 

definition of source zone architecture would then be defined through some form of a 

probability distribution which would describe the distribution of trajectory integrated 

NAPL contents among the streamtube network. 

Ŝ NŜ

∞ NŜ
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Figure 2-1. Eulerian and Lagrangian definitions of NAPL architecture. 

 
The Lognormal Distribution 

In the streamtube models discussed below, the travel time, t, and are considered 

random variables, described by a lognormal probability density function (pdf). 

Ŝ
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Where µ is the mean of the log transformed variable x and σ is the standard 

deviation. When considering process models with two random variables, a joint pdf must 

be utilized if the random variables are correlated. 
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Where ρ is the correlation coefficient between x and y. If x and y are uncorrelated 

then (2-3) can be expressed as the product of f(y) and f(x). The expected value of x is 

given by the following: 
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The analytical solution of (2-6) is the well known moment generating function for a 

lognormal distribution (e.g. Jury and Roth 1990): 
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Given the first two moments, any higher moments can be determined by using (2-

7) and solving for µ and σ. 
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A final property of the lognormal distribution that has relevance to the streamtube 

models below is that the product of two lognormals, Z = XY, can be substituted for with 

another lognormal with mean and variance: 

                                                   YXZ µµµ +=                                                  (2-10) 

                                      22 2 YYXXZ σσρσσσ ++=                                      (2-11) 

 
Equilibrium Streamtube Model 

The first model considered is a version of a model presented in Jawitz et al. (2005) 

that has been modified for natural gradient source depletion. The model is built upon the 

contention that the Lagrangian-based NAPL architecture and its relation to the velocity 

field exert primary influence over dissolution dynamics, where additional mechanisms 

not explicitly accounted for in the streamtube model, such as rate-limited mass transfer, 

transverse dispersion, and relative permeability exert only secondary influence, causing 

perturbation about the mean behavior. The assumption that a parcel of water that 

traverses the length of a contaminated source zone, from injection plane to extraction 

plane, is at solubility by the time it reaches the extraction plane is well supported in the 

literature as column studies of aqueous dissolution have shown the spatio-temporal scales 

required to reach equilibrium concentrations to be on the cm scale for typical 

groundwater velocities (Miller et al., 1990; Powers et al., 1994). The fundamental 

assumption of the streamtube models is that dissolution dynamics are governed primarily 

by the NAPL architecture and its relation to the velocity field such that additional 

mechanisms not accounted for in the mathematical formulation such as relative 
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permeability and transverse dispersion introduces negligible error. The major advantage 

of simplifying dissolution dynamics by neglecting mechanisms such as transverse 

dispersion and relative permeability is that it allows for the development of relatively 

compact analytical expressions that can be parameterized with tracer tests (Jawitz et al., 

2000a) and are potentially of more practical value to site managers (Parker and Park, 

2004).  

The assumption that NAPL architecture is a principal controlling mechanism of 

dissolution dynamics is well supported by previous numerical modeling studies of NAPL 

infiltration and dissolution/remediation  (Mayer and Miller, 1996; Dekker and Abriola, 

2000; Lemke et al., 2004b; Parker and Park, 2004). The effects of neglecting transverse 

mixing between streamtubes has been investigated previously by Fiori (1996) and 

Berglund and Fiori (1997). Berglund and Fiori (1997) determined that the advection-only 

approach is appropriate for sorbing solutes under typical field conditions. Other 

researchers have incorporated mixing effects into streamtube formulations (Cirpka and 

Kitanidis, 2000; Ginn 2001) in order to model reaction processes that are highly 

dependent on transverse mixing (Kapoor et al., 1997; Kapoor et al., 1998; Cirpka et al., 

1999).  Laboratory studies have documented the importance of transverse mixing in the 

dissolution of NAPL pools (Chrysikopoulos et al., 2000; Eberhardt and Grathwohl, 

2002), yet the effect of transverse mixing when considering dissolution dynamics at the 

field scale are somewhat less certain. For example, in the numerical simulations of 

surfactant-based DNAPL source zone remediation of Lemke et al. (2004b), the mass flux 

and PCE recovery were found to be insensitive to transverse dispersivity values ranging 

from .0075m to 0.06m, values extending well beyond the upper limit reported in field and 
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laboratory experiments (Klenk and Grathwohl 2002). Further research is needed to 

determine the effect of neglecting transverse dispersion on field scale dissolution 

dynamics. The effect of neglecting relative permeability is also uncertain and an area for 

further research. If relative permeability effects are large the flow paths (i.e. the travel 

time and NAPL associated with that travel time) may be temporally dynamic, changing 

throughout the dissolution process (Geller and Hunt, 1993; Powers et al., 1998). 

Concept of contribution time 

The model formulation below is based on the concept of contribution time, denoted 

throughout as τ. The parameter τ can be thought of as the time at which a given 

streamtube is depleted of NAPL under a set of specific dissolution/flushing conditions. 

For an arbitrary flushing/dissolution duration (T), all streamtubes with τ values less than 

T are clean, while all streamtubes with τ values greater than T are still contaminated. 

Under the equilibrium assumption, the concentration discharging from the contaminated 

streamtubes is at solubility while the concentration discharging from the clean 

streamtubes is zero. This concept is illustrated in figure 2-2. 

Derivation of contribution time 

Utilizing the assumptions listed above it is possible to consider a simple mass 

balance on an individual streamtube: 
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where Mn [M] is the NAPL mass in the individual streamtube, Q is the flow rate [L3/T], ρn 

is the NAPL density, v is the velocity in the streamtube [L/T], L is the length of the 

streamtube, A is the cross sectional area of the streamtube [L2], t is the residence time or 

the travel time and Kf is ratio of the NAPL density to the solubility (ρn/Cs).  Utilizing 
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Figure 2-2. Illustration of the tau concept. 

 
equations 2-10 and 2-11 and substituting a lognormal random variable tS for the product 

of two random lognormals t and , equation 2-12 reduces to Ŝ Sf tK=τ  with mean and 

variance given by: 

 
tStS

µµµ += ˆ  
 

                                             22 2 ttSStS
σσρσσσ ++=                                             (2-13) 

 
 

Expected value for streamtube ensemble 

Using the concept of contribution time, the ensemble average for a collection of 

streamtubes is given by equation 2-1 with SD equal to the cumulative distribution 

function of τ: 

 



21 

                                         )(1
)(

TS
Cf
TC

D
sc

f −=                                          

with: 

                                            )()( τpTSD =                                                          (2-14) 

where p(τ) is the cumulative distribution function of the contribution time (τ). The mean 

and variance for the contribution time can be determined by employing equations 2-7 

through 2-9: 
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Breakthrough curves and mass reduction/flux reduction relationships 

The magnitude of the average contribution time (represented by m1τ) increases with 

a decrease in average velocity or an increase in the domain averaged NAPL saturation. 

Contribution time heterogeneity (manifested in m2τ) increases by introducing more 

variability to the flow field and/or the NAPL distribution. Contribution time 

heterogeneity also increases through an increase in positive correlation between travel 

time and NAPL saturation. The physical meaning of a positive correlation between 

NAPL saturation and travel time is that more of the NAPL mass would be present in the 

lower conductivity, lower velocity media. Qualitative studies of NAPL spills (e.g., 

Keuper et al., 1993; Schwille, 1998) have demonstrated that a migrating NAPL is 

extremely sensitive to small scale changes in permeability, moving preferentially through 
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courser grained media, suggesting a negative correlation between travel time and NAPL 

saturation. 

A suite of breakthrough curves (BTCs) for a fixed average contribution time (fixed 

m1τ; i.e., fixed NAPL mass) and increasing variability in contribution time (expressed 

through increasing m2τ) is displayed below in figure 2-3. Within the streamtube 

framework outlined above, the shape of the BTC exiting the source zone is controlled by 

the distribution of NAPL saturations and velocities among the streamtubes rather than the 

equation that describes transport at the scale of the individual streamtube. For the case of 

a homogenous distribution of NAPL saturations in a uniform flow field (m2 = 1.01 in 

figure 2-3), the dissolution profile resembles a step function with each streamtube 

depleted of mass at an identical flushing duration. This type of dissolution behavior 

would most resemble column-based experiments of uniformly distributed residual NAPL 

saturations (Imhoff et al., 1994; Powers et al., 1994), the PCE component of the relatively 

homogenous Borden emplaced source (Frind et al., 1999), and the theoretical analysis of 

Sale and McWhorter (2001). In this scenario there is limited reduction in contaminant 

discharge until most of the NAPL mass has been depleted (figure 2-4). With increased 

variability in contribution time (τ distribution) the dissolution profile moves from a step 

function, to more of an exponentially decaying dissolution profile, and eventually to a 

dissolution profile at high variability that is characterized by a rapid drop in flux followed 

by extensive tailing.  

It is possible to consider the BTCs of figure 2-3 as having two distinct components: 

an accessible component associated with an initial flux decrease and a recalcitrant 
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component associated with the late-term tailing portion. As variability in contribution 

time increases, more mass is shifted to the recalcitrant late-term tailing portion of the 

 
 
Figure 2-3. BTCs for increasing variability in contribution time (m2τ). 

 

BTC, leading to a larger initial reduction in flux for a given reduction in mass. A similar 

concept used recently by Lemke et al. (2004b) and Christ et al. (2005) is the ganglia to 

pool ratio (GTP), which describes the ratio of NAPL existing in a residual phase to that 

existing as higher saturation pools. This is somewhat analogous to describing the NAPL 

architecture using the Lagrangian approach outlined previously. A high variance 

lognormal distribution of trajectory integrated NAPL contents is one in 
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Figure 2-4. Mass reduction/flux reduction relationships for BTCs in figure 2-3. 

 

which the majority of the NAPL mass is associated with a small number of high  

streamtubes. In numerical simulations of DNAPL spills conducted by Christ et al. (2005), 

results indicated that as the variance of the permeability field increased, the GTP ratio 

decreased, meaning that the NAPL distribution became more skewed towards the 

presence of NAPL in pools as opposed to residual. The results of Christ et al. (2005) are 

in agreement with the previous work of Mayer et al. (1996) and Dekker et al. (2001). 

Numerical simulations of aqueous dissolution have indicated that that as the NAPL 

distribution becomes increasingly skewed towards more recalcitrant pools, there is 

increased tailing in the BTC (Parker and Park, 2004; Mayer et al., 1996), which is in 

agreement with the streamtube models outlined above.  In the high resolution simulation 

Ŝ
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of Parker and Park (2004), the NAPL architecture was characterized by residual zones of 

varying lengths (responsible for the large initial decrease in flux) overlying a laterally 

extensive pool perched on top of a clay aquitard (responsible for long term tailing). 

It is instructive to notice that m1τ is equal to the contribution time for a step function 

dissolution profile, that is m1τ is equal to the total mass divided by the initial mass 

discharge. An interesting property of the streamtube model (lognormal distribution) 

outlined above is that for a given value of m1τ, the range of possible BTCs for different 

values of m2τ, always intersect at a flushing duration equal to m1τ  and at a flux-averaged 

concentration equal to 0.309 (figure 2-3), meaning that the tie line for a flushing duration 

equal to m1τ is a parallel to the mass reduction axis and equal to a flux reduction of .691 

(see figure 2-4 for a flushing duration of 1 PV).  An additional property of interest is that 

as m2τ approaches infinity, the total mass left of the intersection point approaches 0.309. 

The implication of this is that the lognormal distribution cannot produce mass 

reduction/flux reduction relationships that extend beyond the .309 mass reduction/(1-

.309) flux reduction point in the upper left portion of the mass reduction/flux reduction 

plot. This is entirely a property of the lognormal distribution and has no physical 

meaning. Cases of more extreme tailing could be accounted for with alternative 

probability distributions. 

Rate Limited Streamtube Model 

Berglund (1997) presented a stochastic-advective model for rate-limited 

nonaqueous phase liquid dissolution. 
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Where k is the mass transfer rate coefficient that is linearly related to S with units of 
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-1]. The analytical solution of (2-19) is given below in (2-20). 
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Advection Dispersion Model 

Jury (1990), among others, have demonstrated the mathematical similarity of the 

advection dispersion equation and the lognormal travel time distribution. An alternative 

to utilizing the cumulative distribution function of τ for SD(T) would then be the 

dimensionless analytical solution for the advection dispersion equation (step injection; 

injection and detection in flux). 
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Where P is the Peclet number and is used here in a manner analogous to the second 

moment of the contribution time, functioning as variability index to describe the 

combined effects of hydrodynamics and NAPL architecture. The retardation factor, R, is 

used to describe the total mass of NAPL in the source zone in a manner similar to the first 
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moment of contribution time. A useful property of equation 2-21 is that the resulting 

equation integrates to R. This property is widely known throughout the chemical 

engineering literature as column holdup time. 
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Using equation 3-22, R can be used to represent the total NAPL mass in the source 

zone. 

                                                  Nf SKR =                                                         (2-23) 

Where SN is the domain average NAPL saturation. 

BTCs and Mass Reduction/Flux Reduction 

A suite of BTCs and mass reduction/flux reduction relationships for a fixed NAPL 

mass (fixed R) and increased contribution time heterogeneity (increased P) is displayed 

below in figures 2-5 and 2-6. As shown in figure 2-5 and 2-6, the advection dispersion 

model produces dissolution profiles and mass reduction/flux reduction relationships that 

are similar to the streamtube model. One difference of note is that the ADE equation is 

capable of producing more severe tailing, leading to mass reduction/flux reduction 

relationships that extend farther into the upper-left corner of the mass reduction/flux 

reduction plot. 

Power Function Model 

Parker and Park (2004) presented a simplified model for estimating DNAPL source 

zone depletion based on the concept of an effective Damkohler number ( qLkDa eff /( = ) 

where κeff [T-1]  is the effective mass transfer coefficient, L is the source zone length in 

the mean flow direction, and q [LT-1] is the average Darcy flux for the source zone). The 
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Figure 2-5. BTCs for increasing Peclet number. 
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Figure 2-6. Mass reduction/flux reduction relationships for BTCs in figure 2-5. 
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concept of a effective Damkohler number was also utilized previously by Mayer and 

Miller (1996). For brevity this approach will be referred to as the Da approach or Da 

model throughout. The concept of the Da model is to relate changes in the field-scale 

mass transfer rate coefficient to changes in the global values of NAPL mass and the 

average groundwater velocity as in equations 2-24 and 2-252 below (Parker and Park, 

2004). 

                                   ⎥
⎦

⎤
⎢
⎣

⎡
−−=

q
L

C
tC eff

s

out κ
exp1

)(
                                              (2-24) 

                                    
21 )(

ββ

κκ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

os
oeff M

tM
K
q                                              (2-25) 

Where Cout [ML-3] is the flux averaged concentration exiting the source zone, L is 

the length of the source zone, sK  [LT-1] is the average saturated hydraulic conductivity 

of the source zone, M(t) is the NAPL mass in the source zone at time t, Mo is the initial 

NAPL mass in the source zone, and κo [T-1], β1, and β2 are fitting parameters.  

Conceptually, there are similarities between the Da approach and the streamtube 

approaches outlined above. The first similarity noted is that of the β1 parameter. For cases 

where β1 = 1, as in the high resolution simulation conducted by Parker and Park (2004), 

the flux-averaged concentration exiting the source zone is independent of the mean 

groundwater velocity, meaning that changes in contact time between advecting 

groundwater and the NAPL phase brought about by temporal changes in groundwater 

velocity do not result in rate-limiting effects. In this sense, the β1 =1 case for the Da 

model is similar to the equilibrium streamtube model where the flux-averaged 

concentration exiting the source zone is insensitive to changes in the residence time of the 
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advecting groundwater. The second conceptual similarity is between κo and fc. As noted 

previously, in the streamtube formulation fc is a measure of the fraction of total 

streamtubes intersecting the contaminated portion of the source zone. Mathematically, 

both κo of fc act to scale the solubility of the NAPL to the initial flux-averaged 

concentration exiting the source zone. Although κo is treated in Parker and Park (2004) as 

a fitting parameter, it is suggested that the physical meaning of κo is similar to fc and is 

primarily a measure of the fraction of streamtubes intersecting the contaminated portion 

of the source zone. The third and most important similarity between the Da model and 

the streamtube models is the relationship between β2 and the way in which the velocity 

and NAPL distributions are described in the streamtube models. In the Da model, β2 is 

referred to by Parker and Park (2004) as a “mass depletion exponent,” which they 

describe as being related to the groundwater velocity distribution, the DNAPL geometry, 

and the correlation between the two. The main difference then, between the Da model 

and the streamtube models, is the specificity in which the velocity and NAPL 

distributions are described. In the streamtube model, variability in velocity and NAPL 

saturation along a single streamtube is integrated and transformed into an effective value 

(contribution time τ) for the individual streamtube, with the variability of this distribution 

controlling dissolution behavior. In the Da model, like the ADE model, variability in 

velocity and NAPL saturation is integrated not just along the individual streamtube, but 

over the entire source zone domain and transformed into a single parameter, β2, which 

relates changes in the effluent concentration to reductions in global NAPL mass. 

Mathematically, β2 is therefore related to the second moment of the τ distribution and the 

Peclet number in the ADE model. Two special cases of the Da model are noted. When β2 
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is equal to 1, the equation describing the dissolution profile reduces to exponential decay, 

C(T) =  Coe-kT, with Co equal to the initial flux-averaged concentration exiting the source 

zone and k equal to a rate constant that can be solved for in terms of the initial mass and 

flux. The second case of note is when β2 = 0, in which case the dissolution profile reduces 

to a step function where the effluent concentration remains constant until all the mass 

within the source zone has been depleted. For steady flow conditions the Da model can 

be expressed in a similar fashion to the streamtube and ADE model using equation 3-1 

with the source depletion term given below in 2-26. 

                                      )(1
)(

TS
Cf
TC

D
sc

f −=  

with: 

                                  ⎥
⎦

⎤
⎢
⎣

⎡
−=

2)(exp)(
β

β
o

oD M
TMTS                                             (2-26) 

When βo is large, the combination of 2-26 and 2-1 reduces to 2-27 below (Parker and 

Park, 2004). 
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Note that 2-27 is the same formulation as that of Zhu and Sykes (2004). 

 
BTCs and Mass Reduction/Flux Reduction 

BTCs and mass reduction/flux reduction plots for the Da model are shown below in 

figures 2-7 and 2-8 for a range of β2. Like the Peclet number in the ADE model and the 

second moment of τ in the streamtube model, a larger value of β2 connotes a more 

heterogeneous velocity field/NAPL architecture. The Da model produces similar shaped  
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Figure 2-7. BTCs for the Da model. 
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Figure 2-8. Mass reduction/flux reduction relationships for Da model 
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BTCs for β2 > 0.7. For β2 < 0.7, the BTCs are characterized by a single inflection point 

and are therefore unable to simulate both an initial stage of constant concentration and a 

later term tailing portion. 

Comparison of Source Depletion Models with Numerical Simulations 

In this section the streamtube model and the ADE model are evaluated as 

mathematical analogues to the multiphase flow and transport simulator UTCHEM 

(Deslshad et al., 1996). If the source depletion models are robust in terms of being able to 

represent the range of dissolution profiles observed in field, laboratory, and numerical 

studies, then an alternative to trying to physically measure relevant parameters is to 

evaluate a typical range of observed behavior and then incorporate that range/uncertainty 

into the site-specific decision process. To produce a range of initial architectures in order 

to evaluate the robustness of the models outlined above, four simulation sets were 

conducted, each with a different set of parameters describing a spatially correlated 

random permeability field. Each simulation set contained four realizations. Random 

fields for the first set were generated using indicator Markov Chain techniques. Random 

fields for sets 2 through 4 were generated using the turning bands code of Tompson et al. 

(1989). In sets 2 through 4 the variance of ln(K), where ln(K) is the log transformed 

hydraulic conductivity in units of cm/s, was sequentially increased from 0.1 to 0.37 to 0.7 

to yield progressively more heterogeneous flow fields and NAPL architectures. 

Constitutive Relationships 

UTCHEM offers several options for the various constitutive relationships required 

to model multiphase flow and transport. The decision as to which relationship to utilize is 

nontrivial as it has a significant impact on simulation results. UTCHEM offers four 
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different capillary pressure/saturation (Pc/S) models, the Brooks-Corey (BC) model, the 

Van Genuchten (VG) model, and two versions of a hysteretic VG model, the Parker and 

Lenhard model (Parker et al., 1987) and the Kalurachchi and Parker model (Kalurachchi 

and Parker, 1990). The approach used in UTCHEM for incorporating hysteretic effects 

when utilizing the BC or VG model is to model the NAPL spill event in the main 

drainage direction for the entire spill. After the primary spill event, the model can be run 

in ‘restart mode,’ for any subsequent water or surfactant flooding. For water or surfactant 

flooding the direction of the capillary pressure/saturation curve is taken to be in the 

imbibition direction. Hysteretic effects are incorporated by assigning different parameters 

to the Pc/S model (e.g. lambda parameter for BC) in the imbibition direction than were 

assigned in the main drainage direction (Delshad et al., 1996). 

A series of recent papers by Gerhard and Keuper (Gerhard and Kueper, 2003 a,b,c) 

investigated spill behavior for both the BC and VG capillary pressure and relative 

permeability models. They concluded that for accurate simulations of NAPL spills, a 

hysteretic BC model should be utilized. The major limitation of the VG model, which has 

significant implications to the simulations here, is that the continuous nature of the VG 

Pc/S curve (meaning it does not have a fixed entry pressure like the BC model) allows for 

unrealistic penetration of NAPL into finer grained NAPL (Gerhard and Keuper, 2003a). 

This is clearly inconsistent with virtually all studies of NAPL spills, which have shown a 

migrating NAPL to be extremely sensitive to small scale changes in permeability 

(Illangasekare et al., 1995; Kueper et al., 1993; Oostrom et al., 1999; Schwille, 1988; 

Taylor et al., 2001; Walker et al., 1998). A comparison of the BC and VG models for 

identical permeability fields and similar shaped Pc/S curves is shown below in figure 2-9. 
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As shown in figure 2-9, which model is selected has a significant impact on the resulting 

NAPL architecture and in turn on dissolution dynamics. 

 

Van Genuchten Brooks Corey

 
Figure 2-9. Comparison of NAPL spill using Brooks-Corey and Van Genuchten models. 

 
As mentioned previously, one option in UTCHEM is to model the primary spill in 

the main drainage direction and then to conduct water or surfactant flooding in ‘restart’ 

mode with the Pc/S curve now in the direction of imbibition. Several preliminary  

 

 
Figure 2-10. Raining effect observed when running UTCHEM in restart mode. 
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simulations were conducted to evaluate this option. When running the simulator in restart 

mode a strange raining effect occurs which was determined to be unrealistic. This raining 

effect is shown below in figure 2-10. Note that the BC simulation shown in the main 

drainage direction in figure 2-9 was run in ‘restart’ mode to generate the two plots spills 

shown in figure 2-10.  

In order to generate realistic NAPL spills, the code in UTCHEM should be 

modified to include a hysteretic BC model (Christ et al., 2005). A linear interpolation 

approach similar to the Parker and Lenhard model (Parker et al., 1987) and the 

Kalurachchi and Parker model (Kalurachchi and Parker, 1990) for the BC model was 

used here. The NAPL spill was conducted in the main drainage direction. The maximum 

NAPL saturation achieved during main drainage (denoted by the subscript max_sim 

below) was then used to calculate the corresponding organic residual saturation (Sr). 

 

                                   
ltheoretica

sim
rr S

S
SS

max_

max_
max_=                                                  (2-28) 

Where the subscript r_max is used to denote the maximum residual saturation and 

the subscript max_theoretical is the theoretical maximum saturation achievable during 

main drainage. A theoretical maximum organic saturation (Smax_theoretical) of 0.8 and a 

maximum organic residual of 0.25 (Sr_max) were utilized in all simulations. A maximum 

organic residual of 0.25 is towards the upper end of the typical values used in numerical 

simulations of NAPL spills which incorporate hysteretic effects (Christ et al., 2005; 

Dekker and Abriola, 2000a; Gerhard and Kueper, 2003a; Lemke et al., 2004a; Mayer and 

Miller, 1996; Parker and Park, 2004; Rathfelder and Abriola, 1998). 
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The entry pressure in UCTCHEM is calculated based on Leverett scaling: 

                                                        
k

Chd
η

=                                                   (2-29) 

where C is a user defined coefficient which scales the entry pressure (hd) to the relative 

permeability (k), with k in units of millidarcies (md), and η is the porosity. 

Simulation Setup 

Parameters and simulation conditions coincident to all simulations are outlined in 

this section. The NAPL was introduced into the simulation domain through an injection 

well at a rate of 15 L/day over a period of 100 days for simulations sets 1 and 2 and 150 

days for simulation set 3 and 4. The maximum saturations after the 100 day period were 

then scaled external to the simulator to the appropriate residual saturation using equation 

2-28 above. For certain simulations in set 1 and 2, the permeability field was such that 

NAPL had reached the lateral no flow boundary at the base of the simulation domain 

leading to extensive pooling. In those instances the NAPL distribution from a time step 

less than 100 days was utilized in order to generate dissolution profiles that were 

representative of the permeability field and not an artificial byproduct of the lateral no 

flow boundaries. There are certainly cases in the field in which extensive lateral pooling 

occurs, such as on top of clay aquitard. While recognizing this, the focus here is on 

NAPL architectures governed by the statistics of the permeability field. A list of 

parameters utilized is listed below in Table 2-1. The values selected were designed to 

represent typical values, consistent with recent numerical simulations of multiphase flow 

and transport (Christ et al., 2005; Dekker and Abriola, 2000a; Gerhard and Kueper, 

2003a; Lemke et al., 2004a; Mayer and Miller, 1996; Parker and Park, 2004; Rathfelder 

and Abriola, 1998). 
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After the NAPL spill, the dissolution process was initiated through a pair of 

injection and extraction wells comprising the left and right boundaries respectively. The 

injection and extraction rate was 10 m3/day. 

Table 2-1. Parameters used in UTCHEM simulations. 
Parameter Value Notes 

General Media Properties   
   Porosity 0.3  

NAPL fluid properties   
   Density 1.625 g/cm3  

   Viscosity 0.89 cp  

   Solubility 1000 mg/L increased to cut down on simulation time for aqueous dissolution 

Water Properties   
   Density 1 gm/cm3  

   Viscosity 1 cp  

Capillary Pressure    
   C 2 (1/md)0.5 scales entry pressure to permeability 

   λ 1.7 BC pore size distribution index 

   Smax_theoretical 0.8  

   Sr_max 0.25  

Relative Permeability    
   ε 2.85 exponent relating NAPL saturation to relative permeability 

NAPL injection well   
   Flow rate 15 L/day  

   Duration of Injection 100 days  

Injection and Extraction Wells   

   Flow rate 10 m3/day  

Dispersivity   

   Longitudinal 0.15 m  

   Transverse .0005 m  

 

Simulation Set 1 

Simulation domain and random field generation 

For simulation set 1, a model domain of 20m x 10m x 1m was utilized. The grid 

discretization selected was 10cm in the z direction and 20cm in the x direction. 

Correlation lengths were assumed to be 4m is the x direction and 0.25 m in the z 

direction. Grid parameters are summarized in table 2-2. 
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Table 2-2. Grid and permeability field parameters. 

 Value 
x dimension 20 m 
z dimension 10 m 
y dimension 1 m 
discretization x 20 cm 
discretization z 10 cm 
discretization y 1 m 
correlation length x 4 m 
correlation length z 0.25 m 

 
 

Random fields for the four simulations of set 1 were generated using Transition 

Probability Geostatistical Software (T-Progs). T-Progs is a Markov chain based 

geostatistical package that is designed to simplify the process of interpreting 

geostatistical data. For actual sites, the user would be required to delineate the porous 

media into five or fewer classes, inputting the sampling location and class into the 

simulator. T-Progs then calculates the volume percentage of each class, transition 

probabilities, correlation lengths and other relevant parameters and generates a user 

specified number of realizations that are conditioned to the measured data. For theoretical 

simulations, such as those presented here, the only input data required is the volume 

percentage of each class and the correlations lengths. One advantage of the indicator 

approach is that specific values for each class can be specified (e.g. entry pressure, pore 

size distribution, residual saturation), as opposed to having to come up with scaling 

relationships. This approach was employed by Lemke and collaborators (Lemke and 

Abriola, 2003; Lemke et al., 2004a) at a DNAPL contaminated site in Michigan. 

Parameters for each class are listed below in table 2-3. 
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Table 2-3. Parameters assigned to each indicator class. 
 Class 1 Class 

2
Class 3 Class 4 Class 5 

Volume Fraction 0.1 0.5 0.25 0.1 0.05 

Permeability (md) 8000 5000 3000 1000 100 

Hydraulic Conductivity (m/day) 7.7 4.8 2.9 1 .01 

BC Lambda Parameter 2.1 1.9 1.4 1.1 1 

Max Residual Oil Saturation .21 .22 .23 .24 .25 

 

NAPL architectures 

NAPL architectures for the four set 1 realizations are displayed below in figure 2-

11. The plots display NAPL saturations contoured over a range of 0 to 25% saturation. 

Simulation 3 Simulation 4

Simulation 1 Simulation 2

 
 Figure 2-11. NAPL spills for set 1 (contour range: 0 to 25% saturation). 

 
Dissolution profiles, model fits, and mass reduction/flux reduction relationships 

The UTCHEM generated dissolution profiles for the four simulations along with 

model fits for the streamtube and ADE model are shown below in figure 2-12 and 2-13. 

The R2 value and the fitted parameters (P and σ2) are also shown. The objective function 
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selected for curve fitting was a simple root mean square function given by equation 2-30 

below. 
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Where the subscript UTCHEM denotes the UTCHEM model output and SD denotes the 

fit value from the source depletion models (ADE and streamtube). A value of 1 was 

added to the denominator to avoid dividing by zero. 

As evidenced in figure 2-12 and 2-13, both models provide fits of the UTCHEM 

generated dissolution data with R2 values > 99%, suggesting that these simplified source 

depletion models can serve as mathematical analogs for more sophisticated numerical 

simulators such as UTCHEM. Despite differences in NAPL architectures (figure 2-11), 

the dissolution profiles are quite similar, suggesting the variance of the τ distribution and 

the Peclet number may be highly correlated to the statistics of the porous media. There is 

a strong conceptual foundation for this as the permeability field is the primary governing 

mechanism of both the NAPL architecture (e.g., Dekker and Abriola, 2001a; Mayer and 

Miller, 1996) and velocity field (e.g. Dagan, 1989; Gelhar, 1993). 

The mass reduction/flux reduction plots for the simulations of set 1 along with the 

model fits from the streamtube and ADE model are shown below in figures 2-14 and 2-

15 (Note that the dissolution profiles and not the mass reduction/flux reduction plots are 

being fit). The perturbation about the mean dissolution behavior, which is somewhat 

evident in figures 2-12 and 2-13 is more apparent in the mass reduction/flux reduction 

plots below as the perturbation occurs over a larger mass reduction interval than a 

flushing duration interval. This is especially true for simulation 4. 
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Figure 2-12. Streamtube model fit of UTCHEM dissolution data (set 1). 
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Figure 2-13. ADE model fit of UTCHEM dissolution data (set 1). 

 

 



43 

 

Simulation 3 Simulation 4

Simulation 1 Simulation 2

Source Depletion Model

UTCHEM Simulation
Cumulative Reduction in Mass

C
um

ul
at

iv
e 

R
ed

uc
tio

n 
in

 S
ou

rc
e 

D
is

ch
ar

ge

 
 
Figure 2-14. Mass reduction/flux reduction fit for streamtube model (set 1). 
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Figure 2-15. Mass reduction/flux reduction fit for ADE model (set 1).   
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Simulation Domain and Grid Setup for Simulation Sets 2 through 4 

For simulation sets 2 through 4, a model domain of 30 m x 10 m x 1 m was 

utilized. For simulation set 3 (which was the first simulation set run), the grid 

discretization selected was 5cm in the z direction and 50 cm in the x direction. Grid 

discretization was determined based on the recommendation of Russo (1991) (cited in: 

Mayer and Miller, 1996) who suggest at least 4 nodes per correlation length and 15 

correlation lengths over the entire domain to maintain ergodicity. The same sized domain 

used for simulation set 3 was also used for simulation set 2 and simulation set 4. The only 

difference between simulation set 3 and sets 2 and 4 was that the grid discretization was 

increased from 5cm in the z direction to 8 cm. This resulted in a factor of 5 decrease in 

computation time. For example, the dissolution simulations, which took approximately 

30 hrs of run time for simulation set 3, were decreased to around 6 hrs for simulation set 

4. Random fields were generated using the turning bands code of Tompson (1989).  

 
Table 2-4. Grid/random field parameters for simulation sets 2-4. 
 Set 2 Set 3 Set 4 Units 
X dimension 30 30 30 m 
Y dimension 1 1 1 m 
Z dimension 10 10 10 m 
grid cells X 60 60 60  
grid cells y 1 1 1  
grid cells Z 125 200 200  
dx 50 50 50 cm 
dy 100 100 100 cm 
dz 8 5 5 cm 
variance ln(K) 0.1 0.36 0.7 cm/s 
mean ln(K) -5.62 -5.62 -5.62 cm/s 
correlation length x 2 2 2 m 
correlation length z 0.2 0.2 0.2 m 

 

Geostatistical parameters for set 3, which functioned as the base case, were adapted from 

Jensen et al. (1993).  For simulation set 2 the variance of ln(K) was decreased from the 
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base case value of 0.36  to 0.1. For simulation set 4, the variance of ln(K) was increased 

from the base case value of 0.36 to 0.7. A summary of the grid/random field parameters 

used for simulation sets 2 through 4 is displayed below in table 2-4. 

Simulation Set 2 

NAPL architectures 

NAPL architectures for the four set 2 realizations are shown below in figure 2-16. 

As shown in figure 2-16, the low variability in the permeability field leads to a relatively 

uniform NAPL architecture.  

Simulation 3

Simulation 4

Simulation 1

Simulation 2

 

Figure 2-16. NAPL spills for set 2 (contour range 0 to 25% saturation). 
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Dissolution profiles, model fits, and mass reduction/flux reduction relationships 

The UTCHEM generated dissolution profiles for set 2 simulations along with 

model fits of the dissolution profile and mass reduction/flux reduction relationship are 

displayed below in figures 2-17 through 2-20. As in simulation set 1, the models fits of 

the UTCHEM generated dissolution data were > 99%. Similar to simulation set 1, the 

dissolution profiles for all simulations in set 2 are quite similar, suggesting the Peclet 

number and variance of contribution time may be highly correlated to the permeability 

field statistics. 
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Figure 2-17. Streamtube model fit of UTCHEM dissolution data (set 2). 
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Figure 2-18. ADE model fit of UTCHEM dissolution data (set 2). 
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Figure 2-19. Mass reduction/flux reduction fit for streamtube model (set 2). 
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 Figure 2-20. Mass reduction/flux reduction fit for ADE model (set 2). 

  
Simulation Set 3 

NAPL architectures 

NAPL architectures for the four set 3 realizations are displayed below in figure 2-

21. The plots display NAPL saturations contoured over a range of 0 to 25%. Consistent 

with previous numerical simulations of NAPL migration, figure 2-21 illustrates that an 

increase in the variability of the permeability field leads to a decrease in the total 

penetration depth and a distribution more skewed towards the presence of NAPL in pools 

(Christ et al., 2005; Dekker and Abriola, 2000a; Mayer and Miller, 1996). 
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Simulation 2

 
 
Figure 2-21. NAPL spills for set 3 (contour range: 0-25% saturation). 

 
Dissolution profiles, model fits, and mass reduction/flux reduction relationships 

The UTCHEM generated dissolution profiles for the set 3 simulations along with 

model fits for the streamtube and ADE model are shown below in figure 2-22 and 2-23. 

The models perform well, with fits characterized by R2 values >= 99%. The trend of 

decreased penetration depth and an initial architecture more skewed towards NAPL 
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existing in pools effects the flux averaged BTC in two important ways, both of which 

lead to increased longevity of the source zone. First, with a decrease in penetration depth, 

the fraction of streamtubes contaminated with NAPL, fc , decreases. For a given amount 

of NAPL mass, as fc decreases, the amount of mass in each streamtube increases which of 

course leads to an increase in average contribution time for each streamtube. Second, a 

NAPL architecture more skewed towards pools is equivalent to an increase in the 

variability in the trajectory averaged NAPL content, .  As noted previously this highly 

variable architecture causes substantial tailing in the BTC as the low streamtubes are 

depleted of mass relatively early with the laterally extensive, high  streamtubes 

continuing to produce a small portion of the initial flux for several additional pore 

volumes. When comparing the dissolution profiles of simulation set 3 to simulation set 2, 

the general trend predicted by the streamtube models of increased spreading of the BTC 

with increased heterogeneity in the combined effects of the Lagrangian NAPL 

architecture and velocity field (lower Peclet number/higher τ variance) is evident (see 

figures 2-3 and 2-5).  

Ŝ

Ŝ

Ŝ

The dissolution profile of simulation 4 proved somewhat more difficult to fit with 

the simplified source depletion models. The NAPL architecture for simulation 4 was 

characterized by an extensive pool in the vicinity of the injection point (figure 2-24 

below), leading to a discontinuous distribution with the majority of the streamtubes 

associated with mixed length residual components (comparatively smaller ) and a small 

fraction of streamtubes associated with the laterally extensive pool component (much 

higher ). The discontinuity arises from a large gap in values from the residual 

components and the pooled components, i.e. the  distribution is relatively smooth and 

Ŝ

Ŝ Ŝ

Ŝ
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Figure 2-22. Streamtube model fit of UTCHEM dissolution data (Set 3). 
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Figure 2-23. ADE model fit of UTCHEM dissolution data (Set 3). 
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continuous until all the residual mass has been depleted upon which there is a large jump 

to the next highest streamtube.  As noted previously this highly variable architecture 

causes substantial tailing in the BTC as the low streamtubes are depleted of mass 

relatively early with the laterally extensive, high  streamtubes continuing to produce a 

small portion of the initial flux for several additional pore volumes. To illustrate the 

discontinuous nature of the BTC, the fit in figure 2-24 was obtained by fitting the first 

portion of the BTC associated with the residual component and the portion associated 

with the pooled component each with a separate Peclet number. The respective 

architectures for each component of the BTC are also inset into figure 2-24. This type of 

dissolution behavior, with two distinct components, one associated with the mixed length 

residual component and the other with a laterally extensive pool component, was also 

evident in simulation 1 of set 4. 

Ŝ

Ŝ

Ŝ
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Figure 2-24. Discontinuous fit of simulation 4 (set 3). 
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Figure 2-25. Streamtube model fit of mass reduction/flux reduction relationships. 
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Figure 2-26. ADE model fit of mass reduction/flux reduction relationships. 
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The difficulty in fitting the extensive late term tailing behavior is further magnified 

in the mass reduction flux reduction plots (figure 2-24; 2-25). The discontinuous nature 

of the simulation 4 NAPL architecture is more enhanced in the mass reduction/flux 

reduction plots where there is a sharp jump to the late term tailing behavior once the 

residual component has been depleted. 

Simulation Set 4 

NAPL architectures 

NAPL architectures for the set 4 realizations are displayed below in figure 2-27. 

The plots display NAPL saturations contoured over a range of 0 to 25%. When compared 

with the simulation sets 2 and 3, simulation set 4 architectures are characterized by a 

decrease in the total penetration depth and a distribution more skewed towards the 

presence of NAPL in pools. 

Dissolution profiles, model fits, and mass reduction/flux reduction relationships 

The UTCHEM generated dissolution profiles for the set 4 simulations, along with 

model fits for the streamtube and ADE model, are shown below in figure 2-28 and 2-29. 

The models provide reasonably good fits of the UTCHEM simulations, yet not as 

accurate as the more homogenous systems (sets 1 through 3). Comparing the dissolution 

profiles of simulation set 4 to the previous simulation sets, the trend of decreased 

penetration depth and enhanced pooling increasing source longevity is again evident. The 

general trend predicted by the streamtube models of increased spreading of the BTC with 

increased heterogeneity in the combined effects of the Lagrangian NAPL architecture and 

velocity field (lower Peclet number/higher τ variance) is also evident. Although there is 

the expected trend of increased spreading of the BTC, the variability between individual 
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realizations also increases (e.g. compared with set 2 where all of the BTCs were quite 

similar). This is consistent with general probability theory that suggests that as the  

Simulation 3

Simulation 4

Simulation 1

Simulation 2

 
 
Figure 2-27. NAPL spills for set 4 (contour range: 0 to 25% saturation) 

 
variance of the permeability field increases, more simulations would be required to 

converge to the expected value, i.e. mean BTC for the particular permeability field 
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statistics. An exception to the increased variability trend was simulation 3, where unlike 

previous simulations where the late term tailing was dominated by a single large pool in 

the vicinity of the injection point, the permeability field was such that three pools of 

comparable size formed. The effect of these three pools of comparable size was to 

dampen variability in the dissolution profile, such that the BTC more resembled the 

simulations of set 1 and 2. The initial NAPL architecture and dissolution profile of 

simulation 1 was quite similar to simulation 4 of set 3, with two distinct BTC 

components, one associated with a residual component, and another associated with a late 

term tailing portion as the large pool was gradually depleted of mass. 
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Figure 2-28. Streamtube model fit of UTCHEM dissolution data (set 4) 

 

Mass reduction flux reduction plots for simulation set 4 are shown below in figures 

2-30 and 2-31. Difficulty in fitting the late term tailing portion of the BTC is evident in  
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Figure 2-29. ADE model fit of UTCHEM dissolution data. 
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Figure 2-30. Streamtube model fit mass reduction/flux reduction relationships (set 4). 
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simulation 1 and simulation 3 where there is a large jump to the late term tailing behavior 

as in simulation 4 of set 3. 
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Figure 2-31. ADE model fit of mass reduction/flux reduction relationships (set 4).  

 
Conclusions and Recommendations for Further Research 

In this chapter simplified source depletion models which may serve as 

mathematical analogs to more sophisticated multiphase flow and transport simulators 

where developed. The models are conceptually appealing as a single parameter defines 

the total NAPL mass and a single parameter defines the combined variability of the 

Lagrangian NAPL architecture and the velocity field. The fundamental assumption is that 

dissolution dynamics are primarily governed by the Lagrangian NAPL architecture and 

the velocity field, whereby processes such as relatively permeability, transverse 

dispersion and mass transfer rate coefficients, when neglected, introduce negligible error. 

The general trend predicted by the models is with increased variability in the NAPL 

 



59 

architecture and/or the velocity field, the dissolution profile exhibits more spreading and 

more severe tailing, leading to increased source longevity and a more favorable 

relationship between reductions in mass and reductions in source discharge. 

The source depletion models were compared with UTCHEM simulations, 

comparing favorably, especially when considering a sophisticated numerical simulator 

with run times in the vicinity of 30 hrs has been replaced with a relatively compact 

analytical solution. Consistent with previous numerical investigations, increased 

variability in the permeability field led to increased pooling, which in turn led to 

enhanced tailing of the dissolution profile, suggesting that the Peclet number/variance of 

contribution time (the parameters that control spreading in the simplified source depletion 

models) are correlated with the variance of ln(K).  

The higher variance ln(K) simulations would benefit from further simulations to 

come closer to arriving at a mean dissolution profile for a given set of permeability field 

statistics. More simulations would perhaps yield an empirical estimator of the Peclet 

number or variance of contribution time based on the statistics of the permeability field. 

A more in depth investigation of the impact of neglecting relative permeability, 

transverse mixing between streamtubes, and mass transfer rate coefficients is warranted. 

The impact of transverse mixing in relation to bioreactive transport has been investigated 

by Cirpka and Kitanidis (2000) and Ginn (2001). Berglund and Fiori (1997) studied the 

impact of transverse mixing on a sorbing solute. In general, the limited amount of work 

directed towards streamtube modeling of NAPL dissolution processes (Berglund, 1997; 

Jawitz et al., 2005) has been of the theoretical modeling type and has not investigated the 

error associated with the underlying assumptions. I have attempted to address the impact 
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of the underlying assumptions somewhat here but this is a potentially large area for 

further research. Investigating bimodal distributions and other types of probability 

distributions, especially for the higher variance ln(K) simulations is also an area for 

further research. 

 

 



 

CHAPTER 3 
LABORATORY STUDIES OF RELATIONSHIPS BETWEEN ARCHITECTURE AND 

FLUX IN MODEL SOURCE ZONES 

Introduction 

Of critical importance when considering plume management vs. source zone 

remediation is the expected performance of various source zone remediation technologies 

under consideration, both in terms of the expected reduction in mass (and the effect on 

long term plume management costs) and the expected reduction in flux (and the effect on 

near term risk reduction). Remedial forecasting in terms of flux reduction performance is 

difficult in that virtually all field scale demonstrations and laboratory studies of 

aggressive source zone remediation to date have focused on a given technology’s ability 

to remove mass from the source zone and have not quantified the associated reduction in 

contaminant mass flux. A flux-based evaluation of previous source zone remediation 

technologies is further complicated by the fact that relationships between reductions in 

mass and flux are potentially highly variable depending on both the site characteristics 

and the technology selected.  

In the case of technologies designed to remove contaminant mass from the 

subsurface (e.g. surfactant or cosolvent flushing), continuous measurements of mass 

reduction are available via sampling of the remedial fluid for the desired constituent. In 

contrast to mass reduction, there are typically only two points where measurements of 

flux are available (again note that these measurements are typically not taken); an initial 

measurement before the given technology is implemented and another measurement after 

61 
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the completion of remediation when the system has returned to a condition thought to be 

representative of natural flowing groundwater. Additional flux reduction data points 

would require the iterative process of removing a portion of the source zone mass via the 

given technology and then allowing the system to return to natural flowing groundwater 

conditions where a flux measurement could be taken. Aqueous dissolution experiments 

on the other hand, because they do not require switching back and forth between 

remediation conditions and natural flowing groundwater, have the capability of yielding 

nearly continuous mass reduction /flux reduction data. The experiments presented here 

can serve as a pump and treat baseline for comparison with bench scale experiments of 

aggressive remediation technologies. More challenging is directly interpreting the near 

continuous mass reduction/flux reduction relationships of aqueous dissolution in order to 

lend insight to the mass reduction/flux reduction relationships of systems in which 

aggressive source zone remediation has resulted in partial mass removal. 

The limited body of work that has addressed the issue of reductions in flux brought 

about by partial reductions in contaminant mass from a NAPL source zone has been of 

the theoretical modeling type and directed towards systems undergoing aqueous 

dissolution (Sale and McWhorter, 2001; Falta, 2003; Rao and Jawitz, 2003; Parker and 

Park, 2004), sometimes with the implicit assumption that the conclusions reached 

regarding mass reduction/flux reduction relationships are transferable to other types of 

aggressive source zone remediation (note that Rao and Jawitz (2003) consider in situ 

flushing with a mathematical framework that would be identical for aqueous dissolution; 

i.e. the flushing solution travels along identical flow paths to that of natural flowing 

groundwater). Based on a steady-state mathematical formulation, Sale and McWhorter 
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(2001) conclude that the vast majority of the contaminant mass must be removed to 

achieve significant reductions in flux. Rao and Jawitz (2003) suggest that a more 

favorable relationship between reductions in mass and flux may be realized with 

increased heterogeneity of the velocity field. Falta (2003) conducted a high resolution 

transient simulation of the NAPL architecture considered by Sale and McWhorter (2001) 

and found reductions in contaminant flux were realized for partial reductions in DNAPL 

mass. Parker and Park (2004) suggest a continuum of relationships between mass and 

flux are possible depending on the site specific NAPL distribution, groundwater velocity 

field, and correlation between the two.  

It is noted here that depending on the given technology and the way in which the 

technology is implemented (e.g. vertical circulation vs. line drive pumping), the order and 

way in which mass is removed from the source zone and the associated reduction in flux 

could be significantly different when compared to a system which is undergoing aqueous 

dissolution. It is therefore inappropriate to extrapolate mass reduction/flux reduction 

relationships directly from aqueous dissolution work to all types of aggressive source 

zone technologies. Aqueous dissolution work can however be used to gain further 

understanding as to the way in which the NAPL architecture must be altered in order to 

bring about reductions in flux. That is, aqueous dissolution experiments can be 

constructed in a way in order to investigate which components of the initial source zone 

mass, if efficiently targeted and removed via a given technology, would yield the largest 

(or any) reduction in flux. Accordingly, the experiments presented here are designed for 

three major purposes: first, for comparison to the theoretical work briefly discussed 

above with a specific focus on the role that NAPL architecture plays in controlling 
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dissolution behavior; second, to serve as a baseline of source depletion under natural 

flowing groundwater (or pump and treat) from which to compare flushing-based 

remediation experiments currently being conducted in similar systems; and third, to 

evaluate simplified modeling approaches for simulating long-term source depletion. 

Modeling Approach 

In this chapter, the streamtube models discussed in the previous chapter are 

parameterized in a deterministic manner by dividing the source zone into n streamtubes 

and assigning an estimated value of  to each streamtube based on image analysis of the 

NAPL distribution. The superposition of n solutions of the model for an individual 

streamtube is then used to model the dissolution profile for the entire system. The 

dissolution profile for the equilibrium streamtube model was estimated using:       

Ŝ
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For comparison purposes, the experimental results were also modeled using the Da 

model and the ADE model using traditional curve fitting techniques.  

Experimental Methods 

A total of four aqueous dissolution experiments were conducted in two-

dimensional flow cells. Three experiments were conducted with 1,2-Dichloroethane 

(DCA) and one experiment with trichloroethene (TCE). A summary of the experimental 
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conditions can be found in table 3-1. For brevity the four experiments will hereafter be 

referred to as DCA-1, DCA-2, DCA-3, and TCE-1.  

Table 3-1. Summary of experimental conditions for conducted experiments.  

  Experiment 1 Experiment 2 Experiment 3 Experiment 4 

Name DCA-1 TCE-1 DCA-2 DCA-3 
Volume injected (ml) 10 10 12 10 

Injections  single single  double  single  

Box design segmented segmented segmented in-line 

Packing discrete layers discrete layers continuous 
layering fine gradation 

Pore water velocity  
(cm/hr) 22.9 18.7 18.2 17.3 

 

Flow Cell Design 

Two flow cell designs were utilized for the following experiments. The first design 

featured a segmented extraction well that was designed to provide spatially resolved flux 

information about temporally changing up-gradient NAPL distributions. The segmented 

flux measurements, coupled with visualization of the up-gradient NAPL distribution 

provided a means of investigating the relationship between temporal changes in NAPL 

architecture and reductions in flux. The design for the ‘segmented box’ was similar to 

that of Jawitz et al. (1998a) where a frame of 1.5cm square aluminum tubing was 

enclosed by two sheets of glass. The 32 cm high by 40 cm long frame, which also served 

as an injection and extraction well, was slotted at a width of 0.03 cm and a frequency of 4 

slots per cm. The integrated injection well was connected via Teflon tubing and a switch 

valve to either a constant head reservoir or a syringe pump, which was used for tracer 

injections. The extraction well was segmented at intervals of 4 cm. Teflon tubing 

originating from each individual well segment was terminated at a constant elevation 

sampling apparatus. A tray of gas chromatography vials was inserted into the apparatus to 
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collect simultaneous samples from each segment. When not sampling, effluent was 

collected in a fraction collector and routed to a series of waste bottles, one for each 

segment. The individual waste bottles were weighed periodically for an additional flow 

measurement and for mass balance purposes. The well segments were numbered 

sequentially from the bottom of the box upwards (i.e. the bottom segment is referred to 

throughout as port 1 where the top port is referred to as port 7). 

 

Segmented Well

Media heterogeneities

Constant head reservoir

Syringe pump for 
tracer injections

Valve

x

Syringe pump 
injection

Integrated well

Constant elevation 
sampling apparatus for 
segmented water and 

solute flux measurements

Waste 
routed to 
collection 
bottles. 

One 
bottle per 
segment

Figure 3-1. Schematic representation of segmented box. 
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An additional experiment was conducted in a 61 cm long x 41 cm high flow cell 

with an integrated extraction well and inline sampling system for gas chromatography 

(GC) analysis (Jawitz et al., 2002). A piston pump was used to continuously deliver 

effluent to a modified autosampler tray. Sub-samples from the flowing effluent were 

injected into the GC at a user defined frequency, eliminating the need for manual 

sampling of the effluent. The temporal discretization of the sampling could be as small as 

the time required for the GC to analyze an individual sample. The inline system enabled 

automation at the expense of spatially resolved effluent information and was therefore 

used only for experiment DCA-3, where due to the porous media packing, the NAPL was 

expected to be highly concentrated at a particular elevation. 

Porous Media Packing and NAPL Injection 

The well-characterized Accusand (Unimin Corp.) was used in all experiments 

(Schroth et al., 1996).  Sand was introduced into the box through a funnel. A small depth 

of standing water and continuous vibration were maintained throughout the packing 

process to ensure a saturated system. Three different types of packs were used in the four 

experiments. In experiments DCA-1 and TCE-1 discrete low permeability lenses of 40/50 

and 50/70 sands were inserted into otherwise homogenous 20/30 sand. In experiment 

DCA-2, larger, more continuous layers of low permeability (40/50 sand) were developed.  

In experiment DCA-3, four different sand types (20/30, 30/40, 40/50, and 50/70) were 

mixed together to create a homogenous mixture. The mixture was introduced into the box 

under standing water while the funnel was slowly moved back and forth across the box. 

The different settling velocities of the particles produced fine gradations of alternating 

grain sizes that spanned the width of the box. In all four experiments a syringe pump was 

used to inject 10 mL of NAPL into the upper portion of the domain at a rate of 
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0.5mL/min. In addition to the initial 10mL NAPL injection, 2mL of NAPL was injected 

into one of the low permeability layers in experiment DCA-2.  

It was expected based on experiments conducted in similar systems that NAPL 

migration and eventual distribution would be exclusive to the higher permeability 20/30 

sand (Oostrom et al., 1999; Taylor et al., 2001) meaning that despite the existence of 

heterogeneity in the porous media, the NAPL would be present in a relatively uniform 

velocity field. The presence of all of the NAPL in the higher permeability background 

media introduces two questions. The first question is whether there are mechanisms for 

NAPL entry into lower permeability media that may be prevalent at a given field site that 

are not represented in the experimental system used here and secondly if there are 

mechanisms that are not represented in the experimental system, should and how could 

those mechanisms be best represented in the experimental system. One possible 

explanation for DNAPL entry into lower permeability media is a system that transitions 

from unsaturated to saturated conditions with the initial NAPL migration occurring under 

unsaturated conditions and thus promoting retention of the NAPL (which is assumed to 

be the wetting fluid with respect to air) in lower permeability media (Illangasekare et al., 

1995). This was the justification used by Brusseau et al. (2000) who utilized an emplaced 

source technique where the NAPL and the lower permeability media were mixed external 

to the experimental system prior to emplacement of the low permeability layers in the 

flow cell. Another possible explanation for DNAPL entry into a lower permeability layer 

is a system in which portions of the domain exhibit wettability properties such that NAPL 

is wetting with respect to water instead of vice versa (Bradford et al., 2003). In such cases 

the experimental system may be modified by altering the wettability properties of 
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selected media (Bradford et al., 1999). A third possible explanation for DNAPL entry 

into lower permeability layers is perhaps tenable due to scaling issues resulting from a 

possibly large discrepancy in spill rates between a field site and laboratory prototype. 

Numerical simulations conducted by Kueper and Gerhard (1995) and Dekker and Abriola 

(2000) suggest that increases in spill rates lead to larger capillary pressures achieved 

during migration of the NAPL, which in turn allow for entry into increasingly less 

permeable media. It is therefore reasonable to speculate that for a field site with a similar 

grain size distribution and a several order of magnitude larger NAPL spill rate that NAPL 

migration and eventual distribution would not be exclusive to the highest permeability 

sand. To circumvent the exclusive migration of the NAPL in the highest permeability 

sand, an additional 2ml of NAPL were injected into one of the lower permeability layers 

in experiment DCA-2 in order to create flow variability in the NAPL contaminated 

portion of the flow cell. 

Mass balances for all experiments were in the range of 80-90%. Possible sources of 

mass balance errors include volatilization during sampling, inaccuracies in the 

measurement of flow, and residual NAPL remaining in the flow cell upon completion of 

the experiment. Mass removal as a function of time and total initial mass were 

determined by integrating the breakthrough curve without attempting to correct or add 

back in the various experimental mass losses. 

Image Analysis 

A simple image analysis technique was utilized to provide semi-quantitative 

information of NAPL architecture. Digital images of the system were taken at each 

sampling acquisition. Note that images were taken from only one side of the flow cell but 

compared favorably (in terms of similar NAPL distributions) with the side of the flow 
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cell that was not imaged. The images were imported into an image processing program 

and overlain with a finely discretized grid. A binary map of the NAPL distribution was 

developed based on the presence (in which case the grid cell was filled black) or absence 

(in which case the grid cell was filled white) of NAPL in each individual grid cell. The 

black and white image was then imported into Mathcad using an image processing 

function which returns a matrix containing one of two possible numeric values, one value 

corresponding to a white grid cell (no NAPL) and another value corresponding to a black 

grid cell (NAPL). 

Trajectory integrated NAPL contents were estimated by assuming that flow was 

completely horizontal, such that a trajectory could be represented by one row in the 

binary matrix. A simple algorithm was used to ‘count’ the number of elements in each 

row of the matrix that had a numeric value corresponding to the positive identification of 

NAPL. This process returns an array containing the total number of NAPL containing 

grid cells in each trajectory. By assuming a uniform saturation, the mass fraction in each 

trajectory was then estimated by dividing the number of NAPL-containing grid cells in 

each row by the total number of NAPL-containing grid cells. The mass fractions were 

converted to values of and inserted into equation 3-1 and 3-2 to model source 

depletion.  The contaminated fraction, f

Ŝ

c, was also estimated from this procedure. 

Experimental Results, Modeling, and Discussion 

NAPL Migration and General Dissolution Behavior 

The migration of the nonaqueous phase and the eventual distribution for 

experiments DCA-1, DCA-2, and TCE-1 (see figures 3-2a, 3-3a, and 3-4a) was as 

expected: the NAPL migrated vertically until a low permeability layer was encountered 
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upon which the NAPL pooled and moved horizontally, eventually spilling over the side 

where it again began to migrate vertically downward until encountering another low 

permeability unit. This migration behavior led to an eventual distribution where the 

NAPL resided entirely in the 20/30 sand. Based on the observed dissolution behavior, the 

saturation of the pooled NAPL perched on top of the low permeability layers and at the 

base of the flow cell was concluded to not be high enough to significantly restrict flow 

through the interior portion of the pool due to reductions in relative permeability. An 

exception was the pool that formed up-gradient of well segments 5 and 6 in the vicinity 

of the injection point for experiment TCE-1. Again based on the dissolution behavior, 

advecting water was primarily restricted to the perimeter of this pool resulting in the 

thinning of the pool in the vertical direction and shortening of the pool in the mean 

direction of flow with increased dissolution time. While flow of the aqueous phase was 

not restricted to the exterior of the NAPL perched on top of the low permeability layers 

(with the exception of the one pool in the TCE experiment), this is not to suggest that 

relative permeability effects were insignificant. In fact, several of the segments 

experienced temporary flux increases as the dissolution process progressed in time, 

behavior likely attributable to increases in relative permeability and the exposure of 

additional NAPL interfaces to the flowing aqueous phase (Geller and Hunt, 1993; Powers 

et al., 1998; Nambi and Powers, 2000). These flux increases were somewhat masked in 

the integrated BTCs as other portions of the source zone were simultaneously 

experiencing flux decreases in response to depleting mass.  

In experiment DCA-2, the lower permeability layers into which the NAPL was 

injected were intentionally aligned with selected effluent well segments. The flow rates 
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out of these segments were approximately 0.7 ml/min where the flow rates out of the well 

segments aligned with the higher permeability background media (20/30 sand) were 

approximately 0.9 ml/min. The discrepancy in flow rates between the respective ports 

was smaller than expected based on hydraulic conductivities of 15.0 cm/min for the 20/30 

sand and 4.3 cm/min for the 40/50 sand reported by Schroth et al. (1996). It was expected 

that there would be detectable flow bypassing around the low permeability zone injected 

with NAPL, causing the NAPL to persist within the low permeability unit for extended 

periods of time. The small discrepancy in flow rates did not indicate a large degree of 

bypass flow around this zone possibly due to flow convergence at the extraction well. 

The contaminant fluxes out of the ports associated with the low permeability zone were 

characterized by a delayed flux increase,  presumably due to an increase in the relative 

permeability as the up-gradient NAPL mass was depleted, enhancing dissolution of the 

down-gradient NAPL in the low permeability zone and leading to a gradual increase in 

the relative permeability. 

Flux Response to Changes in NAPL Architecture 

The flux plane response to temporal changes in the NAPL architecture is shown in 

figures 3-2 to 3-4. The bar graphs plot the fraction of the total initial flux discharged from 

each extraction well segment. Results are shown for six selected time steps. The fraction 

of the total mass remaining (MF) and the fraction of the total initial flux (FF) are also 

displayed for each time step. The segmented flux data is intended to be coupled with the 

up-gradient NAPL distribution to investigate the linkages between NAPL architecture 

and flux.  For discussion purposes it is useful to consider each well segment (or port) as 

corresponding with a bundle of streamtubes with a given distribution of trajectory 

integrated NAPL contents. It is also useful to recall that based on the image analysis 

 



73 

procedure and the definition of , the more elongated the NAPL morphology in the mean 

flow direction, the larger the estimated value of the trajectory integrated NAPL 

content, (e.g., a NAPL pool would have a much larger estimated value of  than a 

vertical finger).  

Ŝ

Ŝ Ŝ

 
 
Figure 3-2. Flux plane response to changes in NAPL architecture for experiment DCA-1. 

Note that MF is the mass fraction ((mass at time t)/(initial mass at t = 0)) and 
FF is the flux fraction ((flux at time t) /(initial flux at t = 0)). 
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Figure 3-3. Flux plane response to changes in NAPL architecture for experiment TCE-1. 

Note that MF is the mass fraction ((mass at time t)/(initial mass at t = 0)) and 
FF is the flux fraction ((flux at time t) /(initial flux at t = 0)). 

 
Figures 3-2 to 3-4 indicate that reductions in flux were realized for partial 

reductions in mass as certain well segments showed flux decreases at earlier dissolution 

times than other well segments. The well segments that continued to produce flux at later 

dissolution times were predominantly associated with streamtube bundles characterized 

by larger S values (NAPL morphologies that were elongated in the mean flow direction).  

The well segments that were depleted of mass at earlier dissolution times were 

predominantly associated with streamtube bundles characterized by smaller  values 

(NAPL morphologies that were ‘less elongated’ in the mean flow direction). Figures 3-2 

to 3-4 indicate that variability in yields reductions in flux for partial reductions in mass 

as the smaller S  streamtubes are depleted of mass at earlier dissolution times. 

ˆ

Ŝ

Ŝ
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Figure 3-4. Flux plane response to changes in NAPL architecture for experiment DCA-2. 

Note that MF is the mass fraction ((mass at time t)/(initial mass at t = 0)) and 
FF is the flux fraction ((flux at time t) /(initial flux at t = 0)). 

 
Variability in the distribution associated with each well segment resulted in ports 

where the reduction in the mass fraction (expressed as the mass removed from the 

individual well segment divided by the total initial mass in the model source zone) was 

larger than the reduction in the flux fraction (expressed as the flux discharging from the 

individual well segment divided by the total initial flux discharging from the entire model 

source zone), ports where the reduction in the mass fraction and the flux fraction were 

approximately equal, and ports where the reduction in the mass fraction was less than the 

reduction in the flux fraction. These effects are illustrated in figure 3-5, which displays 

cumulative reductions in the mass fraction and the flux fraction for selected ports. For all 

Ŝ
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three experiments, port 1 was selected as the well segment in which the reduction in flux 

was smaller than the reduction in mass (figure 3-5a, 3-5d, 3-5g). The streamtube bundles 

associated with these well segments were characterized by larger trajectory integrated 

NAPL contents resulting from lateral migration of the NAPL along the base of the flow 

cell. The higher  streamtubes required the depletion of more up-gradient NAPL mass to 

achieve reductions in flux when compared to the smaller streamtubes.  In accordance, 

when considered in relation to the other well segments, the reduction in the flux fraction 

from port 1 is smaller than the reduction in the mass fraction (figure 3-5a, 3-5d, 3-5g) 

where the opposite is true (the reduction in the flux fraction is larger than the reduction in 

the mass fraction) for ports associated with streamtube bundles characterized by smaller 

 values which require the removal of less mass to achieve reductions in flux (figure 3-

5c, 3-5f, 3-5i). The ports where the reductions in mass and flux were approximately equal 

(figure 3b, 3e, 3h) were not necessarily associated with a medium length NAPL 

morphology or a bundle of medium S  streamtubes, but rather more of a triangular 

distribution overlaying an elongated portion on top of a low permeability layer.  Put in 

terms of the streamtube bundle analogy, the distribution of initial  in the streamtubes 

was such that the cumulative reduction in flux and mass were approximately equal. 

Ŝ

Ŝ

Ŝ

ˆ

Ŝ

This variability among different portions of the source zone is further illustrated in 

figure 3-6 by plotting the nine ports displayed in figure 3-5 in a mass reduction/flux 

reduction framework along with the integrated mass reduction/flux reduction relationship 

for the entire system. For all three experiments, the integrated mass reduction/flux 

reduction behavior for the entire system was approximately linear, with a 1:1 relationship 

between reductions in mass and reductions in flux. This 1:1 behavior however was the  
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Figure 3-5. Cumulative reductions in mass fraction and flux fraction with increasing 

dissolution time for selected ports from experiments DCA-1, TCE-1, and 
DCA-2.  Note that the cumulative reductions are expressed in relation to the 
total mass reduction and the total flux reduction (e.g. 27% of the total 
reduction in flux for experiment DCA-2 comes from port 5). 

 
result of a combination of segmented mass reduction/flux reduction relationships that 

differed significantly from the 1:1 behavior of the entire system, with segments that were 

both less than (elongated or high streamtubes) and greater than (shorter or small  

streamtubes) the 1:1 mass reduction/flux reduction relationship of the entire system. 

Ŝ Ŝ

Source Depletion Models 

The estimated streamtube mass fractions (see image analysis section) for 

experiments DCA-1, TCE-1, and DCA-2 are displayed in figure 3-7.  In order to simulate 

 



78 

dissolution behavior, the mass fractions displayed in figure 3-7 were converted to values 

of and inserted into equation 3-1 and 3-2. The data was modeled under the assumption Ŝ

 
 
Figure 3-6. Mass reduction/flux reduction relationships for the entire system (upper three 

graphs) and for selected well segments (bottom three graphs). 

 
that the dissolution dynamics were primarily controlled by the  distribution. A 

nonreactive travel time, t, equal to the mean nonreactive travel time for the entire system 

was assumed for each streamtube (measured mean travel times for the three experiments 

were 1.2 hr for DCA-1, 1.7 hr for TCE-1, and 1.3 hr for DCA-2). The superposition of n 

solutions, with n being the number of trajectories from the image analysis procedure, was 

then used to develop the plots in figure 3-8. 

Ŝ

The nonequilibrium model required fitting one parameter and the Da model 

required fitting 2 parameters. Two approaches were available for estimating fc:  if 

equilibrium conditions were assumed, fc could be estimated from the initial flux-averaged 

concentration, otherwise fc could be estimated using figure 3-7.  For the equilibrium 

streamtube model, estimating fc from figure 3-7, based on the number of trajectories   
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Figure 3-7. Streamtube mass fractions estimated from the image analysis technique. 

 

containing NAPL, resulted in an overestimation of Co.  Explanations for the 

overestimation of Co when using an fc obtained from the image analysis include velocities 

high enough to induce rate-limiting effects in the smaller  trajectories and incomplete 

span of the NAPL across the entire thickness of the box in certain locations, which would 

Ŝ
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result in bypass flow that was not captured in the two-dimensional image analysis 

technique. After estimating fc from Co, and using NAPL distribution information obtained 

from the image analysis, the equilibrium streamtube models matched the observed 

dissolution behavior closely (figure 3-8), which supports the argument that the NAPL 

architecture was the primary factor controlling dissolution behavior. Additional processes 

not explicitly accounted for in the model, such as relative permeability, transverse 

dispersivity, and velocity variability are thought to exert a secondary influence on 

dissolution behavior. 

 

 
 
Figure 3-8. Comparison of the rate-limited streamtube, equilibrium streamtube, and 

effective Damkohler approaches for modeling source depletion from 
experiments DCA-1, TCE-1, and DCA-2. 

 
The rate-limited streamtube model required the estimation of the mass transfer rate 

coefficient, k, to obtain the fits shown in figure 3-8. With the incorporation of rate-
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limiting effects into the model, the value for fc measured from the image analysis 

procedure could be utilized directly. As a comparison of the values of k used here, TCE 

dissolution data from a one-dimensional column study of uniform residual saturation 

presented in Imhoff et al. (1994) (experiment 6 in their paper) was modeled using 

equation 3-2 above. Using an estimated travel time from their experimental conditions, 

equation 3-2 provides an excellent fit of their data with a value of k equal to 65/hr, which 

is in the range of the values used here. It is noted that based on equation 3-2, increased 

accuracy from incorporating rate-limiting effects at the laboratory scale would likely be 

insignificant at the field-scale for typical groundwater velocities and source zone 

dimensions. For example, for a travel time of two days and a value of k = 42/hr, equation 

3-2 does not predict rate-limiting effects until the trajectory average NAPL content, , is 

reduced to a value 0.002 upon which the concentration drops rapidly, closely 

approximating a step function. 

Ŝ

The Da model also provided a good fit to the data with β2 = 1 and κo scaled to 

reflect Co. Again note that for the case of β2 = 1, the Da model is reduced to an 

exponentially-decaying function. The case of β2 = 1 is attractive because there is possibly 

a wide range of long-term dissolution behavior that can be reasonably approximated with 

an exponentially-decaying type model. The parameterization of the exponential model is 

also attractive as k can be expressed in terms of the initial mass, meaning that 

measurements of the mean groundwater velocity, the initial flux averaged concentration, 

and the initial mass would be sufficient to parameterize the model. For cases 

where 12 ≠β , there is little guidance as to how to go about estimating β2 a priori.  

However, based on the effectiveness of the streamtube models, the parameter β2 could be 
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estimated empirically using reactive travel time statistics in a manner similar to the 

techniques discussed in the following chapter. 

ADE model fits for DCA-1, DCA-2, and TCE-1 are shown below in figure 3-9. The 

parameter optimized in the curve fitting procedure was the Peclet number, which again 

note controls the shape of the BTC in a similar fashion to the second moment of the 

contribution time distribution. Like the Da model, the effectiveness of the streamtube 

models suggests that the Peclet number can perhaps be estimated using tracer techniques 

which are discussed in the following chapter.  

 

 
 
Figure 3-9. ADE model fit for source depletion experiments DCA-1, TCE-1, and DCA-2. 
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Additional NAPL Architectures 

As a demonstration of NAPL architectures that would differ significantly from the 

1:1 mass reduction/flux reduction behavior of experiments DCA-1, TCE-1, and DCA-2, a 

fourth experiment, DCA-3 is introduced. The packing procedure in this experiment was 

designed to create small alternating sand layers spanning the entire width of the box. 

During injection, the NAPL immediately migrated laterally along two 20/30 (the highest 

permeability sand used) layers in the vicinity of the injection point resulting in the highly 

elongated distribution shown in figure 3-10. The dissolution process resulted in the 

continual shortening of these two elongated portions with effluent concentrations 

remaining constant until a large fraction of the mass had been removed (figure 3-10). The 

mass reduction/flux reduction relationship for this system is displayed in figure 3-11. 

Note the similarities between the NAPL distribution of DCA-3 and the NAPL 

distribution up-gradient of segmented port 1 in the previous three experiments. As 

expected, the dissolution behavior and resulting mass reduction/flux reduction 

relationship of DCA-3 (figure 3-10; 3-11) was similar to port 1 in DCA-1, DCA-2, and 

TCE-1 (figure 3-6).  

 

 
 
Figure 3-10. Initial NAPL distribution and effluent BTC for experiment DCA-3. 
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In contrast to DCA-3, it is possible to conceptualize a system where the 

relationship between mass and flux is quite favorable. Consider a source zone similar to 

the one simulated by Parker and Park (2004) where residual zones of various length 

overlie a large, laterally extensive pool. In this type of system a large portion of the initial 

flux is associated with the overlying residual zones while a large portion of the initial 

mass is associated with the laterally extensive pool at the base of the simulation domain. 

As discussed previously, the dissolution profile for such a system is similar to the high-

variance lognormal distribution of  case in the streamtube formulation where there is a 

large initial decrease in flux as the overlying residual zones are depleted of mass followed 

by extensive tailing resulting from the laterally extensive pool. The resulting mass 

reduction/flux reduction for such a system is quite favorable where there is a large 

decrease in flux for a relatively small decrease in mass followed by limited reduction in 

flux as the laterally extensive pool is slowly depleted of mass. Experimentally, this case 

is difficult to construct as a large laterally extensive pool invariably migrates into the 

injection and extraction wells. As a substitute, consider a hypothetical experiment where 

75% of the well segments are characterized by BTCs identical to the BTC of port 5 in 

DCA-2 and 25% of the well segments are characterized by a BTC identical to that of port 

1 in experiment DCA-2 (see figure 3-5). The resulting BTC is similar to the high-

variance lognormal streamtube case with a large initial drop in flux followed by extensive 

tailing. The mass reduction/flux reduction relationship from the superposition of these 

data sets is displayed alongside that of DCA-3 in figure 3-11. 

Ŝ

Experiment DCA-3 did not conform to the model assumptions as well as the other 

experiments because the flow paths were likely not parallel with the bottom of the flow 
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cell but rather followed the curvilinear direction of the alternating sand layers.  In order to 

estimate the streamtube mass fractions for modeling purposes, the algorithm used to 

process the binary image was abandoned in favor of manual counting of the NAPL 

containing grid cells along the curvilinear layers of alternating grain size.  In contrast to 

the previous three experiments, fc did not need to be measured using Co for the 

equilibrium streamtube model, suggesting that rate-limiting effects were less important 

 

 
Figure 3-11. Mass reduction flux reduction relationship for experiment DCA-3 and 

hypothetical system developed by the superposition of selected segmented 
BTCs. 

 
due to the elongated distribution of the NAPL. The mass transfer rate coefficient, k, in the 

rate-limited streamtube model therefore acted not to scale Co to the appropriate initial 

value, but rather to provide a smoother fit of the data. As in the previous DCA 

experiments, a value of k = 42/hr was selected for the mass transfer rate coefficient. Both 

the equilibrium and rate-limited streamtube models provide reasonably good fits of the 

data, supporting the argument that the NAPL architecture is the primary mechanism 

controlling dissolution behavior in the systems studied.  The data/modeling of DCA-3 
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supports the general trend that increased variability in the  distribution leads to more 

favorable relationships between reductions in mass and flux. In DCA-3, there is limited 

variability in the  distribution due to most of the NAPL mass concentrated in a small 

number of streamtubes, which results in a less favorable relationship between mass and 

flux when compared to experiments DCA-1, DCA-2, and TCE-1, which exhibit more 

variability in terms of their  distributions.  

Ŝ

Ŝ

Ŝ

 

 
Figure 3-12. Comparison of the rate-limited streamtube, equilibrium streamtube, effective 

Damkohler, and ADE approaches for modeling effluent BTCs from 
experiments DCA-3. 

 
The Da model again required scaling κo to the initial concentration. Unlike the 

previous experiments, β2≠ 1, meaning that β2 had to be estimated by fitting the 

dissolution data, as opposed to solving for the rate constant of an exponential decay 

model in terms of the initial flux and the initial mass. A value of β2 < 1 for laterally 

extensive portions of the source zone was consistent with Parker and Park (2004) who fit 

their model to both the upper portion of their simulation domain, which consisted of 
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residual zones of variable lengths, with a β2 = 1.1, and to the lower zone, which consisted 

of a laterally extensive pool, with a β2 = 0.4. A value of 0.1 for β2 was used in this work 

to obtain the fit displayed in figure 3-12. As shown in figure 3-12, the model is not 

capable of simulating both the initial stage of constant concentration and the late-term 

tailing behavior, which is a limitation of all power function-type models.  Aside from the 

inability to simulate the late-term tailing behavior, the Da model provides a reasonable fit 

of the data and outlines a trend of more favorable relationships between mass and flux for 

larger values of β2. The general relationship between β2 and  is that βŜ 2 increases with 

increased variability in the  distribution.  Ŝ

The ADE model, unlike the Da model is capable of producing the type of 

dissolution profile characteristic of DCA-3 and therefore provides an excellent fit of the 

observed data. As discussed in the previous chapter, the streamtube model (with a 

lognormal distribution) and the ADE model produce similarly shaped BTCs. The 

streamtube model therefore would also provide an excellent fit of the data by fitting the 

second moment of the tau distribution. 

Conclusions 

Four aqueous dissolution experiments in two-dimensional heterogeneous systems 

were presented with an emphasis on the dissolved contaminant flux response to 

reductions in DNAPL mass. The relationship between mass and flux was found to be 

primarily controlled by the NAPL architecture, with mechanisms such as relative 

permeability, velocity variability, transverse dispersion, and mass transfer rate limitations 

exerting only secondary influences. A Lagrangian-type definition of NAPL architecture 

was utilized which incorporates the concept of a trajectory integrated NAPL content, .  Ŝ
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The distribution of S  amongst streamtubes governed the relationship between mass and 

flux.  For experiments DCA-1, DCA-2, and TCE-1 the relationship between reductions in 

mass and flux was found to be approximately 1:1. In addition to experiments DCA-1, 

DCA-2, and TCE-1, a fourth experiment, DCA-3, and a theoretical case, developed from 

the superposition of BTCs from selected well segments, were used to illustrate cases 

where mass reduction/flux reduction would deviate significantly from the 1:1 behavior of 

DCA-1, DCA-2, and TCE-1.  

ˆ

The dissolution profiles from the four experiments were modeled using three 

simplified source depletion models; a streamtube model, an advection dispersion model 

and an effective Damkohler number model previously presented in Parker and Park 

(2004). The distribution of amongst the streamtubes was estimated using a simplified 

image analysis procedure. Based on the effectiveness of the streamtube models, 

dissolution dynamics for the systems studied were determined to be primarily controlled 

by the  distribution with mechanisms such as relative permeability and velocity 

variability causing perturbation about the mean behavior. In the next chapter a 

combination tracer techniques are evaluated for there ability to parameterize these models 

for prediction of long-term source depletion.   

Ŝ

Ŝ

 
 
 

 



 

CHAPTER 4 
AN EVALUATION OF PARTITIONING TRACERS FOR PARAMETERIZING 

SOURCE DEPLETION MODELS 

In this chapter partitioning tracers are investigated as a potential parameterization 

technique for the models introduced in chapter 2. Two common parameter estimation 

techniques are evaluated: the method of moments where measured moments from an 

extraction well BTC are equated with derived moment equations, and inverse modeling 

where BTCs are fit to a transport model using specified objective functions. In addition, 

the ADE source depletion model of chapter 2 is parameterized using a hybrid approach 

where the total mass is determined using moment analysis and the Peclet number is 

determined using traditional curve fitting techniques. For brevity these approaches will be 

referred to as the moment, inverse lognormal, and ADE approach respectively. 

Theory 

Overview of Partitioning Tracers 

Partitioning tracers are a characterization tool for estimating NAPL saturation 

between pairs of injection and extraction wells (Annable et al., 1998; Brooks et al., 2002; 

Cain et al., 2000; Falta et al., 1999; Jawitz et al., 1998b; Jawitz et al., 2000; Meinardus et 

al., 2002; Nelson and Brusseau, 1996). Reactive tracers that partition into the NAPL 

phase are injected with one or more nonreactive tracers. The retardation of the 

reactive/partitioning tracer in relation to the nonreactive tracer is then used to estimate the 

integral NAPL saturation in the swept volume between the injection well and the 

extraction well. An integrated measurement of NAPL saturation is conceptually 

89 
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appealing as it circumvents the inherent difficulty of interpolating between highly 

spatially variable point measurements of NAPL saturation, which is required when 

employing conventional point measurement tools such as soil coring. 

Although partitioning tracers are conceptually appealing because they provide an 

integrated measurement of an often highly heterogeneous saturation field, there are some 

questions as to the reliability of the measurements obtained from partitioning tracers. Rao 

et al. (2000) and Brooks et al. (2002) outline most of the technical issues associated with 

the use of the partitioning tracers. Some of the issues, such as partitioning nonlinearity, 

can be overcome through modifications to the tracer test itself (e.g., injection of multiple 

tracers) while other issues may be minimized through data analysis techniques (e.g., 

extrapolation of BTC tails). Other issues, such as hydrodynamic accessibility of the tracer 

to low permeability zones and interference from organic matter and mineral components 

are inherent limitations of the technique (Rao et al., 2000). Practical issues of concern 

associated with partitioning tracers are its high cost and possible regulatory issues (EPA, 

2003). 

A comparison of the reliability of NAPL saturation estimates obtained from tracers 

with more conventional point measurement techniques should not simply consider the 

accuracy of the point measurement vs. the accuracy of the integrated measurement, but 

should also include the error associated with interpolating between point measurements. 

The centimeter scale sensitivity of a migrating NAPL to very slight changes in 

permeability creates highly irregular entrapment configurations (Keuper et al., 1993), 

which poses questions as to the reliability of conventional techniques, regardless of how 

accurate the individual point measurements are. 
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 Moment Based Parameter Estimation 

The moment equations developed below are based on equations presented in Jawitz 

et al. (2003a). The equations of Jawitz et al. (2003a) can be simplified considerably by 

assuming no correlation between the travel time and NAPL saturation and the 

contaminated fraction parameter, (fc), is equal to the flux-averaged contaminant 

concentration measured in the extraction well during the tracer test. For example, if a 

partitioning tracer test was conducted in a PCE contaminated source zone and the 

measured flux-averaged PCE concentration in the extraction well during the partitioning 

tracer test was 60% of solubility, it is assumed that 60% of the streamtubes are 

contaminated. The assumption that the travel time and trajectory integrated NAPL 

content, , are uncorrelated is somewhat supported by the recent work of Lemke et al. 

(2004b) who found that “the extent of correlation between organic liquid saturation and 

permeability that has been postulated by others (e.g. Anderson et al., 1992; Berglund, 

1997; and Rao et al., 2000)” was not supported by their simulation results. It should be 

noted however that the analysis of Lemke et al. (2004b) was based on an Eulerian type 

comparison, plotting point values of NAPL saturations against the corresponding 

hydraulic conductivity for that particular point. While investigation of a correlation 

structure is useful for theoretical simulations there is a practical concern when dealing 

with mathematical formulations that include the product of two correlated lognormals. 

From inspection of equation 2-11 (also 4-18 below) it is clear that there are an infinite 

number of ρ and σ combinations of the individual lognormals that lead to the same 

aggregate σ for the product of two lognormals. To illustrate this consider fitting the 

reactive tracer data shown below in figure 4-1. 

Ŝ
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Figure 4-1. UTCHEM generated reactive tracer fit with product of two lognormals. 

 
The 3-D plot in figure 4-2 below shows the root mean square for a matrix of 

variances and correlation coefficients. Evident in figure 4-2 is that for a function which is 

a product of two correlated lognormals, there are an infinite number of individual 

combinations of correlation and variance that produce the same aggregate variance for 

the product of two lognormals. Therefore, from a practical standpoint, assuming no 

correlation does not limit in any way the range of BTCs the model can produce and 

dramatically simplifies the equations. An exception to this statement is that if the 

nonreactive tracer exhibits more spreading than the partitioning tracer, a negative 

correlation would be needed in order to obtain a reasonable fit of the partitioning tracer 

(this will be discussed further below). 
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Figure 4-2. RMS matrix for tracer data in figure 4-1. 

 
Measured moments 

The absolute moments of a measured BTC can be determined by substituting the 

measured concentration at the extraction well, C(T), for the lognormal probability 

distribution in equation 2-6. 

                                                                                              (4-1) ∫
∞

=
0

)( dTTCTM N
N

The Nth normalized moment (mN) is determined by dividing the Nth absolute moment by 

the 0th absolute moment. 

                                      
0M

M
m N

N =                                                                       (4-2) 
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For step injections the first and second normalized moments can be expressed with 

equation 4-3 and 4-4 (Sardin et al., 1991). An advantage of the moment equations for step 

injections and step decreases is that the second moment lacks the higher order term (T2)  

and leads to decreased truncation error (Young and Ball, 2000). 

                                                                                              (4-3) [ dTTCm ∫
∞

−=
0

1 )(1 ]

]                                                                                                    (4-4)  [ dTTCtm ∫
∞

−=
0

2 )(12

First and second moments of nonreactive tracer 

The mean and variance of the travel time distribution can be determined from the 

first and second measured moments of the nonreactive/nonpartitioning tracer (denoted by 

the superscript np): 

                                                         
211
onpt T

mm −=                                                     (4-5) 

 

                                                    
4

2
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o
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mTmm +−=                                          (4-6) 

 
where 4-5 and 4-6 are corrected for the pulse duration To. The first and second moments 

of the travel time distribution can then be inserted into equations 2-8 and 2-9 to determine 

the mean and variance of the travel time distribution. 

Domain average trajectory integrated NAPL content 

For an individual streamtube, the arrival time of a partitioning tracer is given by: 

                                             Rtt npp =                                                                   (4-7) 

where the subscript p denotes partitioning tracer and the subscript np denotes 

nonpartitioning tracer. After Jin (1995), R is given by the following equation. 
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with: 

                                                       
w

n
n C

C
K =                                                                  (4-9) 

Where Cn is the concentration of the tracer in the NAPL phase and Cw is the 

concentration of the tracer in water. Note that equation 4-8 differs from Jin (1995) in that 

the trajectory integrated NAPL saturation along a streamtube, , has been substituted 

for the domain average saturation S

NŜ

N. Equation 4-9 can be expressed in terms of the 

trajectory integrated NAPL content, , in order to be consistent with the streamtube 

models presented in chapter 2 by making the following substitution. 

Ŝ

                                           SKR n
ˆ1+=

                                   with: 

                                           
η
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NS =− ˆ1                                                              (4-10) 

Assuming no correlation between R and the nonreactive tracer the expected value of 4-7 

can be determined by: 
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The expected value of can then be expressed through the measured moments as: Ŝ
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Excess spreading 

The traditional evaluation of partitioning tracers has been limited to analysis of the 

first moment (domain average saturation). Information related to the spatial distribution 

of the NAPL has historically been limited to soil coring (Jawitz et al., 2000; Meinardus et 

al., 2002; Rao et al., 1997) or partitioning tracer tests conducted at multiple sampling 

locations (Jawitz et al., 2000; Sillan et al., 1998). Jawitz et al. (2003a) presented 

equations utilizing partitioning tracer higher moments to obtain information regarding 

NAPL spatial distribution between pairs of injection and extraction wells. The higher 

moment technique is based on the concept of excess spreading. This concept is perhaps 

best illustrated through use of the advection dispersion equation. If we were to fit a 

nonreactive tracer BTC with the analytical solution to the ADE (equation 2-21—injection 

and detection in flux) by adjusting the Peclet number, a partitioning tracer response for a 

homogenously distributed NAPL should then theoretically be described by the same 

Peclet number determined from the nonreactive tracer test and an R value equal to 

equation 2-5 (e.g., Valochi, 1985). Any additional spreading beyond that predicted with 

the Peclet number from the nonreactive tracer test is considered ‘excess spreading’ 

potentially resulting from heterogeneity in the NAPL distribution (or any other reactive 

parameter). Theoretically, this excess spreading should manifest itself in the higher 

moments of the partitioning tracer, allowing for quantification of variability in the 

Lagrangian-based NAPL architecture. The excess spreading concept is illustrated below 

in figure 4-3. 
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Figure 4-3. BTCs representing transport of a nonreactive tracer, a reactive tracer with 

homogenously distributed NAPL, and a reactive tracer with heterogeneously 
distributed NAPL. 

 
Moment equations for quantifying Lagrangian NAPL architecture 

  The second moment of the retardation factor R can be expressed as: 
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The second moment of the trajectory integrated NAPL content can then be expressed as: 
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The first and second moments of the trajectory integrated NAPL content can then be 

inserted into equations 2-8 and 2-9 to determine the mean and variance of the 

distribution. As outlined previously in chapter 2, the mean and variance of the  Ŝ Ŝ
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distribution parameters can then be combined with the mean and variance of the travel 

time distribution parameters to determine the mean and variance of the contribution time 

(τ) distribution, which in turn is used to predict source depletion under natural gradient 

conditions. A summary of the steps used to determine the mean and variance of the t and 

 distributions is shown below in figure 4-4. Ŝ

Nonreactive Tracer Data

Determine first and second moments of t
with equations 5-5 and 5-6

Reactive Tracer Data

Determine first and second moments of R
with equations 5-11 and 5-13

Determine first and second moments of the 
trajectory integrated NAPL content  with 

equations 5-12 and 5-14

Determine mean and variance of contribution 
time using equation 3-13 and equations 3 -15 

through 3-18.

Determine mean and variance of the 
trajectory integrated NAPL content  with 

equations 3-8 and 3-9

Determine mean and variance of t with 
equations 3-8 and 3-9

Forward predict dissolution profile 
with equation 3-14 and 3-1

 
Figure 4-4. Summary of process used to predict dissolution using partitioning tracers and 

moment analysis. 

 
 Moments for the partitioning and nonpartitioning BTCs were fit to a cubic spline 

function in Mathcad (figure 4-5). Cubic spline interpolation passes a curve through a set 

of data points such that the first and second derivatives are continuous across each point. 

There are two primary advantages of replacing the discrete tracer data with a continuous 

cubic spline function. The first advantage is that a continuous function allows for the use 
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of Mathcad’s more accurate built in numerical integration schemes such as adaptive and 

Romberg integration as opposed to using a trapezoidal rule calculation in a spreadsheet 

type application. The second advantage is the spline function extrapolates the tracer data 

beyond the last sampling point in cases of incomplete data collection of the BTC tail due 

to substantial tailing. (Note that the ‘level’ of extrapolation accomplished with the spline 

function may be insufficient for typical field applications where the truncation error is 

significantly larger than the idealized numerical simulations presented here.) 

Data

Cubic spline
interpolation  

 
Figure 4-5. Cubic spline interpolation of arbitrary UTCHEM generated tracer data. 

 
Inverse Modeling Based Parameterization (Lognormal Distribution) 

An alternative parameter estimation technique to the method of moments is inverse 

modeling where the extraction well BTC is fit to a process model. Considering the arrival 

time of the nonreactive tracer as a lognormally distributed random variable allows for 

expression of the extraction well BTC (Cf(T)) using a lognormal probability distribution 
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function (pdf) for Dirac inputs (equation 4-15) and a cumulative distribution function 

(cdf) for step inputs (equation 4-16). 

                                         )()( TfTC f =                                                            (4-15) 

                                         )()( TpTC f =                                                            (4-16) 

Where f and p are used to denote a pdf and a cdf respectively.  For pulse inputs (or any 

other type of input), 4-15 can be utilized in conjunction with a convolution integral to 

obtain the mean and variance of t. 

                                                                                     (4-17) ∫ −=
T

dttftTCTC
0

)()()(

The travel of a partitioning tracer (denoted by the subscript p in equation 4-18 and 4-19) 

is equal to the product of t and R, meaning that equations 4-15 through 4-17 can still be 

utilized by making use of equation 2-10 and 2-11 to define the mean and variance of the 

partitioning tracer arrival time (Jury and Roth; 1990). 

                                       tRp µµµ +=                                                                (4-18) 

                             22
ttRRp σσρσσσ ++=                                                    (4-19) 

Again note that the assumption is made that R is uncorrelated with travel time. The 

correlation coefficient was preserved in equation 4-19 to again emphasize that there are 

and infinite number of combinations of variance and correlation of individual lognormals 

that yield identical variances for the product of two lognormals. The exception to the 

previous statement in noted again as well. From inspection of 4-19, if the product of a 

negative correlation coefficient and the standard deviations of R and t is larger than the 

variance of R, the reactive tracer would exhibit less spreading than the nonreactive tracer, 

meaning that the best fit could not be obtained without use of the correlation coefficient. 
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With R determined, the mean and variance of  for uncorrelated cases can be determined 

using the moment generating function 2-8 and equation 4-11 and 4-14.  

Ŝ

The inverse modeling process utilized here was to first fit the nonreactive tracer 

using equation 4-16 in order to determine µt and σt
2. Values for µR and σR

2 were then 

determined by fitting the partitioning tracer with equation 4-16 using values of µt and σt
2 

determined from the nonreactive tracer and a µ and σ equal to equation 4-18 and 4-19. 

The values for µR and σR
2 were then inserted into the moment generating function 2-7 to 

determine the first and second moments of R. The first and second moments of R were 

then used in conjunction with equations 4-12 and 4-13 to obtain the first and second 

moments of . The first and second moment of , together with the first and second 

moments of the travel time distribution were then used to determine the first and second 

moments of the contribution time distribution using the equations outlined in chapter 2.  

Ŝ Ŝ

Additional Contribution Time Parameterization Methods 

In simulation sets one and two the above techniques tended to over predict 

spreading of the dissolution profile. Because of this, two additional techniques were 

investigated that deemphasized velocity variability (this will be discussed in further detail 

in the results section). 

ADE based paramterization 

The ADE approach involved using traditional moment analysis to determine the 

pore volume (such that R for the nonreactive tracer was 1) and the retardation factor for 

the reactive tracer. The retardation factor was then used to calculate the domain average 

NAPL saturation, which was used in equation 2-23 in conjunction with fc to determine R 

for the ADE source depletion model. After retardation factors were calculated, traditional 
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curve fitting techniques were used to determine Peclet numbers for the nonreactive (Pnr) 

and reactive (Pr) tracers.  The simple estimator displayed below in equation 4-20 was 

used to estimate the Peclet number for the source depletion model (PSD) based on the 

nonreactive and reactive tracers. Equation 4-20 is semi-empirical measure of excess 

spreading as defined by the nonreactive and reactive tracers: 

                                

rnrSD

rrnrSD

PPP

RPPP

−=

−=
       for Pnr - Pr  > 2                                  (4-20) 

                                                                  for Pnr - Pr  < 2        

where Rr is the retardation factor of the reactive/partitioning tracer. 

 
Inverse modeling with no travel time variability 

For simulation sets 1 and 2 the inverse modeling approach over predicted 

dissolution profile spreading. Because of this, an approach identical to the inverse 

lognormal procedure outlined above, except without the second moment of travel time 

(travel time variability) incorporated into the second moment of the contribution time, 

was investigated. Using this approach, equation 2-18 can be expressed as: 

                                                  ( ) St
f mmKm

ˆ
2

2

1
2

2 =τ                                                   (4-21) 
 

UTCHEM Simulations 

Prior to the NAPL dissolution simulations detailed in chapter 2, a partitioning 

tracer test was simulated to evaluate the ability of the techniques presented above to 

parameterize the source depletion models of chapter 2. 

   



103 

Simulation Setup 

 A nonpartitioning and a partitioning tracer were introduced into the domain via 

the injection well under steady-state flow at the same flow rate as the subsequent water 

flood/aqueous dissolution simulation at a concentration of 500 mg/L. A partitioning 

coefficient of 50 was selected after preliminary simulations indicated negligible 

differences in predicted dissolution behavior when utilizing alternative partitioning 

coefficients. Although UTCHEM has the capability to simulate tracer sorption and 

degradation, these effects were not evaluated here. 

Results 

Predicted domain averaged NAPL saturation 

Predicted domain averaged NAPL saturations using the moment, inverse 

lognormal, and ADE approach are displayed below in table 4-1. Recall that the ADE 

approach uses the traditional moment technique (Jin, 1995) to estimate the domain 

averaged saturation (SN). The inverse lognormal and moment approaches outlined above 

yield an estimate of the trajectory integrated NAPL content ( ), which was converted to 

S

Ŝ

N  using equation 4-10. 

The moment and ADE approaches yielded significantly more accurate results than 

the inverse lognormal approach. The moment and ADE approaches exactly predicted the 

NAPL saturations for each simulation in both sets and 1 and 2. The inverse lognormal 

approach over predicted the NAPL saturations by an average of approximately 5% for 

both simulation sets 1 and 2. For simulations sets 3 and 4 the moment and ADE 

approaches under predicted the NAPL saturations by an average of approximately 1% for 

simulation set 3 and 3% for simulation set 4. The under prediction of NAPL saturations 

as heterogeneity increases is likely due to a combination of two factors. The first factor 

   



104 

   

that could lead to an underestimation of NAPL saturation is a decrease in hydrodynamic 

accessibility due to relative permeability effects as the architecture becomes more skewed 

towards pools. The second factor is data truncation due to enhanced tailing of the tracer 

BTCs as heterogeneity increases. This effect is likely small however as the simulations 

were run well into the tail portion of the BTCs, thereby minimizing truncation error. 

Despite the enhanced tailing of tracer BTCs and possible issues associated with 

hydrodynamic accessibility, the moment and ADE predictions for simulation set 3 and 4 

are extremely accurate.  These findings are of course influenced by the fact that the 

simulator produces tracer data that is not subject to analytical/detection limit issues and 

exactly conforms to the underlying assumptions (e.g., perfect linear partitioning). 

The inverse lognormal approach performs poorly compared to the moment based 

approaches, with errors of around 7% for simulations sets 3 and 4. As will be shown in 

subsequent sections, despite the inaccuracy of the saturation estimates, the parameters 

determined from the inverse lognormal approach yield excellent fits of the tracer BTCs. 

This suggests that the RMS objective function yields parameter sets that accurately fit the 

spreading of the tracer data yet do not preserve the mean arrival time. 

Method of moments dissolution predictions 

Moment derived parameters describing tracer transport for all simulations are 

displayed below in table 4-2. The moment determined parameters for the mean and 

variance of the t and R distributions were inserted into equation 4-18 and 4-19 and plotted 

alongside the UTCHEM simulated tracer data (figure 4-6 through 4-9) The RMS values 

for the moment predicted tracer BTCs are displayed in table 4-2. 
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Table 4-1. Domain averaged NAPL saturations estimated with the different techniques. 

Simulation Actual                  ADE    Inverse Lognormal  
                
Moments     

  S S Error %  
 

S Error %  
 

S  Error %   
Set 1                     

1 0.0043        0.0043 0.0 0.0045 0.0045 +4.4 0.0043 0.0043 0.0  
2 0.0033        0.0033 0.0 0.0036 0.0036 +8.6 0.0033 0.0033 0.0  
3 0.0043        0.0043 0.0 0.0046 0.0046 +6.3 0.0043 0.0043 0.0  
4 0.0030         0.0030 0.0 0.0030 0.0030 0.0 0.0030 0.0030 0.0  
      0.0     5.1     0.0  average

Set 2               
1 0.0042        0.0042 0.0 0.0043 0.0043 +2.8 0.0042 0.0042 0.0  
2 0.0033        0.0033 0.0 0.0035 0.0035 +6.4 0.0033 0.0033 0.0  
3 0.0033        0.0033 0.0 0.0035 0.0035 +6.4 0.0033 0.0033 0.0  
4 0.0045        0.0045 0.0 0.0047 0.0047 +4.9 0.0045 0.0045 0.0  
      0.0     5.2     0.0  average

Set 3               
1 0.0044         0.0043 -2.3 0.0041 0.0041 -6.6 0.0043 0.0044 0.0  
2 0.0045        0.0045 0.0 0.0047 0.0047 +4.9 0.0045 0.0045 0.0  
3 0.0045         0.0044 -2.2 0.0042 0.0042 -6.3 0.0045 0.0045 0.0  
4 0.0045        0.0045 0.0 0.0034 0.0034 -24.2 0.0045 0.0045 0.0  
      1.1     10.5     0.0  average

Set 4                    
1 0.0065        0.0063 -3.1 0.0056 0.0056 -13.4 0.0063 0.0064 -2.2  
2 0.0067       0.0067 0.0 0.0071 0.0072 +6.7 0.0068 0.0069 +1.7  
3 0.0065         0.0061 -6.2 0.0064 0.0064 -1.5 0.0061 0.0061 -5.6  
4 0.0062         0.0060 -3.2 0.0057 0.0057 -7.4 0.0060 0.0061 -2.3  

      3.1     7.2     2.9  average

ŜŜ
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Ŝ

Ŝ

One of the problems of assuming no correlation in the moment equations is that for 

high travel time variances, the calculated second moment of R is either very small or 

negative which leads to a calculated negative second moment of  (equation 4-14). This 

of course has no physical meaning. A negative second moment of  was calculated in 

simulations 2 and 3 of set 4 (table 4-2). 

For the more homogenous simulation sets 1 and 2, the moment derived parameters 

significantly under predicted tracer spreading (figure 4-6 and 4-7) when inserted into the 

lognormal cdf. The method of moments performed better, in terms of yielding parameters 

that more accurately reproduced tracer spreading, as the heterogeneity of the porous 

media increased (figure 4-8 and 4-9). 

The moment derived parameters describing tracer transport were used to determine 

the contribution time mean and variance using the process outlined in figure 4-4. The 

contribution time mean and variance for all simulations are displayed below in table 4-3. 

The predicted dissolution profiles using the parameters in table 4-3 are displayed below 

in figures 4-10 through 4-13. 

As shown in figure 4-10 and 4-11, the moment equations provide a fairly good 

prediction of dissolution dynamics for simulation sets 1 and 2, predicting slightly less 

spreading/variability of the dissolution profile than that of UTCHEM. An under-

prediction of dissolution profile spreading was expected based on the performance of the 

moment equations in relation to fitting the partitioning tracer BTCs, yet the under 

prediction of spreading for the dissolution profiles is less than that of the tracer (also see 

RMS values in tables 4-2 and 4-3). This suggests that there are mechanisms that cause 
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Table 4-2. Tracer derived parameters using method of moments. 
         nonreactive                   reactive 

Simulation µt σt
2 RMS  µR σR

2 RMS µS σS
2

1-1         -0.03 0.06 0.144 0.47 0.06 0.232 -5.63 0.35
1-2         -0.03 0.06 0.236 0.21 0.01 0.380 -5.86 0.29
1-3         -0.04 0.07 0.101 0.19 0.01 0.147 -5.63 0.36
1-4         -0.06 0.12 0.039 0.19 0.02 0.072 -6.10 0.53

average -0.04        0.08 0.130 0.26 0.03 0.208 -5.81 0.38
S.D. 0.02        0.03 0.083 0.14 0.02 0.132 0.22 0.10

2-1         -0.01 0.03 0.128 0.19 0.01 0.156 -5.59 0.24
2-2         -0.01 0.02 0.131 0.15 0.01 0.115 -5.91 0.39
2-3         -0.01 0.03 0.136 1.50 0.01 0.144 -5.94 0.46
2-4         -0.01 0.02 0.132 0.20 0.01 0.147 -5.57 0.32

average -0.01        0.02 0.132 0.51 0.01 0.141 -5.75 0.35
S.D. 0.00        0.00 0.003 0.66 0.00 0.018 0.20 0.09

3-1         -0.15 0.29 0.043 0.15 0.10 0.037 -6.17 1.47
3-2         -0.16 0.32 0.032 0.19 0.02 0.063 -5.60 0.38
3-3         -0.21 0.42 0.015 0.16 0.08 0.016 -6.13 1.27
3-4         -0.23 0.46 0.007 0.13 0.14 0.023 -6.25 1.69

average -0.19        0.37 0.024 0.16 0.08 0.035 -6.04 1.20
S.D. 0.04        0.08 0.016 0.03 0.05 0.021 0.30 0.57

4-1         -0.34 0.67 0.022 0.32 0.14 0.036 -5.51 0.89
4-2         -0.42 0.86 0.047 0.33 0.01 0.022 x x
4-3         -0.43 0.86 0.021 0.27 0.05 0.014 x x
4-4         -0.37 0.74 0.015 0.23 0.07 0.008 -5.55 0.87

average -0.39        0.78 0.026 0.29 0.07 0.020 -5.53 0.88
S.D. 0.04        0.09 0.014 0.05 0.05 0.012 0.03 0.02

 x = negative second 
moment of S 
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Figure 4-6. Set 1 tracer fit (method of moments). 
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Figure 4-7. Set 2 tracer fit (method of moments). 
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Figure 4-8. Set 3 tracer fits (method of moments). 
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Figure 4-9. Set 4 tracer fits (method of moments). 
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Table 4-3. Moment derived contribution time mean and variance. 
Simulation RMS

1-1 1.74 0.41 0.123
1-2 1.5 0.34 0.103
1-3 1.73 0.43 0.076
1-4 1.24 0.66 0.059

average 1.55 0.46 0.090
S.D. 0.24 0.14 0.028

2-1 1.39 0.26 0.181
2-2 1.07 0.41 0.036
2-3 1.05 0.49 0.055
2-4 1.42 0.34 0.079

average 1.23 0.38 0.088
S.D. 0.20 0.10 0.065

3-1 1.21 1.76 0.075
3-2 1.31 0.7 0.063
3-3 1.49 1.69 0.063
3-4 1.12 2.14 0.174

average 1.28 1.57 0.094
S.D. 0.16 0.61 0.054

4-1 1.65 1.57 0.105
4-2 x x x
4-3 x x x
4-4 2.24 1.61 0.069

average 1.95 1.59 0.09
S.D. 0.42 0.03 0.025

τµ 2
τσ
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Figure 4-10. Set 1 predicted source depletion (method of moments 
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Figure 4-11. Set 2 predicted source depletion (method of moments). 

spreading of the tracers in the simulator which do not, in turn cause spreading of the 

dissolution profile. This is most likely due to the dispersivity parameter. In a finite 

difference numerical model of solute transport there is always some level of spatial 

averaging that must occur in order to define an average parameter value for each grid 

cell. The dispersivity parameter defines spatially averaged spreading that occurs as a 

solute move through an individual grid cell. According to the assumptions of the 

streamtube model, spreading of a nonreactive solute is due to differences in streamtube 

velocities, which in turn leads to spreading of the dissolution profile according to the 

equations outlined in chapter 2. In UTCHEM however, dispersivity at the scale of the 

individual grid cell does not lead to spreading of the dissolution profile at the grid cell 

scale. An alternative explanation is that dispersive mixing between streamtubes dampens 

spreading of the dissolution profiles This was evaluated recently by Cirpka and Kitanidis
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Figure 4-12. Set 3 predicted source depletion (method of moments). 
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Figure 4-13. Set 4 predicted source depletion (method of moments). 
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 (2000) in relation to bio-reactive transport. Their approach was to incorporate 

longitudinal mixing in each streamtube as a surrogate to transverse mixing processes. 

Incorporation of longitudinal dispersion into the streamtubes dampens the spreading of 

the BTC when compared to the advection only case.  

For simulations sets 3 and 4 the method of moments now over predicts spreading of 

the tracer BTC. This is in agreement with the dispersivity hypothesis discussed above. If 

the spreading evidenced in the nonreactive tracer is not entirely due to velocity 

variability, a more accurate fit of nonreactive tracer spreading (see figures 4-6 to 4-9) 

suggests an over prediction of dissolution profile spreading.  

As noted previously, one of the problems of assuming no correlation in the moment 

equations is that for cases where the reactive tracer exhibits little to no excess spreading, 

the calculated second moment of R is either very small or negative which leads to a 

calculated negative second moment of  (equation 4-14). This of course has no physical 

meaning. A negative second moment of  was calculated in simulations 2 and 3, 

precluding dissolution profile prediction. 

Ŝ

Ŝ

Inverse lognormal dissolution predictions 

The mean and variance of the travel time, retardation coefficient, and distribution 

determined from the inverse lognormal approach for simulation set 1 are displayed below 

in table 4-4. The fit tracer data is shown below in figures 4-14 through 4-17. From the 

RMS values in table 4-4 and figures 4-14 through 4-17, the inverse lognormal approach 

provides a substantially better fit of the tracer data than the method of moments.  

Ŝ

In the more heterogeneous systems (simulation sets 3 and 4), it became 

increasingly difficult for the lognormal distribution to capture the later term tailing 
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Ŝ

For simulations sets 1 and 2, despite a highly accurate fit of the tracer data, the 

model predicts more spreading of the dissolution profile predicted by than the UTCHEM 

output. This again suggests either there is dampening of dissolution profile spreading by 

dispersive mixing processes not accounted for in the advection only streamtube models, 

or, alternatively, that dispersive mixing leads to enhanced spreading of the tracers which 

is erroneously interpreted as resulting entirely from velocity variability. For simulations  

The predicted source depletion parameters for all simulation sets along with the 

RMS values are displayed below in table 4-5. As discussed previously in relation to the 

method of moments, an accurate fit of the partitioning tracer data leads to an over 

prediction of dissolution profile spreading. Because of this, the second moment of the 

contribution time (τ), was calculated without the incorporation of travel time variability 

using equation 4-21. The source depletion parameters for no travel time variability and 

associated RMS values are also displayed in table 4-5. The predicted dissolution profiles 

are shown in figures 4-17 through 4-24. 

portion of the tracer BTCs. This difficulty was most evident in simulations 3-4, 4-1, and 

4-2 for the partitioning tracer. Enhanced tailing of the partitioning tracer is a result of 

both increased velocity variability and increased variability in the trajectory integrated 

NAPL content. Recall that as the heterogeneity of the permeability field increases the 

NAPL architecture becomes more skewed to the existence of NAPL in elongated pools, 

enhancing tailing of the partitioning tracer. The poor fit of the tail portion of the 

partitioning tracer in simulation set 3-4 led to a case where there was no excess spreading 

of the partitioning tracer in relation to the nonpartitioning tracer, such that the variance of 

was zero.  
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Table 4-3. Tracer derived parameters using inverse lognormal. 
         nonreactive                   reactive 

Simulation µt σt
2 RMS  µR σR

2 RMS µS σS
2

1-1         -0.04 0.20 0.001 0.46 0.10 0.002 -5.660 0.50
1-2         -0.04 0.19 0.002 0.21 0.05 0.003 -6.030 0.75
1-3         -0.04 0.20 0.001 0.19 0.04 0.007 -5.770 0.77
1-4         -0.06 0.21 0.003 0.18 0.05 0.009 -6.250 0.91

average -0.04        0.20 0.002 0.26 0.06 0.005 -5.928 0.73
S.D. 0.01        0.01 0.001 0.13 0.03 0.003 0.265 0.17

2-1         -0.02 0.15 0.000 0.19 0.03 0.000 -5.720 0.58
2-2         -0.02 0.13 0.000 0.15 0.03 0.000 -6.070 0.85
2-3         -0.01 0.17 0.000 0.15 0.03 0.000 -6.100 0.89
2-4         -0.02 0.15 0.000 0.20 0.03 0.000 -5.660 0.60

average -0.02        0.15 0.000 0.17 0.03 0.000 -5.888 0.73
S.D. 0.00        0.02 0.000 0.03 0.00 0.000 0.230 0.16

3-1         -0.15 0.45 0.004 0.14 0.09 0.007 -6.200 1.40
3-2         -0.15 0.45 0.004 0.18 0.06 0.004 -5.850 1.02
3-3         -0.18 0.51 0.001 0.15 0.09 0.002 -6.170 1.39
3-4         -0.19 0.50 0.003 0.16 0.00 0.008 -5.700 0.00

average -0.17        0.48 0.003 0.16 0.06 0.005 -5.980 0.95
S.D. 0.02        0.03 0.001 0.02 0.04 0.003 0.245 0.66

4-1         -0.27 0.53 0.009 0.30 0.09 0.009 -5.570 0.74
4-2         -0.31 0.56 0.002 0.27 0.07 0.002 -5.330 0.75
4-3         -0.39 0.66 0.005 0.25 0.06 0.005 -5.410 0.70
4-4         -0.31 0.60 0.004 0.18 0.14 0.004 -5.880 1.42

average -0.32        0.59 0.005 0.25 0.09 0.005 -5.548 0.90
S.D. 0.05        0.06 0.003 0.05 0.04 0.003 0.243 0.35
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Figure 4-14. Set 1 tracer fit (inverse lognormal). 
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Figure 4-15. Set 2 tracer fits (inverse lognormal). 
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Figure 4-16. Set 3 tracer fit (inverse lognormal). 
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Figure 4-17. Set 4 tracer fit (inverse lognormal). 
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sets 1 and 2 there is therefore a substantial increase in predicted dissolution accuracy 

when not incorporating travel time variability into the model. For simulations 1-2, and 1-

3 and all of the simulation in set 2, even when not incorporating travel time variability 

into the second moment of τ the model still predicts more spreading of the dissolution 

profile than the UTCHEM output, suggesting that dispersive mixing acts to dampen the 

dissolution process. 

Table 4-4. Inverse lognormal derived mean and variance of contribution time. 
               travel time variability            no travel time variability 

Simulation   RMS   RMS 

1-1 1.69 0.71 0.283 1.82 0.44 0.118 
1-2 1.35 0.94 0.288 1.47 0.7 0.132 
1-3 1.58 0.97 0.063 1.7 0.71 0.055 
1-4 1.08 1.11 0.161 1.18 0.91 0.086 

average 1.43 0.93 0.199 1.54 0.69 0.098 
S.D. 0.27 0.17 0.108 0.28 0.19 0.034 

2-1 1.25 0.73 0.322 1.33 0.58 0.178 
2-2 0.9 0.98 0.538 0.97 0.85 0.396 
2-3 0.89 1.05 0.454 0.97 0.89 0.302 
2-4 1.46 0.76 0.219 1.53 0.6 0.070 

average 1.13 0.88 0.383 1.20 0.73 0.237 
S.D. 0.28 0.16 0.141 0.28 0.16 0.142 

3-1 1.19 1.86 0.091 1.4 1.41 0.030 
3-2 1.07 1.47 0.065 1.3 1.01 0.007 
3-3 1.43 1.89 0.089 1.68 1.39 0.034 
3-4 1.7 0.5 0.049 1.95 0 0.336 

average 1.35 1.43 0.074 1.58 0.95 0.102 
S.D. 0.28 0.65 0.020 0.29 0.66 0.157 

4-1 1.66 1.27 0.050 1.92 0.74 0.048 
4-2 1.48 1.3 0.044 1.77 0.75 0.190 
4-3 1.84 1.37 0.532 2.17 0.7 0.175 
4-4 1.97 2.02 0.099 2.27 1.42 0.070 

average 1.82 1.65 0.075 2.10 1.08 0.059 
S.D. 0.22 0.53 0.235 0.25 0.48 0.072 

 
The increased accuracy of not including travel time variability for simulation sets 3 

and 4 is less than simulation sets 1 and 2. This suggests that as the heterogeneity of the 

hydraulic conductivity field increases, the spreading of the nonreactive tracer becomes 

increasingly a result of macrodispersion—dispersive mixing brought about by variability  
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Figure 4-18. Set 1 predicted source depletion (inverse lognormal). 
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Figure 4-19. Set 1 predicted source depletion (inverse lognormal-no travel time 

variability). 
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Figure 4-20. Set 2 predicted source depletion (inverse lognormal). 
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Figure 4-21. Set 2 predicted source depletion (inverse lognormal w/ no travel time 

variability). 
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Figure 4-22. Set 3 predicted source depletion (inverse lognormal). 
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Figure 4-23. Set 3 predicted source depletion (inverse lognormal w/ no travel time 

variability). 
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Figure 4-24. Set 4 predicted source depletion (inverse lognormal). 
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Figure 4-25. Set 4 predicted source depletion (inverse lognormal w/ no travel time 

variability). 
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in the hydraulic conductivity field—and less a result of spatially averaged mixing 

occurring at the individual grid cell. 

For simulation 3-4, the inverse lognormal approach predicted a variance of zero for 

the retardation coefficient, meaning that the predicted  variance was zero. This 

prediction of no  variability can be traced to the difficulty a lognormal distribution has 

at fitting data characterized by extensive tailing. For the case of a  variance of zero, not 

incorporating travel time variability of course leads to a step function dissolution profile 

when travel time variability is subtracted (figure 4-22). 

Ŝ

Ŝ

Ŝ

ADE dissolution predictions 

The ADE parameter estimation method was developed based on the performance of 

the method of moments and the inverse lognormal approach. Because the method of 

moments produced better estimates of the domain averaged NAPL saturation when 

compared to the inverse lognormal technique, the method of moments was used to 

determine parameters related to the first moment—pore volume; domain average NAPL 

saturation. Because the inverse lognormal approach yielded more accurate fits of tracer 

spreading when compared to the method of moments, traditional curve fitting techniques 

were used to determine parameters related to tracer spreading—Peclet numbers. A 

conditional statement was also employed (see equation 4-20) to deemphasize travel time 

variability at low permeability field heterogeneity.  

The ADE tracer parameters are shown below in table 4-6 for all simulations. Tracer 

fits are shown in figures 4-25 to 4-28. Like the inverse lognormal approach that also 

employs curve fitting to obtain parameters related to tracer spreading, the ADE approach 

provides a better fit than the method of moments, especially at lower heterogeneity (sets 
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1 and 2). Similar to the inverse lognormal approach, simulations 3-4 and 4-1 proved 

somewhat more difficult to fit due to substantial tailing in the BTCs. Unlike the inverse 

lognormal approach however, the ADE method fits the first part and tail portion of the 

BTC well while not fitting the middle portion well. The quality of the tracer fit is 

manifested in the predicted source depletion profiles where the model predicts the early 

time and tailing portions of the dissolution profile well, but over predicts the middle 

portion. 

Table 4-5. Tracer derived parameters for ADE method. 
         nonreactive                   reactive 

Simulation Pnr RMS Pr Rr RMS 

1-1 43.5 0.003 18.9 1.7 0.010 
1-2 50.7 0.006 32.7 1.3 0.005 
1-3 45.1 0.004 31.6 1.2 0.005 
1-4 36.2 0.010 23.0 1.2 0.019 

average 43.9 0.006 26.6 1.3 0.010 
S.D. 6.0 0.003 6.7 0.2 0.007 

2-1 85.1 0.000 62.2 1.2 0.000 
2-2 108.4 0.000 72.2 1.2 0.001 
2-3 73.2 0.000 51.2 1.2 0.000 
2-4 85.9 0.000 59.7 1.2 0.000 

average 88.2 0.000 61.3 1.2 0.000 
S.D. 14.7 0.000 8.6 0.0 0.001 

3-1 8.1 0.006 5.4 1.2 0.010 
3-2 8.0 0.006 6.3 1.2 0.005 
3-3 6.3 0.004 4.5 1.2 0.004 
3-4 6.2 0.006 5.3 1.2 0.018 

average 7.2 0.006 5.4 1.2 0.009 
S.D. 1.0 0.001 0.7 0.0 0.006 

4-1 4.8 0.010 3.1 1.5 0.018 
4-2 4.2 0.008 3.4 1.3 0.008 
4-3 2.9 0.008 2.5 1.3 0.009 
4-4 3.8 0.006 2.5 1.3 0.006 

average 3.9 0.008 2.9 1.4 0.010 
S.D. 0.8 0.002 0.5 0.1 0.005 

  
The tracer determined source depletion parameters for the ADE model are displayed 

below in table 4-6 for all simulations along with the RMS value for the model fits. Model 

fits are shown in figures 4-31 to 4-34. The low RMS values for simulation sets 1 and 2 
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suggests that the employed conditional statement (equation 4-20) does an effective job of 

deemphasizing pore scale dispersion at lower heterogeneities. The ADE approach also 

provides a reasonably good prediction of dissolution behavior for set 3 (see RMS values 

in table 4-6 and figure 4-33). As mentioned previously, the tracer fits for simulation 3-4 

and 4-1, where the first and tailing portion of the tracer BTCs were fit well, manifested. 

 itself in the predicted dissolution, where the first and tailing portions of the dissolution 

profile were well predicted. 

Simulation 4-3 proved to be somewhat of an anomaly, such that the parameterization 

methods entirely broke down. Despite a good fit of the tracer data, the predicted 

dissolution profile was significantly different than the actual dissolution profile. Similar 

to the other simulations in set 4, the tracers exhibited a large degree of spreading, 

suggesting spreading of the dissolution profile. The actual dissolution profile however 

was more consistent with the less heterogeneous simulations of sets 1 and 2. The initial 

architecture for simulation 4-3 was characterized by three large pools of similar lengths. 

It is possible that the close vertical proximity of these three pools, coupled with 

transverse vertical dispersion acted to dampen dissolution profile spreading. Aside from 

simulation 4-3, the ADE approach performed well, especially when considering a 

sophisticated numerical model has been replaced with an analytical model that can be 

parameterized by a combination of nonreactive and reactive tracers. 

Comparison of techniques 

The average predicted dissolution RMS value for each simulation set is shown 

below in figure 4-35 along with the average RMS for all simulations. Overall, each of the 

techniques performed well when considering that a sophisticated multiphase flow and 

transport simulator has been replaced with an analytical model that can be parameterized 
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Figure 4-26. Set 1 tracer fit (ADE). 
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Figure 4-27. Set 2 tracer fit (ADE). 
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Figure 4-28. Set 3 tracer fit (ADE). 
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Figure 4-29. Set 4 tracer fits. (method of moments). 
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Table 4-6. Tracer determined source depletion parameters for ADE model. 
Simulation P R RMS 

1-1 12.5 6.9 0.129 
1-2 9.9 5.3 0.045 
1-3 6.8 7 0.025 
1-4 8 4.8 0.135 

average 9.3 6.0 0.084 
S.D. 2.5 1.1 0.057 

2-1 9.8 4.5 0.016 
2-2 24.3 3.58 0.070 
2-3 13.6 4.2 0.076 
2-4 12.9 4.88 0.056 

average 15.2 4.3 0.055 
S.D. 6.3 0.5 0.027 

3-1 1.5 8.1 0.002 
3-2 1.7 5.5 0.003 
3-3 1.9 10.3 0.014 
3-4 0.9 8.9 0.038 

average 1.5 8.2 0.014 
S.D. 0.4 2.0 0.017 

4-1 1.7 11.3 0.052 
4-2 0.77 8.3 0.785 
4-3 0.33 12.6 0.031 
4-4 1.3 20.9 0.079 

average 1.0 13.3 0.237 
S.D. 0.6 5.4 0.366 

 
with partitioning tracers. The ADE approach, because it combined traditional moment 

analysis (which more accurately predicted the total NAPL mass) with curve fitting 

techniques (which more accurately predicted tracer spreading) and also included a 

conditional statement to deemphasize grid scale dispersion, had the lowest average RMS 

error. The inverse lognormal with no travel time variability and the method of moments 

had similar RMS errors for all simulations sets. The least accurate approach was the 

inverse lognormal approach. This is predominantly because of the first two simulation  

sets. In simulation sets 1 and 2 the inverse lognormal approach accurately predicted 

spreading of the tracers. Much of the tracer spreading however was attributable to grid 

scale dispersion, which does not impact the dissolution process, as opposed to 
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macrodispersion—spreading resulting from variability in the permeability field—which 

does impact the dissolution process. To illustrate this, the longitudinal dispersivity was 

increased from the base case (0.1 m) to 1 m and to 10 m. As shown in figure 4-36, 

increasing longitudinal dispersivity leads to enhanced spreading of the tracer. Increasing 

longitudinal dispersivity does virtually nothing to the dissolution profile however, 

illustrating the problem that arises when interpreting tracer spreading entirely as velocity 

variability, as opposed to the combination of grid scale dispersion and macrodispersion. 
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Figure 4-30. Set 1 predicted source depletion (ADE). 

Conclusions and Suggestions for Further Research 

All of the techniques outlined above for predicting natural gradient source 

depletion perform well considering that a sophisticated multiphase flow and transport 

simulator with runtimes upwards to 30hrs has been substituted for with simple, compact  
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Figure 4-31. Set 2 predicted source depletion (ADE). 
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Figure 4-32. Set 3 predicted source depletion (ADE). 
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Figure 4-33. Set 4 predicted source depletion (ADE). 
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Figure 4-34. Root mean square errors for parameterization techniques. Points indicate 

average RMS for simulation set. Lines indicate average RMS for all 
simulations. 
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Figure 4-35. Impact of increased longitudinal dispersivity on tracer response and 

dissolution profile. 

 

analytical models which can be parameterized with a combination of reactive and 

nonreactive tracers.  

The inverse lognormal technique does not perform as well as the other techniques 

at medium to low heterogeneity of the conductivity field, where the magnitude of pore 

scale dispersion (which does not impact the dissolution process in the simulator) is 

comparable to macrodispersion (which does impact the dissolution process). It is 
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important to note however that the implicit assumption has been made that UTCHEM, 

because it has been validated with field and experimental data, represents some form of 

an underlying reality which we can compare with the streamtube approaches. In reality 

we are really just comparing two mathematical formulations, each with embedded 

assumptions. The issue of dissolution mechanics at the scale of the individual grid cell, 

that is whether or not the physical mechanisms that lead to dispersion at the grid scale 

impact the dissolution process, is an interesting area for further research. Soerens et al. 

(1998) illustrated that column scale experiments of NAPL dissolution interpreted as 

“rate-limited” (e.g., Imhoff et al., 1994) can also be interpreted as resulting from velocity 

variability. 

Based on the success of the tracers at parameterizing the simplified source 

depletion models, it appears that the fundamental assumption of the streamtube models, 

that dissolution dynamics are largely governed by the combined effects of the NAPL 

architecture and the velocity field are fundamentally correct, although a more systematic 

evaluation of the impact of neglecting mechanisms such as transverse dispersion and 

relative permeability is warranted. Likewise, the predicted trend of increased variability 

in either velocity and/or Lagrangian NAPL architecture leading to enhanced spreading of 

the dissolution profile appears to be fundamentally correct as well.  

Figure 4-37 below plots the variance of ln(K) vs. the variance of the travel time, variance 

of trajectory integrated NAPL content, and the variance of the contribution time. Based 

on the plots in figure 4-37, both  and t increase initially with increased variability in 

ln(K). The travel time variance is highly correlated with the variance of the permeability 

field where the relationship between  and ln(K) variance is more complex, increasing 

Ŝ

Ŝ
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initially before appearing to asymptotically approach a maximum variance with increased 

heterogeneity. Previous numerical simulations have indicated a decrease in a penetration 

depth and enhanced spreading, quantified by spatial moments in the horizontal direction, 

with increased variance of the permeability field (Christ et al., 2005; Dekker and Abriola, 

2000a; Lemke et al., 2004b; Mayer and Miller, 1996). There is likely some opposing 

interplay between penetration depth and lateral spreading of NAPL in terms of their 

effect on the trajectory integrated NAPL content. More spreading of the NAPL leads to 

an increase in variability provided there are vertical fingers present. A decrease in 

penetration depth compresses the architecture into relatively few streamtubes, minimizing 

the contrasts between vertical fingers and lateral pools which lead to a high  variance. 

Figure 4-38 plots the variance of travel time and  vs. the contribution time variance. As 

evident in figure 4-38, the contribution time is more highly correlated with the 

distribution.  

Ŝ

Ŝ

Ŝ

Ŝ

Additional dissolution experiments with tracers would be useful for systematically 

evaluating some of the assumptions of the streamtube models, especially the issue of grid 

scale dispersion outlined above. One such experiment was conducted here and is outlined 

briefly below. The experiment was conducted with the in-line flow cell system discussed 

in chapter 3. 10 ml of TCE were introduced into the domain, yielding the initial 

distribution shown in figure 4-39 below. 

After the NAPL was spilled, two nonreactive tracers (methanol and TBA) were 

introduced into the domain along with two partitioning tracers (DMB and hexanol) at a 

flow rate of 5 ml/min for pulse duration of 27 min. The tracer BTCs are shown in below 

in figure 4-40. Based on the quality of the BTC data, TBA and hexanol were chosen for 
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moment analysis (figure 4-40). Due to the small separation between the nonreactive and 

partitioning tracers, the other techniques (ADE, inverse lognormal) were not effective. It 

is suggested that these techniques are applicable only for step injections where the 

partitioning coefficient is large enough where there is separation in the rising limbs of the 

BTCs. The moment derived parameters for this experiment are listed in table 4-7. 
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Figure 4-36. Relationship between ln(K) and contribution time parameters. 
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Figure 4-37. Relationship between travel time, , and contribution time variability. Ŝ

 

 
Figure 4-38. Initial TCE distribution for dissolution experiment with tracers. 
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The experimental dissolution data along with the moment predicted dissolution 

profile are shown below in figure 4-41. The method of moments provides a good fit of 

the data. There is a slight over of total mass, likely due to experimental mass losses. 

Future experiments would be beneficial in order to further evaluate the streamtube 

models and the parameterization techniques. 
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Figure 4-39. Tracer BTCs (top graph) and tracer BTCs selected for moment analysis 

(bottom graph). 
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Table 4-7. Moment derived parameters for dissolution experiment with tracers. 
paramter value

µt -0.03
σt

2 0.06
µS -4.67
σS

2 0.78

3.49
0.84

2
τσ
τµ
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Figure 4-40. Experimental and predicted dissolution data. 

 

   



 

CHAPTER 5 
EXTENDING SOURCE DEPLETION MODELS TO FLUSHING BASED 

REMEDIATION 

In this chapter, the source depletion models of chapter 2 are extended to flushing 

based remediation. Both surfactant and cosolvent based remediation are considered. Like 

the simplified source depletion models, these models are perhaps of more practical utility 

to contaminated site managers based on the difficulty of parameterizing more 

sophisticated numerical multiphase flow models. The equations below are modified 

versions of the equations presented in Jawitz et al. (2005). The purpose of this chapter is 

similar to chapter 2 where the models are evaluated based on their ability to reproduce 

typical behavior from experimental and numerical studies. 

Theory 

Streamtube Models  

The streamtube source depletion models of chapter 2 can be extended to flushing 

based remediation by incorporating the hydrodynamics of the flushing solution which 

involves lagging the initialization of the flushing-based source depletion process until the 

flushing solution has traveled from injection well to extraction well, such that the 

dissolution profile for an individual streamtube is as shown in figure 5-1. 

Incorporation of flushing solution hydrodynamics involves two relatively 

straightforward steps. The first step is adding the travel time of the flushing solution (tfl) 

to the contribution time calculated using equation 2-12. Recall that equation 2-12 is a 

simple mass balance equation on an individual streamtube, dividing the total mass in each 

139 



140 

Cfl

Caq

arrival of flushing solution

Aqueous Dissolution

Flushing

Cfl

streamtube 
depleted of mass

Cumulative Pore Volumes

'τ

τ
C

f

 

Figure 5-1. Dissolution profiles for aqueous dissolution and flushing based remediation. 

 
streamtube by the mass discharge to arrive at the time an individual streamtube will 

contribute contaminant flux under a set of specific flushing solutions. The only difference 

between flushing and aqueous dissolution, as it relates to equation 2-12, would be a large 

decrease in Kf due to the large increase in contaminant solubility. After adding the arrival 

time of the flushing solution (second term in equation 5-1), the second step is to subtract 

the mass that is discharged from the streamtube at aqueous solubility prior to the arrival 

of the flushing solution (third term of equation 5-1). The mean contribution time, referred 

to hear as τ ′  is then given by: 

                                             flfl t

fl

aqt m
C
C

mmm 1111 −+=′ ττ
                                          (5-1) 

Where Caq is the solubility of the contaminant in water and Cfl is the solubility of 

the contaminant in the flushing solution. The main difference between Jawitz et al. 
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(2005) and the equations presented here is that the second moment of the remedial fluid 

travel time is not incorporated into the second moment of τ ′ . This modification was 

introduced based on the experiments outlined below where the first pore volume 

experienced significantly more spreading than that of a nonreactive tracer due to density 

contrasts between the remedial fluid (50% ethanol and water mixture) and the resident 

water. The second moment of τ ′ still includes the second moment of what would be a 

nonreactive tracer however. After Jawitz et al. (2005), the BTC for flushing based 

remediation can be represented using cumulative distribution functions: 

 
                         [ ]))()(())(1()( τ ′−+−= ptpCtpCfTC rfflrfaqcf                               (5-2) 
 
where the subscript rf is used to denote remedial fluid (note that the subscript fl is used to 

refer to the contaminant concentration in the flushing solution where the subscript rf is 

used to denote the concentration of the flushing solution/remedial fluid). The term 

( )( )rftp−1  of equation 5-2 is the fraction of streamtubes where the flushing solution has 

not yet reached the extraction well. This term is multiplied by Caq as it is assumed that 

these streamtubes are discharging a concentration equal to the aqueous solubility. The 

term ( ) ( )( )τ ′− ptp rf  is the fraction of streamtubes where the flushing solution has reached 

the extraction well yet the duration of flushing has not been long enough to entirely 

deplete the streamtube of mass. This term is multiplied by Cfl as it is assumed that these 

streamtubes are discharging a concentration equal to the solubility of the contaminant in 

the flushing solution. For cases where Cfl is much larger than Caq, the third term of 5-1 

can be dropped with negligible error and 5-2 can be approximated by: 
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                                 [ )()(
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τ ′−= ptp
Cf
TC

fl
flc

f ]                                                    (5-3) 

Flushing BTCs for a fixed NAPL mass, fixed flushing solution breakthrough, and 

increasing variability in contribution time are displayed below in figure 5-2.  Similar to 

the aqueous dissolution model, an increase in the second moment of τ ′ , resulting from 

either increased variability in either the t or  distributions, leads to more spreading/ 

tailing of the enhanced dissolution BTC. 

Ŝ
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Figure 5-2. Flushing BTCs for increasing second moment of τ.  

 
Advection Dispersion Model 

As discussed in chapter 2, the cdfs in equation 5-2 can be replaced with the 

analytical solution for the advection dispersion equation (equation 2-21) such that 5-2 can 

now be expressed as:   
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                               )()(
)(

TCTC
fC
TC

NAPLrf
cfl

f −=                                                   (5-3) 

where Crf(T) is the ADE describing the flushing breakthrough (with a retardation factor 

and Peclet number denoted by Rrf and a Prf) and CNAPL(T) is the ADE (with a retardation 

factor and Peclet number denoted by RNAPL  and a PNAPL) used in a manner analogous to 

the τ ′  distribution to describe variability in the combined effects of the Lagrangian 

NAPL architecture and the flow field. Similar to equation 2-23, integrating 5-3 from zero 

to infinity yields:                               

                                                                 (5-4) [ ] NAPLrfNAPLrf RRdTTCTC −=−∫
∞

0

)()(

which allows for expression of total mass as in equation 5-5 below. 

                                       NfrfNAPL SKRR +=                                                       (5-5) 

Flushing BTCs for a fixed NAPL mass, fixed flushing solution breakthrough, and 

increasing variability in PNAPL are shown below in figure 5-3.  Similar to the aqueous 

dissolution model, an increase in PNAPL leads to an increase in BTC spreading/tailing. 

Extensions for Dispersive Mixing 

Under the advection-only assumption, the concentration of the remedial agent 

discharging from each streamtube is zero until the arrival time of the remedial fluid, upon 

which there is step increase from zero to the injected concentration (figure 5-1). For 

example, if a 5% by volume surfactant solution was injected into the source zone, the 

volume fraction of surfactant discharging from an individual streamtube is assumed to be 

zero until the remedial fluid travel time, upon which there is a step increase in volume 

fraction of surfactant from 0% to 5%. The spreading that is observed in the integrated 
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extraction well BTC under the advection only assumption is attributed solely to 

variability in the remedial fluid travel times associated with each streamtube. The major 
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Figure 5-3. Flushing BTCs for increasing second moment of τ.  

 
computational advantage of the advection only approach is that there is no need to 

incorporate equations relating the solubility of the contaminant to the concentration of the 

remedial agent; the solubility is either at aqueous solubility (prior to flushing solution 

arrival time) or at flushing base solubility (after flushing solution arrival time). Any type 

of dispersive mixing at the leading edge of the remedial fluid front, such that transport at 

the streamtube scale is no longer characterized by a step increase, causes a separation in 

the flushing solution and contaminant BTCs relative to the advection only case. This 
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‘enhanced separation’ was observed in the experiments below, requiring modifications of 

the above equations to incorporate mathematical relationships describing contaminant 

solubility as a function of remedial fluid concentration. 

To incorporate the effects of transverse mixing, equation 5-3 was modified as 

follows. For cosolvent flushing, the relationship between contaminant solubility and the 

ethanol fraction (f) was assumed to be log-linear(Augustijn and Rao, 1995): 

                                                                                                 (5-5)                σf
aqfl CfC 10)( =

where σ is the cosolvency power. The ethanol fraction as a function of flushing duration 

(f(T)) can be defined using equation 5-6 below. 

                                           )()( TCfTf rfo=                                                         (5-6) 

Where fo is the ethanol fraction injected. A solubility enhancement term describing the 

normalized increase in contaminant solubility as a function of the ethanol fraction is then 

defined as: 

                                           σ

σ

of

Tf

flcCf
TfC

10
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The flux averaged concentration exiting the source can then be expressed as: 
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Because of the nonlinear nature of the solubility enhancement term, a closed form 

solution for RNAPL is not available and RNAPL must be determined numerically after 

defining f(T) to ensure the appropriate mass balance. 

Similar to 5-5, an equation relating contaminant solubility to surfactant 

concentration can be defined as in 5-9 below (Pennell et al., 1997): 
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                                surfaqsurffl mCCCC +=)(                                                    (5-9) 

where the subscript surf is used to denote surfactant and m is the slop of a solubilization 

line. Similar to equation 5-6, the surfactant concentration can be defined as: 

                                   )()( _ TCCTC rfosurfsurf =                                                  (5-10)    

where Csurf_o is the surfactant concentration in the injected remedial fluid. Similar to 5-7, 

a solubilization enhancement term can be defined as: 
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Equation 5-8 can now be defined as: 
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Experimental 

Data from two cosolvent flooding experiments were modeled with the source 

depletion models discussed above. The experiments are reviewed only briefly below as 

the focus here is on the modeling effluent BTCs. 

Experimental Setup 

The same flow cell that was used for the DCA-3 aqueous dissolution experiment 

(see chapter 3) was used for the cosolvent flooding experiments. The porous media 

packing was similar to experiments TCE-1 and DCE-1 with discrete layers of 40/50 sand 

in background 20/30 sand. 15 milliliters of PCE for experiment one and 10 ml of PCE for 

experiment 2 were injected into the upper portion of the domain using a syringe pump. 

After PCE injection, several pore volumes of water were flushed through the system to 

obtain a pre-remediation measurement of contaminant flux. After the pre-remediation 
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water flood, the flushing solution (50% ethanol/50% water) was injected into the flow 

cell at a rate of 5ml/min until the effluent PCE concentrations declined to 10% of PCE 

solubility in the flushing solution (Cfl), at which point water was flushed through the box 

until all of the ethanol had been removed in order to obtain a post-remediation 

measurement of mass flux. 

 

Experiment 1

Experiment 2
 

Figure 5-4. Initial PCE distribution for experiments 1 and 2. 
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Initial Architectures 

The initial distribution of PCE following cessation of the migration phase is shown 

in figure 5-4. The initial architectures were consistent with the experiments detailed in 

chapter 3. The darker areas in figure 5-4 are the lower permeability lenses. 

 

Prf = 20.5

Rrf = 1.43

Prf = 5.71

Rrf = 1.02

 

Figure 5-5. Model fit of ethanol BTCs for experiments 1 (top graph) and 2. 
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Modeling of Effluent BTCs 

The first step in modeling of the cosolvent flood was to fit the ethanol breakthrough 

with the Crf function. Model fits, along with the optimized values of Prf and Rrf are 

displayed in figure 5-5. The fraction of streamtubes contaminated (fc) was estimated 

based on the pre-remediation flux-averaged concentration, which was approximately 100 

mg/L. A PCE solubility of 150 mg/L was assumed, such that fc was equal to 0.66. A 

cosolvency power of 3.5 for ethanol and PCE was determined based on data from Cho 

(2001). The model fit for experiment 1 is shown below in figure 5-6 along with the 

optimized values for PNAPL and RNAPL. As shown in figure 5-6, the model provides an 

excellent fit of the observed data with an R2 value greater than 99%. 

PNAPL = 4.0

RNAPL = 4.3

 
Figure 5-6. Model fit of experiment 1 data. 
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The equivalent natural gradient (or pump and treat) source depletion for experiment 

1, calculated with equations 2-1 and 2-21 using the optimized value of PNAPL and a 

retardation factor calculated with 2-23, is shown below in 5-7.  

 
Figure 5-7. Equivalent aqueous dissolution source depletion for experiment 1 

 
The same process outlined above was used to fit the data from experiment 2. The 

initial flux-averaged concentration of experiment 2 was approximately 130 mg/L, such 

that fc was 0.87. The model fit and optimized parameters are shown below in figure 5-8. 

The model again provides an excellent fit of the observed data with an R2 value greater 

than 99%. The equivalent natural gradient (or pump and treat) source depletion for 

experiment 2 is shown below in figure 5-9. 
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PNAPL = 2.7

RNAPL = 3.0

 
 
Figure 5-8. Model fit of experiment 2 data. 

 
 

Figure 5-9. Equivalent aqueous dissolution source depletion for box 2. 
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Remedial Endpoints 

One of the primary advantages of utilizing solubilization-based remedial 

technologies and orienting arrays of injection and extraction wells normal to the mean 

direction of groundwater flow is that after the flushing solution has completely broken 

through, the mathematics describing the remedial process and that of natural flowing 

groundwater are essentially identical. The implication of this is that the equivalent natural 

gradient source discharge can be predicted by scaling the flux-averaged contaminant 

concentration in the extraction well. For experiments 1 and 2, cosolvent injection was 

terminated once the effluent concentration reached 10% of its maximum solubility in the 

cosolvent solution (10,000 mg/L). As shown in figure 5-10 below, the natural gradient 

flux-averaged concentration once all of the cosolvent had been flushed out of the system 

was below 10% of aqueous solubility (assumed 150 mg/L). This suggests that orienting 

injection and extraction well arrays normal to the mean direction of groundwater flow 

provides an effective way to decide when to terminate remediation. Terminating the 

enhanced solubilization portion of the flood (cosolvent or surfactant injection) once the 

scaled concentration in the extraction well has declined to the target source discharge still 

leaves an additional pore volume of flushing solution in the source zone to account for 

discrepancies in mass transfer rate coefficients and residence time. 

Conclusions and Suggestions for Further Research 

The work above suggests that similar to aqueous dissolution, the simplified 

enhanced dissolution models can serve as computationally efficient analogs to more 

sophisticated numerical simulators. The models are ideal for exploring uncertainty in key 

input parameters, such as NAPL architecture and velocity variability. The models of 

Jawitz et al. (2005) were modified to incorporate experimentally observed loglinear 
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Figure 5-10. Pre and post flux-averaged concentrations in experiments 1 and 2. 

 
effects thought to result from mixing processes at the leading edge of the injected 

remedial fluid front. The above work would benefit from simulations of cosolvent or 

surfactant based remediation and additional experiments with which to compare the 

simplified models. Similar to the aqueous dissolution models, a more in depth analysis of 

the implications of neglecting dispersion, remedial fluid properties, relative permeability, 

and mass transfer rate coefficients is an area for further research. 

The difficulty in comparing UTCHEM surfactant simulations with equation 5-12 is 

that UTCHEM uses a ternary phase diagram to determine contaminant solubility 

(Delshad et al., 1996), such that the solubility of the contaminant is dependent on the 

local NAPL saturation in addition to the surfactant concentration. The MALVOR model 
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(Dekker and Abriola, 2000b; Lemke and Abriola, 2003; Lemke et al., 2004b) and a 

modified MT3D/MODFLOW code (Saenton et al., 2002) contain formulations similar to 

5-9 and are perhaps more appropriate for evaluating the above models. 

 
Table 5-1. Fitted model parameters from UTCHEM surfactant simulations. 

Set Simulation m PNAPL RNAPL

2 1 0.72 108.8 1.7
2 2 0.66 81.4 1.6
3 1 0.5 6 2.9
3 3 0.4 13.2 3.2
4 1 0.66 1.6 1.9
4 2 0.5 3.6 2.7   

 
Despite the fact that UTCHEM does not employ a relationship similar to 5-9, 

equation 5-12 was fit to surfactant flood simulations conducted on two spills from each of 

simulation sets 2, 3, and 4 for comparison purposes. Parameters describing the ternary 

phase diagram were adapted from a UTCHEM example file previously developed to 

model the column data of Mayer et al. (1999). Because the ternary phase diagram 

describes the relationships between NAPL solubility and the local surfactant 

concentration and not equation 5-9, the parameter m was treated as a fitting parameter. 

Table 5-1 displays the results from the curve fitting process. Figure 5-11 displays the 

model fits. As shown in figure 5-11, the curve fits are reasonable despite the fact that 

UTCHEM does not include a relationship similar to equation 5-9 to model surfactant 

induced solubility enhancement. Similar to the aqueous dissolution simulation, 

simulation 1 of set 4 exhibits a bimodal behavior with two distinct portions of the 

contaminant BTC, one associated with the residual component and another associated 

with the late term pooling portion.  
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Figure 5-11. Model fits of UTCHEM surfactant floods. 

 

   



 

 
 

CHAPTER 6 
SYNTHESIS: A FLUX BASED FRAMEWORK FOR MANAGING DNAPL 

CONTAMINATED SITES 

Defining Efficiency and Favorability 

Three Definitions of Efficiency 

Prior to conducting any type of contaminated site remediation, it is prudent to 

define the desired outcome, or the objectives of the remedial effort. Ideally, these 

objectives should be quantifiable, such that upon completion of remediation the 

employed technology can be evaluated for its effectiveness in terms of meeting the 

defined performance objectives. A recent EPA report (EPA, 2003) grouped source zone 

remediation performance metrics into three categories. Type I metrics are measurements 

that can be reliably acquired and are commonly used such as the total mass of DNAPL 

removed from the subsurface and changes in resident groundwater concentrations. Type 

II metrics are metrics that can sometimes be measured, but are not in wide use such as 

remaining DNAPL mass and DNAPL architecture. Type III metrics are metrics that are 

theoretically possible and under development such as mass flux and mass discharge. The 

above performance metrics can be generalized as metrics relating to resident groundwater 

concentrations in the source zone, metrics relating to contaminant mass, and metrics 

relating to contaminant flux or source discharge. As discussed in the opening chapter, a 

remedial objective of reducing local resident groundwater concentrations below the 

regulatory MCL is almost always, without question, technologically infeasible.  
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When utilizing mass removal based performance metrics, an efficiency assessment 

for a particular technology would quantify the mass removed per unit work input (e.g., 

financial expenditures, number of pore volumes, etc. etc.). As an example consider three 

hypothetical source zones, source zone A, B, and C, which are characterized by 

sequentially increasing degrees of spatial variability in NAPL architecture (figure 6-1) 

(Note that the curves below were generated using the ADE model outlined in chapter 2). 

Implementing a pump and treat system and considering only mass reduction efficiency, 

source zone A would be considered the most favorable, yielding the largest reduction in 

mass for a given work input (figure 6-1). 

Cumulative Work Input

C
um

ul
at

iv
e 

M
as

s 
R

em
ov

ed

Source Zone A
Source Zone B
Source Zone C

 

Figure 6-1. Comparison of source zones A, B, & C using mass reduction efficiency. 

 

   



158 

If the ultimate goal is a reduction in risk however, the cumulative mass removed 

tells us little about risk reduction unless it can be correlated in someway to the expected 

reduction in mass discharge. An alternative definition of efficiency to consider then is the 

reduction in source discharge for a given reduction in mass. Using this definition of 

efficiency, source zone C would now be considered the most favorable where source 

zone A would now be considered least favorable (figure 6-2); which is the opposite 

conclusion one would make when considering mass reduction efficiency. Because 

cumulative mass removed is the time integral of source discharge, the most favorable 

systems in terms of mass removed per unit input of work are, by definition, the least 

favorable in terms of source discharge reduction per unit reduction in mass. 
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Figure 6-2. Comparison of source zones A, B, & C using reduction in source discharge 

per reduction in mass. 
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From the perspective of a site manager who is primarily concerned with risk 

reduction, the definition of efficiency which is most applicable is the reduction is source 

discharge per unit input of work. Using this definition of efficiency, the question of 

which source zone is more favorable becomes time dependant (figure 6-3). At early 

stages, the more heterogeneous source zone C is more favorable, realizing a larger 

reduction in source discharge per unit work input. At later stages, as the high flux 

producing mass is preferentially removed and source zone C enters into its later term 

tailing stage, source zone A becomes more favorable, realizing a larger reduction in 

source discharge per unit work input. 
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Figure 6-3. Comparison of source zones A, B, & C using reduction in source discharge 

efficiency. 
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The implication of the time dependency of the source discharge efficiency metric is 

that for increased aging (i.e. natural gradient dissolution occurring after the initial 

contamination event and before remediation), the relationship between mass and source 

discharge becomes less favorable for highly heterogeneous systems and more favorable 

for relatively homogenous systems. As source zone heterogeneity increases, more mass is 

shifted to the late term tailing portion of the natural gradient (or pump and treat) 

dissolution profile, such that there is a large initial decrease in source discharge for a 

relatively small reduction in mass (figure 6-2; figure 6-3). Relatively early in the aging 

process of highly heterogeneous systems, the high flux producing mass is consumed by 

the natural gradient dissolution process, such that the relationship between mass and 

source discharge becomes less favorable with aging (figure 6-4). The opposite is true for 

the more homogenous source zone, source zone A; with increased aging the initial stage 

of constant source discharge is consumed by the natural gradient process, such that the 

relationship between mass and flux becomes more favorable with aging (figure 6-4). For 

source zone B, which for no aging is defined by an approximate 1:1 relationship between 

mass and source discharge, aging has minimal impact on the relationship between mass 

and flux. 

Not considering time scale dependency and expressing mass and source discharge 

reduction in a dimensionless form, as in figure 6-4, becomes extremely limiting when 

considering the implications of aging on source zone remediation. From figure 6-4, the 

relationships between reductions in mass and source discharge moves closer to the 1:1 

line with increased aging. Assuming that source zone C remains a good candidate for 

remediation after it has aged appreciably based solely on the fact that the relationship  
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Figure 6-4. Aging effects on relationships between reduction in mass and reductions in 

source discharge for source zone A, B, & C. 
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between mass and flux is still ‘favorable’ would be a mistake. Considering aging effects 

on source discharge efficiency (source discharge reduction per unit work input) one 

would come to a completely different conclusion regarding the appropriateness of source 

zone remediation. The scenarios considered in figure 6-4 are plotted in terms of source 

discharge efficiency below in figure 6-5. Considering source discharge efficiency, it is 

apparent that source zone C becomes highly ‘unfavorable’ relatively early in the aging 

process as all of the high flux producing mass is removed and the system enters into its 

late term tailing stage where there is little reduction in source discharge per unit input of 

work. 

The trending of the mass reduction/source discharge reduction relationships 

towards the 1:1 line is primarily a property of the ADE and the lognormal functions, 

lacking a physical meaning that is readily deducible from currently available literature. 

Mathematically, this suggests that the latter portion of the ADE and lognormal BTCs are 

defined by exponential decay. Recall from chapter 2 that a 1:1 relationship between mass 

and source discharge is defined by an exponential source discharge profile where the 

source discharge (SD) is defined by: 

                                       o

Do

M
TS

oDD eSTS
−

=)(                                                         (6-1) 

where SDo is the initial source discharge [M/T] and Mo is the initial mass [M]. Equation 6-

1 is useful for demonstrating that a 1:1 relationship between mass and source discharge 

can still be characterized by highly unfavorable source discharge reduction efficiency if 

the ratio of the initial source discharge to the initial mass is very high. A suite of source 

discharge profiles are shown in figure 6-6 for a fixed initial mass and alternate initial 

source discharges. In cases where the ratio of initial source discharge to the initial mass is  
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Figure 6-5. Aging effects on source discharge efficiency for source zone A, B, & C. 
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Figure 6-6. Source discharge profiles for a fixed initial mass and alternative initial source 

discharge. 

very low, the source discharge profile closely resembles that of a step function—that is 

the least favorable mass reduction/source discharge reduction relationship. This is 

essentially true for all relationships between mass and source discharge—when the ratio 

of the initial source discharge to the initial mass is very low, there is minimal discrepancy 

in the source discharge efficiencies regardless of what the mass reduction/source 

discharge reduction relationship is. 

Combining Three Efficiency Definitions 

The dimensionless plots of reduction in source discharge vs. reduction in mass are 

limiting in that they do not consider time scale dependency and secondly, they are 

dimensionless—that is they are divorced from the site specific target for source discharge 

reduction and absolute values of source discharge reduction. Clearly, if the source 

discharge is already below the site specific target, an expensive source zone remediation 

effort is unnecessary. By incorporating tie lines of equivalent work input (e.g. pore 

volumes; financial expenditures) and the target reduction in source discharge, the plot 
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displayed in figure 6-2 now encompasses the three definitions of efficiency (mass 

reduction/work input; source discharge reduction/mass reduction; source discharge 

reduction/work input) and is connected tangentially to information relating to the site 

specific target reduction in source discharge (contaminant fate and transport, exposure 

pathways) (figure 6-7). Instead of incorporating the site specific target for source 

discharge reduction as in figure 6-7, figure 6-2 could be expressed in a dimensional form 

(i.e. source discharge and mass reduction take on actual values) with the target source 

discharge denoted on the y-axis in some fashion. 

 
Figure 6-7. Figure 6-2 modified to include net work input and site specific flux-based 

performance metric. 

 
Flux Based Characterization 

Source Identification (Pre-Reactor Based Characterization) 

The utilization of tracers for the parameterization of the source depletion models is 

expected to be implemented in the later stages of site characterization where a source has 
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been identified and preliminary contaminant flux measurements have indicated that the 

source discharge is large enough to warrant potential remediation. The source zone 

during tracer analysis is idealized as functioning in an analogous manner to a chemical 

reactor, with inflows and outflows to the reactor controlled and analyzed for relevant 

chemical constituents on site. There are of course several preliminary, less cost intensive 

steps prior to the establishment of reactor-like conditions. For discussion purposed I will 

group all of the traditional phase I & II type characterization (document (prior use) 

review, soil coring, groundwater samples, etc. etc.) into “pre-reactor characterization.”  

Transitional Reactor-Based Characterization: Mass Flux as a Remedial Screening 
Tool and Qualitative Estimator of Aging 

The decision to move from pre-reactor characterization to more cost intensive 

reactor-based characterization should be determined based on the perceived level of risk 

posed by a given site, which, as discussed previously, involves an estimate of source 

discharge coupled with predictive contaminant fate and transport analysis to determine 

exposure pathways and potential contaminant receptors. Mass flux measurements should 

function not just as a remedial performance assessment tool, but as an integral component 

in the decision to conduct source zone remediation and in the remedial design process. 

Technologies such as the passive flux meter (PFM) (Hatfield et al., 2004) which are 

capable of providing flux-based measurements without reactor-based infrastructure and 

without generating large volumes of sampling derived waste, are ideal for preliminary 

flux measurements and should function as a transitional characterization technology 

between pre-reactor characterization and reactor-based characterization.  

Aside from an estimate of source discharge, the PFM also provides a qualitative 

estimate of aging, which is a critical component to consider when deciding whether to 
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implement a source zone remediation technology. Figure 6-8 below displays the source 

discharge profile and down gradient flux planes for an arbitrary source zone (simulation 

conducted using UTCHEM—see chapter 2). After the initial spill, the flux plane is well 

connected along the initial NAPL migration pathway. As the source zone ages, the 

residual component is consumed by natural gradient dissolution, such that the flux plane 

becomes discontinuous, characterized by isolated hot spots associated with up-gradient 

pools. Utilized in this way, spatially resolved flux information functions as a valuable 

screening tool, especially for flushing based remediation where successful remediation is 

dependent upon the same flux generation mechanisms as natural gradient dissolution (e.g. 

hydrodynamic accessibility to the NAPL interface). Put in another way, high flux 

measurements at the down-gradient flux measurement plane connote up-gradient flux 

producing mass that can be effectively targeted and removed with flushing based 

technologies. Discontinuous, lower flux measurements connote isolated pools which are 

likely to be significantly more difficult to remediate, requiring several additional pore 

volumes to achieve appreciable reductions in flux, which perhaps suggests 

implementation of a more passive technology with a lower flux assimilation capacity, 

such as enhanced bioremediation. 

 In relation to predicting remedial performance it is important to emphasize the 

difference between spatially resolved mass flux measurements and spatially integrated 

source discharge measurements. A highly aged source zone that spans a large cross 

sectional area could have a high source discharge yet be characterized by low point flux 

measurements. High flux and not high source discharge indicates up-gradient 
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hydrodynamically accessible mass that can be effectively targeted with flushing based 

remedial technologies. 
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Figure 6-8. Source discharge profile and down-gradient flux planes at selected time steps. 

 
Reactor-Based Characterization 

If the transitional flux measurement is high enough to suggest potential source zone 

remediation, the next step should be the establishment of reactor-like conditions. The 

establishment of reactor-like conditions, such that the inflow and outflow to the source 

zone are controlled, provides immediate source stabilization where continued 

contaminant mass discharge from the source zone to the dissolved plume is arrested. It 

also provides an integrated measurement of source discharge (Einerson and Mackay, 

2001) in addition to the PFM. The question of whether the integrated measurement 

provides a more accurate estimate of source discharge, such that it should serve as the 
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final step in the decision process of whether source zone remediation is warranted, is 

dependant upon the spatial variability of the flux plane. If the spatial variability is high 

enough where the PFM ‘misses’ hot spots that are between sampling locations, the 

integrated measurement is likely to provide a more accurate measurement of the total 

source discharge. I have not evaluated this question in any systematic fashion here. If it is 

eventually established that the PFM and integrated steady state measurement are 

comparable, then moving immediately to the reactor-based characterization discussed 

below, as opposed to first obtaining an integrated measurement of source discharge, may 

be appropriate. 

Of critical importance in remedial design is the successful delivery of remedial 

constituents to the NAPL interface. In the flux-based paradigm, the delivery of remedial 

fluids to the high flux producing components of the source zone is especially important. 

The mapping of flux producing mass, a priori, in terms of its location in relation to 

injection and extraction wells can be accomplished through utilizing the spatially 

resolved flux information from the PFM and assuming the high flux producing mass is 

immediately up gradient, or, perhaps more accurately, injecting a unique nonreactive 

tracer into each injection well and using the tracer response at the extraction wells, 

together with the contaminant concentration of interest, to map the location of high flux 

producing mass. The utilization of spatially resolved flux information for flux mapping 

requires two key assumptions (figure 6-9). The first assumption is that the flux producing 

mass is immediately up-gradient. The second assumption is that remedial fluids can be 

focused towards the high flux producing mass by injecting fluids immediately up-

gradient and extracting immediately down-gradient (figure 6-9). The above assumptions 
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are likely less tenable as heterogeneity in the porous media increases, increasing the 

likelihood for more tortuous pathways between injection and extraction wells.  

Trace flux 
back to 
source 

directly up-
gradient?

Assumption 1: Flux producing mass is immediately up-gradient

Assumption 2: Pairs of injection and extraction wells are in direct 
communication with each other

High flux producing 
NAPL mass

injectorsextractors

 
Figure 6-9. Key assumptions required when using spatially resolved flux information for 

flux mapping. 

 
A more rigorous flux mapping approach involves the injection of a unique 

nonreactive tracer into each injection well. The injection of unique tracers allows for a 

measurement of communication between injection and extraction wells and a pseudo flux 

measurement based on the contaminant concentration measured in the extraction well 

(figure 6-10). Based on the extraction well data depicted in figure 6-10, the majority of 

the flux is discharging out of extraction well 2 (EW2)which is in good communication 

with injection well 2 (IW2), such that the preferential injection and withdrawal into and 

out of IW2 and EW2 is likely to lead to an increase in flux reduction efficiency. 

Likewise, there appears to be virtually no flux producing mass in communication with 
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EW3, suggesting that minimal, if any remedial fluids should be injected and withdrawn 

into and out of IW3 and EW3.  A key assumption to the above statement is that the 

remedial fluid travels on similar paths as the nonreactive tracer. The influence of 

remedial fluid properties on the applicability of using nonreactive tracers to map 

communication between injection and extraction wells is an area for further research. 
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Figure 6-10. Use of unique nonreactive tracers for flux mapping. 

 
 In addition to the injection of unique nonreactive tracers, partitioning tracers can 

also be injected in order to provide an estimate of the total NAPL mass (Jin et al. 1995) 

and to parameterize the source depletion models outlined in chapter 2. The question of 

whether or not to inject partitioning tracers once reactor like conditions have been 

established is primarily an economic one. Based on the arguments outlined above, 

flushing based remediation should be conducted based on high flux measurements, which 
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connote up-gradient high flux producing mass which can be effectively targeted. 

Information derived from partitioning tracers would help to more accurately estimate the 

number of pore volumes of flushing solution required to meet the source discharge 

reduction objective. Instead of utilizing partitioning tracers, uncertainty relating to the 

NAPL mass and spatial distribution could be incorporated into the design process by 

allowing for additional flushing solution. Again, this is primarily an economic question 

where the cost of conducting a partitioning tracer test must be evaluated in terms of 

whether the enhanced prediction capabilities of the remedial process provided by the 

tracers allow for savings in the volume of flushing solution purchased which would offset 

the cost of the tracer test. 

Remedial Endpoints and Site Closure 

An integrated measurement of source discharge, as outlined above, would of course 

require that the extraction wells be oriented in the mean direction of groundwater flow. It 

is suggested that orienting the well configuration in the mean direction of groundwater 

flow and implementing flushing based remediation significantly simplifies the decision of 

when to terminate remediation. After complete remedial fluid breakthrough, such that the 

concentration of the remedial agent (e.g. surfactant or cosolvent) extracted equals that 

injected, the mathematics describing the remedial process are identical to those 

describing natural gradient dissolution. The implication of this is that the concentration of 

the contaminant in the extraction well during remediation can be used to predict the 

natural gradient source discharge by accounting for discrepancies in mass transfer rate 

coefficients, solubility, and velocity between remediation and natural gradient conditions. 

It is suggested that terminating remedial fluid injection and transitioning to water 

injection once the extracted contaminant concentration is equal to the scaled site specific 
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source discharge target is a conservative definition of a remedial endpoint as there is still 

an entire pore volume of flushing solution in the source zone that must be extracted. It is 

also suggested that in a mass discharge type framework, it is appropriate to maintain 

reactor like conditions (source stabilization) until the system returns to natural gradient 

conditions and it is demonstrated that the source discharge has been reduced below the 

target level. 

Figure 6-7 as a Conceptual Site Model and Design Tool 

The characterization outlined above is sufficient to parameterize figure 6-7 using 

the techniques outlined in subsequent chapters. Figure 6-7 can function as a useful 

conceptual site model with which to evaluate remedial alternatives. The different mass 

reduction/source discharge lines previously defined as representing different source zones 

with different degrees of NAPL architecture variability can be used instead to represent 

uncertainty in the mass reduction/source discharge relationship at a single site. As an 

example, consider the following scenarios displayed in figure 6-11. In the first scenario, a 

large increase in plume attenuation is possible with the implementation of a relatively 

passive technology. With the large increase in attenuation capacity, the site specific target 

for source discharge reduction is substantially lowered such that the time scale of plume 

management is small enough where it becomes the more economical remedial alternative. 

In the second case, the capacity for enhancing attenuation is limited, such that the current 

source discharge is well above the target level. Plume management, if implemented, 

would need to be in place for a substantial time frame. In addition, high flux 

measurements indicate accessible mass that can be effectively targeted and removed with 

flushing based remedial technologies. In this case, source zone remediation is preferable. 
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Possible to significantly increase 
Plume Attenuation Capacity Such that 

Plume Management is more cost 
effective

Limited Potential for Increasing Plume 
Attenuation Capacity Such that Source 

Zone Remediation is more cost effective

site specific target reduction 
in source discharge

 
Figure 6-11. Conceptual example of using figure 6-5 in the remedial design process. 

Conclusions 

In this chapter I have attempted to outline a general flux-based framework for 

addressing DNAPL contaminated sites. Critical to this framework is that flux based 

measurements function not just as remedial performance assessment tools, but as integral 

components of the decision to conduct source zone remediation and in the actual design 

of source zone remediation. The models and parameterization techniques outlined in the 

previous chapters are designed to fit into this framework.  
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