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ABSTRACT

The magnitude of contaminant mass flux reduction associated with a specific
amount of contaminant mass removed is a key consideration for evaluating the
effectiveness of a source-zone remediation effort.

Thus, there is great interest in

characterizing, estimating and predicting relationships between mass flux reduction and
mass removal. Intermediate-scale flow- cell experiments and published data for several
field studies were examined to evaluate factors controlling the mass-flux-reduction/massremoval relationship.

Flow-cell experiments evaluated the impact of source-zone

architecture and flow-field heterogeneity on mass-flux-reduction/mass-removal behavior.
Significant reductions in mass flux occurred for systems wherein immiscible-liquid mass
was present at both residual saturation and in high saturation pools. For a system with
immiscible liquid present in multiple zones of different permeability, an increase in mass
flux was observed for late stages of mass removal. Image analysis confirmed that the late
stage increase in mass flux was attributed to changes in relative permeability. Early
reductions in mass flux were also observed for systems wherein immiscible-liquid mass
was poorly accessible to flowing water. End-point analysis, based on comparing masses
and mass fluxes measured before and after a source-zone remediation effort, conducted
for 21 field remediation projects ranged from slightly less than to slightly greater than
one-to-one. Time-continuous analysis, based on continuous monitoring of mass removal
and mass flux, performed for two sites illustrated the dependence of the mass-fluxreduction/mass-removal relationship on source-zone architecture and mass-transfer
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processes.

Minimal mass flux reduction was observed for a system wherein mass

removal was relatively efficient. Conversely, a significant degree of mass flux reduction
was observed for a site wherein mass removal was inefficient. A simple mass-removal
function was used to evaluate the measured data at both the intermediate and field scales.
This function was unable to capture the complex behavior observed for some of the
systems unless specific measurable system parameters were incorporated into the
function.

Finally, mathematical models of varying complexity used to simulate

immiscible liquid dissolution illustrated the dependence of the calibrated dissolution rate
coefficient on implicit and explicit consideration of larger-scale factors influencing
immiscible liquid dissolution.
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CHAPTER I
INTRODUCTION

A. Statement of Problem
The contamination of groundwater by hazardous organic chemicals and the
associated risks to human health and the environment are issues of great importance.
One of the most critical issues associated with hazardous waste sites is the potential
presence of immiscible-liquid contamination in the subsurface. Immiscible liquids, such
as chlorinated solvents, creosote, coal tars, and fuels, once introduced into the subsurface
become entrapped, and serve as long-term sources of contamination. Immiscible liquids
are often referred to as nonaqueous phase liquids (NAPL) and are divided into two
categories: light nonaqueous phase liquids (LNAPLs) which have densities less than
water and dense nonaqueous phase liquids (DNAPLs) which have densities greater than
water.

The most common chlorinated solvents, such as tetrachloroethene (PCE),

trichloroethene (TCE), 1,2-dichloroethene (1,2-DCE), and carbon tetrachloride (CTET),
are classified as denser-than-water immiscible liquids. The remainder of this study will
focus specifically on denser-than-water immiscible liquids.
The migration of immiscible liquids in the subsurface is controlled by the density
and viscosity of the immiscible liquid, entry pressure and pressure force driving
migration, intrinsic permeability of the porous media, and degree of saturation in the pore
space. Once released into the subsurface, immiscible liquids migrate downward into the
aquifer and create the source zone. Contamination can exist in the source zone as: (1)
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residual immiscible liquid zones, (2) residual immiscible liquid fingers, (3) immiscible
liquid pools, (4) dissolved phase and, (5) sorbed to the soil (Figure 1) (Mercer and Cohen,
1990). Residual zones are defined as regions of discontinuous, immobile immiscible
liquid whose longest dimension is in the mean groundwater flow direction. Residual
fingers also contain discontinuous, immobile immiscible liquid; however, the longest
dimension of these zones is oriented perpendicular to the mean groundwater flow
direction. Regions of continuous, high-saturation immiscible liquid are classified as
pools and are typically oriented with the long axis parallel to the mean groundwater flow
direction. Dissolution of the immiscible liquid present in the source zone generates the
contaminant plume; typically the primary risk driver at a hazardous waste site. The
plume contains both dissolved and sorbed contaminants and is typically orders of
magnitude larger than the source zone (Figure 1).
Chlorinated solvent contamination has been identified at a large number of
hazardous waste sites. For example, PCE and TCE are present at approximately 80% of
all Superfund sites and over 3,000 Department of Defense (DOD) hazardous waste sites
(SERDP, 2006). The presence of immiscible-liquid contamination at a site can greatly
impact the costs and time required for site remediation. It is widely acknowledged that
cleaning up sites contaminated with denser-than-water immiscible-liquids is one of the
greatest challenges in the field of environmental remediation (NRC 1994, 1997, 1999,
2000, 2005).
Significant effort has been directed over the past decade to developing methods to
remediate immiscible-liquid contaminated source zones. These methods include thermal-
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Figure 1. Schematic diagram of a immiscible-liquid contaminanted site.
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based technologies (e.g., electrical resistance heating, steam injection), in-situ flushing
using solubilization/mobilization reagents (e.g., surfactants, cosolvents), and in-situ
chemical treatment (e.g., chemical oxidation).

Unfortunately, because of the

complexities associated with the transport, retention, and mass-transfer of immiscible
liquids, as well as the heterogeneity of subsurface environments, it is generally not
possible to remove all immiscible-liquid mass from the source zone (e.g., DOD, 2001;
ITRC, 2002; EPA, 2003; NRC, 2005).

As a result, application of a source-zone

remediation technology will typically result in only partial mass removal. The magnitude
of contaminant mass flux reduction associated with a specific amount of contaminant
mass removed is a key metric for evaluating the effectiveness of a source-zone
remediation effort.

Thus, there is great interest in characterizing, estimating, and

predicting relationships between mass flux reduction and mass removal.
Contaminant mass flux, also referred to as mass discharge, source strength, and massflow rate, is defined as the rate at which dissolved contaminant mass moves across a
control plane. The fundamental concept of contaminant mass flux, its relationship to
mass-removal processes and source-zone properties, and its impact on risk has long been
established (e.g., Fried et al., 1979; Pfannkuch, 1984).

The impact of subsurface

heterogeneity, immiscible-liquid distribution, and mass-transfer dynamics on massremoval behavior and aqueous concentration profiles (mass flux) has been examined for
some time through laboratory, modeling, and field studies (e.g., Schwille, 1988;
Dorgarten, 1989; Guiguer, 1991; Anderson et al., 1992; Brusseau, 1992; Guarnaccia and
Pinder, 1992; Mayer and Miller, 1996; Berglund, 1997; Nelson and Brusseau, 1997;
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Powers et al., 1998; Unger et al., 1998; Broholm et al., 1999; Brusseau et al., 1999; Frind
et al., 1999; Zhang and Brusseau, 1999; Nambi and Powers, 2000; Zhu and Sykes, 2000;
Brusseau et al., 2000; Saba and Illangasekare, 2000; Sale and McWhorter, 2001; Rivett et
al., 2001; Brusseau et al., 2002; Enfield et al., 2002; Rao et al., 2002; Rao and Jawitz,
2003; Jayanti and Pope, 2004; Lemke et al., 2004; Parker and Park, 2004; Phelan et al.,
2004; Soga et al., 2004; Falta et al., 2005a,b; Jawitz et al., 2005; Rivett and Feenstra,
2005, Fure et al., 2006; Lemke and Abriola, 2006; Suchomel and Pennell, 2006; Brusseau
et al., 2007; Page et al., 2007; Kaye et al., 2008). An early effort to quantify the
relationship between contaminant mass flux reduction and mass removal, and the
resultant reduction in risk, was presented by Freeze and McWhorter (1997). The specific
relationship between mass flux reduction and mass removal has since been examined and
discussed in a number of studies (Enfield et al., 2002, Rao et al., 2002, Rao and Jawitz,
2003; Stroo et al., 2003; Brooks et al., 2004; Jayanti and Pope, 2004; Lemke et al., 2004;
Parker and Park, 2004; Phelan et al., 2004; Soga et al., 2004; Jawitz et al., 2005; NRC,
2005; Fure et al., 2006; Lemke and Abriola, 2006; Brusseau et al., 2007; Kaye et al.,
2008).
Three simplified, prototypical relationships between mass flux reduction and mass
removal useful for comparative discussion are presented in Figure 2a. Such relationships
can be readily developed by employing a simple limiting-case analysis of the temporal
contaminant-elution/mass-removal function for immiscible-liquid systems (as shown in
Figure 2b), from which the mass-flux-reduction/mass-removal relationship can be
obtained directly. The curve in the lower right of Figure 2a represents the relationship for
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Figure 2. (a) Conceptual relationships between mass flux reduction and mass removal.
(b) Elution curves corresponding to the respective mass-flux-reduction/mass-removal
curves presented in Figure 2a.
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a system governed by relatively ideal mass-transfer behavior, wherein mass removal is
relatively efficient, as illustrated by the corresponding contaminant elution curve (Figure
2b).

Because mass removal is relatively efficient, the aqueous-phase contaminant

concentrations are maintained at maximal or near-maximal levels, and thus there is
minimal reduction in mass flux until almost all of the mass has been removed. The curve
in the upper left of Figure 2a represents the relationship for a system governed by nonideal mass-transfer behavior (e.g., rate-limited dissolution, by-pass flow phenomena),
wherein mass removal is relatively inefficient (Figure 2b) and there is a significant
reduction in mass flux with minimal mass removed. The third curve represents the
special case wherein there is a one-to-one relationship between mass flux reduction and
mass removal (e.g., first-order mass removal).
Knowing the mass-flux-reduction/mass-removal relationship for a given system
would be of great assistance in evaluating the potential benefits and cost-effectiveness of
a proposed remediation effort. Unfortunately, determining the precise relationship for a
given site is difficult and time consuming. Characterizing mass-flux-reduction/massremoval relationships representing a range of conditions would provide knowledge
critical to better understanding the impact of system properties and conditions on the
relationship between mass flux reduction and mass removal.
enhance the development of predictive tools.

This, in turn, would
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B. Purpose of Study
The purpose of this study is to:
1. Investigate

the

impact

of

source-zone

architecture

and

flow-field

heterogeneity on the relationship between mass flux reduction and source
zone mass removal.
2. Examine the mass-flux-reduction/mass-removal behavior for a variety of field
remediation studies.
3. Asses the impact of hydraulically poorly-accessible immiscible-liquid mass on
mass-flux-reduction/mass-removal behavior.
4. Evaluate the applicability of mathematical models of varying complexity for
simulating immiscible-liquid dissolution in heterogeneous porous media.

C. Overview of Chapters
Chapter II contains a literature review related to the investigation of the relationship
between mass flux reduction and mass removal. This chapter incorporates a review of
modeling, laboratory and field studies, as well as a brief description of field methods for
measuring source-zone mass and mass flux. Chapter III provides a summary of the
results of this research. The research is divided into four manuscripts, contained in this
dissertation as appendices A, B, C and D. A brief overview of each study, as well as
contributions of different authors, is provided below.
Appendix A assessed the impact of source-zone architecture and flow-field
heterogeneity on the mass-flux-reduction/mass-removal relationship.

The author
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conducted the experiments and Mark L. Brusseau supervised the project as research
advisor.
Appendix B examined published data collected for several field studies to evaluate
observed relationships between mass flux reduction and source-zone mass removal. The
author conducted the research and mass-flux-reduction/mass-removal calculations. Mark
L. Brusseau supervised the project as research advisor.
Appendix C investigated the relationship between mass flux reduction and mass
removal for flow cells wherein immiscible liquid was non-uniformly distributed in
hydraulically poorly accessible regions. The author conducted the Lower K-2 and Pool
experiments, including chemical analysis and calculation of ganglia-to-pool ratios.
Justin C. Marble conducted the Lower K-1, Lower K-3 and Control experiments. Mart
Oostrom supervised the Lower K-2 and Pool experiments and conducted the dual-energy
gamma radiation measurements. Mark L. Brusseau compiled and wrote the manuscript.
Appendix D assessed the application of numerical models of varying complexity to
the dissolution of non-uniformly distributed immiscible liquid in hydraulically poorlyaccessible regions. The author conducted numerical simulations for the Lower K-2 and
Pool experiments. Justin C. Marble conducted numerical simulations for the Lower K-1,
Lower K-3 and Control experiments. Zhui Zhang developed the numerical models.
Geoff R. Tick conducted the Control experiment and Mark L. Brusseau supervised the
project as research advisor.
Appendices E – L provide details of the methods used in this dissertation.
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CHAPTER II
LITERATURE REVIEW

A. Modeling Studies
The majority of recent studies investigating the factors controlling the relationship
between mass removal and mass flux reduction have focused on modeling. Berglund
(1997) utilized a stochastic-advective model to investigate the impact of source zone
architecture on cleanup times. This model allowed for 3-D spatially variable hydraulic
conductivity and immiscible liquid saturation and non-linear, rate-limited mass transfer.
The mass flux of contaminant was determined across two control planes. The first
control plane was located directly down gradient of the source and was used to
investigate the sensitivity of mass flux to changes in source zone mass transfer and
heterogeneity. The second control plane was located some distance down gradient of the
source and was used to investigate the sensitivity of mass flux to changes in source zone
architecture and plume lengths. Results indicated that clean up times decreased if a
positive correlation existed between hydraulic conductivity variability and immiscibleliquid saturation.

In other words, immiscible liquid was located primarily in

hydraulically accessible regions of the source zone. Mass flux was determined to be
sensitive to the source zone length in the mean flow direction, and the degree of ratelimited mass transfer. At the second control plane, the mass flux decreased at earlier
clean up times as the length of the source zone in the mean flow direction decreased.
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Mass flux also decreased at earlier clean-up times when mass-transfer processes in the
source zone became more rate limited.
Sale and McWhorter (2001) utilized a 3-D analytical approach to investigate the
effect of source-zone architecture on risk reduction. The model allowed for multiple
zones with varying geometries and immiscible-liquid saturations; however, the model did
not account for relative permeability effects due to the presence/absence of immiscible
liquid.

In addition, the model assumed that the mass-transfer coefficient and bulk

aqueous phase concentrations were constant within each immiscible-liquid zone and
ignored local scale dissolution. The realizations were conducted under water flushing
conditions with a uniform flow field. The results indicated that large mass-transfer rates
existed at the leading edge of each immiscible-liquid zone and the overall mass-transfer
rate was relatively insensitive to the length or immiscible-liquid saturation of the source
zone. Therefore, the authors concluded that near-complete removal of source-zone mass
is required to achieve a significant reduction in risk. Rao and Jawtiz (2003) objected to
the assumption of a uniform flow field and argued that the conclusions presented by Sale
and McWhorter (2001) may hinder further research and development of source zone
remediation technologies. In further response to the study, they presented a simple
analytical model which treated a heterogeneous flow field as a bundle of stream tubes
(Rao and Jawtiz, 2003). This model assumed no mass transfer between stream tubes.
Results from the stream tube model indicated that significant reductions in the overall
mass flux of the system were observed when immiscible liquid was removed from only
high velocity stream tubes. Rao and Jawtiz (2003) concluded that equivalent reductions
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in mass flux could be achieved with smaller percentages of mass removal as the
heterogeneity of the system increased. McWhorter and Sale (2003) objected to the
stream tube model’s constraint of no mass transfer between stream tubes and argued that
this constraint imparted a significant bias in any conclusions drawn from the use of this
model.
The streamtube model first presented by Rao and Jawitz (2003) was further
developed by Jawitz et al. (2005). This study investigated the degree of mass flux
reduction associated with source-zone mass removal for a simulated in-situ flushing
remediation. Each stream tube was characterized by a single travel time with negligible
pore-scale dispersion and sorption. The source zone was defined by a bundle of stream
tubes containing immobile immiscible liquid and source-zone heterogeneity was
established by varying the volume of immiscible liquid among the stream tubes. In-situ
flushing was conducted under induced gradient conditions. The results indicated that the
mass-flux-reduction/mass-removal relationship is sensitive to variance in the flow field.
If the variance in groundwater flow is low (i.e., a homogeneous porous medium), then
minimal reductions in mass flux were observed until a significant amount of source-zone
mass was removed. Increasing the variance of the flow field (i.e., a heterogeneous
porous medium) yielded a greater reduction in mass flux with minimal mass removed. In
addition, the authors noted significant reductions in mass flux at early stages of mass
removal for realizations in which a large portion of the immiscible-liquid volume was
located in hydraulically less accessible regions (i.e., longer travel time stream tubes).
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Increasing rate limitations on dissolution also yielded early reductions in mass flux
because of less efficient mass removal from the stream tubes.
The modeling scenario presented by Sale and McWhorter (2001) was further
examined by Falta (2003), who utilized a dual domain approach to investigate local scale
mass transfer occurring near immiscible-liquid pools. The author determined that the
overall dissolution rate of the system decreased as the pools dissolved; however, the
numerical value of the dissolution rate was dependent upon the grid size used for the
realization. Using a coarse grid, the maximum dissolution rate was only 2/3 of that
predicted using the analytical approach conducted by Sale and McWhorter (2001). The
maximum dissolution rate was similar to that predicted by the analytical approach when a
finer grid size was used. The results for the finer-grid realization indicated that the
dissolution rate decreased with time as the pool became thinner and shorter and that the
average mass flux from the pool could be approximated with a first-order mass-transfer
reaction.
Rao et al. (2002) utilized a 3-D particle tracking model for an isotropic medium to
simulate the relationship between mass removal and reductions in mass flux. Assuming
equilibrium dissolution, the authors conducted three realizations wherein there was a
positive, a negative and zero correlation between hydraulic conductivity and immiscibleliquid saturation. Significant reductions in mass flux were observed for partial sourcezone mass removal for all three realizations examined. The largest incremental reduction
in mass flux was obtained for the negative correlation case, where immiscible liquid was
located in hydraulically less accessible regions resulting in inefficient mass removal.
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Furthermore, the authors suggested that an empirical relationship exists between
fractional mass flux reduction (MFR) and fractional mass removal (MR):

MFR = MR

1

β

(1)

where β is an empirical parameter that accounts for mass-transfer processes affecting the
efficiency of mass removal. This empirical relationship suggests that a minimal fraction
of source-zone mass (MRmin) may need to be removed before any reduction in mass flux
is achieved. Both the MRmin and β parameters are a function of source-zone architecture,
flow-field heterogeneity and remediation technology implemented.
Falta et al. (2005a) developed an analytical model to examine changes in the
source zone and plume following partial source-zone mass removal.

The authors

developed expressions for source strength and integrated mass flux across a control
plane. In addition, the model incorporated an empirical relationship relating source
strength to source zone mass:
C s (t )  M (t ) 

= 
C0
 M0 

Γ

(2)

where Cs(t) is the time-dependent, flow-averaged concentration [M/L3], C0 is the initial
flow averaged concentration [M/L3], M(t) is the time-dependent mass [M], M0 is the
initial source zone mass [M], and Γ is an empirical parameter [-]. Two conditions were
studied using this approach: (1) immiscible-liquid saturation negatively correlated with
permeability (i.e., most of the immiscible liquid resides in low permeability zones), and
(2) immiscible-liquid saturation positively correlated with permeability so that most of
the immiscible liquid resides in high permeability zones. The results showed significant
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reductions in mass flux for minimal mass removal for the negatively correlated
realization and minimal reductions in mass flux for the positively correlated case. The
authors further investigated factors controlling the Γ term. The results indicated that in
cases where Γ =1, the source is experiencing exponential decay of mass. When Γ =0, the
source mass decreased linearly with time until complete removal. This type of behavior
is often seen in 1-D column studies. When Γ <1, the source has a finite life and is
eventually depleted by dissolution; however, when Γ >1 the source has an infinite
lifespan and complete mass removal is not possible.
The source-mass depletion model developed by Falta et al. (2005a) was coupled
with a flow and transport model to investigate plume response to reductions in source
mass (Falta et al., 2005b).

The flow and transport model allowed for reductive

dechlorination within the plume in order to examine byproduct formation. Five scenarios
were investigated: (1) no remediation of the source and only natural attenuation of the
plume, (2) removal of 90% of the source mass after 20 years and only natural attenuation
of the plume, (3) no remediation of the source but increased degradation rates within the
plume, (4) removal of 90% of the source mass after 20 years and increased degradation
rates within the plume, and (5) instant removal of 90% of the source mass and natural
attenuation of the plume. Three different types of sources were examined for each of the
five scenarios: (1) Γ =1, (2) Γ >1 and (3) Γ <1. The results indicated that plumes with
low natural attenuation rates were unaffected by source type. In addition, the authors
noted that removal of 90% of the source mass at these sites resulted in the formation of
two distinct plumes, one close to the source and one down gradient of the source. At late
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time, the down gradient plume was not affected by the source. For scenarios with Γ =1,
the coupling of source-zone remediation and plume treatment did not alter the plume
extent when compared to plume treatment alone. However, the coupling of source zone
and plume remediation did reduce the concentrations within the plume, indicating that the
plume would persist for a shorter period of time. For scenarios with Γ >1, source-zone
remediation greatly reduced both the concentration and spatial extent of the plume,
leaving only a small plume close to the source zone. For scenarios with Γ <1, the source
was removed early and the highest concentrations within the plume moved farther away
from the source.

Finally, the authors found that treating the source early (i.e.,

immediately after its release) could greatly reduce the dissolved mass of the plume and
the degree to which plume treatment is needed.
The aforementioned modeling studies were conducted using simple, nonmechanistic type models. More complex models coupling percolation and flow and
transport models have also been used to investigate the mass-flux-reduction/massremoval relationship. Lemke et al. (2004) and Lemke and Abriola (2006) simulated a
PCE spill and surfactant flush in a relatively homogeneous, unconfined aquifer located in
Oscoda, MI, in order to investigate the influence of source-zone architecture on the
relationship between mass flux reduction and mass removal. The model accounted for
rate-limited dissolution and surfactant sorption but did not allow for immiscible-liquid
mobilization during the surfactant flush. The simulated hydraulic conductivity field was
based on 167 core samples from the site. After immiscible liquid release, natural gradient
conditions were established for 100 days followed by a surfactant flush conducted with
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an induced gradient. The surfactant flood was followed by 100 days of water flushing
under natural gradient conditions. Each realization contained ten to twelve surfactant
injection events. Realizations were conducted wherein: (1) a positive correlation or (2)
no correlation existed between capillary entry pressure and permeability. The correlated
realizations initially contained a smaller percentage of pools compared to the
uncorrelated realizations; however, after the first surfactant flood, most realizations were
dominated by pools. In the correlated realizations, removal of greater than 60% of the
source-zone mass was required before any appreciable reduction in mass flux occurred.
The uncorrelated realizations displayed a more step-like behavior and greater reductions
in mass flux at early stages of mass removal. Both the correlated and uncorrelated
realizations showed similar behavior for mass removals greater than 90%. Source-zone
architecture was described by the ganglia-to-pool ratio (GTP). The GTP ratio quantifies
the distribution of immiscible liquid residing as ganglia (immiscible-liquid saturation
equal to or less than residual) and in pools (immiscible-liquid saturation higher than
residual). The authors noted that significant reductions in mass flux were not observed
for either the correlated or uncorrelated realizations until the system switched from a
ganglia dominated to a pool dominated system.
The release and remediation of immiscible liquid in the Oscoda, MI aquifer was
also modeled by Phelan et al. (2004). This study focused on the effect of coupled
physical and chemical spatial heterogeneity on immiscible-liquid entrapment and mass
recovery. In total, the authors conducted nine realizations. The authors started with three
realizations from Lemke et al. (2004) which encompassed the variability in infiltration

29
and entrapment scenarios. They then added three more realizations for each Lemke et al.
(2004) realization to investigate the effect of hydraulic conductivity variability.

In

addition, the wettability of the porous media was varied for each permeability field from
completely water wetting to completely immiscible-liquid wetting. The depth of spill
penetration and amount of vertical spreading was reduced by the inclusion of organic-wet
solids. In realizations with high hydraulic conductivity variance, immiscible liquid was
distributed over a wide range of area in both water wet and organic wet realizations.
Effluent concentrations from these realizations displayed little to no tailing and minimal
reductions in mass flux.

In realizations with low hydraulic conductivity variance,

immiscible liquid resided in high permeability zones in the water wet system and low
permeability zones in the organic-wet system.

Effluent concentrations from these

realizations displayed long tailing and greater reductions in mass flux with minimal mass
removal.
Christ et al. (2006) developed an empirical equation using source-zone
architecture to predict the Γ parameter for the source strength function (Equation 2).
Sixteen numerical simulations of a PCE release and subsequent aqueous dissolution were
conducted for the Oscoda, MI aquifer; similar to the studies conducted by Lemke et al.
(2004), Phelan et al. (2004), and Lemke and Abriola (2006). Source-zone architecture
was defined by the GTP ratio. The Γ parameter for each simulation was determined by
fitting the source-strength function (Equation 2) to the flux-weighted concentration
curves with a non-linear least squares regression scheme. The fitted Γ parameter and
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calculated GTP ratio for each simulation was then used to determine a power-law
function, which allowed for the prediction of the Γ parameter by knowing the initial GTP:
Γ = 1.5(GTP )

−0.26

for 1.5 < GTP < 24.0

(3)

It is important to note; however, that this power function is limited (R2 = 0.6373) and
does not account for changes in source-zone architecture (GTP) due to preferential
dissolution.
Parker and Park (2004) developed a 3-D constitutive model to simulate field-scale
immiscible-liquid dissolution by coupling a percolation model with a flow and transport
model which incorporated changes in effective permeability due to the presence of
immiscible liquid. The model simulated a TCE release into a heterogeneous aquifer and
dissolution under water flushing conditions. The source zone consisted of vertical fingers
with a large pool located at the bottom of the aquifer. Water flushing realizations using
three different hydraulic gradients were conducted for the upper finger zone only, the
pool zone only and the entire system. All three systems displayed minimal reductions in
mass flux for early stages of mass removal. The relationship for the entire system was
dominated by the residual zones at early mass removals. In addition, the authors noted
that varying hydraulic gradient did not have an effect on the overall behavior of the
systems.
Jayanti and Pope (2004) utilized a three dimensional flow and transport model to
simulate reductions in mass flux stemming from surfactant floods at two heterogeneous
field sites (Hill Air Force Base, UT and Camp Leguene, NC). Each site was modeled
with a stochastic permeability field and layered immiscible-liquid saturation that was
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consistent with field data from the sites. Mass flux was calculated under natural gradient
conditions at a control plane down gradient of the source zone. Both sites exhibited
significant reductions in mass flux with minimal mass removed. The Camp Leguene site
displayed larger reductions in mass flux compared to the Hill site because it is more
heterogeneous and most of the immiscible liquid remaining after the surfactant flood was
located in low permeability zones. In addition, the authors noted that the mass-fluxreduction/mass-removal relationship for both sites exhibited increased reductions in mass
flux if the surfactant flood was followed by enhanced water flushing.
Soga et al. (2004) utilized a multi-phase flow and transport model to examine the
benefit of partial source-zone mass removal. The realizations were conducted under
natural gradient conditions and immiscible liquid was distributed as both pools and
residual zones within the source zone. Five realizations were conducted with the same
hydraulic conductivity mean, variance and correlation lengths and the same groundwater
flow rate. Large variations were observed for the different realizations resulting from
differing immiscible-liquid entrapment. In addition, some realizations displayed a “steplike” profile resulting from the change from a residual dominated system to a pool
dominated system.

The authors concluded that heterogeneity and immiscible-liquid

distribution were the dominant factors controlling the mass flux emanating from the
source zone.
Basu et al. (2008) compared four different source-depletion models used for
evaluating

immiscible-liquid

dissolution

and

mass-flux-reduction/mass-removal

behavior. Immiscible-liquid distribution and enhanced dissolution was simulated using
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UTCHEM. Different source-zone architectures were constructed by varying the variance
in the permeability field and by conducting different realizations of random fields using
the same geostatistical parameters.

Multi-step mass-flux-reduction/mass-removal

behavior was observed for some realizations.

Both UTCHEM generated effluent

concentrations and mass-flux-reduction/mass-removal behaviors were predicted using
four different simplified source-depletion models.

The simplified source depletion

models included in this study were: (1) an equilibrium streamtube model, (2) an
advective-dispersive model, (3) a simple power-law model, and (4) a Damkohler number
model. The authors concluded that the models provided reasonable predictions of both
the UTCHEM generated effluent concentrations and the mass-flux-reduction/massremoval behaviors. A priori estimation of the source-depletion model parameters was
attempted by correlating these parameters with the variance in the permeability field.
Reasonable correlations existed for the parameters contained in the streamtube and
advective-dispersive models (R2 values of 0.68 and 0.72, respectively); however, limited
correlation was observed for the power-law and Damkohler number models (R2 values of
0.36 and 0.05, respectively).

B. Laboratory Studies
A handful of studies have examined the relationship between mass flux and sourcezone mass using 2-D flow cells. Fure et al. (2006) conducted a series of four flow cell
experiments to investigate the impact of source zone architecture on mass flux. Three of
the experiments were conducted in a 32 x 40 x 1.5 cm flow cell equipped with seven
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effluent ports. The flow cells were packed with a matrix of coarse sand with continuous
layers of finer grained sand. The last experiment was conducted in a 61 x 41 x 1.5 cm
flow cell equipped with one integrated extraction well. This flow cell was packed
homogeneously with a heterogeneous mixture of sieved sands. Dissolution of the source
zone was conducted under water flushing conditions. Immiscible liquid, either 1,2dichloroethane (1,2-DCA) or TCE, was released into the flow cell at a rate of 0.5 ml/min.
Digital images were taken for semi-quantitative analysis of immiscible-liquid
distribution. Effluent concentrations for the flow-cell experiments were modeled using
the stream tube model described by Rao and Jawtiz (2003) and Jawitz et al. (2005). The
initial immiscible-liquid distribution for the modeling was obtained from the semiquantitative imaging data. In the images, the authors assumed a uniform immiscibleliquid saturation in areas where immiscible liquid was present in the digital images.
Although the individual effluent ports exhibited a range of behavior, the integrated mass
flux for the first three experiments indicated an approximately linear, 1:1, relationship
between mass flux reduction and mass removal. The immiscible-liquid distribution in the
last experiment was highly elongated and confined to the upper region of the flow cell.
This resulted in minimal reductions in mass flux. The authors concluded that immiscibleliquid architecture was the primary factor controlling the mass flux behavior in all four
experiments.
Suchomel and Pennell (2006) conducted a series of 2-D flow cell experiments to
investigate the effect of source-zone architecture on mass flux during a series of
enhanced dissolution flushings.

Immiscible liquid, PCE dyed with Oil-Red-O, was
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injected into a heterogeneous flow cell at a rate of either 1 or 0.2 ml/min and allowed to
redistribute over a 24 hour period. Water flushing was conducted under natural gradient
conditions to establish the initial mass flux emanating from the source zone. Next, a
surfactant flush (Tween 80) was flushed through the flow cell under an induced gradient.
Following the surfactant flood, water flushing under natural gradient conditions was
conducted to reestablish a steady state plume.

A series of surfactant floods was

conducted until all of the immiscible-liquid mass was removed from the flow cell. The
in-situ distribution of immiscible-liquid saturation was determined with a Light
Transmission Visualization (LTV) system, from which immiscible-liquid saturations
were calculated based on the hue of digital images. The immiscible-liquid architecture
was described using the GTP ratio.

Different GTP ratios were created for each

experiment by varying the total volume and injection rate of the dyed PCE. In ganglia
dominated systems (high GTP ratios), the systems exhibited little reduction in mass flux
until approximately 85% of the source mass was removed. Pool dominated systems
exhibited a slightly higher degree of mass flux reduction for minimal mass removed. The
authors concluded that reductions in mass flux can be expected following partial sourcezone mass removal and the relationship between mass flux reduction and mass removal is
strongly dependent on the immiscible-liquid distribution in the source zone.
Totten et al. (2007) conducted a series of 2-D flow cell experiments to investigate the
effect of interfacial tension, fluid density, grain size, and soil wettability on mass flux.
PCE dyed with Oil-Red-O was injected into a homogeneously packed flow cell. The
immiscible liquid was injected in 0.5 ml increments under static conditions and then
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water flushing was induced to measure mass flux.

This incremental injection was

repeated until a total of 5 ml of PCE was injected into the flow cell. Interfacial tension
(IFT) experiments were conducted for three different PCE/water interfacial tensions. The
IFT of PCE was modified by adding the surfactant Span 80. Although vertical spreading
of immiscible liquid was not effected, lateral spreading increased as the IFT decreased.
In the IFT experiments, only minor changes in mass flux were observed with PCE
loading. Fluid density experiments were conducted by lowering the density difference
between PCE and water by doping the PCE with n-decane. Vertical migration of the
immiscible liquid was reduced as the density difference decreased and no pooling was
evident in the case where the immiscible liquid density was 1.0 g/cm3. The relationship
between source-zone mass and mass flux became more linear as the density difference
between the two fluids decreased. Grain size experiments were conducted by varying the
mean diameter of the sand in the flow cell. The authors concluded that there was no clear
relationship between grain size and mass flux. Wettability experiments were conducted
by treating the sand with octadecyl trichlorosilane in order to make the sand more oilwetting. Various ratios of treated and untreated sand were packed homogeneously into
the flow cell to produce different degrees of oil/water wettability. The results indicated
that the wettability of the soil significantly affected the distribution of immiscible liquid
within the flow cell and the mass flux emanating from the source. Although there was
little difference between the 0%, 50% and 75% hydrophobic sand mixtures, the initial
mass flux generated with the 100% hydrophobic sand was higher than the three prior
cases. In addition, downward migration was more rapid in the 100% hydrophobic sand
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case. The authors concluded that IFT, immiscible-liquid density and soil wettability
significantly affected the distribution of immiscible liquid and the mass flux emanating
from the source zone.
Page et al. (2007) assessed the significance of flow-field heterogeneity on the mass
flux emanating from the source zone. This study consisted of six flow cell experiments
of increasing heterogeneity. PCE was released into the flow cell and allowed to naturally
distribute in the porous media. After establishment of the source zone, the flow cell was
flushed with water and the initial mass flux emanating from the source was measured.
The source zone was then flushed with a surfactant solution (Tween) to remove
immiscible-liquid mass, and alter source-zone architecture. After surfactant flushing, the
flow cell was flushed with water to reestablish a steady state plume and measure the mass
flux. For each flow-cell experiment, a series of three surfactant floods was conducted.
Each surfactant flood mobilized the immiscible liquid and altered the source-zone
architecture. After the initial surfactant flood, the mass flux was greater than initial
values due to immiscible-liquid mobilization. Mobilization of the source increased the
immiscible-liquid/water contact area and allowed for more efficient sweeping of the
source zone. In addition, changes in groundwater velocity were determined to have a
minor impact on the generated mass flux because dissolution was not rate-limited at the
large scale of the experiment. The authors concluded that the mass flux emanating from
the source was dependent on the immiscible-liquid/water contact area.
The impact of flushing solution properties on the mass-flux-reduction/mass-removal
relationship was investigated by Kaye et al. (2008).

PCE was injected into a
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heterogeneous flow field and allowed to naturally distribute. Dissolution of the source
zone was conducted by flushing one of four flushing fluids: (1) a solution with a density
less than water, (2) a solution with a density greater than water, and (3) two neutrally
buoyant solutions.

Both continuous and pulsed flushing was conducted with each

flushing solution. The source-zone architecture was similar for each experiment. The
mass-flux-reduction/mass-removal behavior for the four continuous flushing experiments
was similar and displayed reductions in mass flux at early stages of mass removal. The
pulsed flushing experiments exhibited different mass-flux-reduction/mass-removal
behavior when compared to their continuous flushing counterparts. The disparity in these
experiments was caused by slight variations in the source-zone architecture and the nonuniform displacement of the flushing solution.

C. Field Studies
Field scale evaluation of the relationship between mass flux reduction and mass
removal is, to date, very limited. Only singular values of mass flux reduction have been
reported for remediation demonstrations. Brown et al. (1999) and Londergan et al.
(2001) performed a surfactant demonstration at Hill Air Force Base in Layton, Utah. The
volume of immiscible liquid in the test zone was determined from pre- and postremediation partitioning tracer tests (PTTs). The target compounds for this study were
TCE, 1,1-trichlorethane (TCA) and PCE.

A solution of 8% wt. sodium dihexyl

sulfosuccinate, 5% wt. isopropanol (IPA) and 7000 mg/L NaCl was flushed through the
test zone under an induced gradient. The surfactant flood reduced the immiscible-liquid
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volume in the test zone by 99%, from 1310 L to 19 L (Londergan et al., 2001).
Groundwater concentrations were monitored at both an extraction well and a single
monitoring well located within the test zone. Application of surfactant remediation
reduced the contaminant concentration in a central extraction well from 1000 mg/L to
500 mg/L (Brown et al., 1999). This is a 50% reduction in contaminant concentration.
Groundwater concentrations monitored at a central monitoring well; however, showed a
reduction of 99%, from 1100 mg/L to 8 mg/L (Londergan et al., 2001).
Brooks et al. (2004) conducted an ethanol cosolvent demonstration in a test cell at the
Dover Air Force Base National Test Site in Dover, Delaware. A controlled release
introduced 83.1 L of PCE into the test cell (Brooks et al., 2004). A solution of 70%
ethanol-30% water was flushed through the test cell under an induced gradient. The
ethanol flood was followed by water flushing. The remediation demonstration removed a
total of 53.4 L of PCE, reducing the volume of PCE in the test cell by 64% (Brooks et al.,
2004). Pre-remediation, flux averaged groundwater concentrations were obtained for
each extraction well ranged from 8 mg/L to 47 mg/L (Brooks et al., 2004).

Post

remediation groundwater samples for the same wells ranged from 6 mg/L to 19 mg/L
(Brooks et al., 2004). The calculated mass flux reduction for each well displayed slightly
minimal reductions in mass flux for early stages of mass removal. The mass-fluxreduction/mass-removal relationship for this site was estimated by Rao et al. (2002) using
the empirical function (Equation 1).
A cosolvent flood using n-propanol as a flushing agent was conducted Dover Air
Force Base National Test Site at the by Falta et al. (2005a).

A controlled release
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introduced 56.7 L of PCE into the test cell (Wood and Enfield, in press). A flushing
solution consisting of 70% n-propanol and 30% CaCl2 saltwater was injected into the test
cell under an induced gradient. Groundwater samples were collected from the extraction
wells and a line of multi-level samplers (MLSs).

The average pre-remediation

groundwater concentration in the extraction wells was 80 mg/L (Wood and Enfield, in
press). Based on moment analysis of the extraction well effluent, a total of 45.4 L of
PCE was removed during the n-propanol flood, a reduction of 79.9% of the source zone
mass (Wood and Enfield, in press).

Post-remediation groundwater samples were

collected 90 days after the end of the cosolvent flood. The average post-remediation
groundwater concentration in the extraction wells was 15.5 mg/L, a reduction of 80.6%
(Wood and Enfield, in press).
A survey of several field remediation studies using enhanced bioremediation,
chemical oxidation, thermal and surfactant/cosolvent flushing was conducted by McGuire
et al. (2006). Mass-flux-reduction/mass-removal analysis was conducted for eleven field
remediation studies all with greater than 60% mass removal. The authors concluded that
the mass-flux-reduction/mass-removal relationship for all of the sites could be
approximated using a 1:1 relationship.
Brusseau et al. (2007) reported a time-continuous analysis of the mass-fluxreduction/mass-removal behavior for the Tucson International Airport Area (TIAA)
Superfund site, which is currently undergoing pump-and-treat remediation. This site
consists of several immiscible-liquid source-zones and a large contaminant plume. Mass
flux and mass removal with time were determined from the combined effluent-
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concentration and discharge-volume data from the pump-and-treat system. An initial
contaminant mass of 24,300 kg (TCE and DCE) was calculated by combining the sourcezone mass, estimated through combined use of PTTs and mathematical modeling, with
estimated sorbed-phase and aqueous-phase masses associated with the groundwater
contaminant plume (Brusseau et al., 2007).

The mass-flux-reduction/mass-removal

relationship obtained for the TIAA site shows an initial decrease in mass flux that begins
before 10% of the initial mass is removed and continues until approximately 25% of the
initial mass is removed. The behavior displayed during this period reflects primarily the
removal of the aqueous-phase mass associated with the contaminant plume. The initial
mass flux reduction is followed by a steady-state period (for mass removals between 25
to 40%), where minimal reductions in mass flux are observed, after which the mass flux
begins to sharply decrease once again.

D. Field Measurement of Source Zone Mass
At the field scale, the mass of immiscible liquid present in the source zone is typically
determined using either sediment cores or partitioning tracer tests. Contaminant mass
measurements obtained via analysis of sediment-core data and partitioning tracer tests
(PTTs) are considered to have generally similar levels of uncertainty given that the two
methods have provided similar results for field applications (e.g., Cain et al., 2000; Rao
et al., 2000; Meinardus et al., 2002).
Sediment cores are subsampled and transferred to vials containing a solvent such as
methanol or dichloromethane. Aliquots of the extract are analyzed to determine the
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concentration.

Geo-statistical analysis is then performed to determine the total

immiscible-liquid mass present in the source zone. This method has been applied at a
variety of field sites (e.g. McCray and Brusseau, 1998; Rao et al., 1997; Broholm et al.,
1999; Rao et al., 2000; Thompson et al., 2000; Quinn et al., 2005).
Partitioning tracer tests (PTTs) utilize a suite of reactive and non-reactive tracer
compounds which are injected into the aquifer at a specified flow rate and followed by
water flushing (e.g., Jin et al, 1995; Wang et al., 1998; Nelson et al., 1999; Gierke et al.,
1999).

The reactive and non-reactive tracers experience the same hydrodynamic

conditions during displacement through the aquifer, but the average travel time for the
reactive tracers is delayed due to partitioning into the immiscible-liquid phase. The total
volume of immiscible liquid can be determined based on the tracer travel time and the
total pore volume of the swept zone. This method has been employed at a variety of field
sites (e.g., Nelson and Brusseau, 1996; Annable et al., 1998; Sillan et al., 1998; Cain et
al., 2000; Jawitz et al., 2000; Londergan et al., 2001; Meinardus et al., 2002; Brooks et
al., 2002).

E. Field Measurement of Mass Flux
Currently, there are three methods by which mass flux distributions can be measured
in the field. The traditional mass flux method utilizes a series of multilevel monitoring
wells arranged along a plane perpendicular to the mean groundwater flow direction.
Mass flux is calculated using these discrete point concentrations and the mean Darcy flux
for the site. This method has been used to monitor the natural attenuation of gasoline
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(Borden et al., 1997; Kao and Wang, 2001), creosote (King et al., 1999), and chlorinated
solvent plumes (Guilbeault et al., 2005).
By using a mean Darcy flux, the traditional mass flux approach does not account for
variations in the flow field resulting from hydraulic conductivity variations. To account
for such variations, a passive flux meter (PFM) was developed which can measure both
contaminant and groundwater fluxes at discrete points within the aquifer (Hatfield et al.,
2004). The PFM is a self-contained, crinoline sock that is filled with silver impregnated
granular activated carbon (GAC) and is designed to fit in a well or boring. This sorbent
contains water soluble tracers (ethanol, methanol, isopropyl alcohol and n-hexanol)
which are leached from the PFM at rates proportional to the natural water flux. The
sorbent is also capable of retaining dissolved organic and inorganic compounds. The
PFM is exposed to the aquifer for a specified period of time where it intercepts the
contaminant and leaches the water soluble tracers. When the PFM is removed from the
aquifer, the sorbent is extracted and analyzed for the compounds of interest. Mass flux
can be determined knowing the rate of accumulation of the contaminant and the rate of
leaching of the water soluble tracers, assuming that transport is primarily advective and
that groundwater flow is uniform and horizontal. Depth variations can be measured at
the same time by segmenting the meter. This method has been used in the field to
measure chlorinated solvent (Annable et al., 2005; Basu et al., 2006) and MTBE fluxes
(Annable et al., 2005).
Discrete point measurements of mass flux are useful in determining the flux
distribution in the aquifer. However, if the sampling points are sufficiently far apart,
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regions of high mass flux passing between sampling locations can be missed. The
Integral Pumping Test (IPT) method was developed to determine the total integrated
mass flux emanating from a source zone.

This method employs a series of fully

penetrating pumping wells located along a plane perpendicular to the mean groundwater
flow direction. The wells are pumped sequentially and the concentration and capture
zone of the well is monitored over time. An analytical solution, which assumes no
longitudinal concentration gradient in the capture zone of the well, is then coupled with a
reactive transport model to calculate the natural gradient mass flux (Bayer-Raich et al.,
2004). Bayer-Raich et al., (2006) extended the IPT method analysis by incorporating
linear, instantaneous sorption into the analytical framework. This method has been used
to measure natural attenuation rates of BTEX compounds (Bockelmann et al., 2001;
Bockelmann et al., 2003), and chlorinated solvents (Bauer et al., 2004). Peter et al.,
(2004) found that coupling the IPT method with compound specific isotope analysis
(CSIA) alleviates the need for a reactive transport model because microbial activity is
directly measured using CSIA. Uncertainty in the IPT method was addressed by Jarsjo et
al. (2005), who found that uncertainty in the plume position with respect to the pumping
wells exerts the greatest influence on the estimates of mass flux.

This uncertainty

increases with increasing heterogeneity (Jarsjo, et al., 2005). It has also been debated
whether the assumption of zero longitudinal concentration gradient in the capture zone of
the well leads to large uncertainties in the estimates of mass flux (Zeru and Schäfer,
2005; Bayer-Raich et al., 2007; Schäfer and Zeru, 2007).
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Kubert and Finkel (2006) examined the error in flux estimates for all three field based
methods. Using a MODFLOW model, the authors compared the flux estimates obtained
using the three methods to the MODFLOW calculated flux. The results indicated that the
error in flux estimates for all three methods increased with increasing heterogeneity. This
increase in error is related to the spatial distribution of contaminants, dissolution of the
source, variations in the flow field and flow field fluctuations with time. The authors
concluded that the IPT method yielded better estimates of mass flux compared to the
traditional method using a mean Darcy flux; however, the PFM method yielded the
lowest errors in heterogeneous systems. The authors also noted; however, that the PFM
method is only recommended for highly heterogeneous systems with fine sampling grids.
If a fine sampling grid is not available, then the IPT method is preferred.
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CHAPTER III
SUMMARY OF PRESENT STUDY

The methods, results, and conclusions of this study are presented in manuscripts
appended to this dissertation. The following is a summary of the most important findings
presented in each manuscript.

A. Impact of Source-Zone Architecture and Flow Field Heterogeneity
A series of flow-cell experiments was conducted to investigate the impact of sourcezone architecture and flow-field heterogeneity on the mass-flux-reduction/mass-removal
relationship. The results showed that minimal reductions in mass flux occurred for
systems wherein immiscible liquid was present only at residual saturation. Significant
reductions in mass flux occurred for systems wherein immiscible liquid was present at
both residual saturation and in high saturation pools. The two systems with significant
reductions in mass flux exhibited multi-step behavior. Image analysis confirmed that the
early stages of mass flux reduction for these systems were associated with the removal of
the highly hydraulically-accessible source-zone mass and later stages were associated
with the less hydraulically-accessible pools.

For the system with immiscible liquid

present in multiple zones of different permeability, an increase in mass flux was observed
at late stages of mass removal. Image analysis confirmed that the late stage increase in
mass flux was attributed to changes in relative permeability. In addition, the age of the
source zone (time from initial spill to time of initial characterization) significantly
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impacted the observed mass-flux-reduction/mass-removal behavior.

Several models

were developed for estimating mass-flux-reduction/mass-removal behavior based on
measurable system parameters.

The model that accounted for both source-zone

architecture and flow-field heterogeneity was the most successful at predicting the
observed behavior. The results of this study illustrate the impact of both source-zone
architecture and flow-field heterogeneity on mass-removal and mass-flux processes.

B. Field-Scale Analysis
Published data collected for several field studies were examined to evaluate
relationships between mass flux reduction and source-zone mass removal. The studies
analyzed

represent

a

variety

of

source-zone

architectures,

immiscible-liquid

compositions, and implemented remediation technologies. End-point analysis, based on
comparing masses and mass fluxes measured before and after a source-zone remediation
effort, was conducted for 21 remediation projects. Mass removals were greater than 60%
for all but three of the studies. Mass flux reductions ranging from slightly less than to
slightly greater than one-to-one were observed for the majority of the sites. However,
these single-snapshot characterizations are limited in that the antecedent behavior is
indeterminate.

Time-continuous analysis, based on continuous monitoring of mass

removal and mass flux, was performed for two sites, both for which data were obtained
under water-flushing conditions. The reductions in mass flux were significantly different
for the two sites (90% vs. ~8%) for similar mass removals (~40%). These results
illustrate the dependence of the mass-flux-reduction/mass-removal relationship on
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source-zone architecture and associated mass-transfer processes. Minimal mass flux
reduction was observed for a system wherein mass removal was relatively efficient (ideal
mass transfer and displacement). Conversely, a significant degree of mass flux reduction
was observed for a site wherein mass removal was inefficient (nonideal mass transfer and
displacement).

The mass-flux-reduction/mass-removal relationship for the latter site

exhibited a multi-step behavior, which cannot be predicted using some of the available
simple estimation functions.
A significant degree of disparity was observed in the reported mass-flux-reduction
values. Some of this disparity may be due to the uncertainty associated with the mass
flux and mass removal measurements. However, it is likely that the observed disparity to
some degree reflects the dependency of mass flux reduction and mass removal on sourcezone architecture and mass-transfer dynamics, factors whose manifestation and resultant
impacts are site specific. This is illustrated by the contrasting mass-flux-reduction/massremoval relationships observed between the two sites wherein pump-and-treat was the
primary remediation technology. The observed disparity suggests that the use of simple
tools, especially those not tuned to site-specific conditions, to predict mass-fluxreduction/mass-removal relationships may be fraught with a high degree of uncertainty.
Based on these results, it is clear that additional, well-controlled field studies are required
to further characterize the relationship between mass flux reduction and mass removal for
a variety of conditions.
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C. Impact of Hydraulically-Poorly Accessible Immiscible Liquid
A series of flow-cell experiments was conducted to investigate aqueous
dissolution and mass-removal behavior for systems wherein immiscible liquid was nonuniformly distributed in physically heterogeneous source zones.

The study focused

specifically on characterizing the relationship between mass-flux reduction and mass
removal for systems for which immiscible liquid is poorly accessible to flowing water.
Two idealized scenarios were examined, one wherein immiscible liquid at residual
saturation exists within a lower-permeability unit residing in a higher-permeability
matrix, and one wherein immiscible liquid at higher saturation (a pool) exists within a
higher-permeability unit adjacent to a lower-permeability unit. The results showed that
significant reductions in mass flux occurred at relatively moderate mass-removal
fractions for all systems. Conversely, minimal mass flux reduction occurred until a
relatively large fraction of mass (>80%) was removed for the control experiment, which
was designed to exhibit ideal mass removal.

In general, mass flux reduction was

observed to follow an approximately one-to-one relationship with mass removal.
The ganglia-to-pool ratio was used to assess the relative behavior observed for the
experiments.

The ganglia-to-pool ratio provided a representative assessment of the

respective mass-flux-reduction/mass-removal behaviors observed for the pool system
versus the control experiment. The ratio was not effective, however, for characterizing
the behavior observed for the experiments for which immiscible liquid was trapped
within lower-permeability matrices. This illustrates the limitations of employing the
ganglia-to-pool ratio to characterize the hydraulic accessibility of immiscible liquid,
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particularly with respect to the assumption that immiscible liquid present as ganglia is
more accessible than that associated with pools. A more generally applicable systemindicator parameter would incorporate the specific disposition of the ganglia (e.g.,
account for the possible presence of immiscible liquid in lower-permeability matrices).
A simple mass-removal function was applied to the measured data and provided
reasonable matches for all but one experiment. For this latter case, the singular curves
produced with the simple function could not reproduce the multi-step behavior exhibited
by the data. Use of these functions for predicting mass-flux-reduction/mass-removal
behavior requires a priori determination of specific values for “n”. This may prove
difficult in some cases, considering the complexities associated with the impacts of
source-zone architecture, flow-field dynamics, and mass-transfer processes on mass flux
and mass removal.
The results of this study illustrate the impact of poorly accessible immiscible
liquid on mass-removal and mass-flux processes, and the relationship between mass flux
reduction and mass removal. Additional research is needed to further develop methods
for characterizing and predicting mass-flux and mass-removal behavior for systems
wherein the hydraulic accessibility of immiscible liquid is limited. The efficacy of
existing methods is likely to be especially constrained for these systems, and thus they
should be used with caution.
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D. Comparison of 1-D and 3-D Mathematical Modeling
The purpose of this study was to investigate the use of a lumped-process
mathematical model to simulate the complete dissolution of immiscible liquid nonuniformly distributed in physically heterogeneous porous-media systems. The study
focused specifically on systems wherein immiscible liquid was poorly accessible to
flowing water. Two representative, idealized scenarios were examined, one wherein
immiscible liquid at residual saturation exists within a lower-permeability unit residing in
a higher-permeability matrix, and one wherein immiscible liquid at higher saturation (a
pool) exists within a higher-permeability unit adjacent to a lower-permeability unit. As
expected, effluent concentrations were significantly less than aqueous solubility due to
dilution and by-pass flow effects.

The measured data were simulated with two

mathematical models, one based on a simple description of the system and one based on a
more complex description. The permeability field and the distribution of the immiscibleliquid zones were represented explicitly in the more complex, distributed-process model.
The dissolution rate coefficient in this case represents only the impact of local-scale (and
smaller) processes on dissolution, and the parameter values were accordingly obtained
from the results of experiments conducted with one-dimensional, homogeneously-packed
columns. In contrast, the system was conceptualized as a pseudo-homogeneous medium
with immiscible liquid uniformly distributed throughout the system for the simpler,
lumped-process model. With this approach, all factors that influence immiscible-liquid
dissolution are incorporated into the calibrated dissolution rate coefficient, which in such
cases serves as a composite or lumped term. The calibrated dissolution rate coefficients
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obtained from the simulations conducted with the lumped-process model. With this
approach, all factors that influence immiscible-liquid dissolution are incorporated into the
calibrated dissolution rate coefficient, which in such cases serves as a composite or
lumped term. The calibrated dissolution rate coefficients obtained from the simulations
conducted with the lumped-process model were approximately two to three orders of
magnitude smaller than the independently-determined values used for the simulations
conducted with the distributed-process model. This disparity reflects the difference in
implicit versus explicit consideration of the larger-scale factors influencing immiscibleliquid dissolution in the systems.
A simple model was also used to simulate the measured data.

For these

simulations, the system was conceptualized as a pseudo-homogeneous medium, with
immiscible liquid uniformly distributed along the entire length and cross section of the
system.

This extremely simplified approach represents a scenario where minimal

information is available concerning the distribution of permeability and immiscible
liquid. With this approach, all factors that influence immiscible-liquid dissolution are
incorporated into the calibrated dissolution rate coefficient, which in such cases serves as
a composite or lumped term. The calibrated dissolution rate coefficients obtained for the
1-D modeling were approximately two to three orders-of-magnitude smaller than the
values obtained from the column experiments, and which were used for the complex
modeling. The disparity in magnitudes of the values used for the simple and complex
modeling reflect the difference in implicit versus explicit consideration of the larger-scale
factors influencing immiscible-liquid dissolution in the systems.
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For the simple model, dilution effects associated with the non-uniform
distributions of immiscible liquid were shown to have a significant impact on the
magnitude of the calibrated dissolution rate coefficient, as would be expected. These
results suggest that a first step in upscaling dissolution rate coefficients for use in simple
models being applied to heterogeneous systems would be to account for dilution effects.
This would require knowledge of the general size and location of the source zone. The
degree of characterization necessary to obtain this level of information is significantly
less than that needed to characterize the specific source-zone architecture, the latter
information of which is needed for parameterization of a complex model. While the
simple model was able to produce reasonable simulations of the measured data, the
simulations were obtained through calibration. The utility of such results are greatly
constrained in comparison to results obtained from application of complex models.

E. Evaluation of the Mass Flux Approach
Knowing the mass-flux-reduction/mass-removal relationship for a given system
would be of great assistance in evaluating the potential benefits and cost-effectiveness of
a proposed remediation effort. Reductions in mass flux emanating from the source zone
decrease the supply rate of contaminant to the groundwater plume. Thus, the rate of
plume growth can be decreased. If significant reductions in mass flux can be achieved,
then expensive source-zone remediations can be coupled with less expensive plume
remediation technologies, such as monitored natural attenuation (MNA), to attain more
complete site cleanup.
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Traditionally, a site is assessed using a point-concentration metric. With this metric,
the concentration in a well down-gradient of the source zone is monitored over time and a
site is deemed clean if the concentration in that well is at or below the maximum
contaminant level (MCL). While this metric monitors water quality over time, it may not
provide information regarding the source-zone/plume dynamic. However, evaluating the
risk at a site using a mass-flux-based metric allows for evaluation of the rate of
contaminant supplying the dissolved-phase plume. The two metrics are equivalent if: (1)
the well being monitored is drawing water from the entirety of the source zone, and (2)
the flow field dynamic is not impacted by source-zone remediation.

F. Constraints of the Simple Mass-Removal Function
The ability to predict the mass-flux-reduction/mass-removal relationship for a given
system would obviously be of great assistance in evaluating the potential benefits and
cost-effectiveness of a proposed remediation effort. To that end, several approaches
based on simple mass-removal functions have been proposed recently for estimating
mass-flux-reduction/mass-removal behavior (e.g., Enfield et al., 2002; Rao et al., 2002;
Rao and Jawitz, 2003; Parker and Park, 2004; Zhu and Sykes, 2004; Falta et al., 2005a;
Jawtiz et al., 2005; Christ et al, 2006; Basu et al., 2008). This simple mass-removal
function is non-process based, where n is a lumped parameter that accounts for multiple
factors impacting the mass flux emanating from the source zone. As a result, this
function is unable to capture the observed behavior for systems wherein immiscible
liquid is non-uniformly distributed in the flow field. This is usually the case at the field
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scale and complicates the application of this function in a predictive manner. Therefore, a
more process-based method is required to more accurately predict changes in mass flux
emanating from the source zone.

Even though the utility of a simple mass-removal is

limited, it may have use for “first-order” characterization of mass flux behavior.

G. Conclusions
Through the use of intermediate-scale flow-cell experiments and evaluation of
field-scale remediation studies, this study demonstrated that significant reductions in
mass flux can be achieved with minimal to moderate removal of source-zone mass The
degree of mass flux reduction achieved is highly dependent on the distribution of
immiscible liquid in the source zone and the hydraulic accessibility of the source-zone
mass. For systems wherein source-zone mass is highly hydraulically accessible, masstransfer processes are relatively ideal and reductions in mass flux are not observed until
nearly all of the source-zone mass is removed. Early reductions in mass flux can be
achieved for systems wherein a portion of the source-zone mass is less hydraulically
accessible. Changes in flow-field dynamics (i.e., changes in permeability due to the
presence/absence of immiscible liquid) will also impact the mass flux emanating from the
source zone. By identifying the factors controlling mass-flux-reduction/mass-removal
behavior, this study aids the evaluation of the potential benefits of partial source-zone
mass removal for immiscible-liquid contaminated sites.
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Abstract
A series of flow-cell experiments was conducted to investigate the impact of
source-zone architecture and flow-field heterogeneity on the mass-flux-reduction/massremoval relationship. The results showed that minimal reductions in mass flux occurred
for systems wherein immiscible liquid was present only at residual saturation.
Significant reductions in mass flux occurred for systems wherein immiscible liquid was
present at both residual saturation and in high saturation pools. The two systems with
significant reductions in mass flux exhibited multi-step behavior.

Image analysis

confirmed that the early stages of mass flux reduction for these systems were associated
with the removal of the highly hydraulically-accessible source-zone mass and later stages
were associated with the less hydraulically-accessible pools.

For the system with

immiscible liquid present in multiple zones of different permeability, an increase in mass
flux was observed at late stages of mass removal. Image analysis confirmed that the late
stage increase in mass flux was attributed to changes in relative permeability.

In

addition, the age of the source zone (time from initial spill to time of initial
characterization) significantly impacted the observed mass-flux-reduction/mass-removal
behavior.

Several models were developed for estimating mass-flux-reduction/mass-

removal behavior based on measurable system parameters. The model that accounted for
both source-zone architecture and flow-field heterogeneity was the most successful at
predicting the observed behavior. The results of this study illustrate the impact of both
source-zone architecture and flow-field heterogeneity on mass-removal and mass-flux
processes.
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1. Introduction
The contamination of groundwater by hazardous organic chemicals and the
associated risks to human health and the environment are issues of great importance.
One of the most critical issues associated with hazardous waste sites is the potential
presence of immiscible-liquid source zones in the subsurface. Immiscible-liquids, such
as chlorinated solvents, creosote, coal tars, and fuels, once introduced into the subsurface
become entrapped, and serve as long-term sources of contamination.

In fact, the

presence of denser-than-water immiscible liquids is usually considered the single most
important factor constraining the risk assessment, characterization, and cleanup of
organic-contaminated sites (NRC, 1994; NRC, 1997; NRC, 1999; NRC, 2000; NRC,
2005; ITRC, 2002; EPA, 2003). The contaminant mass flux or mass discharge emanating
from a source zone, also referred to as the source strength or source function, is
recognized as a primary determinant of the risk associated with a contaminated site.
Concomitantly, the reduction in mass flux achieved with a specific level of source-zone
mass removal (or mass depletion) is a key metric for evaluating the effectiveness of a
source-zone remediation effort. Thus, there is great interest in characterizing, estimating,
and predicting relationships between mass flux reduction and mass removal.
The fundamental concept of contaminant mass flux, its relationship to massremoval processes and source-zone properties, and its impact on risk has long been
established (e.g.,Fried, 1979; Pflannkuch, 1984).

An early effort to quantify the

relationship between contaminant mass flux reduction and mass removal, and the
resultant reduction in risk, was presented by Freeze and McWhorter (1997). The specific
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relationship between mass flux reduction and mass removal has since been examined and
discussed in a number of studies (e.g., Enfield et al., 2002; Rao et al., 2002; Rao and
Jawitz, 2003; Stroo et al., 2003; Brooks et al., 2004; Jayanti and Pope, 2004; Lemke et
al., 2004; Parker and Park, 2004; Phelan et al., 2004; Soga et al., 2004; Falta et al., 2005;
Jawitz et al., 2005; Fure et al., 2006; Lemke and Abriola, 2006; Brusseau et al., 2007;
Suchomel and Pennell, 2007; Brusseau et al., 2008; DiFilippo and Brusseau, 2008).
Conceptual mass-flux-reduction/mass-removal relationships and their associated elution
and mass-removal curves, were presented by Brusseau et al. (2008) and DiFilippo and
Brusseau (2008).
There are two general approaches to characterizing the relationship between mass
flux reduction and mass removal, end-point analysis and time-continuous analysis. Endpoint analysis is based on comparing mass fluxes measured before and after a sourcezone remediation effort. For example, Suchomel and Pennell (2007) and Kaye et al.,
(2008) conducted flow-cell experiments to examine the impact of source-zone
architecture and remediation on mass-flux-reduction/mass-removal behavior. Several
examples of end-point analyses based on field studies have recently been reported
(Brooks et al., 2004, McGuire et al., 2006; DiFilippo and Brusseau, 2008). The end-point
analysis approach provides critical information for evaluating the impact of a source-zone
remediation effort on mass flux. However, the single-snapshot characterization of massflux-reduction/mass-removal behavior obtained with this approach is constrained in that
the antecedent behavior remains indeterminate. Conversely, as the name implies, timecontinuous analysis incorporates a “complete” characterization of the relationship
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between mass flux reduction and mass removal, from the initial stages of mass removal
to a given end point. This approach provides a more robust characterization of mass-flux
behavior as a function of mass removal. Direct, experiment-based investigations of timecontinuous mass-flux-reduction/mass-removal behavior are just now beginning to be
reported. For example, Fure et al. (2006) and Brusseau et al. (2008) conducted flow-cell
experiments under continuous water-flushing conditions to examine the impact of sourcezone architecture on mass-flux-reduction/mass-removal behavior. Brusseau et al. (2007)
report a time-continuous mass-flux-reduction/mass-removal relationship for a large
chlorinated-solvent contaminated Superfund site in Tucson, AZ. DiFilippo and Brusseau
(2008) conducted time-continuous analysis for two field sites.
An expert-panel workshop was convened recently to discuss the research needs
for characterization and remediation of DNAPL source zones (SERDP, 2006). The panel
noted that significant uncertainty remains with respect to the impact of source-zone
architecture and mass-transfer dynamics on mass-removal and mass-flux-reduction
behavior. Improved understanding of the relationship between mass removal and mass
flux reduction was deemed a high priority research need (SERDP, 2006). The purpose of
the study reported herein was to investigate the impact of source zone architecture and
flow field heterogeneity on the mass-flux-reduction/mass-removal relationship.

2. Materials and Methods
Three natural sand media with different median particle diameters were used in
these experiments, 713 Fm (20/30 mesh), 359 Fm (40/50 mesh), and 172 Fm (70/100
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mesh) (Unimin Corp.) (Schroth et al., 1996). Representative hydraulic conductivities for
the three media are 15, 4, and 0.1 cm/min, respectively (Schroth et al., 1996).
Trichloroethene (TCE), ACS grade (Aldrich), was used as the immiscible liquid. The
immiscible liquid was dyed with Sudan IV (Aldrich) at a concentration of 100 mg/L,
which has been shown to have minimal impact on fluid properties and behavior (e.g.,
Schwille, 1988; Kennedy and Lennox, 1997).
Both rectangular and cylindrical flow cells were used in this study.

The

rectangular flow cell (used for the Mixed Source and Heterogeneous experiments as
referenced below) was constructed of stainless steel and tempered glass, with dimensions
of 40 cm long by 20 cm high by 2.6 cm wide. This flow cell was equipped with multiple,
evenly spaced injection/extraction ports. Three immiscible liquid injection ports were
evenly spaced at the top of the flow cell. Water tight seals were made with Teflon and
silicon sealant. The cylindrical flow cell (used for the Homogeneous experiment as
referenced below) was constructed of stainless steel and was 7.58 cm in diameter and 10
cm long. Finally, the Control experiment was conducted in a 2 cm diameter and 7 cm
long stainless steel column.
A total of four experiments were conducted for this study.

Source-zone

architecture was varied through modifying the packing/injection method. For the Control
experiment, a residual saturation of TCE was established throughout the column using
standard procedures (e.g., Imhoff et al., 1994; Powers et al., 1994).

This method

developed a source zone wherein immiscible liquid was present at residual saturation
throughout the entirety of the flow field.

The source zone for the Homogenous
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experiment was developed by manually mixing and packing the source zone with
immiscible liquid using standard procedures (e.g., Brusseau et al., 2000; 2002; 2008).
The source zones for both the Mixed Source and Heterogeneous experiments were
developed by injecting TCE through the top injection ports using a gas-tight syringe and
needle. The injection needle was driven to a depth of approximately 7 cm from the top of
the flow cell. The needle was secured to the injection port using a Swagelok® fitting.
Immiscible liquid was injected at a rate of 1 ml/min and allowed to naturally distribute
within the porous media. For the Mixed Source experiments, all of the immiscible liquid
was injected through the central injection port. Injection of the immiscible liquid in the
Heterogeneous experiment was partitioned between two ports: 10 ml of immiscible liquid
was injected in the far left port and 5 ml was injected through the center port. Once a
flow cell was prepared, deionized, de-aired water was injected at a constant rate,
equivalent to an average pore-water velocity of approximately 9 cm/h, to initiate the
dissolution study (Table 1).
For all experiments, effluent samples were collected with a glass syringe and
injected into glass autosampler vials. The samples were stored at 4 EC until analyzed
using a gas chromatograph (Shimadzu 14A) equipped with an autosampler and a flame
ionization detector (FID). Analytical methods were similar to previous studies (e.g.,
Brusseau et al. 2008). The quantifiable detection limit for TCE was 1.7 ppm. The
effluent concentration and flow rate were used to determine mass flux. Integration of the
effluent concentration data provided total mass, and cumulative mass removed as a
function of time.
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For the Mixed Source and Heterogeneous experiments, the distribution of
immiscible liquid (i.e., source-zone architecture) was determined using a Light Reflection
Visualization (LRV) method, similar to that described by Kechavarzi et al. (2000). At
any given time, a series of three photographs of the flow cell was taken using a high
resolution digital camera (Nikon D70 with an AF-S Nikkor 18-70 mm lens). Each
photograph contained an optical density photographic card (Kodak) to correct for lighting
differences between images and to convert pixel intensity to optical density. An average
pixel-by-pixel optical density value for a given time was determined by averaging the
optical density of the three images. Any background anomalies caused by changes in
lighting across the front of the flow cell were corrected by subtracting an immiscibleliquid free image set (taken prior to injection) from the image set of interest. Immiscibleliquid saturation was calculated based on a pre-determined immiscible-liquid saturation
versus optical density calibration curve. The LRV method was tested based on two
independent measures of immiscible-liquid volumes: known injection volumes and
moment analysis of effluent concentration, and a partitioning tracer test (DiFilippo, 2008;
Appendix H).
Several approaches, based on “source-depletion” models or simple “massremoval” functions, have recently been proposed for estimating the relationship between
mass flux reduction and mass removal (e.g., Enfield et al., 2002; Rao et al., 2002; Parker
and Park, 2004; Falta et al., 2005; Jawitz et al., 2005; Brusseau et al., 2008; DiFilippo
and Brusseau, 2008; Kaye et al., 2008). One simple approach is based on treating
changes in mass flux as a direct function of the change in contaminant mass:
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= 1 −
Ji 
M i 
Jf

n

(1)

where J is mass flux [M/t], M is source zone mass [M], n is a fitting parameter, and the
subscripts i and f represent initial and final, respectively. The parameter n defines the
specific mass-flux-reduction/mass-removal relationship, and thus incorporates the impact
of source-zone architecture, flow-field dynamics, and mass-transfer and displacement
processes. Lesser degrees of mass flux reduction are observed for n values increasingly
greater than 1. Applications of this approach are discussed in several recent publications
(e.g., Rao et al., 2002; Falta et al., 2005; Brusseau et al, 2008; DiFilippo and Brusseau,
2008; Basu et al., 2008).

3. Results and Discussion

3.1 Immiscible Liquid Distribution
The Homogeneous experiment consisted of a homogeneous pack of 40/50 sand.
The source zone for this experiment comprised a small portion (10%) of the total volume
of the flow cell (Figure 1).

As mentioned above, this zone was packed with a

homogeneous distribution of immiscible liquid. The immiscible liquid saturation within
the zone was 0.10 and the global saturation (volume of immiscible liquid to total volume
of the flow cell) was 0.01.
The initial distribution of immiscible liquid in the Mixed Source and
Heterogeneous experiments is shown in Figures 2 and 3, respectively. The source zone
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for the Mixed Source experiment consisted of a homogeneous pack of 40/50 sand with a
1 cm thick capillary barrier composed of 70/100 sand at the bottom of the flow cell. In
this experiment, immiscible liquid migrated downward through the matrix and spread
laterally along the top of the capillary barrier. This created a higher saturation pool at the
top of the capillary barrier. The average initial immiscible liquid saturation above the
pool was 0.11 and the average saturation within the pool was 0.18. The ganglia-to-pool
ratio (GTP), the ratio of the volume of residual to pooled immiscible liquid, was
calculated based on a maximum immiscible-liquid residual saturation of 0.20 determined
by Dobson et al. (2006). The initial GTP for this experiment was 1.69, indicating that
more immiscible liquid mass was initially present at residual saturation.
The source zone for the Heterogeneous experiment consisted of a matrix of 40/50
sand with lenticular zones of 20/30 and 70/100 sand (Figure 3). On the left side of the
flow cell, immiscible liquid migrated downward and pooled along the top boundary of
the 70/100 zone. In the center of the flow cell, immiscible liquid migrated downward to
the 70/100 zone. The immiscible liquid moved laterally along this boundary and spilled
over the edge. Then, immiscible liquid wicked into the adjacent 20/30 zone and pooled.
During flushing, the immiscible liquid associated with the 20/30 zone mobilized and
moved to the bottom of the zone. The volume of immiscible liquid residing as residual or
pooled was calculated for each sand type. The maximum residual saturation for the
40/50 matrix was 0.20 and the maximum residual saturation for the 20/30 sand was 0.16
(Dobson et al., 2006). The initial GTP for this experiment was 1.23, indicating that more
immiscible-liquid mass was present at residual saturation.
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3.2 Contaminant Elution Behavior
The contaminant elution curves obtained from the flow-cell and control
experiments are presented in Figure 4. As expected, the initial effluent concentration for
the control experiment was equal to the aqueous solubility of TCE and the concentration
remained high until almost all of the immiscible-liquid mass was removed. The effluent
concentrations for the other flow-cell experiments were less than aqueous solubility
values, as expected, due to dilution effects associated with the system configuration. The
effluent concentrations for the Homogeneous experiment initially remained steady and
gradually decreased after 40% of the total immiscible-liquid mass was removed. The
elution curves for the Mixed Source and Heterogeneous experiments exhibited relatively
extensive periods wherein the concentrations decreased gradually, reflecting the impacts
of mass-removal constraints. For the Mixed Source experiment, immiscible-liquid mass
associated with the highly hydraulically-accessible region (i.e., the residual zone above
the pool) was removed at early flushing times (Figure 2). The mass associated with the
less hydraulically-accessible, high-saturation pool was the last to be removed (Figure 2).
Removal of mass from the pool occurred along an upgradient dissolution front (Figure 2)
similar to results reported in previous studies (e.g. Imhoff et al., 1994; Brusseau et al.
2000; 2002). This resulted in steady effluent concentrations for several pore volumes of
flushing and produced the shoulder seen in the elution curve after 74 PV of water
flushing (Figure 5).
The elution curve for the Heterogeneous experiment also displayed an initial
period wherein concentration gradually decreased with flushing time (Figure 5). Once all
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of the mass associated with the 40/50 matrix was removed, the concentration eluting from
the flow cell increased from 66 ppm to 95 ppm and remained high until nearly all of the
immiscible-liquid mass was removed. The initial decrease in concentration reflected the
preferential removal of immiscible-liquid mass from the 40/50 matrix (Figure 3). The
initial GTP ratio for the 40/50 matrix was 2.63, indicating a residual dominated zone.
Conversely, the initial GTP for the 20/30 zone was 0.23, indicating a pool dominated
zone. During flushing, the saturation in this zone remained relatively constant with time
until all of the immiscible-liquid mass was removed from the matrix (Figure 6). The
delay in dissolution of the 20/30 zone was due to the presence of immiscible liquid
sources located directly upgradient (Figure 3). This behavior is similar to that observed
in modeling studies conducted by Sale and McWhorter (2001).
Powers et al. (1998) and Nambi and Powers (2000) observed a similar increase in
concentration for a system wherein high immiscible-liquid saturation was located in a
coarse sand lens. They suggested that the increase in concentration reflected changes in
the relative permeability of the source zone due to the presence of immiscible liquid. The
relative permeability (kr) of the flow field for both the Mixed Source and Heterogeneous
experiments was calculated based on the water and immiscible liquid saturation:

k r = Se(1 − S n )
Se =

S w − S wr
1 − S wr

2

(2a)
(2b)
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where Se is the effective water saturation [-], Sn is the immiscible liquid saturation [-], Sw
is the measured water saturation ( S w = 1 − S n ) [-], and Swr is the residual water saturation
[-]. The value for Swr was determined by Schroth et al. (1996).
The initial relative permeability distribution for both the Mixed Source and
Heterogeneous experiments are presented in Figures 7 and 8, respectively. For the Mixed
Source experiment, the initial relative permeability in the region above the pool was high,
indicating that the presence of immiscible liquid had a minimal impact on the flow field
in this region (Figure 7). In the pool region, the initial relative permeability was low;
however, kr quickly increased after only 4 PV of water flushing (Figure 7). Therefore, it
was determined that the presence of immiscible liquid had a minimal impact on the flow
field for this experiment. This is consistent with results from previous studies (e.g.,
Brusseau et al., 2000; 2002).

The initial relative permeability distribution for the

Heterogeneous experiment showed regions of low kr in both the 40/50 matrix and the
20/30 zone (Figure 8). The relative permeability increased in the 40/50 matrix after 51
PV of water flushing, indicating that the presence of immiscible liquid had a minimal
impact on flow in this region (Figure 8). As discussed above, the initial immiscibleliquid saturation was high for the 20/30 zone and remained relatively unchanged until the
immiscible-liquid mass was removed from the matrix.

The high immiscible-liquid

saturation resulted in decreased relative permeability for this zone.

The relative

permeability and as a function of water flushing for the 20/30 zone is presented in Figure
9. After 215 hours of flushing, permeability increased along the top edge of this zone due
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to bypass flow and dissolution fingering. However, the relative permeability remained
practically unchanged until nearly all of the mass was removed from the flow cell.
Low relative permeability values, such as those observed in the 20/30 zone,
decrease the overall hydraulic conductivity of the porous medium. Preliminary dye tracer
tests conducted for a similar system illustrates the decreased hydraulic accessibility of a
source zone containing high immiscible-liquid saturation (Figure 10). The impact of
relative permeability on the average hydraulic conductivity for the 20/30 zone is
presented in Figure 11.

For a completely water saturated system, the hydraulic

conductivities for the 20/30 and 40/50 sands are 15 cm/min and 4 cm/min, respectively
(Schroth et al., 1996). The high saturation of immiscible liquid in the 20/30 zone initially
decreased the hydraulic conductivity from 15 cm/min to 8 cm/min, approximately a 55%
reduction. Once mass was depleted from this zone, the hydraulic conductivity began to
increase (Figure 11).

3.3 Mass-Flux-Reduction/Mass-Removal Behavior
The reductions in mass flux associated with mass removal for the flow-cell and
control experiments are presented in Figure 12. In prior studies, lesser degrees of mass
flux reduction have been observed for systems with higher GTP ratios, whereas one-toone and greater than one-to-one reductions were observed for systems with moderate to
low ratios (Lemke et al., 2004, Phelan et al., 2004, Lemke and Abriola, 2006; Suchomel
and Pennell, 2007; Brusseau et al., 2008). The initial GTP ratios for all four experiments
are presented in Table 1. In general, our results agree with prior studies, in that lesser
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degrees of mass flux reduction were observed for experiments with high initial GTP
ratios (Control and Homogeneous) and greater reductions were observed for experiments
with lower initial GTP ratios (Mixed Source and Heterogeneous). Both the Control and
Homogeneous experiments exhibited no reductions in mass flux during initial stages of
mass removal. The similar mass-removal behaviors are evident when comparing the
contaminant elution curves obtained for the two experiments (Figure 4).

Steady

concentration profiles wherein concentrations are maintained at near maximal levels are
observed for both experiments. For the control experiment, minimal mass flux reduction
occurred until a relatively large fraction of mass (~0.75) was removed. This behavior is
expected for an ideal system wherein immiscible liquid is distributed throughout the
entire system and is fully accessible, illustrating the impact of relatively ideal masstransfer and displacement. For the Homogeneous experiment, reduction in mass flux
occurred after removing less than half of the source zone mass (~0.40). The earlier
reduction in mass flux observed for the Homogeneous experiment was the result of the
non-uniform distribution of immiscible liquid in the flow field, resulting in less ideal
mass-transfer and displacement.
The mass-flux-reduction/mass-removal relationships for both the Mixed Source
and Heterogeneous experiments exhibited non-singular behavior, comprising two distinct
stages. In the first stage, reductions in mass flux were observed after removing less than
3% of the total mass in the flow cell. These early reductions in mass flux reflect the
preferential removal of immiscible liquid residing in lower saturation, highly
hydraulically-accessible regions of the flow cell (Figures 2 and 3).

The mass flux

81
emanating from the flow cell continued to decrease until all of the highly-accessible
immiscible liquid mass was removed. The final stage of the mass-flux-reduction/massremoval relationship reflects the removal of immiscible-liquid mass from the high
saturation, more poorly-accessible regions of the source zone. For the Mixed Source
experiment, the removal of immiscible-liquid mass from the long pool resulted in steady
effluent concentrations for several pore volumes of flushing.

The steady effluent

concentrations halted reductions in mass flux until almost all of the immiscible-liquid
mass was removed from the system and produced the bend in the mass-fluxreduction/mass-removal relationship.

Such non-singular or multi-step mass-flux-

reduction/mass-removal behavior was observed for source zones with less hydraulicallyaccessible immiscible liquid (Brusseau et al., 2008), selected individual realizations in
recent mathematical-modeling studies (Lemke et al., 2004; Phelan et al., 2004; Soga et
al., 2004; Lemke and Abriola, 2006) and in measured field data (Brusseau et al., 2007;
DiFilippo and Brusseau, 2008).

For the Heterogeneous experiment, changes in the

relative permeability of the 20/30 zone resulted in an increase in effluent concentrations
and, consequently, an increase in the mass flux emanating from the flow cell. The
increase in the mass flux emanating from the flow cell produced the bend observed in the
mass-flux-reduction/mass-removal relationship. Following this, there was an extended
period during which mass flux remained constant due to steady state effluent
concentration, associated with the dissolution of the pool.
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3.4 Impact of Source-Zone Age
At most contaminated sites, immiscible liquid may be present in the subsurface
for several years prior to source-zone characterization and remediation. Sites where
contamination has existed for years will likely have had a portion of the highly accessible
source-zone mass removed prior to the initiation of source-zone characterization and
remediation. Behavior observed for such sites may differ from that observed for newly
contaminated sites. The impact of source-zone age was investigated for the Mixed
Source and Heterogeneous experiments by assessing the mass-flux-reduction/massremoval behavior after the most highly accessible mass was removed. For the Mixed
Source experiment, a new initial condition was established after 29 PV of flushing. This
coincides with the complete removal of the highly accessible residual immiscible liquid,
leaving only the more poorly accessible immiscible liquid pool located along the top of
the capillary barrier. The new initial condition for the Heterogeneous experiment was
established after 106 PV of flushing, corresponding to the complete removal of
immiscible liquid mass from the 40/50 matrix. The mass-flux-reduction/mass-removal
relationship was then recalculated based on these new initial conditions (Figure 13).
The mass-flux-reduction/mass-removal behavior for these pool dominated systems is
vastly different from the initial relationships derived for these experiments. The modified
Mixed Source data set (hereto referred to as Mixed Source-2) exhibited non-singular
behavior, marked by three distinct stages. Although the original Mixed Source data set
also displayed non-singular behavior, the three stages for the Mixed Source-2 data set
occurred at significantly lower reductions in mass flux and mass removal. In the initial
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stage, reductions in mass flux were observed after removing less than 1% of the mass.
This initial reduction in mass flux reflects the preferential removal of the highly
accessible mass along the top boundary of the pool. Next, there was a period of minimal
reduction in mass flux associated with the progression of the dissolution front along the
upgradient edge of the source zone. In the final stage, there were again large reductions
in mass flux associated with the final removal of immiscible liquid mass from the flow
cell.
The modified Heterogeneous data set (hereto referred to as Heterogeneous-2)
exhibited minimal reductions in mass flux until nearly all of the source-zone mass was
removed. This behavior is contrary to the conventional concept of the impact of sourcezone architecture on the mass-flux-reduction/mass-removal relationship, wherein pool
dominated systems display early reductions in mass flux and residual dominated systems
display minimal reductions in mass flux (Lemke et al., 2004; Phelan et al., 2004; Lemke
and Abriola, 2006; Suchomel and Pennell, 2007).

The behavior exhibited by the

Heterogeneous-2 data set is similar to simulations conducted for source zones consisting
of only pooled immiscible liquid, rather than a mixture (combination) of residual
saturation and pools (Sale and McWhorter, 2001). Although the mass flux emanating
from the systems are significantly different, the mass-flux-reduction/mass-removal
behavior exhibited by the Heterogeneous-2 data set is also similar to that of the Control
experiment (Figure 13).

The behavior for these two systems is similar because

dissolution occurred along the upgradient edge of the source zones, producing steady
effluent concentrations for several pore volumes of water flushing.
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3.5 Application of the Simple Mass-Removal Function
The simple mass-removal function was applied to the data sets reported herein
(see Figures 12 and 13). The value for n was determined using a least-squares-regression
routine. The best fit values for n are reported in Table 1. In the case of the Control and
Homogeneous experiments, the simple mass-removal function provided reasonable
matches to the measured data. In contrast, the singular curves produced with this simple
function can not reproduce the multi-step behavior exhibited by either the Mixed Source
or Heterogeneous experiments. The n parameter incorporates the impact of source-zone
architecture, flow-field dynamics, and mass-transfer and displacement processes;
properties which can change during the course of flushing. For example, changes in the
relative permeability of the 20/30 zone generated changes in the flow field with time for
the Heterogeneous experiment. Changes in source-zone architecture can be examined by
determining the GTP ratio at various flushing times (Figure 14). The Mixed Source
experiment had an initial GTP of 1.69. During flushing, the GTP increased until all of
the immiscible-liquid mass was present at or below residual saturation (GTP = ∞).
Therefore, the system became more residual dominated with time. The initial GTP for
the Heterogeneous experiment was 1.23 and the GTP remained relatively constant until
approximately 40% of the total mass was removed from the system. The mass removed
up to this point in the flushing was associated with the low saturation, highly
hydraulically-accessible 40/50 matrix. The GTP decreased once this highly accessible
mass was removed, indicating that the system became more pool dominated. When
immiscible liquid was only present in the 20/30 zone the GTP decreased to 0.51.
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Flushing approximately 20 PV more water through the system decreased the GTP to
0.25. This decrease in GTP corresponded to the increase in concentration between times
h4 and h5 in Figure 5. Since the system became more pool dominated during this time, it
is concluded that residual immiscible-liquid mass in this zone was preferentially removed
during this time. This is confirmed through image analysis of the zone (Figure 6) where
it is evident that a greater decrease in saturation at time h6 was observed than for time h5.
As this zone was depleted the GTP increases, indicating a more residual dominated
system.
As a result of changing source-zone architecture and flow field dynamics, the
parameter n will most likely change during the course of flushing.

The impact of

changing n to reflect changes in source-zone architecture and flow field dynamics is
presented in Figure 15. By allowing n to change from 0.63 to 0.25 once 66% of the total
mass has been removed, the mass-removal function provides a better representation of
the measured data for the Mixed Source experiment. The mass-removal function is able
to capture the behavior observed for the Heterogeneous experiment if n is allowed to
gradually increase from 0.56 to 2.5 once 80% of the total mass is removed from the
system.

3.6 Prediction of Mass-Removal Parameters
There is interest in the use of system-indicator parameters for predicting the type
of mass-flux-reduction/mass-removal behavior (i.e., predicting a value for n) expected for
a given set of conditions. One example is using the GTP ratio to define source-zone
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architecture (e.g., Lemke et al., 2004; Christ et al., 2006; Lemke and Abriola, 2006;
Suchomel and Pennell, 2007). In addition to the source-zone architecture, mass-fluxreduction/mass-removal behavior may also be influenced by the time scale of contact
between the flowing water and the source zone (flow rate, system dimensions), and the
overall amount of immiscible liquid present, especially under conditions wherein one or
more mass-transfer processes are rate limited. Thus, other potential system-indicator
parameters include global immiscible-liquid saturation, source-length:system-length
ratio, and source-area:system-area ratio (cross-sectional areas).
A series of models were developed in order to predict mass-flux-reduction/massremoval behavior. Each of the models determines a value for the parameter (n) based on
measurable system parameters (Table 2). The models are presented in ascending order of
complexity.
The Initial GTP (IGTP) model predicts mass-flux-reduction/mass-removal
behavior based on the initial GTP for the system. A relationship between GTP and n was
developed from analysis of simulations presented by Lemke and Abriola (2006) (Figure
16). This study used a numerical model to simulate immiscible-liquid distribution and
dissolution in heterogeneous porous media. The initial immiscible-liquid distribution for
each simulation was defined using the GTP ratio. Reductions in mass flux for each
simulation were calculated based on the effluent concentration and assuming that the
volumetric flow rate was constant throughout the course of the simulation. The simple
mass-removal function was then fit to each simulation using a least-squares-regression
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routine to determine a value for the n parameter. A positive correlation was obtained
between GTP and n, which can best be expressed by a power-law model:
n = 0.65(GTP )

0.52

(3)

This method is similar to the analysis performed by Christ et al. (2006).
Using the initial GTP ratio from the image analysis, values for n of 0.86 and 0.72
were calculated for the Mixed Source and Heterogeneous experiments, respectively.
These values are similar in magnitude to the best fit n determined using the least squares
regression routine (Table 1). The mass-flux-reduction/mass-removal relationships using
the predicted value for n were able to capture the early behavior exhibited by the data;
however, this model was unable to capture the later multi-step behavior (Figure 17a). In
addition, the initial GTP ratios for the Control and Homogeneous experiments were the
same; yet, the mass-flux-reduction/mass-removal behavior for these two experiments was
different due to different source zone areas and lengths and varying mass-transfer and
displacement processes. Therefore, differences in the initial GTP ratio alone are not
sufficient for explaining the observed variation in the mass-flux-reduction/mass-removal
relationships
The Variable GTP (VGTP) model relates mass-flux-reduction/mass-removal
behavior to changes in source-zone architecture using the GTP ratio (Table 2). Unlike
the IGTP model, the VGTP model allows the n parameter to change as the GTP ratio
changes. The predicted mass-flux-reduction/mass-removal behavior using the VGTP
model is presented in Figure 17b. This model was able to capture the initial behavior
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observed for the Heterogeneous experiment; however, it was still unable to capture the
increase in mass flux associated with the permeability constraints associated with the
20/30 zone. For the Mixed Source experiment, this model is unable to capture any of the
observed behavior. Throughout the course of flushing, the GTP ratio for the Mixed
Source experiment increased until all of the immiscible liquid mass was present at or
below residual saturation (Figure 14). According to the conventional concept of massflux-reduction/mass-removal, as the GTP ratio increases (more residual dominated) the
system should exhibit smaller degrees of mass flux reduction. However, as flow paths in
the highly accessible residual zone became immiscible-liquid free (due to dissolution of
the source), the effluent concentration (mass flux) decreased due to increased dilution.
Therefore, the GTP ratio of the system alone is not a sufficient measure of the sourcezone architecture.
The Lumped Source Zone (LSZ) model relates mass-flux-reduction/mass-removal
behavior to changes in source-zone architecture using the GTP ratio and measures of the
source-zone area and length (Table 2). The initial GTP ratio provides a measure of the
relative importance of residual and pooled immiscible liquid. Unlike the VGTP model,
the LSZ model characterizes changes in source architecture by changes in the crosssectional area and length of the immiscible-liquid source. Changes in the source-zone
architecture are defined by the ratio of the source zone cross-sectional area and length to
the total cross-sectional area and length of the system (Figure 18). The mass-fluxreduction/mass-removal relationship predicted using the LSZ model is presented in
Figure 17c.

This model was able to capture multi-step behavior and provided a
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reasonable prediction of the behavior exhibited in the Mixed Source experiment. The
LSZ model over-predicted the amount of mass flux reduction observed for the
Heterogeneous experiment at high mass removals and was unable to simulate the
increased mass flux observed when only the 20/30 source zone remained.
The Multi-Domain: Variable Saturation (MDVS) model relates mass-fluxreduction/mass-removal behavior to changes in source-zone architecture using the initial
GTP ratio, changes in immiscible-liquid saturation and measures of the source-zone area
and length (Table 2). This model accounts for the presence of immiscible liquid in
multiple zones of different saturation. The relative importance of each zone to the overall
mass flux behavior is a function of the fraction of immiscible liquid present. The massflux-reduction/mass-removal relationship predicted using the MDVS model is presented
in Figure 17d. This model captured the early behavior exhibited by the Heterogeneous
experiment; however, it was unable to simulate the multi-step behavior observed at later
stages of mass removals. In addition, the MDVS model over predicted the amount of
mass flux reduction observed at early stages of mass removals for the Mixed Source
experiment.
Flow field dynamics are also important factors controlling the mass flux
emanating from the source zone. The Multi-Domain: Permeability Zones (MDPZ) model
relates

mass-flux-reduction/mass-removal

behavior

to

changes

in

source-zone

architecture using the GTP ratio, measures of the source-zone area and length, and flow
field dynamics (Table 2). This model accounts for the presence of immiscible liquid in a
multiple permeability zones and any associated changes in permeability. Changes in
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permeability are defined by the ratio of the hydraulic conductivity at a given time to the
initial hydraulic conductivity. The importance of each permeability zone to the overall
mass flux behavior is a function of the fraction of immiscible liquid present in each zone.
Since all of the immiscible liquid was present in one permeability zone in the Mixed
Source experiment, the MDPZ model reduced to the LSZ model assuming negligible
reductions in relative permeability. The mass-flux-reduction/mass-removal relationship
predicted using the MDPZ model is presented in Figure 17e. This model provided the
best prediction of the behavior exhibited by both the Mixed Source and Heterogeneous
experiments. Due to the addition of the flow field dynamics, this model was able to
predict the increase in mass flux observed in the Heterogeneous experiment produced by
changes in relative permeability.
The relative differences between the observed behavior and the model predicted
behavior was quantified using the root-mean-square error (RMSE):

RMSE =

1 n
(Pi − Oi )2
∑
n i =1

(4)

where n is the total number of samples [-], P is the model predicted reduction in mass
flux [-], and O is the observed reduction in mass flux [-]. The computed RMSE value for
each model is presented in Table 3. Allowing the n parameter to change with time
provided a better prediction of the observed data. The model that best represented the
observed behavior for both the Mixed Source and Heterogeneous experiments was the
MDPZ model. This was expected since this model is the most descriptive of both the
source-zone architecture and flow field.
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The use of these functions for predicting mass-flux-reduction/mass-removal
behavior requires a priori determination of the system parameters. For systems that are
not as highly characterized as these flow-cell experiments, some of the system parameters
used in this investigation may be difficult to obtain.

At a field site, in particular,

estimates of the GTP ratio and relative permeability may not be readily obtained without
very detailed site characterization.

Therefore, more work is needed to relate these

parameters to more easily measurable system parameters.

4.0 Summary
A series of flow-cell experiments was conducted to investigate the impact of
source-zone architecture and flow-field heterogeneity on the mass-removal/mass-fluxreduction relationship.

Source-zone architecture was varied through modifying the

packing/injection method and flow-field heterogeneity was varied through changing the
permeability distribution. The Control experiment displayed minimal reductions in mass
flux until nearly all of the immiscible-liquid mass was removed.

This behavior is

expected for an ideal system wherein immiscible liquid is distributed throughout the
entire system and is fully accessible, illustrating the impact of relatively ideal masstransfer and displacement. The Homogeneous experiment exhibited greater reductions in
mass flux for earlier mass removals, illustrating the impact of non-uniform distribution of
immiscible liquid in the flow field, resulting in less ideal mass-transfer and displacement.
The source zones for the Mixed Source and Heterogeneous experiments consisted of both
residual and pooled immiscible liquid. Both experiments exhibited reductions in mass
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flux for small fractions of mass removal.

The early reductions in mass flux were

attributed to the preferential removal of the highly hydraulically-accessible residual
saturation regions of the system. The multi-step behavior was attributed to the removal
of the less hydraulically-accessible, higher saturation regions.

The Heterogeneous

experiment exhibited an increase in mass flux at late stages of mass removal due to
changes in the permeability of the source zone. Removal of immiscible-liquid mass from
the less hydraulically accessible regions of the source zone produced a bend in the massflux-reduction/mass-removal relationship. Source-zone age also impacted the observed
mass-flux-reduction/mass-removal behavior.
Several models were developed to predict the mass-flux-reduction/mass-removal
relationship using measurable system parameters. The models incorporated measures of
source zone architecture (GTP ratio, source zone cross-sectional area and length) and
flow field dynamics (changes in relative permeability). Models that only incorporated
the GTP ratio were unable to predict the observed behavior. Models that incorporated
parameters accounting for the source zone cross-sectional area and length were better
able to predict the observed behavior. The model that was best able to fit the observed
data incorporated parameters for both source-zone architecture and flow-field dynamics.
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Figure 1. Schematic diagram of the Homogeneous experiment source zone. The gray
zone in the center represents the immiscible-liquid source zone. (a) Longitudinal view.
(b) Plan view.

Figure 2. Source-zone architecture at six different flushing times for the Mixed Source
experiment. Immiscible-liquid saturation was determined using a LRV method. The
matrix was composed of 40/50 sand and the gray zone was composed of 70/100 sand.
The immiscible-liquid saturation is defined using the color scale, where warm colors
indicate high immiscible-liquid saturation and cool colors represent low saturation. The
ganglia-to-pool (GTP) ratio was calculated using the image data with a residual threshold
of 0.20. The percent mass removal was calculated based on moment analysis of the
elution data.

Figure 3. Source-zone architecture at six different flushing times for the Heterogeneous
experiment. Immiscible-liquid saturation was determined using a LRV method. The
matrix was composed of 40/50 sand. The black outlined zones were composed of 20/30
sand and gray zones were composed of 70/100 sand. The immiscible-liquid saturation is
defined using the color scale, where warm colors indicate high immiscible-liquid
saturation and cool colors represent low saturation. The ganglia-to-pool (GTP) ratio was
calculated using the image data with a residual threshold of 0.20 for the 40/50 sand and
0.16 for the 20/30 sand. The percent mass removal was calculated based on moment
analysis of the elution data.
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Figure 4. (a) Concentration as a function of the number of pore volumes flushed for the
four experiments. The pore volumes for the Control, Homogeneous, Mixed Source and
Heterogeneous experiments are 9 ml, 185 ml, 913 ml and 813 ml, respectively. The
Homogeneous, Mixed Source and Heterogeneous experiments are plotted using the
bottom axis and the Control experiment is plotted using the top axis. (b) Concentration
as a function of the relative flushing time for each experiment. The relative time is the
ratio of the sampling time to the total flushing time. The total flushing time for the
Control, Homogeneous, Mixed Source and Heterogeneous experiments are 81 hr, 72 hr,
649 hr and 703 hr, respectively.

Figure 5. (a) Concentration as a function of the number of pore volumes flushed for the
Mixed Source experiment. The arrows indicate times at which image analysis was
performed: ms2 = 18 hr (4 PV), ms3 = 78 hr (18 PV), ms4 = 93 hr (21 PV), ms5 = 117 hr
(26 PV), ms6 = 131 hr (29 PV), ms7 = 286 hr (62 PV), ms8 = 382 hr (82 PV). (b)
Concentration as a function of the number of pore volumes flushed for the Heterogeneous
experiment. The arrows indicate times at which image analysis was performed: h2 = 47
hr (10 PV), h3 = 95 hr (21 PV), h4 = 216 hr (51 PV), h5 = 384 hr (94 PV), h6 = 459 hr
(115 PV), h7 = 504 hr (124 PV), h8 = 552 hr (136 PV), h9 = 601 hr (148 PV), h10 = 672
hr (167 PV).

Figure 6. The initial immiscible liquid saturation distribution for the 20/30 zone. The
magnitude of saturation is defined using the color scale, where warm colors represent
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high immiscible-liquid saturation values and cool colors represent low saturation values.
(a) Initial immiscible-liquid saturation distribution, (b) h4, (c) h5, (d) h6, (e) h7, (f) h8,
(g) h9, (h) h10.

Figure 7. Relative permeability (kr) distribution for the Mixed Source experiment. The
magnitude of the kr is defined using the color scale, where warm colors indicate low kr
values and cool colors indicate high kr values. (a) Initial kr distribution. (b) Distribution
of kr after 18 hr (4 PV) of water flushing.

Figure 8. Relative permeability (kr) distribution for the Heterogeneous experiment. The
magnitude of the kr is defined using the color scale, where warm colors indicate high kr
values and cool colors indicate low kr values. (a) Initial kr distribution. (b) Distribution
of kr after 216 (51 PV) of water flushing.

Figure 9. (a) The initial relative permeability distribution for the 20/30 mesh zone. The
magnitude of kr is defined using the color scale, where warm colors indicate low kr values
and cool colors indicate high kr values. (a) Initial relative permeability distribution, (b)
h4, (c) h5, (d) h6, (e) h7, (f) h8, (g) h9, (h) h10.

Figure 10. Dye tracer test for preliminary experiment. The matrix is composed of 40/50
sand and the immiscible liquid zone is composed of 20/30 sand. The flushing solution
was dyed with erioglaucine (Aldrich) at a concentration of 100 ppm. The immiscible
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liquid (carbon tetrachloride (Aldrich)) was dyed with Sudan IV (Aldrich) at a
concentration of 100 ppm for visualization. High concentration of the color red indicates
high immiscible liquid saturation. The average saturation of the zone was 0.33 and the
maximum saturation was 0.81. (a) Dye tracer test conducted at the initiation of the
dissolution experiment.

The high immiscible-liquid saturation in the source zone

impeded flow through the zone. (b) Dye tracer test conducted after the dissolution
experiment. The absence of immiscible liquid allowed the flushing solution to easily
penetrate the high permeability source zone.

Figure 11. The average hydraulic conductivity for the 20/30 zone in the Heterogeneous
experiment as a function of the total mass removed. The water saturated hydraulic
conductivity of the 40/50 and 20/30 sands are represented by the solid horizontal lines.

Figure 12. Mass flux reduction versus mass removal behavior for the experiments. Also
shown are mass-flux-reduction/mass-removal curves produced with the simple massremoval function.

Figure 13. Mass flux reduction versus mass removal behavior for the modified Mixed
Source and Heterogeneous experiments (Mixed Source-2 and Heterogeneous-2,
respectively). Also shown are mass-flux-reduction/mass-removal curves produced with
the simple mass-removal function.
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Figure 14. Ganglia-to-pool (GTP) ratio as a function of mass removal for the Mixed
Source and Heterogeneous experiments.

Figure 15. Mass flux reduction versus mass removal behavior for the Mixed Source and
Heterogeneous experiments and application of the simple mass-removal function wherein
n is allowed to change during flushing.

Figure 16. The best fit of n for numerical modeling simulations with varying GTP ratios.
The numerical simulations were performed by Lemke and Abriola (2006). The values for
n were obtained by fitting the simple mass-removal function to the simulated data using a
least squares regression routine.

Figure 17. Mass flux reduction versus mass removal behavior for the Mixed Source and
Heterogeneous experiments and application of the various prediction models. (a) Initial
GTP model (IGTP), (b) Variable GTP model (VGTP), (c) Lumped Source Zone model
(LSZ), (d) Multi-Domain: Variable Saturation model (MDVS), (e) Multi-Domain:
Permeability Zones model (MDPZ).

Figure 18. (a) Ratio of the source-zone cross-sectional area to the total system crosssectional area as a function of mass removal for the Mixed Source and Heterogeneous
experiments. (b) Ratio of the source-zone length to the total system length as a function
of mass removal for the Mixed Source and Heterogeneous experiments. (c) Ratio of the
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average source-zone immiscible-liquid saturation to the initial average saturation as a
function of mass removal for the Mixed Source and Heterogeneous experiments.

Figure 19. Measure of the source zone parameters as a function of mass removal for the
each permeability zone in the Heterogeneous experiment. (a) Fraction of immiscible
liquid, (b) GTP ratio, (c) normalized source-zone cross-sectional area, (d) normalized
source zone length, (e) normalized hydraulic conductivity.
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Table 1. System indicator parameters for the experiments.

Experiment

Q
v
(ml/min) (cm/hr)
Control
0.62
30.08
Homogeneous
2.65
9.42
Mixed Source
3.27
9.13
Heterogeneous
3.33
9.66
1

L
(cm)
7
10
40
40

A
(cm2)
3.49
48.52
61.80
59.54

Sn,global1

GTPinitial2

n3

0.18
0.01
0.01
0.02

Inf
Inf
1.69
0.81

13.14
4.30
0.63
0.59

Sn, global is defined as the volume of immiscible liquid divided by the pore volume of the

entire system (source zones plus matrix).
2

Ganglia-to-pool ratio, defined as the volume of immiscible liquid occurring as “ganglia”

(Sn#residual saturation) divided by the volume of immiscible liquid residing in pools
(Sn>residual saturation).
3

The parameter n was obtained by fitting the simple mass-removal function to the

observed data using a least squares regression routine.
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Table 2. Summary of models developed to predict the mass-flux-reduction/massremoval relationship

*

Model
Initial GTP (IGTP)

Equation*
0.52
n = 0.65(GTPi )

Figure
17a

Variable GTP (VGTP)

n = f (GTPt )

17b

Lumped Source Zone
(LSZ)

 Asz ,t  Lsz ,t 


n = n0 
A
L
 tot  tot 
0.52
where n0 = 0.65(GTPi )

17c

Multi-Domain:
Variable Saturation
(MDVS)

 k

n = n0  ∑ Anorm ,i Lnorm ,i Sn norm ,i f i 
 i =1

0.52
where n0 = 0.65(GTPi )

17d

Multi-Domain:
Permeability Zones
(MDPZ)

 k

n = n0  ∑ Anorm ,i Lnorm ,i K norm ,i f i 
 i =1

0.52
where n0 = 0.65(GTPi )

17e

Anorm =

Asz ,t
Asz , 0

, Lnorm =

Lsz ,t
Lsz , 0

, K norm =

Kt
Sn
, Sn norm = t
K0
Sn0

GTPi is the initial GTP ratio for the experiment [-], Asz is the source zone area [L2], Lsz is
the source-zone length [L], Atot is the total cross-sectional area of the flow cell [L2], Ltot is
the total length of the flow cell [L], K is hydraulic conductivity [L/t], Sn is the immiscible
liquid saturation [-], f is the fraction of immiscible-liquid mass in each zone, k is the total
number of zones, and the subscripts 0 and t represent initial time and later time t,
respectively.
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Table 3. Root-mean-square error (RMSE) values for each model*

Mixed Source
Heterogeneous
*

IGTP
0.10
0.08

VGTP
0.52
0.08

LSZ
0.05
0.11

MDVS MDPZ
0.08
0.05
0.08
0.07

High values represent poor predictions and lower values represent more favorable

predictions.
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Abstract
The magnitude of contaminant mass flux reduction associated with a specific
amount of contaminant mass removed is a key consideration for evaluating the
effectiveness of a source-zone remediation effort.

Thus, there is great interest in

characterizing, estimating, and predicting relationships between mass flux reduction and
mass removal.

Published data collected for several field studies were examined to

evaluate relationships between mass flux reduction and source-zone mass removal. The
studies analyzed herein represent a variety of source-zone architectures, immiscibleliquid compositions, and implemented remediation technologies. There are two general
approaches to characterizing the mass-flux-reduction/mass-removal relationship, endpoint analysis and time-continuous analysis. End-point analysis, based on comparing
masses and mass fluxes measured before and after a source-zone remediation effort, was
conducted for 21 remediation projects. Mass removals were greater than 60% for all but
three of the studies. Mass flux reductions ranging from slightly less than to slightly
greater than one-to-one were observed for the majority of the sites. However, these
single-snapshot characterizations are limited in that the antecedent behavior is
indeterminate.

Time-continuous analysis, based on continuous monitoring of mass

removal and mass flux, was performed for two sites, both for which data were obtained
under water-flushing conditions. The reductions in mass flux were significantly different
for the two sites (90% vs. ~8%) for similar mass removals (~40%). These results
illustrate the dependence of the mass-flux-reduction/mass-removal relationship on
source-zone architecture and associated mass-transfer processes. Minimal mass flux
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reduction was observed for a system wherein mass removal was relatively efficient (ideal
mass transfer and displacement). Conversely, a significant degree of mass flux reduction
was observed for a site wherein mass removal was inefficient (nonideal mass transfer and
displacement).

The mass-flux-reduction/mass-removal relationship for the latter site

exhibited a multi-step behavior, which cannot be predicted using some of the available
simple estimation functions.

Keywords: Mass Flux, DNAPL, Source Zone, Remediation
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1. Introduction
The contamination of groundwater by hazardous organic chemicals and the
associated risks to human health and the environment are issues of great importance.
One of the most critical issues associated with hazardous waste sites is the potential
presence of immiscible-liquid contamination in the subsurface. Immiscible liquids, such
as chlorinated solvents, creosote, coal tars, and fuels, once introduced into the subsurface
become entrapped, and serve as long-term sources of contamination. The presence of
immiscible-liquid contamination at a site can greatly impact the costs and time required
for site remediation. It is widely acknowledged that cleaning up sites contaminated with
denser-than-water immiscible liquids is one of the greatest challenges in the field of
environmental remediation (NRC 1994, 1997, 1999, 2000, 2005).
Significant effort has been directed over the past decade to developing methods to
remediate immiscible-liquid contaminated source zones. These methods include thermalbased technologies (e.g., electrical resistance heating, steam injection), in-situ flushing
using solubilization/mobilization reagents (e.g., surfactants, cosolvents), and in-situ
chemical treatment (e.g., chemical oxidation).

Unfortunately, because of the

complexities associated with the transport, retention, and mass-transfer of immiscible
liquids, as well as the heterogeneity of subsurface environments, it is generally not
possible to remove all immiscible-liquid mass from the source zone (e.g., DOD, 2001;
ITRC, 2002; EPA, 2003; NRC, 2005).

As a result, application of a source-zone

remediation technology will typically result in only partial mass removal. The magnitude
of the reduction in contaminant mass flux obtained for a partial depletion of source-zone
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mass is a key consideration for evaluating the effectiveness of a source-zone remediation
effort.

Thus, there is great interest in characterizing, estimating, and predicting

relationships between mass flux reduction and mass removal.
Contaminant mass flux, also referred to as mass discharge, source strength, and massflow rate, is defined as the rate at which dissolved contaminant mass moves across a
control plane. The fundamental concept of contaminant mass flux, its relationship to
mass-removal processes and source-zone properties, and its impact on risk has long been
established (e.g., Fried et al., 1979; Pfannkuch, 1984).

The impact of subsurface

heterogeneity, immiscible-liquid distribution, and mass-transfer dynamics on massremoval behavior and aqueous concentration profiles (mass flux) has been examined for
some time through laboratory, modeling, and field studies (e.g., Schwille, 1988;
Dorgarten, 1989; Guiguer, 1991; Anderson et al., 1992; Brusseau, 1992; Guarnaccia and
Pinder, 1992; Mayer and Miller, 1996; Berglund, 1997; Nelson and Brusseau, 1997;
Powers et al., 1998; Unger et al., 1998; Broholm et al., 1999; Brusseau et al., 1999a;
Frind et al., 1999; Zhang and Brusseau, 1999; Nambi and Powers, 2000; Zhu and Sykes,
2000; Brusseau et al., 2000, 2002; Saba and Illangasekare, 2000; Sale and McWhorter,
2001; Rivett et al., 2001; Enfield et al., 2002; Rao et al., 2002; Rao and Jawitz, 2003;
Jayanti and Pope, 2004; Lemke et al., 2004; Parker and Park, 2004; Phelan et al., 2004;
Soga et al., 2004; Falta et al., 2005a,b; Jawitz et al., 2005; Rivett and Feenstra, 2005,
Fure et al., 2006; Lemke and Abriola, 2006; Suchomel and Pennell, 2006; Brusseau et al.,
2007, 2008). An early effort to quantify the relationship between contaminant mass flux
reduction and mass removal, and the resultant reduction in risk, was presented by Freeze
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and McWhorter (1997). The specific relationship between mass flux reduction and mass
removal has since been examined and discussed in a number of studies (Enfield et al.,
2002, Rao et al., 2002, Rao and Jawitz, 2003; Stroo et al., 2003; Brooks et al., 2004;
Jayanti and Pope, 2004; Lemke et al., 2004; Parker and Park, 2004; Phelan et al., 2004;
Soga et al., 2004; Jawitz et al., 2005; NRC, 2005; Fure et al., 2006; Lemke and Abriola,
2006; Brusseau et al., 2007, 2008).
Three simplified, prototypical relationships between mass flux reduction and mass
removal, representative of systems for which the source zone is undergoing continuous
water flushing, which are useful for comparative discussion are presented in Figure 1a.
These relationships can be readily developed by employing a simple limiting-case
analysis of the temporal contaminant-elution/mass-removal function for immiscibleliquid systems (as shown in Figure 1b), from which the mass-flux-reduction/massremoval relationship can be obtained directly. The curve in the lower right-hand section
of Figure 1a represents the relationship for a system for which the flushing process
(mass-transfer and displacement) is relatively ideal, wherein immiscible-liquid
dissolution and other mass-transfer processes are under equilibrium conditions and all
contaminant mass is accessible to flowing groundwater. Removal of mass from the
source zone will be relatively efficient for such conditions (i.e., maximum amount of
mass removed per unit volume of water displaced), as illustrated by the corresponding
contaminant-elution and mass-removal curves (Figure 1b and 1c). Because contaminant
mass-transfer and displacement is relatively ideal, the aqueous-phase contaminant
concentrations are maintained at maximal or near-maximal levels, and thus there is
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minimal reduction in mass flux until almost all of the mass has been removed. The curve
in the upper left of Figure 1a represents the relationship for a system governed by nonideal mass-transfer and displacement behavior (e.g., rate-limited dissolution, by-pass
flow phenomena), wherein mass removal is relatively inefficient (Figure 1b and 1c), and
there is a significant reduction in mass flux with minimal mass removed. The third curve
represents the special case wherein there is a one-to-one relationship between mass flux
reduction and mass removal (e.g., first-order mass removal).
Knowing the mass-flux-reduction/mass-removal relationship for a given system
would be of great assistance in evaluating the potential benefits and cost-effectiveness of
a proposed remediation effort. Unfortunately, determining the precise relationship for a
given site is difficult and time consuming. Characterizing mass-flux-reduction/massremoval relationships for field applications representing a range of conditions would
improve our understanding of the impact of system properties and conditions on the
relationship between mass flux reduction and mass removal.

This, in turn, would

enhance the development of predictive tools.
An expert-panel workshop was recently convened to discuss the research needs for
characterization and remediation of immiscible-liquid source zones (SERDP, 2006). The
panel noted that significant uncertainty remains with respect to our understanding of the
long-term behavior of immiscible-liquid source zones and the benefits of source-zone
remediation. Improved understanding of the relationship between mass flux reduction
and mass removal was deemed a high priority research need. The objective of this
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research was to investigate mass-flux-reduction/mass-removal behavior using data sets
collected from several field studies.

2. Methods
2.1 Source Zone Mass and Mass Flux Calculations
There are two general approaches to characterizing relationships between mass
flux reduction and mass removal, end-point analysis and time-continuous analysis. Endpoint analysis is based on determining mass flux before and after a source-zone
remediation effort. Several field-scale source-zone remediation projects were examined
and a total of 21 studies, representing 12 different sites, are included in this analysis
(Figure 2). Time-continuous analysis is based on continual monitoring of aqueous-phase
contaminant concentration (mass flux) and mass removal, from the initial stages of mass
removal to a given end point. Time-continuous analyses for three studies (representing
two sites), all conducted under water-flushing conditions, are included herein.
For most of the studies, measurements of source-zone contaminant mass were
obtained using either sediment-core or partitioning tracer test (PTT) data. In a few cases,
the initial mass was known a priori via a controlled release.

For two studies,

mathematical modeling was used to assist in the calculation of initial source-zone mass.
In addition, for some cases, contaminant mass removed (and thus final masses) could be
calculated using continuous measurements of effluent concentrations. Fractional mass
removal (MR) is defined as the ratio of the final mass to the initial mass present in the
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source zone. Therefore, a reduction of 1.0 indicates that all of the contaminant mass was
removed from the source zone during remediation.
Mass flux measurements were obtained using aqueous concentration data. The
groundwater samples were collected primarily with multilevel sampling devices. The
nature of the sampling network varied from study to study. In some cases, the network
comprised several monitoring wells spread throughout the source-zone proper. In other
cases, one or more monitoring wells were located downgradient of the source-zone. In a
few cases, samples were collected from extraction wells. Fractional mass flux reduction
(MFR) is defined as:
MFR = 1 −

Jf
Ji

= 1−

Qf C f

(1)

Qi C i

where J is the mass flux (M/t), Q is the volumetric flow rate (L3/t), C is concentration
(M/L3), and the subscripts i and f represent initial and final, respectively.

If the

volumetric flow rate is the same during measurement of initial and final groundwater
concentrations, then equation (1) reduces to:
MFR = 1 −
A

Cf

(2)

Ci
few

of

the

studies

involved

multiple-component

immiscible-liquid

contamination. For these cases, composite mass flux reductions and mass removals were
calculated by weighting the values for each component by their initial mass fraction of
the total contaminant mass.

This allowed for direct comparison with the data sets

comprising single-component contamination.
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2.2 Uncertainty Analysis
There are a number of uncertainties associated with the mass flux and mass
removal calculations presented in this study (Table 1). It is not possible to conduct a
fully quantitative assessment of uncertainty due to the lack of required information.
Thus, a qualitative uncertainty analysis was developed based on the methods by which
the underlying data were obtained. The most reliable measures of initial contaminant
mass are presumed to be those obtained from controlled release studies. Contaminant
mass measurements obtained via analysis of sediment-core data and partitioning tracer
tests are considered to have generally similar levels of uncertainty given that the two
methods have provided similar results for field applications (e.g., Cain et al., 2000; Rao
et al., 2000; Meinardus et al., 2002; Brusseau et al., 2003). Measurements obtained with
these two methods are expected to have higher degrees of uncertainty compared to
measurements associated with a controlled release.
The post-remediation source zone mass was obtained via continual measurement
of extracted mass (e.g., effluent concentrations) or analysis of sediment-cores and
partitioning tracer tests. The highest certainty in contaminant mass removed is assumed
to be obtained from studies with a continual measure of the extracted mass via sampling
of extraction-well effluent. Similar to the measurement of initial mass, sediment-core
and partitioning tracer test analysis are expected to have higher degrees of uncertainty
compared to continual measurement of extracted effluent.
Similarly, there is uncertainty associated with the calculated values of mass flux,
which are based primarily on analysis of aqueous contaminant concentrations collected
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from monitoring or extraction wells. The robustness of the mass flux measurements are
expected to be dependent on the method of sample collection, the design of the sampling
network, and the resultant representativeness of the collected data. Extraction wells that
collect all of the water flowing through the source zone are considered to provide the
most reliable data. Down-gradient control planes comprised of a series of multilevel
sampling devices are considered to have a higher degree of uncertainty compared to
extraction wells.

Finally, mass flux estimates obtained using data collected from

monitoring wells placed within the source zone are considered to have the highest
uncertainty.
Based on the preceding rationale, a grouping scheme was developed to
qualitatively characterize the uncertainty for the field data discussed in this study (Table
1). Group A comprises controlled release studies with continual monitoring of total mass
removal via extraction-well sampling. In addition, extraction well data were used to
calculate mass flux for all of these studies. Group B includes studies wherein (1) initial
and final source-zone masses were determined through controlled release with continual
monitoring of total mass removal, and mass flux was calculated using data collected at a
down-gradient control plane, or (2) initial and final source-zone masses were determined
with sediment cores or PTTs or in combination with mathematical modeling, and mass
flux was calculated using extraction well data. Finally, studies classified into Group C
are those for which sediment cores or PTTs were used to determine initial and final
source-zone mass, and data collected with monitoring wells placed within the source
zone were used to calculate mass flux.
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2.3 Simple Mass-Removal Function
Several approaches, based on “source-depletion” models or simple “massremoval” functions, have recently been proposed for estimating the relationship between
mass flux reduction and mass removal (e.g., Enfield et al., 2002; Rao et al., 2002; Parker
and Park, 2004; Zhu and Sykes, 2004; Falta et al., 2005a; Jawitz et al., 2005). One
simple approach is based on treating changes in mass flux as a direct function of the
change in contaminant mass:
 Mf 

1−
= 1 −
Ji 
M i 
Jf

1

n

(3)

where M is source zone mass [M], and n is a fitting parameter. The parameter n defines
the specific mass-flux-reduction/mass-removal relationship, and thus incorporates the
impact of source-zone architecture, flow-field dynamics, and mass-transfer and
displacement processes. Lesser degrees of mass flux reduction are observed for n values
increasingly less than 1. Applications of this approach are discussed in several recent
publications (e.g., Rao et al., 2002, Zhu and Sykes, 2004; Falta et al., 2005a).

3. Sites Investigated
Each study included in the analysis is summarized in Table 2. In some cases,
mass flux reductions and mass removals were reported directly in the associated
publications. In other cases, the values were calculated using reported data, as noted in
the Supplemental Materials. For sites where reductions in mass flux were calculated
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from observed data, it was assumed that the groundwater flow rate did not vary
significantly throughout the course of the study. A brief description of each field study is
provided in the Supplemental Materials.

4. Results
4.1 End-Point Analysis
The end-point based analysis of mass flux reduction as a function of source-zone
mass removal is presented in Figure 3 for the tabulated field data.

Note that the

uncertainties associated with the measurements of mass and mass flux are incorporated in
Figure 3 as discussed in the Methods section. It is observed that mass removals of
greater than 60% were obtained for all but three of the studies. Furthermore, mass
removals of 90% or greater were attained for several of the studies. The three studies for
which smaller mass removals were attained represent those studies for which water
flushing (pump and treat) was used for contaminant removal.
Inspection of Figure 3 reveals that appreciable reductions in mass flux were
obtained for most of the studies. There is significant disparity in the reported mass-fluxreduction values. For example, mass flux reductions range from approximately 30% to
85% for the three studies for which mass removals were approximately 90%. In addition,
these single-snapshot characterizations are limited in that the antecedent behavior is
indeterminate.
The data in Figure 3 can be evaluated with respect to the prototypical mass-fluxreduction/mass-removal curves presented in Figure 1a, as well as the simple mass-
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removal function (Equation 3). Significant reductions in mass flux were attained for
relatively small fractions of mass removal for sites that plot in the upper left-hand section
of Figure 3. The data point for the Tucson International Airport Area (TIAA) Superfund
site, which will be discussed later, falls within this section. A curve produced using the
simple mass-removal function with n = 10 is representative of this behavior. Conversely,
large fractions of mass removal produced minimal reductions in mass flux for sites that
plot in the lower right-hand section (n values of approximately 0.05). The data points for
two sites are located within this section: Paducah Gaseous Diffusion Plant and the
Former Recycling Facility. Measurements of mass flux at both of these sites were
conducted with a single monitoring well located down-gradient of the source zone;
therefore, the mass flux reductions for these two sites are likely to have the highest
degree of uncertainty of all the studies. The majority of the data fall within the central
section, exhibiting mass flux reductions ranging from slightly less than to slightly greater
than one-to-one (n values between 0.5 and 2). However, without additional mass-fluxreduction data at lower ranges of mass removal, it is not possible to fully characterize the
mass-flux-reduction/mass-removal behavior for these sites.
Some of the site variables most likely to influence mass-flux-reduction/massremoval behavior are presented in Table 3. The majority of these site variables may in
some way affect the accessibility of the immiscible liquid to the groundwater flow
regime. Sites with large fractions of highly accessible source zone mass would generally
be expected to experience more efficient mass removal, leading to lesser initial
magnitudes of mass flux reductions. The ganglia-to-pool ratio (GTP) has been proposed
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as an indicator of source zone immiscible-liquid configuration (e.g. Lemke at al., 2004),
under the assumption that sites dominated by residual zones will likely have more
efficient mass removal than pool-dominated sites. Information needed to estimate GTP
values was not available for most of the sites. A global immiscible liquid saturation (Sn)
value was estimated based on the initial source zone mass, source zone size, and porosity.
In addition, the age of the contamination is included in Table 3.

Sites where

contamination has existed for years will likely have had a portion of the highly accessible
source-zone mass removed prior to the initiation of source zone characterization and
remediation. Behavior observed for such sites may differ from that observed for newly
contaminated sites.
The effect of source-zone architecture on mass-flux-reduction/mass-removal may
be reflected in the comparative results obtained from the three studies conducted at the
Dover site.

The single-snapshot measurements obtained for both cosolvent studies

exhibit a one-to-one to slightly lesser mass-flux-reduction/mass-removal relationship.
Conversely, the mass flux reduction was greater for a similar mass removal for the
surfactant-flood study. The initial source-zone mass for the surfactant demonstration
(Dover study 3), which was conducted immediately after the ethanol flood (Dover study
1) in the same cell, comprised a portion of immiscible liquid mass remaining from the
prior study.

A large fraction of this mass may have been present in the more

hydraulically inaccessible regions of the test cell (Brooks et al., 2002).

Consequently,

the surfactant demonstration may have had a larger fraction of source-zone mass present
in hydraulically inaccessible regions compared to the ethanol demonstration, resulting in
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more inefficient mass removal and concomitantly greater reduction in mass flux. The
data point for the TIAA site falls on the same curve (n = 10) as the data point for the
SEAR demonstration at Dover (Dover study 3). The TIAA site, which will be discussed
in further detail below, also contains a large fraction of source-zone mass present in
hydraulically inaccessible regions. Conversely, the four studies conducted at the Borden
site, for which the immiscible liquid is relatively hydraulically accessible, exhibit lesser
than one-to-one reductions in mass flux (n = 0.5).

4.2 Time-Continuous Analysis
It is important to note that the results obtained with the end-point analysis
represent a single snapshot of the mass-flux-reduction/mass-removal behavior for a site.
This type of analysis does not provide insight into the pathway (greater than, lesser than,
one-to-one) that each site followed to achieve this end point.

Uncertainty in the

calculation of mass removed and mass flux reduction further complicates the
characterization of the end-point based relationships.

Therefore, it is important to

recognize the limitations of such an analysis.
In contrast to end-point analysis, time-continuous analysis provides “complete”
characterization of the mass-flux-reduction/mass-removal relationship. This approach is
a considerably more time consuming and arduous analysis compared to end-point
analysis since it requires continual monitoring of effluent concentration and mass
removal.

Direct, experiment-based investigations of time-continuous mass flux-

reduction/mass-removal behavior are just now being reported. For example, Fure et al.
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(2006) and Brusseau et al. (2008) conducted flow-cell experiments under continuous
water-flushing conditions to examine the impact of source-zone architecture on massflux-reduction/mass-removal behavior. Brusseau et al. (2007) reported a time-continuous
analysis of the mass-flux-reduction/mass-removal behavior for the Tucson International
Airport Area (TIAA) Superfund site, which is currently undergoing pump-and-treat
remediation (for detailed site information see Supplemental Material).
Time-continuous analysis was performed using data collected from the two water
flushing experiments conducted at the CFB Borden site. Mass removal for both studies
appeared to be fairly ideal, as illustrated by the relatively high, steady-state effluent
concentrations of the dissolved components observed after arrival of the plume front at
the monitoring location (Figure 4). TCM was the only component in either Borden study
that experienced measurable reduction in concentration and, consequently, mass flux
(Figure 5a). The mass-flux-reduction/mass-removal behavior for the TCM component is
similar for both studies (Figure 5a), indicating similar mass-removal conditions.
Composite elution and mass-flux-reduction/mass-removal curves were calculated for
both studies by weighting the values for each component by their initial mass fraction of
the total contaminant mass (Figures 5b).

The composite mass-flux-reduction/mass-

removal relationships for both sites display slight reductions in mass flux at earlier stages
of mass removal compared to the single-component curves, reflecting the preferential
removal of TCM (which comprised the smallest fraction of the mixture). The simple
mass-removal function was used to evaluate the time-continuous data reported for the
Borden studies (Figures 5a & 5b). For these studies, it is evident that the curve (n = 0.5)
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that matches the TCM-component data also matches reasonably the composite data for
both water flushing studies. Furthermore, this same curve also encompasses the endpoint analysis data for all four studies conducted at the site (Figure 5b).
Brusseau et al. (2007) reported a time-continuous analysis of the mass-fluxreduction/mass-removal behavior for the Tucson International Airport Area (TIAA)
Superfund site, which is currently undergoing pump-and-treat remediation (for detailed
site information see Supplemental Material).

The mass-flux-reduction/mass-removal

relationship obtained for the TIAA site shows an initial decrease in mass flux that begins
before 10% of the initial mass is removed and continues until approximately 25% of the
initial mass is removed (Figure 6a). The behavior displayed during this period reflects
primarily the removal of the aqueous-phase mass associated with the contaminant plume.
The initial mass flux reduction is followed by a steady-state period (for mass removals
between 25 to 40%), where minimal reductions in mass flux are observed, after which the
mass flux begins to sharply decrease once again.
The contaminant mass removals for the other studies included in this analysis do not
encompass large fractions of sorbed and aqueous-phase mass associated with a large
contaminant plume. Therefore, it is advantageous to exclude the portion of the massflux-reduction/mass-removal curve that is associated with the removal of the contaminant
plume in order to compare the behavior observed for the TIAA site with that observed for
the other studies. This was done by excluding the mass (~6900 kg) associated with the
first pore volume of groundwater extraction. It is noteworthy that this mass is very
similar to the aqueous-phase mass that was estimated to be initially present in the plume
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(~6600 kg). The modified mass-flux-reduction/mass-removal relationship, which reflects
only the impact of the source zones, shows an initial steady-state period where there is
minimal reduction in mass flux (Figure 6b). The initial steady-state period is followed by
a period of significant mass flux reduction (> 90%) with moderate reduction in sourcezone mass (< 40%).
As previously mentioned, the immiscible-liquid mass at the TIAA site is located in
several discrete source zones. The mass-flux-reduction/mass-removal behavior for a
single source zone at the site was examined to evaluate the efficacy of the approach used
to exclude the impact of plume removal, as well as to assess the effect of uncertainties
associated with the estimate of the initial source-zone mass for the entire TIAA site. The
selected source zone is located on the edge of the large contaminant plume. Partitioning
tracer tests were employed at this source zone and, based on their results, it was
determined that 5600 kg of immiscible-liquid mass was present at this site (Nelson and
Brusseau, 1996; Zhang and Brusseau, 1999). The total amount of sorbed and aqueousphase contaminant mass was estimated to be approximately 100 kg, less than 2% of the
total mass present in the source zone.

Because sorbed and aqueous-phase mass

comprised only a small portion of the total mass for this source zone, no correction for
the contaminant plume was performed. The effluent concentration, and hence mass flux,
was determined from one extraction well that draws water from the entire span of the
source zone.
The mass-flux-reduction/mass-removal behavior exhibited for the single source zone
is similar to that observed for the entire TIAA site (contaminant plume mass excluded)
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(Figure 6b). This similarity provides added confidence in the mass-flux-reduction/massremoval relationship obtained for the entire site. This site exhibits a large reduction in
mass flux for a moderate fraction of mass removal. As previously mentioned, such
behavior is expected for a system controlled by non-ideal mass transfer and displacement,
leading to inefficient source-zone mass removal. This is consistent with observations at
the site, in particular the presence of high TCE concentrations within lower-permeability
units, concentration rebound when the pump-and-treat system is offline, and the
asymptotic decrease of the pump-and-treat system effluent concentrations, as well as the
results of modeling-based analyses (Brusseau et al., 1999a; Zhang and Brusseau, 1999;
Brusseau et al., 2007).
Inspection of Figure 7 shows that the Borden and TIAA studies have similar
fractions of mass removal. However, the mass flux reductions are significantly different.
The different mass-removal behaviors are evident when comparing the contaminant
elution curves obtained for the two studies (Figure 4). A steady state concentration
profile wherein concentrations are maintained at near maximal levels is observed for the
composite elution data from the Borden-Forest Site study. Conversely, after peaking, the
effluent concentrations exhibit a continual, gradual decline for the TIAA study. The
contrasting behavior likely results from differences in source-zone architecture and masstransfer dynamics for the two sites, illustrating the impact of relatively ideal masstransfer and displacement for the Borden site (Frind et al., 1999) and the non-ideal masstransfer and displacement for the TIAA site. In contrast to the composite Borden data,
the TCM single-component elution curve for the Borden study displays a minimal steady
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state period followed by a gradual decrease in concentration. This elution curve is
generally similar in shape to the elution curve for the TIAA study.

However, the

decrease in TCM concentration is due to near complete removal of mass from the source
zone under ideal mass-transfer and displacement conditions. Conversely, the decrease in
TCE concentration at the TIAA site is due to the aforementioned nonideal behavior
within the source zones.
Inspection of Figure 6b reveals that the mass-removal function (n = 10) matched to
the end-point data is not capable of predicting the early stage of the time-continuous
mass-flux-reduction/mass-removal behavior for the TIAA site. Conversely, a curve (n =
0.5) matched to the early mass-flux-reduction/mass-removal behavior cannot reproduce
the later behavior. It is evident from Figure 6b that the simple mass-removal function,
which produces singular curves, is not capable of capturing the complex, multi-step
mass-flux-reduction/mass-removal relationship observed at the TIAA site.

5. Conclusion
The studies examined in this paper represent a variety of source-zone
architectures,

immiscible-liquid

compositions,

and

implemented

remediation

technologies. Mass removals of greater than 60% were obtained for all but three of the
studies. The three studies for which smaller mass removals were attained represent those
studies for which water flushing (pump and treat) was used for contaminant removal.
Appreciable reductions in mass flux were observed for most of the studies.

The

significance of these reductions in terms of the effectiveness and beneficial impacts of the
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remedial actions is of course dependent upon site-specific defined goals and objectives,
the analysis of which is beyond the scope of this study.
As noted above, a significant degree of disparity was observed in the reported
mass-flux-reduction values.

Some of this disparity may be due to the uncertainty

associated with the mass flux and mass removal measurements. However, it is likely that
the observed disparity to some degree reflects the dependency of mass flux reduction and
mass removal on source-zone architecture and mass-transfer dynamics, factors whose
manifestation and resultant impacts are site specific. This is illustrated by the contrasting
mass-flux-reduction/mass-removal relationships observed between the Borden and TIAA
sites. The observed disparity suggests that the use of simple tools, especially those not
tuned

to

site-specific

conditions,

to

predict

mass-flux-reduction/mass-removal

relationships may be fraught with a high degree of uncertainty. Based on these results, it
is clear that additional, well-controlled field studies are required to further characterize
the relationship between mass flux reduction and mass removal for a variety of
conditions.
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Table 1. Qualitative uncertainty for end-point analysis
Group*

Calculation of
Initial Mass

Calculation of
the Mass
Removed/Final
Mass
Continuous
Measure of Total
Mass Removal

Mass Flux
Measurement

Studies

A

Controlled Release

Integrated
Extraction

CFB Borden: Forest Site
CFB Borden: SEAR
Dover AFB: Ethanol Flush
Dover AFB: n-propanol Flush
Dover AFB: SEAR

B

Controlled Release
or
Cores, PTTs
and/or
Modeling

Continuous
Measure of Total
Mass Removal
or
Cores, PTTs

Downgradient
Control Plane
or
Integrated
Extraction

Cores, PTTs

Cores, PTTs

In-situ
Monitoring
Well

CFB Borden: Emplaced
Source
CFB Borden: ISCO
Tucson Int. Airport Area
Cape Canaveral: EZVI
Camp Legeune
Hill AFB: Cosolvent
Hill AFB: Cyclodextrin
Hill AFB: SEAR
Cape Canaveral: ISCO
Air Force Plant 4: SPH
Air Force Plant 4: ERH
Sages Dry Cleaners
Paducah Gaseous Diff. Plant
Former Recycling Facility
Savannah River Site
Pinellas Site

C

*Group A is considered to have the least uncertainty and Group C is considered to have
the highest uncertainty.

Symbol

Hill Air Force Base
Cosolvent

SEAR

Forest Site

ISCO

CFB Borden Site
Emplaced Source

Name of Study

72% ethanol,
28% water and
70% ethanol,
12% n-propanol,
18% water

2% nonylphenol
ethoxylate
phosphate

Water Flush

KMnO4

Water Flush

Remediation
Technology

Soil Cores

Controlled Release,
Continuous
Effluent
Monitoring, and
Soil Cores

MLS located
within test zone

Extraction well
located within test
zone

Static Groundwater

Induced Gradient

Natural Gradient

Extraction well
located within test
zone

Controlled Release,
Continuous
Effluent
Monitoring, and
Soil Cores

Induced Gradient

MLS fence 1-m
downgradient of
source zone

Modeling and Soil
Cores

Natural Gradient

Natural
or Induced
Gradient*

MLS fence 1-m
downgradient of
source zone

Location of Mass
Flux
Measurement

Controlled Release,
Continuous
Effluent
Monitoring, and
Soil Cores

Source Zone Mass
Measurement

Table 2. Summary of Remediation Technologies

Rao et al., 1997

Fountain et al., 1996

Broholm et al., 1999

Frind et al., 1999
Thomson et al., 2000

Rivett et al., 1994
Rivett et al., 2001
Rivett and Feenstra, 2005

Reference
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Symbol

n-Propanol Flush

Dover National Test Site
Ethanol Flush

Hill Air Force Base (cont.)
SEAR

Cyclodextrin

Name of Study

70% n-propanol
30% CaCl2

70% ethanol
30% water

7.55 % wt.
sodium dihexyl
sulfosuccinate,
4.47% wt.
isopropanol,
7000 mg/L NaCl

10% HPCD

Remediation
Technology

Controlled
Release,
Continuous
Effluent
Monitoring, and
PTT

Controlled
Release,
Continuous
Effluent
Monitoring, and
PTT

PTT

Source Zone
Mass
Measurement
Soil Cores

Extraction wells
within test area

Extraction wells
within test area

Monitoring well
within test area

Location of Mass
Flux
Measurement
MLS located
within test zone

Induced
Gradient

Induced
Gradient

Induced
Gradient

Natural
or Induced
Gradient*
Static Groundwater

Table 2 (Cont.). Summary of Remediation Technologies

Falta et al., 2005a
Wood and Enfield, in
press

Brooks et al., 2004

Brown et al., 1999
Londergan et a., 2001

McCray and Brusseau,
1998
Brusseau et al., 1999b

Reference
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Symbol

Electrical Resistive
Heating
(ERH)
Sages Dry Cleaners

Air Force Plant 4
Six Phase Heating
(SPH)

EZVI

NASA Launch Complex
34
ISCO

SEAR

Name of Study

Soil Cores

Continuous
Effluent
Monitoring, Soil
Cores and PTT

95% ethanol
5% water

Soil Cores

Soil Cores

Soil Cores

Controlled Release,
Continuous
Effluent
Monitoring, and
PTT

Source Zone Mass
Measurement

ERH

SPH

Emulsified zerovalent iron

KMnO4

3.3% wt. sodium
dihexyl
sulfosuccinate
3.3% wt.
isopropanol
0.4% wt. CaCl2

Remediation
Technology

Monitoring well
within test area

Monitoring wells
within test area

Monitoring wells
within test area

MLS transect
downgradient

Monitoring wells
within test area

Location of Mass
Flux
Measurement
Extraction wells
within test area

Natural Gradient

Natural Gradient

Natural Gradient

Natural Gradient

Induced Gradient

Natural
or Induced
Gradient*
Induced Gradient

Table 2 (Cont.). Summary of Remediation Technologies

Jawitz et al., 2000
EPA, 2003

Fleming, 2006

Fain et al., 2002

Quinn et al., 2005

IT Corporation, 2000

Childs et al., 2006

Reference
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SPH

Paducah Gaseous Diffusion
Plant

Pinellas Site

Savannah River Site

Former Recycling Facility

Rotary Steam
Stripping

4% wt.
Alfoterra, 16%
wt. isopropanol,
0.17% wt. CaCl2
20% hydrogen
peroxide
10% sulfuric
acid
GeoCleanse®

Pump and Treat

Tucson International Airport

Camp Legeune

Remediation
Technology

Name of Study

Soil Cores

Soil Cores

Soil Cores

Soil Cores and
PTT

Soil Cores

Source Zone
Mass
Measurement
Modeling, PTTs,
and Continuous
Effluent
Monitoring

Monitoring wells
within test area

Monitoring wells
within test area

monitoring well
downgradient of
test area

Extraction wells
within test area

One monitoring
well located
downgradient of
test area

Location of Mass
Flux
Measurement
Extraction wells
surrounding source
zones

Natural Gradient

Induced
Gradient

Natural Gradient

Induced
Gradient

Natural Gradient

Natural
or Induced
Gradient*
Induced
Gradient

*Natural/induced gradient conditions refer to circumstances under which the mass flux was determined.

Symbol

Table 2 (Cont.). Summary of Remediation Technologies

Rice, 1998

Jerome et al., 1996
Jerome et al., 1998

DeHghi et al., 2002

Yeh and Landman, 1999
ESTCP, 2001

Smart, 2005

Nelson and Brusseau, 1996
Brusseau et al., 1999a
Zhang and Brusseau, 1999
Brusseau et al., 2007

Reference
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Table 3 – Comparison of Site Variables

Name of Study

NAPL
(single or
multicomponent)

Mean K
(m/d)

K Range
(m/d)

Borden – ES and ISCO
Borden - Forest
Borden - SEAR
Hill AFB

Multicomponent
Multicomponent
Single
Multicomponent

5.48
5.48
5.48
17

Dover
Cape Canaveral
Fort Worth
Sages
TIAA
Paducah
Camp Legeune
Former Recycling
Facility
Savannah River
Pinellas Site

Single
Single
Single
Single
Single
Multicomponent
Single
Multicomponent

2.50
2.42
NA
6.00
24.00
NA
0.43
NA

0.02 – 26.96
0.02 – 26.96
0.02 – 26.96
12.96 –
35.42
0.69 – 43.20
0.12 – 9.11
3.97 – 40.61
NA
0.10 – 82.00
328 – 3280
NA
NA

Multicomponent
Multicomponent

NA
NA

NA
0.01 – 0.86

Time Since
Initial
Release
(yr)
0
0
0
40-50

PreRemediation
Sn

0
~40
Unknown
Unknown
~30
~20
Unknown
Unknown

0.08
0.02
0.0001
0.004
0.0006 – 0.05
0.001
0.003 – 0.045
0.004

~40
~40

0.0007
0.0001

0.07
0.003
0.01
0.126
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Figure 1a. Three simplified, prototypical relationships between mass flux reduction and
mass removal (from Brusseau et al., 2008). The mass-flux-reduction/mass-removal
functions were produced from the contaminant elution curves presented in Figure 1b.
Integration of the elution curve provides cumulative mass removed and total mass, from
which fractional mass removed is obtained; fractional mass flux reduction is obtained
from 1-C/C0, assuming constant Q (Equation 1).

Figure 1b. Contaminant elution curves corresponding to the two limiting cases of mass
removal (efficient and inefficient), and that of first-order mass removal (from Brusseau et
al., 2008). The contaminant elution curves representing the two limiting cases reflect a
simple conceptual limiting-case analysis (“ideal” vs. “nonideal” or “efficient vs
inefficient”) of flushing-based mass removal for immiscible-liquid systems, the typical
behavior for which is widely reported in the literature.

Figure 1c. Contaminant mass-removal with time for the two limiting cases of massremoval (efficient and inefficient), and that of first-order mass removal.

Figure 2. Geographical location of the 12 sites presented in this study. The symbols
represent the field studies presented in Table 2.

Figure 3. Mass flux reductions as a function of source-zone mass removal for several
field studies. The symbols represent the field studies presented in Table 2. Qualitative
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uncertainty analysis is represented through shading and symbol size (Table 2). Group A
(largest symbols with darkest background) comprises the studies with the lowest
uncertainty and Group C (smallest symbols with the white background) are those with the
highest uncertainty based on the methods used to determine initial mass, mass flux, and
mass removal. The dashed lines represent curves generated using the simple massremoval function (Equation 3).

Figure 4. Comparison of the contaminant elution behavior observed at the Borden–
Forest and TIAA sites. For both studies, mass removal was effected via continuous water
flushing. The y-axis is aqueous concentration normalized by the maximum observed
concentration (Borden-Forest Site: PCE = 7 mg/L, TCE = 20 mg/L, TCM = 24 mg/L,
TIAA: TCE = 330 ug/L). The x-axis is the time normalized by the total time of
observation at each site (Borden = 204 days, TIAA = 19 years). The composite elution
curve for the Borden study was calculated by weighting the values for each component
by their initial mass fraction of the total contaminant mass. Note that the overall
fractional mass removed is similar for both studies. Solid lines are included to assist
visualization.

Figure 5a. Mass-flux-reduction/mass-removal behavior for the individual components
used in the Borden – Emplaced Source (ES) and Forest studies. The solid line represents
the mass-flux-reduction/mass-removal relationship produced with the simple mass
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removal function. The mass removal values were calculated based on the individual
component masses.

Figure 5b. Comparison of the composite mass-flux-reduction/mass-removal behavior for
the ES and Forest studies and the end point analysis for the ISCO and SEAR studies. The
solid line represents the mass-flux-reduction/mass-removal relationship produced with
the simple mass-removal function. The mass removal values were calculated based on
the total contaminant mass.

Figure 6.a. Mass-flux-reduction/mass-removal relationship for the entire TIAA site.

Figure 6b. Mass-flux-reduction/mass-removal relationship for the entire TIAA site
excluding the initial aqueous-phase mass associated with the plume; and comparison to
the mass-flux-reduction/mass-removal relationship for one specific source zone. The
dashed lines represent curves simulated using the simple mass-removal function
(Equation3). The solid line was fit to the data using a cumulative distribution function.

Figure 7. Comparison of the mass-flux-reduction/mass-removal relationships for three
aqueous flushing field studies.
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SUPPLEMENTAL MATERIAL
MASS FLUX REDUCTION AS A FUNCTION OF SOURCE-ZONE MASS
REMOVAL: EVALUATION OF FIELD DATA

Erica L. DiFilippo and Mark L. Brusseau
Acronyms:
AFP4
BEN
CFB
DCB
DEC
EB
EPA
ERH
ES
EZVI
ISCO
LC34
MLS
NAP
OU1
OU2
PAH
PCE
PTT
SEAR
SPH
SVE
TCA
TCE
TCM
TIAA
TMB
TOL
UND
U.S. DOE
XYL

Air Force Plant 4
Benzene
Borden Canadian Forces Base
Dichlorobenzene
Decane
Ethylbenzene
Environmental Protection Agency
Electrical Resistive Heating
Emplaced Source (Borden)
Emulsified Zero-Valent Iron
In Situ Chemical Oxidation
Launch Complex 34
Multilevel Sampler
Naphthalene
Operable Unit 1
Operable Unit 2
Polychlorinated Hydrocarbons
Tetrachloroethene
Partitioning Tracer Test
Surfactant Enhanced Aquifer Remediation
Six Phase Heating
Soil Vapor Extraction
Trichloroethane
Trichloroethene
Trichloromethane
Tucson International Airport Area
Trimethylbenzene
Toluene
Undecane
U.S. Department of Energy
Xylene
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Table SM-1. Values of Fractional Mass Flux Reduction and Mass Removal Plotted
in Figure 3.
Name of Study

Canadian Forces Base
Emplaced Source
ISCO
Forest Site
SEAR
Hill Air Force Base
Cosolvent
Cyclodextrin
SEAR
Dover National Test Site
Ethanol Flush
n-Propanol Flush
SEAR
NASA Launch Complex 34
ISCO
EZVI
Air Force Plant 4
Six Phase Heating (SPH)
Electrical Resistive Heating
(ERH)
Sages Dry Cleaners
Tucson International Airport
Paducah Gaseous Diffusion Plant
Camp Legeune
Former Recycling Facility
Savannah River Site
Pinellas Site

Fractional
Mass Flux
Reduction

Fractional
Mass
Removed

0.08
1.00
0.09
0.83

0.23
0.95
0.32
0.94

0.84
0.91
0.5 – 0.99

0.90
0.75
0.98

0.52
0.81
0.91

0.64
0.80
0.64

0.89
0.56

0.82
0.58 – 0.85

0.95
0.87

0.95
0.89

0.47
0.91
0.50 – 0.98
0.54
0.32
0.99
0.76

0.64
0.34
0.98
0.72
0.92
0.94
0.70

Site Details:
1.0 Canadian Forces Base (CFB) Borden Site, Ontario, Canada
Rivett et al. (1994) performed a natural gradient water flush on a manually
emplaced source-zone (consisting of trichloromethane (TCM), trichloroethene (TCE) and
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tetrachloroethene (PCE)) to study plume development from a residual DNAPL source.
Manually emplacing the source allowed for a priori knowledge of the initial source zone
mass. The initial source zone mass was confirmed with sediment cores after source zone
emplacement. Groundwater concentrations were monitored at a multilevel sampler fence
located 1-m downgradient of the source zone. Continuous sampling at the MLS fence
allowed for determination of source zone mass removal. Reductions in mass flux were
determined using the MLS fence data.

An in situ chemical oxidation (ISCO)

demonstration was conducted after completion of the water flush (Thomson et al., 2000).
The initial source zone mass was calculated based on the results of a modeling study of
the site conducted by Frind et al. (1999). Sediment-cores were used to determine the
source zone mass present at the end of the study. Reductions in source zone mass and
mass flux were reported by Thomson et al. (2000).
Another natural gradient water flushing study (herein referred to as the Forest
study) was conducted by Broholm et al. (1999) in a hydraulically isolated test cell.
Controlled release of a multi-component immiscible liquid (TCM, TCE and PCE)
established the initial source zone in the test cell. Source zone mass removal was
determined by monitoring effluent collected from a line of extraction wells
approximately 2 m downgradient of the source zone. Similar to the emplaced source
study, reductions in mass flux were calculated using the extraction well effluent
concentrations.
Fountain et al. (1996) conducted a surfactant enhanced aquifer remediation
(SEAR) demonstration on a PCE source in a hydraulically isolated test cell. A controlled
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release of PCE established the initial source zone in the test cell. The final source zone
mass was determined with sediment-cores. Groundwater concentrations were monitored
in the extraction wells located within the test cell and were used to determine reductions
in mass flux.
2.0 Hill Air Force Base, Layton, Utah
Several remediation demonstrations have been performed at the Hill Air Force
base, including cosolvent, surfactant, and cyclodextrin flushing. The contamination at
the site consists of a complex mixture of jet fuel, solvents and polyaromatic hydrocarbons
(PAHs), including TCE, trichloroethane (TCA), naphthalene (NAP), ortho- and paraxylene (o- and p-XYL), toluene (TOL), benzene (BEN), ethylbenzene (EB),
dichlorobenzene (DCB), trimethylbenzene (TMB), decane (DEC) and undecane (UND)
(McCray and Brusseau, 1998).
Rao et al. (1997) performed a cosolvent demonstration in an enclosed test cell at
Operable Unit 1 (OU1). The initial and final immiscible liquid masses in the test cell
were obtained from sediment-core and partitioning tracer test (PTT) data. Reductions in
mass flux were based on groundwater samples collected from MLS points located within
the cell. These groundwater concentrations were used to calculate reductions in mass
flux.
A cyclodextrin flushing demonstration was conducted in an enclosed test cell at
OU1 by McCray and Brusseau (1998). Sediment-core and PTT data were used to obtain
the initial and final immiscible liquid masses in the test cell. Groundwater samples
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collected from a series of MLS wells located within the test cell were used to calculate
reductions in mass flux.
Brown et al. (1999) and Londergan et al. (2001) performed a SEAR
demonstration at Operable Unit 2 (OU2). Unlike the previous demonstrations at Hill Air
Force Base, this study was conducted without a test cell or other physical barriers to flow.
The volume of immiscible liquid in the test zone was determined from pre- and postremediation PTTs.

Two measures of mass flux were calculated, one based on

groundwater concentrations monitored at extraction wells and one based on a single
monitoring well located within the test zone. Reductions in mass flux were greater for
the monitoring well. The two values of mass flux reduction derived from the extraction
and monitoring wells are plotted in Figure 3.
3.0 Dover National Test Site, Dover, Delaware
Brooks et al. (2004) conducted an ethanol cosolvent demonstration in a
hydraulically isolated test cell. A controlled release of PCE established the initial source
zone mass. Pre- and post-remediation flux averaged groundwater concentrations were
obtained from extraction wells within the test cell. The final source zone mass was
determined through continuous sampling of the extraction wells. The extraction well
data was also used to calculate the reduction in mass flux.
A cosolvent flood using n-propanol as a flushing agent was conducted by Falta et
al. (2005) in a hydraulically isolated test cell.

Similar to the Brooks et al. (2004) study,

the source zone was created with a controlled release of PCE. Groundwater samples
were collected from the extraction wells and a line of MLSs located within the test cell.
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Continuous monitoring of effluent concentration was used to determine the final source
zone mass and calculate reductions in mass flux.
Childs et al. (2006) conducted a SEAR demonstration at the Dover site. This
demonstration was conducted immediately after the Brooks et al. (2004) ethanol
demonstration in the same test cell. Controlled release of PCE established the initial
source zone in the test cell. Groundwater samples were collected from the extraction
wells located within the test cell. Continuous monitoring of effluent concentration was
used to determine the final source zone mass and calculate reductions in mass flux.
4.0 NASA Launch Complex 34 (LC34), Cape Canaveral, Florida
An ISCO remediation using potassium permanganate (KMnO4) was conducted at
one of the demonstration plots at LC34 (IT Corporation, 2000). TCE was the main
contaminant at the site.

Sediment cores collected before and after the ISCO

demonstration were used to evaluate the reduction in TCE mass in the source zone. The
concentration of TCE in groundwater was monitored in a series of monitoring wells
located within the demonstration plot and this data was used to calculated reductions in
mass flux.
An emulsified zero-valent iron (EZVI) demonstration was performed in the
surficial aquifer at LC34 (Quinn et al., 2005). Sediment cores were collected before and
after the remediation demonstration to evaluate the mass of TCE present in the
subsurface. Mass flux measurements were reported by Quinn et al.(2005).
5.0 Air Force Plant 4 (AFP4), Fort Worth Texas
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A six phase heating (SPH) pilot study was conducted on a relatively small (3000
m3) volume of subsurface near the chemical processing facility (Fain et al., 2002).
Electrical resistive heating (ERH) was chosen for full scale remediation of approximately
15271 m3 of the subsurface at the AFP4 site (Fleming, 2006). TCE was the main
contaminant at the site.

Pre and post-remediation sediment-core data were used to

determine the initial and final source zone mass. Groundwater concentrations were
measured in monitoring wells located within the treatment zone and were used to
calculate reductions in mass flux.
6.0 Sages Dry Cleaners, Jacksonville, Florida
Jawitz et al. (2000) performed a cosolvent demonstration at the Sages dry cleaner
site in Jacksonville, Florida. PCE is the main contaminant at the site. Pre and postremediation PTTs were used to determine reductions in source zone mass.

The

concentration of PCE was monitored in a series of MLS wells located within the test zone
and was used to determine reductions in mass flux (EPA, 2003).
7.0 Tucson International Airport Area (TIAA), Tucson, AZ
The Tucson International Airport Area site has undergone pump-and-treat
remediation since 1987. The site comprises several discrete source zones and two plume
zones (South and North).

TCE and, to a lesser extent, 1,1-DCE are the primary

contaminants at the site. Our study focuses on the southern section of the TIAA site.
Initial mass present was estimated using results from PTTs and mathematical modeling
(Nelson and Brusseau, 1996; Zhang and Brusseau, 1999; Brusseau et al., 2007).
Groundwater concentration was monitored in the extraction wells used in the pump-and-
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treat system. Continuous monitoring of the extraction wells allowed for determination of
the amount of mass removed from the source zone. The extraction well data were also
used to calculate the reduction in mass flux.
8.0 Paducah Gaseous Diffusion Plant, Paducah, Kentucky
A SPH pilot study was conducted with a 3900 m3 volume of contaminanted
subsurface (Smart, 2005). The major contaminants at the site include TCE, Tecnecium99, polychlorinated biphenyls (PCBs) and other volatile organic compounds (VOCs)
(Smart, 2005). Pre and post-remediation sediment-core data were used to determine the
reduction in source zone mass. Monitoring wells were installed within the test site to
measure groundwater concentrations and this data was used to calculate the reduction in
mass flux.
9.0 Marine Corps Base, Camp Legeune, North Carolina
A SEAR demonstration was conducted at the Morale, Welfare and Recreation
(MWR) Dry Cleaners, Building 25/Site 88 at the Marine Corps Base, Camp Legeune,
North Carolina (Yeh and Landman, 1999). The immiscible liquid contamination at the
site was comprised primarily of PCE. Sediment coring and PTTs were conducted to
determine the initial and final source zone mass.

The concentration of PCE was

monitored in the extraction wells located within test zone and this data was used to
calculate the reduction in mass flux.
9.0 Former Solvent Recycling Facility
An ISCO remediation using Fenton’s reagent was performed at a former solvent
recycling facility. Chlorinated volatile organic compounds (CVOC) contaminantion,
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consisting primarily of PCE, TCE and cis-dichloroethene (cis-DCE), were the chief
contaminants at the site (DeHghi et al., 2002).

Sediment cores were collected to

determine the initial and final source zone mass present at the site.

Groundwater

concentrations were measured at a monitoring well located downgradient of the sourcezone and were used to calculate the reduction in mass flux.
11.0 U.S. DOE Savannah River Site, Aiken, South Carolina
ISCO, based on Fenton’s chemistry, was chosen to remediate a 15 m2 area of the
subsurface at the Savannah River Site in Aiken, SC (Jerome et al., 1998). Pre- and postremediation sediment cores were collected to determine the initial and final source zone
mass. The reduction in mass flux was calculated based on groundwater concentrations in
monitoring wells located within the test zone.
12.0 U.S. DOE Pinellas Plant, Largo, Florida
A volume of approximately 7600 m3 of subsurface was remediated using rotary
steam stripping (Rice, 1998). The main contaminants at the site are VOCs, including
TCE, methylene chloride, DCE and vinyl chloride (VC) (Rice, 1998). The initial and
final source zone mass was determined using sediment-core data. The reduction in mass
flux was calculated based on groundwater concentrations in monitoring wells located
within the test zone.

REFERENCES

198
Broholm, K., Feenstra, S., Cherry, J.A., 1999. Solvent release into a sandy aquifer. 1.
Overview of source distribution and dissolution behavior. Environ. Sci. Technol. 33,
681-690.

Brooks, M.C., Annable, M.D., Rao, P.S.C., Hatfield, K., Jawitz, J.W., Wise, W.R.,
Wood, A.L., Enfield, C.G., 2004. Controlled release, blind test of immiscible liquid
remediation by ethanol flushing. J. Contam. Hydrol. 69, 281-297.

Brown, C.L., Delshad, M., Dwarakanath, V., Jackson, R.E., Londergan, J.T., Meinardus,
H.W., McKinney, D.C., Oolman, T., Pope, G.A., Wade, W.H., 1999. Demonstration of
surfactant flooding of an alluvial aquifer contaminated with dense nonaqueous phase
liquid. In: M.L. Brusseau, D.A. Sabatini, J.S. Gierke and M.D. Annable (Eds.),
Innovative Subsurface Remediation: Field Testing of Physical, Chemical and
Characterization Technologies. ACS Symposium Series, vol 275. American Chemical
Society, Washington, DC. pp. 64-85.

Brusseau, M.L., J.E. McCray, G.R. Johnson, X. Wang, A.L. Wood, C. Enfield. 1999a.
Field test of cyclodextrin for enhanced in-situ flushing of multiple-component immiscible
organic liquid contamination: Project overview and initial results. In: M.L. Brusseau,
D.A. Sabatini, J.S. Gierke and M.D. Annable (Eds.), Innovative Subsurface Remediation:
Field Testing of Physical, Chemical and Characterization Technologies.

ACS

199
Symposium Series, vol 275. American Chemical Society, Washington, DC. pp. 118135.

Brusseau, M.L., Nelson, N.T., Zhang, Z., Blue, J.E., Rohrer, J., Allen, T., 2007. Sourcezone characterization of a chlorinated-solvent contaminated Superfund site in Tucson,
AZ. J. Contam. Hydrol. 90, 21-40.

Childs, J., Acosta, E., Annable, M.D., Brooks, M.C., Enfield, C.G., Harwell, J.H.,
Hasegawa, M., Knox, R.C., Rao, P.S.C., Sabatini, D.A., Shiau, B., Szekers, E., Wood,
A.L., 2006. Field demonstration of surfactant-enhanced solubilization of immisicble
liquid at Dover Air Force Base, Delaware. J. Contam. Hydrol. 82, 1-22.

DeHghi, B., Hodges, A., Feng, T.H., 2002. Post-treatment evaluation of Fenton’s
reagent in situ chemical oxidation. In: A.R. Gavaskar and A.S.C. Chen. (Eds.),
Remediation of Chlorinated and Recalcitrant Compounds. Battelle Press, Columbus,
OH. paper 2C-13.

U.S. Environmental Protection Agency (EPA). 2003. The immisicble liquid remediation
challenge: is there a case for source depletion? Expert Panel on immisicble liquid
Remediation, Kavanaugh, M.C., and P.S.C. Rao, Co-chairs, EPA/600/R-03/143.
http://www.epa.gov/ada/pubs/reports.html. March, 2007.

200
Environmental Security Technology Certification Program (ESTCP). 2001. Surfactant
enhanced immisicble liquid removal. ESTCP Cost and Performance Report CU-9714.
Washington, DC. http://www.estcp.org/documents/techdocs/199714.pdf. March, 2007.

Fain, S., Holloway, C., Heath, W., Lundberg, W.R., Walters, G., Ficklen, D., 2002.
Electrical resistance heating under an active industrial plant. In: A.R. Gavaskar and
A.S.C. Chen. (Eds.), Remediation of Chlorinated and Recalcitrant Compounds. Battelle
Press, Columbus, OH. paper 2G-10.

Falta, R.W., Rao, P.S.C., Basu, N., 2005. Assessing the impacts of partial mass
depletion on immisicble liquid source-zones: I. Analytical modeling of source strength
functions and plume response. J. Contam. Hydrol. 78 , 259-208.

Fleming, D., 2006. Draft report: Case Study 15. Air Force Plant 4, Building 181 Fort
Worth, Texas., personal communication.; and summary report
http://thermalrs.com/performance/projects/pdfs/TRS-AFP4-073106-ACF.pdf. March,
2007.

Fountain, J.C., Starr, R.C., Middleton, T., Beikirch, M., Taylor, C., Hodge, D., 1996. A
controlled field test of surfactant-enhanced aquifer remediation. Ground Water. 34, 910916.

201
Frind, E.O., Molson, J.W., Schirmer, M., Guiguer, N., 1999. Dissolution and masstransfer of multiple organics under field conditions: The Borden emplaced source. Water
Resour. Res. 35, 683-694.

IT Corporation. 2000. In situ oxidation system demonstration test final report, treatment
cell C, Launch Complex 34 immisicble liquid source-zone oxidation project, Cape
Canaveral, FL. Project No. 108029. http://www.cluin.org/products/tins/display.cfm?id=9229325. March, 2007.

Jawitz, J.W., Sillan, R.K., Annable, M.D., Rao, P.S.C., Warner, K., 2000. In-situ
alcohol flushing of a immisicble liquid source-zone at a dry cleaner site. Environ. Sci.
Technol. 34, 3722-3729.

Jerome, K.M., Riha, B., Looney, B.B., 1996. Final report for demonstration of in situ
oxidation of immisicble liquid using GeoCleanse® technology. U.S. Department of
Energy Savannah River Operations. WSRC-TR-97-00283.
http://www.osti.gov/bridge/product.biblio.jsp?query_id=0&page=0&osti_id=564990.
March, 2007.

Jerome, K.M., Looney, B.B., Wilson, J., 1998. Field demonstration of in situ Fenton’s
destruction of immisicble liquids. In: G.B. Wickramanayake and R.E. Hinchee (Eds.),

202
Physical, Chemical, and Thermal Technologies, Remediation of Chlorinated and
Recalcitrant Compounds. Battelle Press, Columbus, OH. pp. 353-358.

Londergan, J.T., Meinardus, H.W., Mariner, P.E., Jackson, R.E., Brown, C.L.,
Dwarakanath, V., Pope, G.A., Ginn, J.S., Taffinder, S., 2001. immisicble liquid removal
from a heterogeneous alluvial aquifer by surfactant-enhanced aquifer remediation.
Ground Water Monit. Remediat. Fall 2001, 57-67.

Mackay, D.M., Freyberg, D.L., Roberts, P.V., Cherry, J.A., 1986. A natural gradient
experiment on solute transport in a sand aquifer 1. Approach and overview of plume
movement. Water Resour. Res. 22, 2017-2029.

McCray, J.E., Brusseau, M.L., 1998. Cyclodextrin-enhanced in situ flushing of
multiple-component immiscible organic liquid contamination at the field scale: mass
removal effectiveness. Environ. Sci. Technol. 32, 128-1293.

Rao, P.S.C., Annable, M.D., Sillan, R.K., Dai, D., Hatfield, K., Graham, W.D., Wood,
A.L., Enfield, C.G., 1997. Field-scale evaluation of in situ cosolvent flushing for
enhanced aquifer remediation. Water Resour. Res. 33, 2673-2686.

Rice, B., 1998. Remediation demonstration of dual-auger rotary steam stripping. In:
G.B. Wickramanayake and R.E. Hinchee (Eds.), Physical, Chemical, and Thermal

203
Technologies, Remediation of Chlorinated and Recalcitrant Compounds. Battelle Press,
Columbus, OH. pp. 127-132.

Sudicky, E.A., Cherry, J.A., Frind, E.O., 1983. Migration of contaminants in
groundwater at a landfill: A case study, 4, A natural-gradient dispersion test. J. Hydrol..
63, 81-108.

Quinn, J., Geiger, C., Clausen, C., Brooks, K., Coon, C., O’Hara, S., Krug, T., Major, D.,
Yoon, W-S., Gavaskar, A., Holdsworth, T., 2005. Field demonstration of immisicble
liquid dehalogenation using emulsified zero-valent iron. Environ. Sci. Technol. 39,
1309-1318.

Rivett, M.O., Feenstra, S., 2005. Dissolution of an emplaced source immisicble liquid in
a natural aquifer setting. Environ. Sci. Technol.. 39, 447-455.

Rivett, M.O., Feenstra, S., Cherry, J.A., 1994. Transport of a dissolved-phase plume
from a residual solvent source in a sand aquifer. J. Hydrol. 159, 27-41.

Rivett, M.O., Feenstra, S., Cherry, J.A., 2001. A controlled field experiment on
groundwater contamination by multicomponent immisicble liquid: creation of the
emplaced-source and overview of dissolved plume. J. Contam. Hydrol. 49, 111-149.

204
Smart. J.L., 2005. Application of six-phase sediment heating technology for
groundwater remediation. Environmental Progress. 24, 34-43.

Thomson, N.R., Hood, E.D., MacKinnon, L.K., 2000. Source mass removal using
permanganate: expectation and potential limitations. In: G.B. Wickramanayake, A.R.
Gavaskar and A.S.C. Chen (Eds.), Chemical Oxidation and Reactive Barriers,
Remediation of Chlorinated and Recalcitrant Compounds. Battelle Press, Columbus,
OH. pp. 9-16.

Wood, A.L., Enfield, C.G., in press. Field evaluation of enhanced immisicble liquid
source removal, Final technical report. SERDP Project CU-368. pp. 137-171.

Yeh, S.L., Landman, K., 2000. Surfactant-enhanced aquifer remediation for the cleanup
of chlorinated solvent, Marine Corps Base, Camp Lejeune, North Carolina.

Soil Sedim.

Ground. December 1999/January 2000, 8-12.

Zhang, Z., Brusseau, M.L., 1999. Nonideal transport of reactive solute in heterogeneous
porous media 5. Simulating regional-scale behavior of a trichloroethene plume during
pump-and-treat remediation. Water Resour. Res. 35, 2921-2935.

205
APPENDIX C

MASS-REMOVAL AND MASS-FLUX-REDUCTION BEHAVIOR FOR
IDEALIZED SOURCE ZONES WITH HYDRAULICALLY
POORLY-ACCESSIBLE IMMISCIBLE LIQUID

M.L. Brusseau1,2*, E.L. DiFilippo1, J.C. Marble1, and M. Oostrom3
1

Hydrology and Water Resources, University of Arizona, John W. Harshbarger
Building, Tucson, Arizona, 85721
2
Soil, Water, and Environmental Science, University of Arizona, 429 Shantz Building,
Tucson, Arizona 85721
3
Pacific Northwest National Laboratory, Environmental Technology Division,
Richland, WA 99352

Reproduced with permission from:
Chemosphere
Vol. 71, 1511-1521
doi:10.1016/j.chemosphere.2007.11.064
Copyright 2008 Elsevier Ltd.

*Corresponding author

206
Abstract
A series of flow-cell experiments was conducted to investigate aqueous
dissolution and mass-removal behavior for systems wherein immiscible liquid was nonuniformly distributed in physically heterogeneous source zones.

The study focused

specifically on characterizing the relationship between mass flux reduction and mass
removal for systems for which immiscible liquid is poorly accessible to flowing water.
Two idealized scenarios were examined, one wherein immiscible liquid at residual
saturation exists within a lower-permeability unit residing in a higher-permeability
matrix, and one wherein immiscible liquid at higher saturation (a pool) exists within a
higher-permeability unit adjacent to a lower-permeability unit. The results showed that
significant reductions in mass flux occurred at relatively moderate mass-removal
fractions for all systems. Conversely, minimal mass flux reduction occurred until a
relatively large fraction of mass (>80%) was removed for the control experiment, which
was designed to exhibit ideal mass removal.

In general, mass flux reduction was

observed to follow an approximately one-to-one relationship with mass removal. Two
methods for estimating mass-flux-reduction/mass-removal behavior, one based on
system-indicator parameters (ganglia-to-pool ratio) and the other a simple mass-removal
function, were used to evaluate the measured data. The results of this study illustrate the
impact of poorly accessible immiscible liquid on mass-removal and mass-flux processes,
and the difficulties posed for estimating mass-flux-reduction/mass-removal behavior.
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1. Introduction
One of the most critical issues associated with hazardous waste sites is the
potential presence of immiscible-liquid source zones in the subsurface.

Immiscible

liquids serve as long-term sources of subsurface contamination, and their presence can
greatly impact the costs and time required for site remediation. In fact, the presence of
dense nonaqueous-phase liquids (DNAPLs) is usually considered the single most
important factor constraining the risk assessment, characterization, and cleanup of
organic-contaminated sites (NRC 1994, 1997, 1999, 2000, 2005; ITRC, 2002; EPA,
2003). The contaminant mass flux or mass discharge emanating from a source zone, also
referred to as the source strength or source function, is recognized as a primary
determinant of the risk associated with a contaminated site. Concomitantly, the reduction
in mass flux achieved with a specific level of source-zone mass removal (or mass
depletion) is a key metric for evaluating the effectiveness of a source-zone remediation
effort.

Thus, there is great interest in characterizing, estimating, and predicting

relationships between mass flux reduction and mass removal.
The fundamental concept of contaminant mass flux, its relationship to massremoval processes and source-zone properties, and its impact on risk has long been
established (e.g., Fried et al., 1979; Pfannkuch, 1984).

The impact of subsurface

heterogeneity and non-uniform immiscible-liquid distribution on mass-removal behavior
and associated aqueous-phase concentrations (mass flux) has been examined for some
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time through laboratory, modeling, and field studies (e.g., Schwille, 1988; Dorgarten,
1989; Guiguer, 1991; Anderson et al., 1992; Brusseau, 1992; Guarnaccia and Pinder,
1992; Mayer and Miller, 1996; Berglund, 1997; Nelson and Brusseau, 1997; Blue et al.,
1998; Powers et al., 1998; Unger et al. 1998; Broholm et al., 1999; Brusseau et al., 1999;
Frind et al., 1999; Oostrom et al., 1999; Zhang and Brusseau, 1999; Brusseau et al., 2000;
Nambi and Powers, 2000; Saba and Illangasekare, 2000; Zhu and Sykes, 2000; Rivett et
al., 2001; Sale and McWhorter, 2001; Brusseau et al., 2002; Jayanti and Pope, 2004;
Lemke et al., 2004; Parker and Park, 2004; Phelan et al., 2004; Soga et al., 2004; Falta et
al., 2005; Jawitz et al., 2005; Rivett and Feenstra, 2005; Fure et al., 2006; Lemke and
Abriola, 2006; Brusseau et al., 2007).

An early effort to quantify the relationship

between contaminant mass flux reduction and mass removal, and the resultant reduction
in risk, was presented by Freeze and McWhorter (1997).

The specific relationship

between mass flux reduction and mass removal has since been examined and discussed in
a number of studies (e.g., Enfield et al., 2002; Rao et al., 2002; Rao and Jawitz, 2003;
Stroo et al., 2003; Brooks et al., 2004; Jayanti and Pope, 2004; Lemke et al., 2004; Parker
and Park, 2004; Phelan et al., 2004; Soga et al., 2004; Falta et al., 2005; Jawitz et al.,
2005; NRC, 2005; Fure et al., 2006; Lemke and Abriola, 2006; Brusseau et al., 2007).
Three simplified, prototypical relationships between mass flux reduction and mass
removal useful for comparative discussion are illustrated in Figure 1A.

Such

relationships can be readily developed by employing a simple limiting-case analysis of
the temporal contaminant-elution/mass-removal function for immiscible-liquid systems
(as shown in Figure 1B), from which the mass-flux-reduction/mass-removal relationship
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can be obtained directly. The curve in the lower right of Figure 1A represents the
relationship for a system governed by relatively ideal mass-transfer behavior, wherein
mass removal is relatively efficient, as illustrated by the corresponding contaminant
elution curve presented in Figure 1B. Because mass removal is relatively efficient, the
aqueous-phase contaminant concentrations are maintained at maximal or near-maximal
levels, and thus there is minimal reduction in mass flux until almost all of the mass has
been removed. The curve in the upper left of Figure 1A represents the relationship for a
system governed by non-ideal mass-transfer behavior (e.g., rate-limited dissolution, bypass flow phenomena), wherein mass removal is relatively inefficient (Figure 1B), and
there is a significant reduction in mass flux with minimal mass removed. The third curve
represents the special case wherein there is a one-to-one relationship between mass flux
reduction and mass removal (e.g., first-order mass removal).
There are two general approaches to characterizing the relationship between mass
flux reduction and mass removal, end-point analysis and time-continuous analysis. Endpoint analysis is based on comparing mass fluxes measured before and after a sourcezone remediation effort. For example, Suchomel and Pennell (2006) conducted flow-cell
experiments to examine the impact of surfactant-enhanced solubilization on mass-fluxreduction/mass-removal behavior. Several examples of end-point analyses based on field
studies have recently been reported (Brooks et al., 2004; Childs et al., 2006; McGuire et
al., 2006; Brusseau et al., 2007). The end-point analysis approach provides critical
information for evaluating the impact of a source-zone remediation effort on mass flux.
However, the single-snapshot characterization of mass-flux-reduction/mass-removal
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behavior obtained with this approach is constrained in that the antecedent behavior
remains indeterminate.

Conversely, as the name implies, time-continuous analysis

incorporates a “complete” characterization of the relationship between mass flux
reduction and mass removal, from the initial stages of mass removal to a given end point.
This approach provides a more robust characterization of mass-flux behavior as a
function of mass removal. Direct, experiment-based investigations of time-continuous
mass-flux-reduction/mass-removal behavior are just now beginning to be reported. For
example, Fure et al. (2006) conducted flow-cell experiments under continuous waterflushing conditions to examine the impact of source-zone architecture on mass-fluxreduction/mass-removal behavior. Brusseau et al. (2007) report a time-continuous massflux-reduction/mass-removal relationship for a large chlorinated-solvent contaminated
Superfund site in Tucson, AZ.
An expert-panel workshop was convened recently to discuss the research needs
for characterization and remediation of DNAPL source zones (SERDP, 2006). The panel
noted that significant uncertainty remains with respect to the impact of source-zone
architecture and mass-transfer dynamics on mass-removal and mass-flux-reduction
behavior. One issue that was particularly emphasized was the behavior of systems in
which immiscible liquid is associated with regions of the subsurface that are poorly
accessible to flowing groundwater (i.e., that are “flow limited”).

For example, the

majority of the chlorinated-solvent contaminated sites in the U.S. are several to many
decades old. For such sites, it would generally be expected that a large fraction of the
more hydraulically accessible immiscible-liquid mass has been removed in the
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intervening time (thus producing the associated aqueous contaminant plumes).

For

another example, source-zone remediation efforts are generally considered to be able to
remove or deplete only a portion of the total contaminant mass, and it is likely that the
majority of mass removed is primarily that which is more accessible. Thus, for both
examples (i.e., both unremediated and remediated source zones), a “residual” mass of
immiscible liquid will typically remain in the source zones, and this mass will most likely
be associated with regions of the subsurface that are poorly accessible to flowing
groundwater, such as within or adjacent to lower-permeability zones.

This poorly

accessible mass will have a significant impact on long-term mass flux, and thus on longterm site management efforts.
Improved understanding of the impact of immiscible liquid located within lowpermeability matrices and other flow-limited domains was deemed a critical research
need in the SERDP review (SERDP, 2006). The purpose of the study reported herein
was to investigate mass-flux-reduction/mass-removal behavior for idealized systems in
which immiscible liquid is hydraulically poorly accessible. This was accomplished with
flow-cell experiments conducted under continuous water-flushing conditions, wherein
immiscible liquid was emplaced within (residual saturation) or adjacent to (pool) lowerpermeability matrices.
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2. Materials and Methods
2.1 System Design
As noted above, the objective of the study was to investigate mass-fluxreduction/mass-removal behavior for systems wherein immiscible liquid is poorly
accessible to flowing water. Thus, the flow-cell systems were designed to represent in an
idealized manner source zones that have undergone an extensive degree of water flushing
(“aged” systems) such that contaminant mass associated with hydraulically accessible
domains (e.g., so-called residual or ganglia immiscible liquid within higher-permeability
units) has been removed, and immiscible liquid associated with flow-limited regions
remains. Two representative scenarios were examined, one wherein immiscible liquid at
residual saturation exists within a lower-permeability unit residing in a higherpermeability matrix, and one wherein immiscible liquid at higher saturation (a pool)
exists within a higher-permeability unit adjacent to a lower-permeability unit. The flowcell systems were prepared in such a manner to focus specifically on the issue of poorly
accessible immiscible liquid. Thus, the immiscible liquid was emplaced only in the
target zones, rather than being “spilled” into the system.

In addition, an idealized

permeability distribution was used to eliminate the impact of non-uniform flow
associated with permeability variability in regions upgradient and downgradient of the
source zone on mass removal and mass flux. It should be emphasized that the systems
are designed to represent the specific idealized scenarios noted above, and that the
immiscible-liquid distributions employed are not necessarily those that would occur if

8
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immiscible liquid were spilled into the top of a water-saturated flow cell with these
particular configurations.

2.2 Materials
The porous media used in the experiments are natural sands obtained from
Unimin Corporation (Le Sueur, MN).

Three media with different median particle

diameters were used, 724 Fm (20-30 mesh), 360 Fm (40-50 mesh), and 172 Fm (70-100
mesh). Representative hydraulic conductivities for the three media are 460, 72, and 7
cm/h, respectively.

Trichloroethene and carbon tetrachloride, ACS grade (Aldrich

Chemical Col, Inc., Milwaukee, WI), were used as the immiscible liquids. They were
dyed with certified Sudan IV (Aldrich Chemical Col, Inc., Milwaukee, WI) at a
concentration of 100 mg/L, which has been shown to have minimal impact on fluid
properties and behavior (e.g., Schwille, 1988; Kennedy and Lennox, 1997).
Dichloromethane (DCM) used in extractions was ACS/HPLC certified solvent (Burdick
and Jackson, Muskegon, MI).
Both rectangular and cylindrical flow cells were used in the study.

The

rectangular flow cells (used for experiments Lower-K-1, Lower-K-2, and Pool as
referenced below) were constructed of stainless steel and tempered glass, with
approximate dimensions of 50 cm long by 40 cm high by 5 cm wide. These flow cells
were equipped with multiple, evenly spaced injection/extraction ports on the upgradient
and downgradient edges, the latter of which could be used to collect vertically discrete
aqueous samples and flow-rate measurements.

The cylindrical flow cell (used for
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experiment Lower-K-3 as referenced below) was constructed of stainless steel and was
7.65 cm in diameter and 10 cm long.

2.3 Methods
A total of five sets of experiments were conducted for this study. Three sets of
experiments were conducted to examine the case wherein immiscible liquid is located
within a lower-permeability unit. The porous-medium configuration was changed for
each of these experiments to examine the impact of source-zone architecture on massflux and mass-removal behavior. For the first experiment (Lower-K-1), two rectangular
lower-permeability zones, composed of 360-:m diameter and 172-:m diameter sand,
respectively, were emplaced within a higher-permeability (724-:m diameter sand) matrix
(see Figure 2). For the second experiment (Lower-K-2), immiscible liquid was located
within three lenticular lower-permeability zones (360-:m) packed within a higherpermeability matrix (724-:m) (see Figure 3A). A third experiment (Lower-K-3) was
conducted to examine the impact of source-zone length scale on mass flux and mass
removal behavior. For this system, a single cubic lower-permeability zone (2.5-cm each
side) composed of 360-:m sand was placed within a uniform packing of higherpermeability (724-:m) sand. A fourth experiment (Pool) was conducted to examine the
case wherein greater-than-residual saturations of immiscible liquid reside within higherpermeability units adjacent to a lower-permeability unit.

Three lenticular higher-

permeability zones, composed of 724-:m diameter sand, were emplaced within a lower-
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permeability (360-:m) matrix (see Figure 3A). For this system, the immiscible liquid
was injected into the designated zones during packing. Finally, a control experiment was
conducted to characterize mass removal and associated mass flux reduction under
conditions wherein mass removal was as ideal as possible. This would represent a
system comprised of a homogeneous porous medium, uniform flow field, and a residual
saturation of immiscible liquid distributed throughout the system. Dye and non-reactive
tracer tests were conducted for each of the source-zone configurations to characterize the
associated flow fields.
The flow cells were packed under saturated conditions (ponded water). The flow
cell was packed to a height coincident with the top boundary of each of the planned
inclusions.

The matrix was then excavated to the lower boundary of the planned

immiscible-liquid zone, and the selected source-zone material was added. For the LowerK experiments, the media for each source zone was prepared by thoroughly mixing a predetermined amount of damp sand (moisture content of ~20%) with an amount of
immiscible liquid that would yield a saturation close to residual. This material was then
packed into each designated location. Subsamples of the contaminated media were
collected during packing and subjected to solvent extraction to ensure that the saturations
were close to the target value (approximately 14% for all experiments except the Pool
experiment). The results of prior studies have shown that this method of emplacement
produces relatively uniform distributions of immiscible liquid within the source zone
(e.g., Brusseau et al., 2000, 2002). For the “pool” experiment, the water table was raised
above the top boundary after excavation, and the zone was packed with 724-:m diameter
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sand. The water table was then lowered to 1 cm below the bottom of the zone, and
immiscible liquid was injected into the top of the zone at a rate of 1.0 ml/min using a
syringe pump. After emplacement of the zones, the water table was slowly raised and the
matrix sand was packed above the zone. The source zones employed for the experiments
(except for Lower-K-3) were approximately 15-cm long. Thus, a 2.5-cm diameter by 15cm long column packed homogeneously with the 724-:m diameter sand was used for the
control experiment. A residual saturation of trichloroethene was established throughout
the column using standard procedures (e.g., Imhoff et al., 1994; Powers et al., 1994;
Johnson et al., 2003).
Once a flow cell was prepared, water was inject at a constant rate, equivalent to
an average pore-water velocity of approximately 20 cm/h, to initiate the dissolution
study. For all experiments, effluent samples were collected with a glass syringe and
either analyzed immediately with an ultraviolet-visible (8 = 210) spectrophotometer
(Shimadzu 1601) or injected into glass autosampler vials. The latter samples were stored
at 4 EC until analyzed using a gas chromatograph (Shimadzu 14A or 17A) equipped with
a flame ionization detector (FID) and electron capture detector (ECD).

Higher-

concentration samples were analyzed by direct aqueous phase injection (1 :l) using GCFID equipped with an autosampler. Lower-concentration samples were analyzed via GCECD equipped with a headspace autosampler.

Methods were the same for both

applications: Supelco SPB-624 capillary column, oven temperature was held at 40 °C for
2 minutes and then ramped at a rate of 10 °C/min to a final temperature of 170 °C,
injector temperature at 180 °C, detector temperature at 200 °C.

The quantifiable

217
detection limits were approximately 1 mg L-1 (UV-VIS), 1 mg L-1 (GC-FID), and 0.0001
mg L-1 (GC-ECD). Upon completion of all experiments (except for which the dualenergy gamma system was used as discussed below), the flow cell was opened and subsamples of the porous media were collected for solvent-extraction analysis. The subsamples were added to vials containing DCM, which were then sealed and placed on a
shaker table for 24 h. Aliquots of the extractant were removed and analyzed via GC-FID.
The results of these analyses indicated that all immiscible-liquid mass was removed to
the limit of detection for all experiments. Integration of the effluent concentration data
provided total mass, cumulative mass removed, and mass flux as a function of time.
The initial distribution of immiscible liquid within the source zones was relatively
uniform for the residual-saturation experiments as noted above.

Conversely, a

nonuniform distribution was expected for the pool experiment. Thus, a dual-energy (280
mCi Americium and 100 mCi Cesium) gamma radiation system was used to measure
immiscible-liquid saturations within the flow cell for this experiment, following
procedures used in prior experiments (e.g., Oostrom et al., 1999; Brusseau et al., 2000;
2002).

The spatial resolution was approximately 0.25 cm2, with a saturation

measurement sensitivity of approximately 0.003. The scans required 60 seconds per
location, for a total of approximately 12 hours for the entire flow cell. Scans were
obtained prior to the start of water flushing, at the end of the experiment, and at two
additional times during the experiment.
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3. Results and Discussion

3.1 Contaminant Elution Behavior
The contaminant elution curves obtained from the flow-cell and control
experiments are presented in Figure 4. The effluent concentrations for the flow-cell
experiments are less than aqueous solubility values as expected due to dilution effects
associated with the system configurations. The elution curves exhibit relatively extensive
periods wherein the concentrations decrease gradually, reflecting the impacts of massremoval constraints. Mass removal was constrained primarily by the limited contact
between flowing water and the immiscible liquid, due to the specific source-zone
configurations. This was true for the pool system as well as the lower-K-zone systems,
as confirmed by the results of dye tracer tests (data not shown).
For the pool system, measurements obtained with the dual-energy gamma system
prior to the start of water flushing showed that immiscible-liquid saturations were nonuniformly distributed within each of the three source zones (Figure 3A). Immiscible
liquid at saturation values close to residual (~16%) spanned the upper and middle
sections of each zone, whereas saturations much greater than residual (i.e., pools) were
present at the bottom of each zone. Approximately 90% of the immiscible liquid volume
was associated with the pool regions. The proportion of immiscible liquid residing in the
pools was greater for the second gamma scan, conducted after approximately 63 pore
volumes of water flushing, reflecting the preferential removal of mass from the regions
containing residual saturation (Figure 3B).

219

3.2 Mass-Flux-Reduction/Mass-Removal Behavior
The reductions in mass flux associated with mass removal for the flow-cell and
control experiments are presented in Figure 5. For the control experiment, minimal mass
flux reduction occurred until a relatively large fraction of mass (>80%) was removed.
This behavior is what is expected for an ideal system wherein immiscible liquid is
distributed throughout the entire system and is fully accessible (Figure 1).

An

approximate one-to-one relationship is observed between mass flux reduction and mass
removal for the first flow-cell experiment (Lower-K-1), wherein immiscible liquid
resided within two lower-permeability units surrounded by coarser sand. Comparison of
these results to those obtained for the control experiment illustrates the impact of poorly
accessible immiscible liquid on mass-removal efficiency, and associated mass-flux
reductions. A slightly lesser magnitude of mass flux reduction is observed for the LowerK-2 experiment.

The difference in behavior observed between the Lower-K-1 and

Lower-K-2 experiments reflects the lesser degree of hydraulic accessibility of the
immiscible liquid (and resultant less efficient mass removal) for the former experiment,
due to the source-zone architecture employed in that experiment. Recall that two source
zones were emplaced for experiment Lower-K-1, one consisting of 360-:m diameter
sand and one of 172-:m diameter sand. Conversely, the source zones consisted only of
the coarser 360-:m diameter sand for experiment Lower-K-2.
The mass-flux-reduction/mass-removal relationship for experiment Lower-K-3
exhibits non-singular behavior, comprising three discrete stages. Initially, no mass flux
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reduction is observed until after 10% mass removal, at which point mass flux decreases
rapidly to approximately 50% reduction with minimal mass removal (additional 10%
removed). Thereafter, mass flux reduction and mass removal both increase at a moderate
rate for the remainder of the experiment. This behavior may be related in part to the
specific configuration employed (three-dimensional), wherein water flow occurred along
all sides of the source-zone unit for this experiment, in contrast to the other, twodimensional, flow-cell experiments wherein flow occurred only along the upper and
lower boundaries of the units.

Such non-singular or multi-step mass-flux-

reduction/mass-removal behavior was observed for selected individual realizations in
recent mathematical-modeling studies (Phelan et al., 2004; Soga et al., 2004). It is also
observed in the measured field data reported by Brusseau et al. (2007).
The results for the experiment conducted with a pool-dominated source zone, for
which initially approximately 90% of the total immiscible-liquid volume resided in
regions wherein saturations were greater than residual, are also presented in Figure 5.
The degree of mass flux reduction is similar to that observed for the Lower-K-2
experiment. The results for the pool system are generally similar to those obtained from
mathematical-modeling analyses of mass-flux/mass-removal behavior for systems
wherein immiscible liquid is distributed as both residual saturation and pools in
physically heterogeneous sources zones (Lemke et al., 2004; Parker and Park, 2004;
Phelan et al., 2004). Analysis of the results of these modeling studies reveals that massflux-reduction/mass-removal behavior primarily ranged from slightly lesser to slightly
greater than one-to-one, depending upon the specific source-zone architecture. Similarly,
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approximate one-to-one relationships were observed for the integrated mass-fluxreduction/mass-removal data obtained from flow-cell experiments conducted with
immiscible liquid distributed as both residual and pools (Fure et al., 2006).

3.3 System-Indicator Parameters and Simple Mass-Removal Functions
There is interest in the use of system-indicator parameters for delineating the type
of mass-flux-reduction/mass-removal behavior expected for a given set of conditions.
One example is the ganglia-to-pool ratio (e.g., Lemke et al., 2004; SERDP, 2006). The
ganglia-to-pool ratio provides some qualitative measure of immiscible-liquid accessibility
with respect to the degree of contact between flowing water and the immiscible liquid,
under the assumption that immiscible liquid in regions comprising primarily “ganglia”
(residual saturation) would generally be more accessible than immiscible liquid
associated with pools. In prior studies, lesser degrees of mass flux reduction have been
observed for systems with higher ganglia-to-pool ratios, whereas one-to-one and greater
than one-to-one reductions were observed for systems with moderate to low ratios
(Lemke et al., 2004; Phelan et al., 2004; Lemke and Abriola, 2006; Suchomel et al.,
2006). Mass-flux-reduction/mass-removal behavior may also be influenced by the time
scale of contact between the flowing water and the source zone (flow rate, system
dimensions), and the overall amount of immiscible liquid present, especially under
conditions wherein one or more mass-transfer processes are rate limited. Thus, other
potential system-indicator parameters include global immiscible-liquid saturation, sourcezone residence time, source-length:system-length ratio, and source-area:system-area ratio
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(cross-sectional areas).

The values of selected system-indicator parameters for the

experiment systems are presented in Table 1.
The ganglia-to-pool ratio provides a representative assessment of the respective
mass-flux-reduction/mass-removal behaviors observed for the pool system (low ratio)
versus the control experiment (all ganglia), consistent with the results noted above. The
ganglia-to-pool ratio does not, however, provide a complete assessment of hydraulic
accessibility effects, particularly with respect to the impact of immiscible liquid trapped
within lower-permeability matrices. For example, the mass-flux-reduction/mass-removal
behavior observed for experiment Lower-K-2 is similar to that observed for the Pool
experiment, although the immiscible liquid was distributed entirely as ganglia (high ratio)
for the Lower-K-2 experiment. The potential impact of other factors listed in Table 1 is
illustrated by comparing the results obtained for experiment Lower-K-3 to those obtained
for the first two Lower-K experiments (see Figure 5). A generally greater degree of mass
flux reduction was observed for Lower-K-3. Note that the source-zone residence time
and global immiscible-liquid saturation were lower for the Lower-K-3 experiment than
for the other experiments (Table 1).
The ability to predict the mass-flux-reduction/mass-removal relationship for a
given system would obviously be of great assistance in evaluating the potential benefits
and cost-effectiveness of a proposed remediation effort. To that end, several approaches,
based on simple “mass-removal” functions or “source-depletion” models, have been
proposed recently for estimating mass-flux-reduction/mass-removal behavior (e.g.,
Enfield et al., 2002; Rao et al., 2002; Rao and Jawitz, 2003; Parker and Park, 2004; Zhu
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and Sykes, 2004; Falta et al., 2005; Jawitz et al., 2005; Christ et al., 2006). One simple
approach is based on treating changes in mass flux as a direct function of the change in
contaminant mass. This leads to a relationship of the form: (1-J(t)/J0) = (1-M(t)/M0)1/n,
where J(t) is mass flux, J0 is initial mass flux, M(t) is contaminant mass, and M0 is initial
mass.

The parameter “n” defines the specific mass-flux-reduction/mass-removal

relationship, and thus incorporates the impact of source-zone architecture, flow-field
dynamics, and mass-transfer processes on mass-flux and mass-removal behavior.
Applications of this approach are discussed in several recent publications (e.g., Rao et al.,
2002; Zhu and Sykes, 2004; Falta et al., 2005).
The simple function was applied to the data sets reported herein (see Figure 5).
The special case of 1/n=1 produces the one-to-one mass-flux-reduction/mass-removal
curve. The measured data obtained for the Lower-K-1 experiment are observed to vary
between the curves produced with 1/n=1 and 1.2 (Figure 5). The results of the Lower-K2 and Pool experiments are roughly approximated by the curve produced with 1/n=2.
The control-experiment data are well represented by the curve produced with1/ n=15. In
these cases, the simple function provides reasonable matches to the measured data. In
contrast, the singular curves produced with the simple function can not reproduce the
multi-step behavior exhibited by the data obtained for experiment Lower-K-3.

4. Conclusion
A series of flow-cell experiments was conducted to investigate mass-fluxreduction/mass-removal behavior for simplified systems wherein immiscible liquid was
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poorly accessible to flowing water.

Two scenarios were examined, one wherein

immiscible liquid at residual saturation existed within a lower-permeability unit residing
in a higher-permeability matrix, and one wherein immiscible liquid at higher saturation (a
pool) existed within a higher-permeability unit adjacent to a lower-permeability unit.
The results showed that significant reductions in mass flux occurred at relatively
moderate mass-removal fractions for all systems.

Conversely, minimal mass flux

reduction occurred until a relatively large fraction of mass (>80%) was removed for the
control experiment, which was designed to undergo efficient mass removal (ideal masstransfer conditions).

In general, mass flux reduction was observed to follow an

approximately one-to-one relationship with mass removal.
The ganglia-to-pool ratio was used to assess the relative behavior observed for the
experiments.

The ganglia-to-pool ratio provided a representative assessment of the

respective mass-flux-reduction/mass-removal behaviors observed for the pool system
versus the control experiment. The ratio was not effective, however, for characterizing
the behavior observed for the experiments for which immiscible liquid was trapped
within lower-permeability matrices. This illustrates the limitations of employing the
ganglia-to-pool ratio to characterize the hydraulic accessibility of immiscible liquid,
particularly with respect to the assumption that immiscible liquid present as ganglia is
more accessible than that associated with pools. A more generally applicable systemindicator parameter would incorporate the specific disposition of the ganglia (e.g.,
account for the possible presence of immiscible liquid in lower-permeability matrices).
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A simple mass-removal function was applied to the measured data and provided
reasonable matches for all but one experiment. For this latter case, the singular curves
produced with the simple function could not reproduce the multi-step behavior exhibited
by the data obtained for experiment Lower-K-3. Use of these functions for predicting
mass-flux-reduction/mass-removal behavior requires a priori determination of specific
values for “n”. This may prove difficult in some cases, considering the complexities
associated with the impacts of source-zone architecture, flow-field dynamics, and masstransfer processes on mass flux and mass removal.
The results of this study illustrate the impact of poorly accessible immiscible
liquid on mass-removal and mass-flux processes, and the relationship between mass flux
reduction and mass removal. Additional research is needed to further develop methods
for characterizing and predicting mass-flux and mass-removal behavior for systems
wherein the hydraulic accessibility of immiscible liquid is limited. The efficacy of
existing methods are likely to be especially constrained for these systems, and thus they
should be used with caution.
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Table 1. System-indicator parameters for the experiments.

1

Global SN
(%)2

tsz3 (h)

Lsz/LT4

Asz/AT5

Lower-K-1

all ganglia

2

3

0.4

0.25

Lower-K-2

all ganglia

1

1

0.3

0.3

Lower-K-3

all ganglia

0.5

0.1

0.3

0.14

Pool

0.1

2

1

0.3

0.22

Control

all ganglia

14

1

1

1

Experiment

1

Ganglia:Pool

Ganglia-to-pool ratio, defined as the volume of immiscible liquid occurring as “ganglia”

(Sn#residual saturation) divided by the volume of immiscible liquid residing in pools
(Sn>residual saturation)
2

Global Sn is defined as the volume of immiscible liquid divided by the pore volume of

the entire system (source zones plus matrix)
3

Residence time in source zone (source-zone length/mean pore-water velocity)

4

Length of source zone/Length of system

5

Cross-sectional area of source zone/Cross-sectional area of system
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Figure Captions

Figure 1A. Three simplified, prototypical relationships between mass flux reduction and
mass removal. These curves are derived from the concentration-time functions presented
in Figure 1B.

Figure 1B. Contaminant elution curves corresponding to the two limiting cases of mass
removal (efficient and inefficient), and that of first-order mass removal.

Figure 2. Schematic of source-zone configuration for experiment Lower-K-1.

Figure 3A. Schematic of source-zone configuration for the Pool experiment. Also shown
is the initial immiscible-liquid saturation distribution measured with the dual-energy
gamma system.

Figure 3B. Immiscible-liquid saturation removed after approximately 63 pore volumes of
water flushing (low values correspond to minimal removal and vice versa).

Figure 4. Contaminant elution curves for the experiments. Effluent concentrations are
normalized by the aqueous solubility of the contaminant.
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Figure 5. Mass flux reduction versus mass removal behavior for the experiments. Also
shown are mass-flux-reduction/mass-removal curves produced with a simple massremoval function (the 1/n values are labeled in the figure).
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Abstract
The use of a lumped-process mathematical model to simulate the complete
dissolution of immiscible liquid non-uniformly distributed in physically heterogeneous
porous-media systems was investigated. The study focused specifically on systems
wherein immiscible liquid was poorly accessible to flowing water. Two representative,
idealized scenarios were examined, one wherein immiscible liquid at residual saturation
exists within a lower-permeability unit residing in a higher-permeability matrix, and one
wherein immiscible liquid at higher saturation (a pool) exists within a higherpermeability unit adjacent to a lower-permeability unit.

As expected, effluent

concentrations were significantly less than aqueous solubility due to dilution and by-pass
flow effects. The measured data were simulated with two mathematical models, one
based on a simple description of the system and one based on a more complex
description. The permeability field and the distribution of the immiscible-liquid zones
were represented explicitly in the more complex, distributed-process model.

The

dissolution rate coefficient in this case represents only the impact of local-scale (and
smaller) processes on dissolution, and the parameter values were accordingly obtained
from the results of experiments conducted with one-dimensional, homogeneously-packed
columns. In contrast, the system was conceptualized as a pseudo-homogeneous medium
with immiscible liquid uniformly distributed throughout the system for the simpler,
lumped-process model. With this approach, all factors that influence immiscible-liquid
dissolution are incorporated into the calibrated dissolution rate coefficient, which in such
cases serves as a composite or lumped term. The calibrated dissolution rate coefficients
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obtained from the simulations conducted with the lumped-process model. With this
approach, all factors that influence immiscible-liquid dissolution are incorporated into the
calibrated dissolution rate coefficient, which in such cases serves as a composite or
lumped term. The calibrated dissolution rate coefficients obtained from the simulations
conducted with the lumped-process model were approximately two to three orders of
magnitude smaller than the independently-determined values used for the simulations
conducted with the distributed-process model. This disparity reflects the difference in
implicit versus explicit consideration of the larger-scale factors influencing immiscibleliquid dissolution in the systems.

Keywords: DNAPL; dissolution; modeling
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1. Introduction
Mathematical modeling has become a critical component of risk assessment,
characterization, and remediation-system development efforts for hazardous-waste sites.
Unfortunately, the application of advanced mathematical models is often greatly
constrained by insufficient knowledge of subsurface properties and contaminant
distributions. This is particularly the case for immiscible-liquid contaminated sites, for
which the location and architecture of the sources zones is rarely known in detail. Thus,
the use of simpler models for simulating immiscible-liquid dissolution at larger scales,
particularly the field scale, has become of great interest. A focus of this interest has been
the issue of the scalability of the first-order mass transfer approach typically used to
represent immiscible-liquid dissolution (e.g., Zhang and Brusseau, 1999; Saba and
Illangasekare, 2000; Brusseau et al., 2002; Parker and Park, 2004; Park and Parker, 2005;
Christ et al., 2006). When applied to a column system for example, the mass-transfer
term clearly represents the pore-scale mechanisms mediating dissolution at the local
scale. However, when this approach is applied to larger-scale systems, the mass-transfer
term represents all factors influencing dissolution that are not otherwise explicitly
represented in the model. In such cases, the mass-transfer rate coefficient becomes in
essence a macro-scale model-calibration parameter. This situation is especially apparent
for heterogeneous systems comprising non-uniform immiscible liquid distributions.
The subsurface environment is heterogeneous across a multitude of scales, and
this heterogeneity has a profound impact on the movement, retention, and distribution of
immiscible liquids. In fact, porous-medium heterogeneity is generally considered to be
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the predominant factor governing the distribution of immiscible liquid in subsurface
systems (e.g., NRC, 1999, 2000, 2004; EPA, 2003). This has been illustrated by the
results of laboratory experiments conducted with well-defined heterogeneous systems
(e.g., Schwille, 1988; Kueper et al., 1989; Illangasekare et al., 1995; Oostrom et al.,
1999), as well as by detailed examination of soil cores and excavation profiles for actual
immiscible-liquid-contaminated source zones (e.g., Poulsen and Kueper, 1992; Kueper et
al., 1993; Jawitz et al., 2000; Parker et al., 2003).

The impact of porous-medium

heterogeneity and/or non-uniform immiscible-liquid distribution on immiscible-liquid
dissolution behavior and associated aqueous-concentration profiles has been examined
for some time through laboratory, modeling, and field studies (e.g., Schwille, 1988;
Anderson et al., 1992; Mayer and Miller, 1996; Berglund, 1997; Blue et al., 1998; Powers
et al., 1998; Unger et al. 1998; Broholm et al., 1999; Brusseau et al., 1999, 2000, 2002;
Zhang and Brusseau, 1999; Frind et al., 1999; Nambi and Powers, 2000; Saba and
Illangasekare, 2000; Sale and McWhorter, 2001; Lemke et al., 2004; Parker and Park,
2004; Phelan et al., 2004; Soga et al., 2004; Rivett and Feenstra, 2005; Fure et al., 2006;
Lemke and Abriola, 2006; Brusseau et al., 2007, 2008). An expert-panel workshop was
convened recently to discuss the research needs for characterization and remediation of
immiscible-liquid contaminated source zones (SERDP, 2006).

One issue that was

particularly emphasized was the behavior of systems in which immiscible liquid is
associated with regions of the subsurface that are poorly accessible to flowing
groundwater (i.e., that are “flow limited”), such as immiscible liquid located within or
adjacent to lower-permeability zones.

252
The purpose of this study was to investigate the use of a lumped-process
mathematical model to simulate the complete dissolution of immiscible liquid nonuniformly distributed in physically heterogeneous porous-media systems. The study
focused on idealized systems in which immiscible liquid is hydraulically poorly
accessible, wherein immiscible liquid was located within (residual saturation) or adjacent
to (pool) lower-permeability matrices. The data were analyzed with both distributedprocess and lumped-process mathematical models.

2. Materials and Methods
2.1 Systems Investigated
As noted above, the objective of the study was to investigate the use of
mathematical models for simulating immiscible-liquid dissolution in systems wherein
immiscible liquid is poorly accessible to flowing water. As such, the flow-cell systems
were designed to represent in an idealized manner source zones that have aged to an
extent such that contaminant mass associated with hydraulically accessible domains (e.g.,
so-called residual or ganglia immiscible liquid within higher-permeability units) has been
removed, and immiscible liquid associated with flow-limited regions remains.

Two

representative, idealized scenarios were examined, one wherein immiscible liquid at
residual saturation exists within a lower-permeability unit residing in a higherpermeability matrix, and one wherein immiscible liquid at higher saturation (a pool)
exists within a higher-permeability unit adjacent to a lower-permeability unit. The flowcell systems were prepared in such a manner to focus specifically on the issue of poorly
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accessible immiscible liquid. Thus, the immiscible liquid was emplaced only in the
target zones, rather than being “spilled” into the system.

In addition, an idealized

permeability distribution was used to eliminate the impact of non-uniform flow
associated with permeability variability in regions upgradient and downgradient of the
source zone on mass removal and mass flux. It should be emphasized that the systems
are designed to represent the specific idealized scenarios noted above, and that the
immiscible-liquid distributions employed are not those that would occur if immiscible
liquid were spilled into the top of a water-saturated flow-cell with these particular
permeability configurations.

This is particularly true for the systems with lower-

permeability units residing in a matrix of higher-permeability material (e.g., Kueper et
al., 1989; Kueper and Frind, 1991a,b; Oostrom et al., 1999).

However, these

configurations comprising immiscible liquid emplaced within a lower-permeability zone
represent systems wherein site conditions promoted penetration of immiscible liquid into
lower-permeability layers (in this case a fine sand). This might occur for example, when
immiscible liquid enters a variably saturated (e.g. vadose zone) profile, which afterwards
becomes water saturated due to a rise in the water table. The trapping of immiscible
liquid in lower-permeability units under such conditions has been demonstrated in prior
laboratory and modeling studies (e.g., Illangasekare et al., 1995a,b; Brusseau and
Oostrom, 2001; Oostrom et al., 2003).
The results of six sets of dissolution experiments were used in this study,
designated as Lower-K-1, Lower-K-2, Lower-K-3, Pool, Control, and Column. The first
three data sets were obtained for systems wherein immiscible liquid was located within a
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lower-permeability unit. For the first experiment (Lower-K-1), two rectangular lowerpermeability zones, composed of 360-:m diameter and 172-:m diameter sand,
respectively, were emplaced within a higher-permeability (724-:m diameter sand) matrix
(see Figure 1a). For the second experiment (Lower-K-2), immiscible liquid was located
within three lenticular lower-permeability zones (360-:m) packed within a higherpermeability matrix (724-:m) (see Figure 1b). For the third experiment (Lower-K-3) , a
single cubic (2.5-cm each side) lower-permeability zone (360-:m) was placed within a
uniform packing of higher-permeability (724-:m) sand. A fourth experiment (Pool) was
conducted to examine the case wherein pools of immiscible liquid reside within higherpermeability units adjacent to a lower-permeability unit. For this case, three lenticular
higher-permeability zones, composed of 724-:m diameter sand, were emplaced within a
lower-permeability (360-:m) matrix. The configuration was similar to that used for
experiment Lower-K-2, except the two media types were reversed. For this system, the
immiscible liquid was injected into the designated zones during packing. A control
experiment was conducted to characterize dissolution of immiscible liquid non-uniformly
distributed in a homogeneous porous medium. Finally, a set of ancillary column-scale
dissolution experiments was conducted under conditions wherein dissolution was as ideal
as possible to evaluate system-scale effects and to determine local-scale dissolution rate
coefficients. The first four experiment sets (Lower-K-1,2,3, and Pool) were first reported
in Brusseau et al. (2008). The Control and Column experiments are newly reported
herein.
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2.2 Materials
The porous media used in the experiments are commercially available, natural sands
obtained from Unimin Corporation (Le Sueur, MN). Three media with different median
particle diameters were used, 724 µm (20-30 mesh), 360 µm (40-50 mesh), and 172 µm
(70-100 mesh).

Relevant properties of the media are reported in Table 1.

Trichloroethene and carbon tetrachloride, ACS grade (Aldrich Chemical Co, Inc.,
Milwaukee, WI), were used as the immiscible liquids. They were dyed with certified
Sudan IV (Aldrich Chemical Col, Inc., Milwaukee, WI) at a concentration of 100 mg/L,
which has been shown to have minimal impact on fluid properties and behavior (e,g,,
Schwille, 1988; Kennedy and Lennox, 1997).

Dichloromethane (DCM) used in

extractions was ACS/HPLC certified solvent (Burdick and Jackson, Muskegon, MI). The
flow cells used in the study were constructed of stainless steel and tempered glass, with
approximate dimensions of 50 cm long by 40 cm high by 5 cm wide (except as noted
below). The flow cells were equipped with multiple, evenly spaced injection/extraction
ports, the latter of which could be used to collect discrete aqueous samples and flow-rate
measurements.

2.3 Methods
The flow cells were packed under saturated conditions (ponded water). The flow cell
was packed to a height coincident with the top boundary of each of the planned
inclusions.

The matrix was then excavated to the lower boundary of the planned

immiscible-liquid zone, and the selected source-zone material was added. For the Lower-
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K experiments, the medium for each source zone was prepared by thoroughly mixing a
pre-determined amount of damp sand (moisture content of ~20%) with an amount of
immiscible liquid that would yield a saturation close to residual. This material was then
packed into each designated location. Subsamples of the contaminated media were
collected during packing and subjected to solvent extraction to determine actual
saturations, which were approximately 14% for all experiments (except the Pool
experiment).

For the “pool” experiment, the water table was raised above the top

boundary after excavation, and the zone was packed with 724-µm diameter sand. The
water table was then lowered to 1 cm below the bottom of the zone, and immiscible
liquid was injected into the top of the zone at a rate of 1.0 ml/min using a syringe pump.
After emplacement of the zones, the water table was slowly raised and the matrix sand
was packed above the zone. Dye and non-reactive tracer tests were conducted for each of
the source-zone configurations to characterize the associated flow fields.
A smaller, cylindrical stainless steel flow cell was used for experiment Lower-K-3
and the control experiment. For these two experiments, the source zone, containing a
residual saturation of immiscible liquid, was placed in the center (both radially and
longitudinally) of the flow cell. The only difference between the two experiments was
that the immiscible liquid resided in a finer-grained sand for experiment Lower-K-3,
while the control experiment comprised a homogeneous pack of the same coarser-grained
sand used as the matrix for experiment Lower-K-3.
A set of ancillary one-dimensional column experiments was conducted under
conditions wherein dissolution was as ideal as possible to evaluate system-scale effects
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and to determine local-scale dissolution rate coefficients.

These experiments were

conducted with stainless steel columns (lengths ranging from 5 to 80 cm). A residual
saturation of immiscible liquid was established throughout the column using standard
procedures wherein the immiscible liquid is injected and then displaced with water (e.g.,
Imhoff et al., 1994; Powers et al., 1994; Johnson et al., 2003). A subset of experiments
was conducted wherein the immiscible liquid was mixed with damp porous media prior
to packing the column (similarly to the manner in which immiscible liquid was emplaced
for the Lower-K flow-cell experiments). The results of the two sets of experiments were
essentially identical, indicating the procedure used to emplace the immiscible liquid had
no measurable impact on dissolution behavior.
The flow rates for the experiments were equivalent to an average pore-water
velocity of approximately 20 cm/hr. For all experiments, effluent samples were collected
with a glass syringe and either analyzed immediately with an ultraviolet-visible (UVVIS) spectrophotometer (Shimadzu 1601) or injected into glass autosampler vials. The
latter samples were stored at 4°C until analyzed using a gas chromatograph (Shimadzu
14A or 17A) with a flame ionization detector (FID) and electron capture detector (ECD).
The quantifiable detection limits were approximately 1 mg/L (UV-VIS), 0.1 mg/L (FID),
and 0.0001 mg/L (ECD). Upon completion of all experiments (except for which the
dual-energy gamma system was used as discussed below), the flow-cell was opened and
sub-samples of the porous media were collected for solvent-extraction analysis. The subsamples were added to vials containing DCM. The samples were then sealed and shaken.
Aliquots of the extractant were removed and analyzed using a gas chromatograph (FID).
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These analyses revealed that all immiscible-liquid mass was removed to the limit of
detection.
The initial immiscible-liquid saturation was known a priori for all experiments
except for the pool experiment.

Thus, a fully automated dual-energy (280 mCi

Americium and 100 mCi Cesium) gamma radiation system was used to measure
immiscible-liquid saturations within the flow cell for this experiment (see Figure 1c),
following procedures used in prior flow-cell experiments (e.g., Oostrom et al., 1999;
Brusseau et al., 2000; 2002). The spatial resolution was approximately 0.25 cm2, with a
saturation measurement sensitivity of approximately 0.003.

The scans required 60

seconds per location, for a total of approximately 12 hours for the entire flow cell.

3. Data Analysis
3.1 Three-dimensional Distributed-Process Model
A three-dimensional distributed-process mathematical model based on that
presented by Zhang and Brusseau (1999) was used to simulate flow, immiscible-liquid
dissolution, and solute transport in the flow cells following the methods employed by
Brusseau et al. (2002). The governing equation for solute transport in the flow cells with
dissolution of immiscible liquid is described by:

θa

∂θ N
∂C
∂ 
∂C 
∂C
+ ρN
=
θ
Dij
− qi
a


∂t
∂t
∂xi 
∂x j 
∂xi

(1)

where C is the aqueous concentration of solute; θa is the fractional volumetric water
content; θN is the fractional volumetric content of the immiscible liquid; θN is density of
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the immiscible liquid; qi is Darcy velocity; Dij is the dispersion coefficient tensor; xi is
cartesian coordinates; i, j = 1, 2, 3 and conforms to the summation convention; and t is
time. Sorption of the organic compounds by the media used in these experiments is
minimal, and is therefore ignored.
The spatial distribution of θN is represented explicitly, and the initial distribution
was based on the measurements made during flow-cell preparation. Immiscible-liquid
dissolution is described with the widely used first-order mass transfer equation:

ρN

∂θ N
= k La (C − C s )
∂t

(2)

where kLa is a lumped mass transfer coefficient for dissolution, and Cs is the aqueous
solubility of the immiscible liquid. The magnitude of kLa will decrease with time given
that it incorporates the global specific immiscible-liquid/water interfacial area, which
decreases as dissolution proceeds. The time dependency of kLa is represented by:
β

k La (t ) = k La

0

1
 Re(t )  θ N (t ) 
 Re 0   θ 

  N 

β4

(3)

where kLa0 and Re0 are the initial local (nodal) values, and Re is the Reynolds number [
v ρ w d 50 / µ w

].

As shown by several investigators (e.g., Miller et al., 1990; Powers et al., 1992, 1994;
Imhoff et al., 1994), the magnitude of kLa is dependent on many factors, including porewater velocity and porous media properties. Thus, the local (i.e., nodal) value of kLa is
expected to vary spatially for a heterogeneous system such as used herein. An empirical
relationship, in conjunction with the independently measured initial kLa value, is used to
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account for these effects. The correlation used is the one presented by Powers et al.
(1994):
β1

β2

Sh = α N Re δ U i

β3

 θN 


θN0 

β4

(4)

where Sh is the modified Sherwood number [kLa d502/Dm ]; δ = d50 /dM is a normalized
grain size; Ui = d60/d10 is the uniformity index for the porous medium; αN and β are
coefficients; θN0 is the initial volumetric fraction of immiscible liquid in the source zone;
di is the diameter of the media grains, i% of which in weight are smaller than di; dM

(=0.05 cm) is taken as the reference diameter; Dm is the aqueous-phase molecular
diffusion coefficient of the solute; v is pore-water velocity (q/θa); ρw and µw are density
and dynamic viscosity of water, respectively. The values of coefficients β1 (0.598),

β2(0.673), β3 (0.369), and β4 (0.518 + 0.114δ + 0.10Ui) were obtained from Powers et al.
(1994). The αN term is calculated with equation 4 using the laboratory-measured value
for initial kLa.
To summarize, equation 4 is not used to solve the inverse problem (i.e., to obtain
calibrated estimates of initial kLa values). Rather, equation 4 is used to convert the initial
kLa values obtained independently from the column experiments to discrete nodal values
for use in modeling the flow-cell systems, thereby accounting for the spatial differences
in physical properties that exist in the flow cells. Specifically, the local (nodal), initial kLa
values are calculated from the initial column-obtained value (designated as kLa’ ) as
follows:
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= k La ' 
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(5)

where primed variables are representative of the conditions used to obtain the measured
kLa value for the column experiments. The time dependency of kLa is given by:
β

k La (t ) = k La

0

1
 Re(t )  θ N (t ) 
 Re 0   θ 

  N 

β4

(6)

where primed variables are representative of the conditions used to obtain the measured
kLa value for the column experiments. This procedure allows us to produce simulations

that are independent predictions of the measured data, which is a more robust test of
model performance compared to the often-used calibration approach. The impact of
uncertainty in parameter values and the sensitivity of simulations to the parameters for
this approach are discussed in Brusseau et al. (2002).
The permeability fields were developed using the measured intrinsic
permeabilities and calculated relative permeabilities.

Initial aqueous-phase relative

permeabilities were calculated using relationships based on the Mualem pore-size
distribution model (Mualem, 1976), as discussed by Lenhard and Parker (1987). A
primary assumption associated with the calculations is that the entrapped immiscible
liquid is uniformly distributed over the entire pore space.

Considering that the

immiscible liquid was mixed into the sand for the lower-K experiments, this is a viable
assumption for those experiments.

The relative permeabilities were computed using the

two-phase model derived by Lenhard and Parker (1987), modified to account for
immiscible-liquid/water fluid pairs. The effect of dissolution on reduction of immiscible-
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liquid saturation and the resultant changes in relative permeability and pore-water
velocity is explicitly considered in the model. The change in relative permeability is
described using:

 (1 − k r 0 )S n 
k rw = 1 − 

S n0



(7)

where krw is the relative permeability and kr0 is the initial aqueous relative permeability.
The change in pore-water velocity is implemented through the equality v = q/[θ(1-SN)],
where θ is total porosity.
The flow cells were discretized into 0.5-1 cm x 1 cm elements.

For flow

calculations, the domain was expanded horizontally to allow the use of constant waterhead boundaries at both ends of the model domain, while using no-flow boundaries at the
top and bottom.

For transport, zero dispersive-flux conditions were used at the

boundaries. The numerical methods used to solve the flow and transport equations are
described in Zhang and Brusseau (1999).

3.2 One-dimensional Modeling

A one-dimensional model employing equations 1, 2, and 3 (with the Re term
removed from eqn 3) was calibrated to the elution curves for both the flow cell and
column experiments. Two parameters were calibrated, kLa and β4. For these simulations,
the system was conceptualized as a pseudo-homogeneous medium, with immiscible
liquid uniformly distributed along the entire length and cross section of the system. The
porous medium and water flow were assumed to be uniform. Effective immiscible-liquid

263
saturations (SN) were calculated for these simulations by dividing the known volume of
immiscible liquid by the pore volume of the entire flow cell (Table 2). This extremely
simplified approach represents a scenario where minimal information is available
concerning the distribution of permeability and immiscible liquid. With this approach,
the larger-scale factors that influence immiscible-liquid dissolution and transport are not
explicitly represented in the model. As a result, their impact is incorporated into the
calibrated dissolution rate coefficient, which in such cases serves as a composite,
condition-dependent term. The simulations were very sensitive to the magnitude of the
calibrated terms, with coefficient of variations of less than approximately 5%. The 1-D
model was also calibrated to the data obtained from the column experiments. Given that
these systems consisted of uniformly distributed (at the local scale) immiscible liquid in
homogeneously packed columns, immiscible-liquid dissolution is assumed to be
influenced only by local-scale mass transfer processes.

4. Results and Discussion
The contaminant elution curves obtained from the flow-cell experiments are
presented in Figure 2. The effluent concentrations are less than aqueous solubility values
as expected due to dilution effects associated with the system configurations. The elution
curves exhibit relatively extensive periods wherein the concentrations decease gradually,
reflecting the impacts of mass-removal constraints.

Mass removal was constrained

primarily by the non-uniform flow fields associated with the systems, wherein most of
the water flowed around rather than through the immiscible-liquid contaminated zones, as
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observed in prior studies (e.g., Frind et al., 1999; Brusseau et al., 2000; Nambi and
Powers, 2000). This was true for the pool system as well as the lower-K-zone systems,
as confirmed by the results of dye tracer tests (data not shown). The mass removal and
mass flux reduction behavior observed for these systems is discussed by Brusseau et al.
(2008).
The application of the distributed-process model is illustrated in Figure 3, wherein
it is used to independently predict the results of the Lower-K-1 experiment. Recall that
the permeability field and the distribution of the immiscible-liquid zones were
represented explicitly in this model. Thus, the impact on dissolution behavior of the nonuniform immiscible-liquid distribution is explicitly accounted for in the simulation. The
kLa and β4 values used for the simulation were obtained independently from the column
experiments, and thus represent only the impact of local-scale dissolution behavior.
Inspection of Figure 3 shows that the predicted simulation provides a good match to the
data. The relatively minor differences between measured and predicted behavior may be
due in part to nonuniform distribution of immiscible liquid within the inclusions, as
discussed by Brusseau et al. (2002). The successful predictions obtained with the model
illustrate that local-scale dissolution rate coefficients can be used to simulate immiscibleliquid dissolution at larger scales if the larger-scale factors influencing dissolution are
explicitly accounted for in the model, as previously discussed by Brusseau et al. (2002).
Unfortunately, as noted above, such information is often lacking, particularly for field
applications.
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The simulations produced with the simple lumped-process model are presented
with the measured data in Figure 4. The simulations adequately match the measured
data. The calibrated mass-transfer coefficients for dissolution, kLa and β4, are presented
in Table 2. The calibrated kLa values obtained for the lumped-process modeling are
approximately two to three orders-of-magnitude smaller than the values obtained from
the column experiments, and which were used successfully for the simulations conducted
with the distributed-process model. The disparity in magnitudes of the values used for
the lumped-process and distributed-process modeling reflects the difference in implicit
versus explicit consideration of the larger-scale factors influencing immiscible-liquid
dissolution in the systems. The kLa value for the control experiment, 0.11 hr-1, is also
approximately 100 times smaller than the values obtained from the experiments
conducted with the columns.

The only difference between the control and column

experiments is that immiscible liquid was distributed non-uniformly and did not
encompass the entire cross section of flow for the former experiments. The calibrated
dissolution rate coefficient is much smaller for the control experiment as would be
expected to account for the effects of dilution on effluent concentrations.
The kLa value obtained for experiment Lower-K-3 is approximately 40% smaller
than the value obtained for the control experiment. These two experiments have identical
system configurations, with the exception that the immiscible liquid resided in a finergrained sand for experiment Lower-K-3, while the control experiment comprised a
homogeneous pack of the same coarser-grained sand used as the matrix for the Lower-K3 experiment. The difference in dissolution rate coefficient values thus illustrates the
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impact of by-pass flow effects wherein the immiscible liquid residing within the lowerpermeability zone was poorly accessible to flowing water, thereby constraining overall
mass removal.
The kLa values for experiments Lower-K-2 and Lower-K-3 are similar, despite
there being a significant difference in system lengths (50 cm vs. 10 cm). This apparent
insensitivity to system length was also observed for the results of the column
experiments, for which similar kLa values were obtained for experiments conducted with
columns ranging from 5 cm to 80 cm long (data not shown). The kLa value obtained for
experiment Lower-K-1 is approximately 4 times smaller than the values obtained for
experiments Lower-K-2 and Lower-K-3. This is likely due at least in part to the fact that
one of the lower-permeability zones used for experiment Lower-K-1 was a finer grained
sand than used for the other two experiments (Table 2). Thus, by-pass flow effects would
be expected to be of greater significance for the Lower-K-1 system. The kLa value
obtained for the experiment conducted with higher saturations of immiscible liquid
present (Pool experiment) is similar to those obtained for experiments Lower-K-2 and
Lower-K-3. The calibrated values for the β4 term range from 0.45 to 1.75, and exhibit no
correlation to specific system configuration.

5. Summary and Conclusions
Distributed-process and lumped-process mathematical models were used to
simulate the dissolution of immiscible liquid non-uniformly distributed in physically
heterogeneous porous-media systems. The permeability field and the distribution of the

267
immiscible-liquid zones were represented explicitly in the distributed-process model.
Thus, the impact on dissolution behavior of non-uniform immiscible-liquid distributions
is explicitly accounted for in the simulation. The dissolution rate coefficient values used
for the distributed-process modeling were obtained independently from column
experiments, and thus represent only the impact of local-scale dissolution behavior. The
predicted simulations provided a good match to the data. This illustrates that local-scale
dissolution rate coefficients can be used to simulate immiscible-liquid dissolution at
larger scales if the larger-scale factors influencing dissolution are explicitly accounted for
in the model.
A simple lumped-process model was also used to simulate the measured data. For
these simulations, the system was conceptualized as a pseudo-homogeneous medium,
with immiscible liquid uniformly distributed along the entire length and cross section of
the system. This extremely simplified approach represents a scenario where minimal
information is available concerning the distribution of permeability and immiscible
liquid. With this approach, all factors that influence immiscible-liquid dissolution are
incorporated into the calibrated dissolution rate coefficient, which in such cases serves as
a composite or lumped term. The calibrated dissolution rate coefficients obtained for the
lumped-process modeling were approximately two to three orders-of-magnitude smaller
than the values obtained from the column experiments, and which were used successfully
for the distributed-process modeling. The disparity in magnitudes of the values used for
the lumped-process and distributed-process modeling reflect the difference in implicit
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versus explicit consideration of the larger-scale factors influencing immiscible-liquid
dissolution in the systems.
Dilution effects associated with the non-uniform distributions of immiscible
liquid were shown to have a significant impact on the magnitude of the calibrated
dissolution rate coefficient for the lumped-process modeling, as would be expected.
These results suggest that a first step in upscaling dissolution rate coefficients for use in
simple models being applied to heterogeneous systems would be to account for dilution
effects. This would require knowledge of the general size and location of the source
zone. The degree of characterization necessary to obtain this level of information is
significantly less than that needed to characterize the specific source-zone architecture,
the latter information of which is needed for parameterization of a more complex,
distributed-process model. While the simple model was able to produce reasonable
simulations of the measured data, the simulations were obtained through calibration. The
limitations inherent to model calibration, as well as means by which to independently
estimate the macro-scale dissolution rate parameters are important considerations for
such an approach.
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Table 1. Physical properties of silica sand*
d50 (µm)

724

360

172

Particle density (kg/m3)

2657

2663

NA

Hydraulic conductivity (cm/hr)

464.4

72

7.2

Porosity

0.34

0.36

0.38

*Brusseau et al. (2000)
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Table 2. Experiment conditions and calibrated parameters for 1-D modeling.

Experiment

1

Source
zone
media
(µm)

Initial Sn1
(%)

kLa (hr-1)

β4

Lower-K-1

360,
172

2

0.014

1.75

Lower-K-2

360

0.9

0.06

0.45

Lower-K-3

360

0.5

0.07

0.8

Pool

724

2

0.05

0.54

Control

724

0.6

0.11

1.3

Column2

172,
360,
724

11-15

8-15

0.85

Sn is defined as volume of immiscible liquid in pore space divided by total volume of

pore space.
2

Column experiments conducted with homogeneously packed column and uniform

distribution of immiscible liquid.
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Figure Captions
Figure 1A. Schematic of flow-cell configuration for experiment Lower-K-1.

Figure 1B. Schematic of flow-cell configuration for experiments Lower-K-2 and Pool.

Figure 1C. Flow-cell configuration for experiments Lower-K-2 and Pool. Also shown is
the initial immiscible-liquid saturation distribution for the Pool experiment.

Figure 2.

Contaminant elution curves for the flow-cell experiments.

Effluent

concentrations are normalized by the aqueous solubility of the contaminant.

Figure 3. Measured and simulated (predicted) elution curves for experiment Lower-K-1
(flow cell with two lower-K source zones): three-dimensional distributed-process
modeling.

Figure 4. Measured and simulated elution curves for the flow-cell experiments: one
dimensional lumped-process modeling.
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APPENDIX E
FLOW CELL PACKING PROCEDURE
I.

Items needed
40 x 50 x 5 cm flow cell - Stainless steel flow cell frame including 16 stainless
steel braces, “dog bone” assembly and 2 panes of tempered glass (Figure
E-1) 1
40 x 20 x 2 cm flow cell – Stainless steel flow cell frame including 2 panes of
tempered glass, 8 lengths of wood and 12 C-clamps (Figure E-2)
9 - Swagelok Tube Fitting, Male Connector, 1/8 in. Tube OD x 1/8 in. Male
NPT (SS-200-1-2)
3 - Swagelok Tube Fitting, Male Connector, 1/16 in. Tube OD x 1/8 in. Male
NPT (SS-100-1-2)
Teflon tape
Gore-Tex Expanded-PTFE Joint Sealant
Gore-Tex GR PTFE Gasket (soft) 30" x 30" sheet
Gore-Tex Low-Pressure PTFE Flange Gaskets
8 brass screen caps
Isopropyl alcohol
Inlet line assembly for the 40 x 50 x 5 cm Flow Cell (15 cm length of stainless
steel tubing with Swagelok nuts and ferrules connected to a Swagelok
three-way valve)
Outlet line assembly for 40 x 50 x 5 cm Flow Cell (Figure E-3)
Sampling assembly for 40 x 50 x 5 cm Flow Cell (Figure E-4)
Stainless steel screen (70 mesh)
2 - 40 x 50 cm transparencies
2 – 40 x 20 cm transparencies
Rubber mallet
Stainless steel welding rod (referred to as packing rod)
20/30-mesh Accusand (Unimin Corporaion, LeSueur, MN)
40/50-mesh Accusand (Unimin Corporaion, LeSueur, MN)
70/100-mesh Accusand (Unimin Corporaion, LeSueur, MN)
Silicon sealant
1/8" Tygon tubing (used for manometer)
2 – plastic beaker
3 – plastic zip top bags
Carbon Tetrachloride ACS grade (Aldrich)

1

The 40 x 50 x 5 cm flow cell is located in the laboratory of Dr. Mart Oostrom in the Environmental
Molecular Science Laboratory (EMSL) at the Pacific Northwest National Laboratory (PNNL) in Richland,
WA.
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Stainless Steel
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Effluent
Ports

PTFE Gasket

Joint Sealant

“Dog bone”
Assembly

Stainless Steel
Frame

Dual Energy
γ-Radiation
System

Figure E-1. Photograph of the 40 x 50 x 5 cm stainless steel flow cell.
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Figure E-2. Photograph of the 40 x 20 x 2 cm stainless steel flow cell.
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Legend
1 1/4" male NPT to
1/2" male NPT
2 1/2" female Pipe Tee
3 1/2" male NPT to 1/16" male
tube fitting
4 1/2"male NPT to 3/8" male
tube fitting
5 3/8" Cu tubing with
3/8" Brass nut and ferrule on
both ends
6 3/8" Brass Three-Way Valve
(male)
7 3/8" Teflon Coated Tygon
tubing with 3/8" Brass nut
and ferrule on both ends
8 3/8" Brass male tube fitting
to 1/4" female NPT
9 Flow Meter (male)
10 3/8" Brass male tubing tee

Head
Chamber
11

6

10

5
5

7

11 3/8" male tube fitting to
3/8" male NPT

8

To Sampling Syringe
3

9
6

2
1

5

5

4
To Flow Cell

8

5
7

Figure E-3. Flow cell outlet assembly with inline water flow meter.
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Legend
1

7

2

6

5

3

1/2" male NPT to
1/16" male tube fitting
(bored through)

4

1/16" female to male
tube fitting
1/16" plastic union with
1/16" plastic nut and
ferrule on both ends

5

4
6

1/16" plastic shut off valve
with 1/16" plastic nut and
ferrule and 1/16" plastic
luer-lock nut

7

2.5 ml gas tight glass
syringe

3

To Flow Meter
See Figure A-2

2

1/4" male NPT to
1/2" male NPT
1/2" female Pipe Tee

Stainless steel tubing

1

To Flow Cell
Figure E-4. Schematic diagram of sampling ports for the flow cell. The stainless steel
tubing runs through the interior of parts 1-4 into the flow cell. All fittings are stainless
steel (SS) unless otherwise noted.
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Tricholorethene ACS grade (Aldrich)
Sudan IV (Aldrich)
Metal Spatula
Stainless steel packing paddle
Respirator
20 ml gas tight syringe
Syringe pump (Harvard PHD 22/2000)
1/16" Peek tubing
Syringe needle (#12)
40 L Nalgene Bottle for reservoir
Refrigerator
He compressed gas cylinder
Stainless steel porous frit
8 HPLC Pumps
Mettler Balance
II.

Packing Procedure – 40 x 50 x 5 cm Flow Cell
1. Place Gore-Tex joint sealant around glass contacting edges of stainless
steel braces.
2. Cut two pieces of Gore-Tex sheet gasket. These pieces of Gore-Tex
should be large enough to fit between the glass and the stainless steel
frame of the flow cell.
3. Attach glass back of flow cell to frame placing the Gore-Tex sheet gasket
between the glass and the stainless steel frame of the flow cell. Place the
stainless steel braces onto the outer edge of the glass, keeping the GoreTex coated side in contact with the glass. Attach braces to the flow cell
with screws. Only tighten braces a little at a time to ensure that the glass
front does not crack. Continually tighten screws until they cannot be
tightened any further.
4. Place the “dog bone” assembly into glass back, placing a Gore-Tex flange
gasket between the stainless steel washer and glass. Tighten the screw
into the “dog bone”.
5. Insert brass screen caps into outlet ports.
6. Clean the interior of the flow cell and the interior of the glass front of the
cell with Isopropyl alcohol.
7. Repeat steps 2 and 3 for attaching the glass front of the flow cell.
8. Attach the inlet lines and close the shut off valves for the lines.
9. Attach the outlet line assembly (Figure A-2).
10. Attach sampling assembly (Figure A-3).
11. Leak test the flow cell by adding deionized water through the top of the
cell. Let the water sit in the cell for several hours, attending to any leaks
that develop. Once the cell has successfully been leaked tested, drain the
cell through the bottom drainage valve.
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12. Insert wire mesh screens onto bottom of the flow cell to cover the drainage
ports.
13. Place transparencies onto the front and back of the flow cell. These
transparencies should have the mapped locations of all of the zones that
are to be packed.
14. Prepare deaired, deionized water. Place the line from the Helium (He) gas
cylinder into the flow cell reservoir. The end of the line should have a
porous stainless steel frit. Bubble He gas into the reservoir leaving the top
of the reservoir open to allow gas to escape. Keep the He gas bubbling
through the reservoir throughout the course of the experiment.
15. Set the pumping rate for pump number 8 to 20 ml/min, open inlet shut off
valve number 8, and start injecting water into the cell.
16. Once 1.5 – 2 cm of water is in the flow cell (approximately 20 minutes)
open the three valves at the bottom of the flow cell and de-air the lines.
17. Attach a manometer to the bottom, center valve to allow for water table
monitoring during packing.
18. Measure approximately 360 g of the matrix sand in a plastic beaker.
Evenly distribute the sand throughout the flow cell. Once all of the sand
for that addition has been added, compact the sand using a rectangular
rubber mallet. Always make sure that the water level is approximately 2
cm above the height of the packed sand.
19. Repeat step 13 until approximately 3 cm of matrix sand is added to the
flow cell.
20. Measure approximately 360 g of the matrix sand in a plastic beaker.
Evenly distribute the sand throughout the flow cell. Once all of the sand
for that addition has been added, compact the sand using a stainless steel
rod. Always make sure that the water level is approximately 2 cm above
the height of the packed sand.
21. Repeat step 16 until the entire matrix of the flow cell is packed. Leave the
last 1 cm at the top of the flow cell for the capping layer. As the water
level in the flow cell reaches the level of the outlet ports, open the shut off
valves and deair the line.
22. Add a 1 cm layer of 70-mesh Accusand to seal the top of the flow cell.
23. Place the stainless steel capping bar on top of the 70-mesh Accusand layer
and remove the screws.
24. Place the cap onto the flow cell and tighten.
III.

Packing Procedure – 40 x 20 x 2 cm Flow Cell
1. Wrap the NPT threaded end of the SS-200-1-2 Swagelock fittings with
Teflon tape and screw into the inlet, outlet and bottom ports of the flow
cell frame.
2. Wrap the NPT threaded end of the SS-100-1-2 Swagelock fittings with
Teflon tape and screw into the top ports of the flow cell frame.
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3. Place Gore-Tex joint sealant around glass contacting edges of stainless
steel frame.
4. Clean the glass panels of the flow cell with isopropyl alcohol.
5. Lay the back glass panel onto an elevated surface on the lab bench.
6. Place the stainless steel frame onto the front glass panel.
7. Place the back glass panel onto the stainless steel frame.
8. Place a length of wood on the exterior of the glass panels. Make sure that
the wood pieces are placed directly over the Gore-Tex joint sealant.
9. Place 8 of the C-clamps on the exterior of the wood pieces around the
sides and bottom of the flow cell.
10. Tighten the clamps.
11. Place the flow cell into upright position and move side with the clamp
handles to the back.
12. Unscrew and remove the top of the stainless steel frame.
13. Attach the inlet and outlet lines and close the shut off valves for the lines.
14. Leak test the flow cell by adding deionized water through the top of the
cell. Let the water sit in the cell for several hours, attending to any leaks
that develop. Once the cell has successfully been leaked tested, drain the
cell through the bottom drainage valve.
15. Insert wire mesh screens onto bottom and sides of the flow cell to cover
the inlet/outlet ports and the drainage port.
16. Place transparencies onto the front and back of the flow cell. These
transparencies should have the mapped locations of all of the zones that
are to be packed.
17. Prepare deaired, deionized water. Place the line from the Helium (He) gas
cylinder into the flow cell reservoir. The end of the line should have a
porous stainless steel frit. Bubble He gas into the reservoir leaving the top
of the reservoir open to allow gas to escape.
18. Set the pumping rate for pump number 1 to 5 ml/min, open inlet shut off
valve, and start injecting water into the cell.
19. Once 1.5 – 2 cm of water is in the flow cell (approximately 20 minutes)
open the three valves at the bottom of the flow cell and de-air the lines.
20. Attach a manometer to the bottom, center valve to allow for water table
monitoring during packing.
21. Measure approximately 360 g of the matrix sand in a plastic beaker.
Evenly distribute the sand throughout the flow cell. Once all of the sand
for that addition has been added, compact the sand using a rubber mallet.
Always make sure that the water level is approximately 2 cm above the
height of the packed sand.
22. Repeat step 13 until approximately 3 cm of matrix sand is added to the
flow cell.
23. Periodically place the top of the flow cell frame onto the flow cell and
make sure that the screws are lined up with the wholes in the frame. The
frame can “walk in” while packing, making it difficult to secure the top
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onto the flow cell. By checking the alignment periodically during
packing, adjustments can be made to ensure that the flow cell will seal
properly when packing is completed.
24. Measure approximately 360 g of the matrix sand in a plastic beaker.
Evenly distribute the sand throughout the flow cell. Once all of the sand
for that addition has been added, compact the sand using a stainless steel
rod. Always make sure that the water level is approximately 2 cm above
the height of the packed sand.
25. Repeat step 16 until the entire matrix of the flow cell is packed. As the
water level in the flow cell reaches the level of the outlet ports, open the
shut off valves and deair the line.
26. Test the lid of the flow cell and make sure that the screws are aligned with
the holes in the frame.
27. Place two lengths of silicon sealant around the front and back edges of the
lid to the flow cell frame.
28. Place a small amount of silicon sealant in between the screw holes for the
lid.
29. Carefully place the lid onto the flow cell and tighten the screws.
30. Place a length of wood on the exterior of the glass panels.
31. Place 4 of the C-clamps on the exterior of the wood pieces around the top
of the flow cell and tighten the clamps.
32. Let the flow cell site overnight so that the sealant can dry.
IV.

Packing Procedure – Heterogeneities for 40 x 20 x 2 cm Flow Cell
1. Pack the matrix sand up to the top of the desired height of the residual
zone.
2. Turn off the water flow to the cell and close the inlet and outlet shut off
valves.
3. Drain the water from the flow cell. You want to drain enough water that
the upper 5 cm of the matrix sand has drained.
4. With a packing paddle, remove the matrix sand from the zone to be
packed. The shape of the zone can be monitored using the transparencies
on the front and the back of the flow cell. Removed sand should be
moved to either side of the zone. Make sure that the removed sand is 5 cm
away from the residual zone because this sand will have to be reworked
into the matrix after the residual zone is packed.
5. Using a rubber mallet, smooth the bottom edge of the zone. Make sure
that this contact is very sharp.
6. Add the matrix sand to the zone. Once half of the zone is packed,
compact the zone with a rubber mallet.
7. Turn on the water flow to the cell. Set the pumping rate for pump number
1 to 5 ml/min, open flow cell inlet and outlet shut off valves.
8. Continue packing the zone.
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9. Once the zone is completely packed, compact the sand with the rubber
mallet and smooth the top interface of the zone.
10. Gently sprinkle a layer of matrix sand on top of the zone (1 cm thick).
Compact with the rubber mallet.
11. Once the water level is 1.5-2 cm above the height of sand in the flow cell
add another layer of matrix sand to the top of the zone. Compact with the
rubber mallet.
12. Gently rework the matrix sand that was removed from the zone in step 7
using the stainless steel rod. Be careful not to come too close to the
residual zone. Rework the matrix sand until all air pockets have been
removed.
13. Continue packing the matrix as in section II. When using the packing rod,
make sure that it does not come too close to the heterogeneity.
V.

Packing Procedure – Residual NAPL Zones for 40 x 50 x 5 cm Flow Cell
1. Measure the mass of sand required for the size zone to be packed. Place
the sand into a plastic bag and seal. Repeat for the total number of zones
to be packed.
2. Calculate the volume of NAPL and water needed to pack all of the zones.
You want to pack the zones with approximately 20% water saturation and
12% NAPL saturation. NAPL should be dyed with 1 g/L of Sudan IV.
3. Place sand, NAPL and water into the refrigerator. Cooling these
components will help limit the amount of volatilization loss during
packing.
4. Pack the matrix sand up to the top of the desired height of the residual
zone.
5. Turn off the water flow to the cell and close shut off valve number 8.
6. Drain the water from the flow cell. You want to drain enough water that
the upper 5 cm of the matrix sand has drained.
7. With a packing paddle, remove the matrix sand from the zone to be
packed. The shape of the zone can be monitored using the transparencies
on the front and the back of the flow cell. Removed sand should be
moved to either side of the zone. Make sure that the removed sand is 5 cm
away from the residual zone because this sand will have to be reworked
into the matrix after the residual zone is packed.
8. Using a rubber mallet, smooth the bottom edge of the zone. Make sure
that this contact is very sharp.
9. Remove the zone sand, NAPL and water from the refrigerator.
10. In a fume hood, put the sand for one zone into a plastic beaker.
11. Measure the appropriate volume of water (you want a water saturation of
20%). Using a metal spatula, thoroughly mix the sand and water together.
Do not rush this step.
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12. Measure the appropriate mass of NAPL for the zone (you want a NAPL
saturation of 12%). Using a spatula, thoroughly mix the sand and NAPL
together. Do not rush this step.
13. Put on respirator and take the sand for the zone over to the flow cell. Put
sand into the flow cell in small lifts.
14. Once half of the zone is packed, compact the zone with a rubber mallet.
15. Turn on the water flow to the cell. Set the pumping rate for pump number
8 to 20 ml/min, open flow cell shut off valve number 8.
16. Continue packing the zone.
17. Once the zone is completely packed, compact the sand with the rubber
mallet and smooth the top interface of the zone.
18. Gently sprinkle a layer of matrix sand on top of the zone (1 cm thick).
Compact with the rubber mallet.
19. Once the water level is 1.5-2 cm above the height of sand in the flow cell
add another layer of matrix sand to the top of the zone. Compact with the
rubber mallet.
20. Gently rework the matrix sand that was removed from the zone in step 7
using the stainless steel rod. Be careful not to come too close to the
residual zone. Rework the matrix sand until all air pockets have been
removed.
21. Continue packing the matrix as in section II. When using the packing rod,
make sure that it does not come too close to the residual zone.
22. Once a 2-5 cm thick layer of matrix sand and 2 cm of water are on top of
the residual zone, it is ok to stop packing for a period of time (i.e., over
night).
VI.

Packing Procedure – NAPL Pools for 40 x 50 x 5 cm Flow Cell
1. Measure the mass of sand required for the size zone to be packed. Place
the sand into a plastic bag and seal. Repeat for the total number of zones
to be packed.
2. Calculate the volume of NAPL needed to pack all of the zones. You want
to pack the zones with approximately 35% NAPL saturation. NAPL
should be dyed with 1 g/L of Sudan IV.
3. Place sand and NAPL into the refrigerator. Cooling these components
will help limit the amount of volatilization loss during packing.
4. Pack the matrix sand up to the top of the desired height of the zone.
5. Turn off the water flow to the cell and close shut off valve number 8.
6. Drain the water from the flow cell. You want to drain enough water that
the top 5 cm of the matrix sand has drained.
7. With a packing paddle, remove the matrix sand from the zone to be
packed. The shape of the zone can be monitored using the transparencies
on the front and the back of the flow cell. Removed sand should be
moved to either side of the zone. Make sure that the removed sand is 5 cm
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away from the zone because this sand will have to be reworked into the
matrix after the zone has been created.
8. Using a rubber mallet, smooth the bottom edge of the zone. Make sure
that this contact is very sharp.
9. Remove the zone sand, NAPL and water from the refrigerator.
10. Turn on the water flow to the cell. Set the pumping rate for pump number
8 to 20 ml/min, open flow cell shut off valve number 8.
11. Once the water table is 1.5 cm above the bottom of the zone, pack the
zone sand. Sprinkle a layer of the zone sand on the matrix/zone interface.
12. Continue to pack the zone sand into the flow cell in small lifts, making
sure that the water table is always 1.5-2 cm above the top layer of the zone
sand packed thus far.
13. Once half of the zone is packed, compact the zone with a rubber mallet.
Continue packing the rest of the zone.
14. Once the zone is completely packed, compact the sand with the rubber
mallet and smooth the top interface of the zone.
15. Turn off the water flow to the cell and close shut off valve number 8.
16. Drain the water from the flow cell. You want to drain enough water that
the water table is located approximately 2 cm below the bottom of the
zone.
17. Fill a 20 ml gas tight syringe with the Sudan IV dyed NAPL and place in a
syringe pump. Attach tubing and a long needle to the end of the syringe.
Turn on the syringe pump and prime the line with NAPL.
18. Place the needle into the flow cell. The tip of the syringe needle should be
approximately 0.5 cm above the top of the zone.
19. Inject 1 ml of NAPL into the zone at a rate of 1 ml/min.
20. Allow the NAPL to distribute through the zone (approximately 15
minutes).
21. Repeat steps 19 and 20 until all of the NAPL is injected into the zone.
22. Allow the NAPL to distribute through the zone (approximately 30
minutes).
23. Turn on the water flow to the cell. Set the pumping rate for pump number
8 to 1 ml/min, open flow cell shut off valve number 8.
24. Once the water table has reached the top of the zone, sprinkle a layer of
matrix sand on top of the zone.
25. Increase flow rate of pump number 8 to 5 ml/min.
26. Add a layer of matrix sand (2cm) to the top of the zone. Compact with a
rubber mallet.
27. If NAPL migrates into the matrix sand above the zone, gently work the
matrix sand with the stainless steel rod to try and force the NAPL back
into the zone.
28. Once the water level is 1.5-2 cm above the height of sand in the flow cell
add another layer of matrix sand to the top of the zone. Compact with the
rubber mallet.
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29. Gently rework the matrix sand that was removed from the zone in step 7
using the stainless steel rod. Be careful not to come too close to the zone.
Rework the matrix sand until all air pockets have been removed.
30. Continue packing the matrix as in section II. When using the packing rod,
make sure that it does not come too close to the zone.
31. Once a 2-5 cm thick layer of matrix sand and 2 cm of water are on top of
the zone, it is ok to stop packing for a period of time (i.e., over night).
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APPENDIX F
GAS CHROMATOGRAPHIC ANALYSIS – SHIMADZU GC-14A WITH FLAME
IONIZATION DETECTOR (FID) AND DIRECT INJECT AUTOSAMPLER
I. Items Needed:
100 ml volumetric flask and cap
Glass stir bar
100 µl glass syringe
Methanol, 100% (Aldrich)
NAPL (TCE, PCE, CTET) (Aldrich)
Mettler microbalance
Nanopure water
Pasteur pipette
Waste Container (2)
Glass 22 ml headspace vials, aluminum caps and septa (need 2 for standards)
Glass 2 ml direct inject vials, caps and septa (need 10 for standards)
Parafilm
Stir plate
Automatic pipette (Finette) with 2-10 ml disposable tips
UHP Helium (He) gas cylinder and regulator (CGA-580)
Hydrogen (H2) gas cylinder and regulator (CGA-350)
Compressed Air (CA) gas cylinder and regulator (CGA-345)
Teflon tape
Adjustable wrench
Gas Chromatograph (Shimadzu GC-14A)
Flame Ionization Detector (FID)
Capillary column (Supelco column SPB-624, 30 m x 0.53 mm I.D.,
df = 3 micron bonded phase)
Shimadzu Direct Inject Autosampler (AOC-17)
Computer with Class-VP chromatographic software (version 7.4)
Lighter
II. Standards:
1. Prepare a stock solution:
a. Prepare a stock solution flask. Stock solution is made in 100 ml
volumetric flasks. Insert a glass stir bar and place ground glass
cap onto the flask. Mass the flask with the stir bar and cap.
b. Fill the flask with nanopure water. Leave only a small amount of
air space at the top of the flask. Replace the cap and reweigh the
flask.

304
c. Subtract the mass of the flask with water from the initial mass to
obtain the actual volume of water in the flask.
d. In a fume hood, pipette a small volume of NAPL into a 2 ml direct
inject vial using a Pasteur pipette.
e. Using pure methanol, clean a 100 µl syringe by rinsing the syringe
at least five (5) times.
f. Rinse the syringe with NAPL at least 5 times.
g. Draw appropriate volume of NAPL into the syringe (Table F-1).
Table F-1. Volume of NAPL needed for stock solutions
NAPL

TCE
PCE
CTET

Volume
of NAPL
(µl)
60
10
45

Approximate
Concentration
(ppm)
850
150
700

h. Place the syringe into the volumetric flask, making sure that the
tip of the syringe is immersed under water.
i. Inject the NAPL into the flask. Make sure to slightly shake the
syringe to make sure that no NAPL is left on the tip of the syringe.
j. Replace the cap onto the flask and seal the cap with a length of
parafilm.
k. Place the flask on a stir plate and let stir for 24 hours or until no
NAPL is present at the bottom of the flask.
2. Prepare a series of standards ranging from highest to lowest stock solution
concentration:
a. Label twelve (12) direct inject vials ranging highest to lowest
stock solution concentration (each subsequent vial should contain
half as much NAPL as the prior vial).
b. Place two headspace vials to side. These vials will be used to
make dilutions. Fill one of the vials with 10 ml of nanopure water
and place a cap/septa on top. Fill the other vial completely with
the stock solution and place a cap/septa on top.
c. Draw 5 ml of pure stock solution from the filled vial and gently
put it back into the vial. This coats the pipette tips and ensures
that the solution in the vial is well mixed.
d. Draw 5 ml of the pure stock solution from the filled vial and
gently put it into the highest concentration labeled direct inject
vial. Place a cap/septa onto the vial and close. Empty the
remainder of the pipette into a waste container.
e. Refill the pure stock solution vial with solution from the 100 ml
volumetric flask.
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f. Draw 10 ml of the pure stock solution from the filled vial and
place into the vial that was already filled with 10 ml of nanopure
water. Replace the cap/septa onto this vial.
g. Draw 5 ml of diluted stock solution from the filled vial and gently
put it back into the vial. This coats the pipette tips and ensures
that the solution in the vial is well mixed.
h. Draw 5 ml of the diluted stock solution and gently put it into the
subsequent labeled vial. Place a cap/septa onto the vial and close.
Empty the remainder of the pipette into a waste container.
i. Draw 5 ml of the diluted stock solution and place it in a waste
container.
j. Draw 10 ml of nanopure water and put it into the diluted stock
solution vial.
k. Repeat steps g – j until all of the standards are made.
III. Compressed Gas Cylinders:
1. There are three (3) compressed gas cylinders required for running the GC14A FID gas chromatograph. The ultra high purity (UHP) Helium (He)
cylinder is the carrier gas. This cylinder must be flowing if the GC is at
temperature. The Hydrogen (H2) and Compressed Air (CA) cylinders are
required for operation of the FID. These cylinders only need to be
flowing if the FID is ignited and samples are running.
2. Check that the pressure of the He cylinder is slightly above 80 psi and the
pressure of the H2 and CA cylinders is at 40 psi
3. When the cylinder is new, the total pressure should be about 2000 kPa .
The cylinder will need to be changed once the total pressure has dropped
to 500 kPa.
4. Instructions for changing the cylinder:
a. If the He cylinder needs to be changed, the GC-14A system must
first be brought down to room temperature. The GC can stay at
elevated temperature if only the H2 and/or the CA cylinder needs
to be changed.
b. Close the cylinder using the valve at the top of the cylinder.
c. Remove the regulator from the used cylinder.
d. Replace the used cylinder with the new cylinder. Unscrew the cap
covering the valve and place this cap on the used cylinder. Chain
all cylinders to the wall.
e. Once the cylinders have been swapped make sure that the used
cylinder is marked as “empty” using the yellow tags provided.
Mark the new tank as “in use” using the yellow tags provided.
f. Wrap a length of Teflon tape around the male end of the
connection between the regulator and the cylinder.
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g. Place the regulator onto the cylinder and tighten using the
adjustable wrench. Open the valve at the top of the cylinder.
Check for gas leaks using snoop solution.
5. Open the valve at the top of all of the cylinders. Allow the cylinders flow
for ten (10) minutes before restarting the GC system
IV. Class-VP Software:
1. Open the Class-VP software by double clicking on icon on the desktop.
2. Open the GC14A Gas Chromatograph by double clicking on the icon in
the Shimadzu Client/Server Window.
3. To Preview the GC signal click on the Preview button on the toolbar at
the top of the window.
a. To stop the preview, click on the Stop button on the toolbar at the
top of the window.
4. To create a new Method:
a. Choose Instrument Setup from the Method pull down menu.
b. Choose the FID tab and check the “Acquisition Channel On” box.
c. Input the total run time for the chromatograph.
d. Exit the Instrument Setup Window.
e. Save the Method. Choose the Save As… option from the Method
subdirectory in the File pull down menu.
f. Save the new method. All methods, data, and sequence files for
the GC14A are saved in the GC14A Project. The Project
directory can be found at: C:\Class_VP\Entreprise\Projects...
g. Enter the integration events for the method. Choose Integration
Events from the Method Menu. Enter in the appropriate
parameters. For TCE, PCE and CTET the parameters are found in
Table F-2.
Table F-2. Integration Events for TCE, PCE and CTET
Parameter
Width
Shoulder Sensitivity

Start
Time
0
0

Stop
Time
10
10

Value
0.2
50

5. To create a new sequence file:
a. Choose the Sequence Wizard from the Sequence subdirectory in
the File menu.
b. Choose the correct method for your analysis. Be sure that the
method you choose corresponds to the instrument that you are
using. (i.e., choose the tce.met from the Projects\GC14A\Methods

307

c.

d.
e.

f.
g.
h.

i.

j.

folder). Leave the rest of the values in this window at the default
settings. Choose Next.
Enter a Sample ID. The Sample ID must match the sequence file
name. For example, if the sequence file is eld061807.seq then the
Sample ID should be eld061807.
Choose the folder where the data will be stored under Data Path.
All data should be stored in the Projects\GC14A\Data folder.
Choose the data file name. Click on the blue arrow to the right of
the Data File entry. Select “Sample ID”. Now in the Data File
entry you should see <ID>. Add a dash “-“ after <ID> and the
choose “Increment Number” from the blue arrowed pull down
menu. The final Data File entry should display: <ID>-<#>
Enter in the number of unknown samples. Usually the sequence
file is 200 samples.
Do not choose to perform sample replicates. Choose Next to
continue to the next window.
Do not input any information into this window. This window is
only for use of an internal calibration which we do not use.
Choose Finish to exit.
Save the Sequence file. Choose Save As... under the Sequence
subdirectory in the File menu. Save the sequence to the
\Projects\GC14A\Sequence folder. All sequence files should be
saved as follows: user initials-month-day-year. For example:
eld061807.
Every new sequence file created must be recorded in the GC-14A
log book located on the lab bench next to the instrument. Record
the start date, sequence file name, analyte, method and column
oven program.

V. Conditioning the Column:
1. Conditioning of the column should be performed after periods of non-use.
2. Turn on the gas cylinders (see section II).
3. Set the injector temperature to 180 °C. To set the injector temperature,
press the INJ button on the GC console. Enter the desired temperature
and press the ENTER button.
4. Set the detector temperature to 200 °C. To set the detector temperature,
press the DET button on the GC console. Enter the desired temperature
and press the ENTER button.
5. Wait until the injector and detector have reached the set temperature. The
temperature can be monitored by pressing MONT button followed by the
INJ or DET button on the GC console.
6. Ignite the FID. Press the ignite button on the flow control panel located
on the top of the GC. While holding down the ignite button light the FID
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with a lighter. Check to verify that the FID is ignited by holding a glass
vial above the detector. If condensation appears on the outside of the vial
then the FID was ignited properly.
7. Program the column temperature setting. Press the COL button on the
GC panel followed by either the INITL TEMP, INITL TIME, PROG
RATE, FINAL TEMP, or FINAL TIME button. Enter the desired value
for each of the parameters and press the ENTER button (Table F-3).
Table F-3. Column Settings for Conditioning the GC-14A Column
Parameter
Initial Column Temp.
Time Column is at Initial Temp.
Column Heating Program
Final Column Temp.
Time Column is at Final Temp.

Label
INITL TEMP
INITL TIME
PROG RATE
FINAL TEMP
FINAL TIME

Setting
40 °C
2.0 min
5.0 °C/min
180 °C
20 min

8. Adjust the baseline for the detector by turning the nob on the FID panel
on the right side of the GC. The baseline can be monitored on the
computer. To monitor the baseline on the computer, press the PREVIEW
button on the Class-VP program.
9. Once the baseline has stabilized, press the STOP button in the Class-VP
program.
10. Start the conditioning by pressing the START button on the GC console.
11. Monitor the conditioning by pressing the PREVIEW button on the ClassVP program.
VI. Direct Inject Autosampler Method:
1. Samples are run using a Shimadzu Direct Inject autosampler. Turn on the
autosampler at the power source located next to the GC. When it turns on
the autosampler should read “00’. If it does not, then restart the
autosampler at the power source.
2. Enter in the direct inject sampling method. Open the door on the front of
the autosampler and enter in the appropriate values (Table F-4).
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Table F-4. Direct Inject Autosampler Method for TCE, PCE and CTET
Parameter
Value
Sample Wash
05
Solvent Wash
05
Viscosity
02
Number of Injections
01
Sample Size
10
Inj Speed
01
Dwell Time
03
Solvent Flush
00
Priority Sample
00
*NOTE: For CTET analysis the sample size is 20.
3. Verify that the solvent wash (methanol) vial is full. The Solvent wash
vial is the first vial in the autosampler tray. This vial should not be
removed except for refilling.
4. Verify that the waste vial is empty. The waste vial is the second vial in
the autosampler tray. This vial should not be removed except for
emptying.
VII. Sample Analysis:
1. Turn on the gas cylinders (see section II)
2. Make sure that the injector and detector are at the correct temperature (see
section V numbers 3-4)
3. Turn on the flame for the detector (See section V number 6)
4. Program the oven temperature for the column. Enter the desired value for
each of the parameters and press the ENTER button (Table F-5).
Table F-5. Column Settings for Analyzing TCE, PCE, and CTET on the
GC-14A Column
Parameter
Initial Column Temp.
Time Column is at Initial Temp.
Column Heating Program
Final Column Temp.
Time Column is at Final Temp.

Label
INITL TEMP
INITL TIME
PROG RATE
FINAL TEMP
FINAL TIME

Setting
40 °C
2.0 min
10.0 °C/min
170 °C
0 min

5. Place samples into the autosampler. Always start and end a run with a
nanopure water sample. If running standards in the middle of a set of
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samples, place one nanopure water sample before and after the set of
standards. Always load standards from low to high concentration.
6. On the computer, open the sequence file for the sample run. Choose open
from the Sequence subdirectory in the File menu and choose the
appropriate sequence file.
7. Under the SAMPLE ID column, enter in the sample names corresponding
to the order of the samples in the autosampler.
8. Run the Sequence. Choose PROCESS... from the Sequence menu at the
top of the screen. Enter in the range of sample that you want to run. The
number that is entered should correspond to the number in the sequence
file not the sample ID. Press START.
9. Wait for the chromatograph panel to open. This window should say
WAITING FOR TRIGGER at the bottom. This indicates that the ClassVP software is running and waiting for a signal from the GC-14A.
10. Press START on the autosampler. This will start the analysis.
11. Once the all of the samples have been analyzed, the Class-VP software
will automatically stop collecting data.
12. Print the chromatographs. Choose PROCESS... from the Sequence menu
at the top of the screen. Enter in the range of sample that you want to run.
Check the “Print Method Report” box. Choose Start.
VIII. Standards Calibration Curve and Sample Concentration Calculation
a. Plot the peak area (µV min) vs. standard concentration and fit a
straight line to the data (Figure F-1). Standard calibration is
considered good is the R2 value is greater than or equal to 0.998.
b. Using the slope and intercept from the calibration curve calculate the
sample concentration using the sample peak area.
c. Determine the Minimum Detection Limit (MDL), Reasonable
Detection Limit (RDL) and Quantifiable Detection Limit (QDL).
i. Run replicate standards (> 10 sets of standards).
ii. Calculate the average and standard deviation of the peak area
of the replicate lowest standard (σ).
iii. Calculate the peak area corresponding to the MDL, RDL and
QDL:
MDL = 3σ
RDL = 6σ
QDL = 10σ
iv. Convert the peak area for the MDL, RDL and QDL into
concentration using the standard calibration curve. Any value
sample concentration that is below the QDL should be
considered below detect (BD).
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Figure F-1. Example of standard calibration curve for TCE.
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APPENDIX G
GAS CHROMATOGRAPHIC ANALYSIS – SHIMADZU GC-17 WITH FLAME
IONIZATION DETECTOR (FID) AND HEADSPACE AUTOSAMPLER
I. Items Needed:
100 ml volumetric flask and cap
Glass stir bar
5 µl glass syringe
Methanol, 100% (Aldrich)
NAPL (TCE, PCE or CTET) (Aldrich)
Mettler microbalance
Nanopure water
Waste Container (2)
Glass 22 ml headspace vials, aluminum caps and septa (need 18 for
standards)
Glass 2 ml direct inject vial
Pasteur pipette
Parafilm
Stir plate
Automatic pipette (Finette) with 2-10 ml disposable tips
Headspace vial crimper
UHP Helium (He) gas cylinder and regulator (CGA-580)
Hydrogen (H2) gas cylinder and regulator (CGA-350)
Compressed Air (CA) gas cylinder and regulator (CGA-345)
Teflon tape
Adjustable wrench
Gas Chromatograph (Shimadzu GC-17)
Flame Ionization Detector (FID)
Capillary column (Supelco column SPB-624, 30 m x 0.53 mm I.D.,
df = 3 micron bonded phase)
Headspace Autosampler (Tekmar 7000)
Computer with Class-VP chromatographic software (version 7.4)
II. Standards:
1. Prepare a stock solution:
a. Prepare a stock solution flask. Stock solution is made in 100 ml
volumetric flasks. Insert a glass stir bar and place ground glass
cap onto the flask. Mass the flask with the stir bar and cap.
b. Fill the flask with nanopure water. Leave only a small amount of
air space at the top of the flask. Replace the cap and remass the
flask.
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c. Subtract the mass of the flask with water from the initial mass to
obtain the actual volume of water in the flask.
d. In a fume hood, pipette a small volume of NAPL into a 2 ml direct
inject vial using a Pasteur pipette.
e. Using pure methanol, clean a 5 µl syringe by rinsing the syringe at
least five (5) times.
f. Rinse the syringe with NAPL at least 5 times.
g. Draw 1 µl of NAPL into the syringe.
h. Place the syringe into the volumetric flask, making sure that the
tip of the syringe is immersed under water.
i. Inject the TCE into the flask. Make sure to slightly shake the
syringe to make sure that no TCE is left on the tip of the syringe.
j. Replace the cap onto the flask and seal the cap with a length of
parafilm.
k. Place the flask on a stir plate and let stir for 24 hours or until no
NAPL is present at the bottom of the flask.
2. Prepare a series of standards ranging from 15 ppm to 0.007 ppm:
a. Label twelve (12) headspace vials ranging from 14 ppm to 0.007
ppm (each subsequent vial should contain half as much TCE as
the prior vial).
b. Place two other vials to side. These vials will be used to make
dilutions. Fill one of the vials with 10 ml of nanopure water and
place a cap/septa on top. Fill the other vial completely with the
stock solution and place a cap/septa on top.
c. Draw 5 ml of pure stock solution from the filled vial and gently
put it back into the vial. This coats the pipette tips and ensures
that the solution in the vial is well mixed.
d. Draw 5 ml of the pure stock solution from the filled vial and
gently put it into the 14 ppm labeled vial. Place a cap/septa onto
the 14 ppm vial and crimp closed. Verify that the cap is fully
crimped. You should not be able to rotate the cap if it is properly
sealed.
e. Refill the pure stock solution vial with solution from the 100 ml
volumetric flask.
f. Draw 10 ml of the pure stock solution from the filled vial and
place into the vial that was already filled with 10 ml of nanopure
water. Replace the cap/septa onto this vial.
g. Draw 5 ml of diluted stock solution from the filled vial and gently
put it back into the vial. This coats the pipette tips and ensures
that the solution in the vial is well mixed.
h. Draw 5 ml of the diluted stock solution and gently put it into the
subsequent labeled vial. Place a cap/septa onto the vial and crimp
closed. Verify that the cap is fully crimped. You should not be
able to rotate the cap if it is properly sealed.

314
i. Draw 5 ml of the diluted stock solution and place it in a waste
container.
j. Draw 10 ml of nanopure water and put it into the diluted stock
solution vial.
k. Repeat steps g – j until all of the standards are made.
III. Compressed Gas Cylinders:
1. There are three (3) compressed gas cylinders required for running the GC17 FID gas chromatograph. The ultra high purity (UHP) Helium (He)
cylinder is the carrier gas. This cylinder must be flowing if the GC is at
an elevated temperature. The Hydrogen (H2) and Compressed Air (CA)
cylinders are required for operation of the FID. These cylinders only
need to be flowing if the FID is ignited and samples are running.
2. Check that the pressure of the He cylinder is slightly above 80 psi and the
pressure of the H2 and CA cylinders is at 40 psi
3. When the cylinder is new, the total pressure should be about 2000kPa .
The cylinder will need to be changed once the total pressure has dropped
to 500 kPa.
4. Instructions for changing the cylinder:
a. If the He cylinder needs to be changed, the GC-17 system must
first be brought down to room temperature. The GC can stay at
elevated temperature if only the H2 and/or the CA cylinder needs
to be changed.
b. Turn off the ignition for the FID. To turn off the ignition, press
the INGIT button on the GC console followed by the OFF button
and ENTER. The FID is ignited if an asterix (*) proceeds the
number one (1) on the display panel of the GC.
c. Once the ignition is off, close the cylinder using the valve at the
top of the cylinder.
d. Remove the regulator from the used cylinder.
e. Replace the used cylinder with the new cylinder. Unscrew the cap
covering the valve and place this cap on the used cylinder. Chain
all cylinders to the wall.
f. Once the cylinders have been swapped make sure that the used
cylinder is marked as “empty” using the yellow tags provided.
Mark the new tank as “in use” using the yellow tags provided.
g. Wrap a length of Teflon tape around the male end of the
connection between the regulator and the cylinder.
h. Place the regulator onto the cylinder and tighten using the
adjustable wrench. Open the valve at the top of the cylinder.
Check for gas leaks using snoop solution.
5. Open the valve at the top of all of the cylinders. Allow the cylinders flow
for ten (10) minutes before restarting the GC system

315

IV. Class-VP Software:
1. Open the Class-VP software by double clicking on icon on the desktop.
2. Open the GC17 HS FID Gas Chromatograph by double clicking on the
icon in the Shimadzu Client/Server Window.
3. To Preview the GC signal click on the Preview button on the toolbar at
the top of the window.
a. To stop the preview, click on the Stop button on the toolbar at the
top of the window.
4. To create a new Method:
a. Choose Instrument Setup from the Method pull down menu.
b. Choose the FID tab and check the “Acquisition Channel On” box.
c. Input the total run time for the chromatograph.
d. Exit the Instrument Setup Window.
e. Save the Method. Choose the Save As… option from the Method
subdirectory in the File pull down menu.
f. Save the new method. All methods, data, and sequence files for
the GC17 HS FID are saved in the GC17_HS_FID Project. The
Project directory can be found at:
C:\Class_VP\Entreprise\Projects...
g. Enter the integration events for the method. Choose Integration
Events from the Method Menu. Enter in the appropriate
parameters. For both TCE, PCE and CTET the parameters are
found in Table G-1.
Table G-1. Integration Events for TCE, PCE and CTET
Parameter

Start Stop
Time Time
Width
0
10
Shoulder Sensitivity
0
10
Tangent Skim
1.529 13.317
Threshold
6.734 7.489

Value
0.2
50
233

5. To create a new sequence file:
a. Choose the Sequence Wizard from the Sequence subdirectory in
the File menu.
b. Choose the correct method for your analysis. Be sure that the
method you choose corresponds to the instrument that you are
using. (i.e., choose the tce.met from the
Projects\GC17_HS_FID\Methods folder). Leave the rest of the
values in this window at the default settings. Choose Next.
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c. Enter a Sample ID. The Sample ID must match the sequence file
name. For example, if the sequence file is eld061807.seq then the
Sample ID should be eld061807.
d. Choose the folder where the data will be stored under Data Path.
All data should be stored in the Projects\GC17_HS_FID\Data
folder.
e. Choose the data file name. Click on the blue arrow to the right of
the Data File entry. Select “Sample ID”. Now in the Data File
entry you should see <ID>. Add a dash “-“ after <ID> and the
choose “Increment Number” from the blue arrowed pull down
menu. The final Data File entry should display: <ID>-<#>
f. Enter in the number of unknown samples. Usually the sequence
file is 200 samples.
g. Do not choose to perform sample replicates. Choose Next to
continue to the next window.
h. Do not input any information into this window. This window is
only for use of an internal calibration which we do not use.
Choose Finish to exit.
i. Save the Sequence file. Choose Save As... under the Sequence
subdirectory in the File menu. Save the sequence to the
\Projects\GC17_HS_FID\Sequence folder. All sequence files
should be saved as follows: user initials-month-day-year. For
example: eld061807.
j. Every new sequence file created must be recorded in the GC-17
log book located on the lab bench next to the instrument. Record
the start date, sequence file name, analyte, GC method, headspace
autosampler method and column oven program.
V. Conditioning the Column:
1.
2.
3.
4.

Conditioning of the column should be performed after periods of non-use.
Turn on the gas cylinders (see section II).
Turn on the GC by pressing the System button on the GC panel.
Set the injector temperature to 180 °C. To set the injector temperature,
press the INJ button on the GC console. Enter the desired temperature
(entered values will appear under the SET column) and press the ENTER
button.
5. Set the detector temperature to 200 °C. To set the detector temperature,
press the DET button on the GC console. Enter the desired temperature
(entered values will appear under the SET column) and press the ENTER
button.
6. Wait until the injector and detector have reached the set temperature.
You can verify this in two ways. First, the ready indicator light will light
green when the system is ready. The temperature can also be monitored
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by pressing the INJ or DET on the GC console. The actual temperature is
listed in the ACT column.
7. Turn on the ignition for the FID. To turn on the ignition, press the INGIT
button on the GC console followed by the ON button and ENTER. This
will be followed by a “popping” noise. The FID is ignited if an asterix
(*) proceeds the number one (1) on the display panel of the GC.
8. Program the column temperature setting. Press the COL button on the
GC panel followed by the PROG button. Enter the desired value for each
of the parameters and press the ENTER button (Table G-2). Once the
ENTER button is pressed, the entry system will automatically move to the
next parameter.
Table G-2. Column Settings for Conditioning the GC-17 Column
Parameter
Initial Column Temp.
Time Column is at Initial Temp.
Column Heating Program
Final Column Temp.
Time Column is at Final Temp.

Label
TEMP
TIME
RATE
TMP
TIM

Setting
40 °C
2.0 min
5.0 °C/min
180 °C
20 min

9. Ensure that the gas flow and pressure are constant. The flow rate and
pressure can be monitored by pressing the MONIT button on the GC
panel. Toggle down to the appropriate parameter using the down arrow
button on the GC panel. The flow rate should be 10 ml/min and the
pressure should be approximately 45 kPa.
10. Adjust the baseline for the detector by pressing the ZERO button on the
GC panel. The baseline should be set around 1500 for detector 1 (DET1).
Press the up/down arrow buttons on the GC panel to adjust the value. The
baseline can be monitored on the computer. To monitor the baseline on
the computer, press the PREVIEW button on the Class-VP program.
11. Once the baseline has stabilized, press the STOP button in the Class-VP
program.
12. Start the conditioning by pressing the START button on the GC console.
13. Monitor the conditioning by pressing the PREVIEW button on the ClassVP program.
VI. Headspace Autosampler Method:
1. Samples are run using a Tekmar 7000 headspace autosampler. In order to
run the samples, a method must first be developed and programmed into
the autosampler. This method is typically saved as method 2 on the
autosampler.
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2. To select Method 2, press the METH button on the autosampler panel.
On the next window type the number 2 and then press ENTER.
3. To edit the parameters of the method, press the EDIT key on the display.
Each parameter that can be changed will be highlighted. To toggle
through each parameter press the arrow key on the display. The
parameters for Method 2 are listed in Table G-3.
Table G-3. Parameter Values for Method 2
Parameter
Platen Temperature
Platen Equilibration time
Sample Equilibration time
Sample Vial size
Mixer
Mix time
Mix power
Stabilize time
Pressurization time
Pressure equilibration time
Loop fill time
Loop equilibration time
Injection time
Sample loop temperature
Line temperature
Number of injections
GC Run Time

Label
Platen
Platen Equil
Sampl Equil
Vial Size
Mixer
Mixt
Mix Power
Stab
Press
Press Equil
Loop
Loop Equil
Inject
Sample loop
Line
Inj per vial
GC Run Time

Value
90 °C
0.10 min
13.0 min
22 ml
ON
2 min
5
14.50 min
1.00 min
0.5
1.0 min
0.5 min
1.0 min
175 °C
175 °C
1
29 min

4. Once the appropriate parameters have been entered press the EXIT key on
the display panel.
VII. Sample Analysis:
1. Turn on the gas cylinders (see section II)
2. Make sure that the injector and detector are at the correct temperature (see
section IV numbers 3-5)
3. Turn on the flame for the detector (See section IV number 6)
4. Program the oven temperature for the column. Enter the desired value for
each of the parameters and press the ENTER button (Table G-4).
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Table G-4. Column Settings for Analyzing TCE, PCE and CTET on the
GC-17 Column
Parameter
Initial Column Temp.
Time Column is at Initial Temp.
Column Heating Program
Final Column Temp.
Time Column is at Final Temp.

Label
TEMP
TIME
RATE
TMP
TIM

Setting
40 °C
2.0 min
10.0 °C/min
170 °C
5 min

5. Place samples into the autosampler. Always start and end a run with 2
nanopure water samples. If running standards in the middle of a set of
samples, place 2 nanopure water samples before and after the set of
standards. Always load standards from low to high concentration.
6. Enter the starting and ending position of the samples in the tray into the
autosampler. Press the A/S button on the display panel. Toggle to the
start value (or Stop value) and press ENTER. Enter in the value that
coincides with the sample placement in the tray and press ENTER. Press
the EXIT button on the display panel.
7. Make sure that the GC is ready by looking for the Ready light on the GC
control panel.
8. On the computer, open the sequence file for the sample run. Choose open
from the Sequence subdirectory in the File menu and choose the
appropriate sequence file.
9. Under the SAMPLE ID column, enter in the sample names corresponding
to the order of the samples in the autosampler.
10. Run the Sequence. Choose PROCESS... from the Sequence menu at the
top of the screen. Enter in the range of sample that you want to run. The
number that is entered should correspond to the number in the sequence
file not the sample ID. Press START.
11. Wait for the chromatograph panel to open. This window should say
WAITING FOR TRIGGER at the bottom. This indicates that the ClassVP software is running and waiting for a signal from the GC-17.
12. Press START and then YES on the autosampler. This will start the
analysis.
13. Once the all of the samples have been analyzed, the Class-VP software
will automatically stop collecting data.
14. Print the chromatographs. Choose PROCESS... from the Sequence menu
at the top of the screen. Enter in the range of sample that you want to run.
Check the “Print Method Report” box. Choose Start.
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VIII. Standards Calibration Curve and Sample Concentration Calculation
a. Plot the peak area (µV min) vs. standard concentration and fit a
straight line to the data (Figure G-1). Standard calibration is
considered good is the R2 value is greater than or equal to 0.998.
b. Using the slope and intercept from the calibration curve calculate the
sample concentration using the sample peak area.
c. Determine the Minimum Detection Limit (MDL), Reasonable
Detection Limit (RDL) and Quantifiable Detection Limit (QDL).
i. Run replicate standards (> 10 sets of standards).
ii. Calculate the average and standard deviation of the peak area
of the replicate lowest standard (σ).
iii. Calculate the peak area corresponding to the MDL, RDL and
QDL:
MDL = 3σ
RDL = 6σ
QDL = 10σ
iv. Convert the peak area for the MDL, RDL and QDL into
concentration using the standard calibration curve. Any
sample concentration that is below the QDL should be
considered below detect (BD).
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Figure G-1. Example of standard calibration curve for TCE.
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APPENDIX H
CALCULATING IMMISCIBLE LIQUID SATURATION
I.

Items Needed:
Nikon D70 camera with an AF-S Nikkor 18-70 mm lens
Tripod
Optical density photographic card (Kodak)
Halogen lights
40 ml VOA vials
Stainless steel packing rod
Parafilm
Methanol (Aldrich)
100 ml glass bottles
Shaker table
5 µl gas-tight syringe
2 ml direct injection vials
Pipette and disposable tips
Adobe PhotoShop®
MATLAB®

II.

Development of Calibration Curve
1. Prepare 40 ml VOA vials of various immiscible liquid saturations for each
sand mesh size of interest. Measure the mass of sand required for the size
zone to be packed in each vial. Calculate the volume of immiscible liquid
and water needed to fully saturate the porous media. Pack the sand into
the 40 ml VOA vials using the packing rod. Label and seal the cap onto
the vials using parafilm. Place the vials on the lab bench.
2. Place the camera on the tripod and ensure that all of the vials are in the
frame. Ensure that the flash is off on the camera.
3. Place the optical density card into the frame of the photograph.
4. Adjust the halogen lights so that there is no glare on the vials.
5. Take several photographs of the vials.
6. Measure 40 ml of methanol into the 100 ml glass bottle.
7. Transfer the contents of the VOA vials into the glass bottles.
8. Place the glass bottles onto the shaker table and shake for 24 hours.
9. After 24 hours transfer 1 µl of the methanol solution into a 2 ml direct
injection vial filled with 1.9 ml of water.
10. Analysis the samples using a gas chromatograph.
11. Use the sample concentration to determine the immiscible liquid
saturation of the VO vial.
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12. Transfer the photographs from the camera.
13. Using PhotoShop®, crop the photographs so that only the VOA vial is
present in the frame. Perform this step for each vial present in the
photograph. Also, crop the white patch from the optical density card.
14. Import each photograph into MATLAB®.
15. Convert each photograph from a RGB (Red Green Blue) framework to the
HSI (Hue Saturation Intensity) framework.
16. Isolate the intensity matrix of each photograph, including the white patch,
and calculate the average intensity.
17. Calculate the optical density of each photograph, excluding the white
patch:
 I 
OD = − log i 
I 
 wp 
where OD is the optical density [-], Ii is the average intensity of the image
[-], and Iwp is the average intensity of the white patch [-].
18. Export the optical density values to excel.
19. Determine a relationship between optical density and immiscible liquid
saturation (Figure H-1).
III.

Calculating Immiscible Liquid Saturation in the Flow Cell
1. Secure the optical density card to the frame of the flow cell. Tape the
back of the optical density card to the C-clamps located on the effluent
end of the flow cell. Make sure that the optical density card is flush and
straight with the flow cell frame.
2. Place the camera on the tripod and ensure that the entire flow cell and
optical density card are in the frame of the photograph. Ensure that the
flash is off on the camera.
3. Adjust the halogen lights so that there is no glare or reflection on the front
of the flow cell.
4. Close the curtains and ensure that the room is completely dark.
5. Take a series of three photographs prior to immiscible liquid injection.
6. Do not move the camera while the experiment is underway. Turn the
camera off in between photographs. Be careful not to disturb the
placement of the camera or the lights.
7. When taking a photograph for image analysis, take a series of three
photographs. Note the photograph file name and the time when the
photographs were taken in the lab notebook.
8. At the end of the experiment, transfer the photographs from the camera to
the computer.
9. Using PhotoShop®, crop the images so that only the porous
media/immiscible liquid source of the flow cell front is in the frame of the
photograph. When cropping the images, ensure that the same view of the
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Figure H-1. Relationship between immiscible-liquid saturation and optical density.
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flow cell is present in all images, including the initial, no immiscible
liquid images. It is also important to verify that all images are the same
pixel size. The number of pixels in each image is equal to the number of
elements in the matrix when imported into MATLAB®. Mathematical
manipulations using MATLAB® are only possible if the matrices have the
same number of elements.
10. Save the cropped images under a new file name.
11. Using PhotoShop®, crop the original image so that only the white patch
from the optical density card is visible. It is not crucial to keep the
number of elements the same for each image. Save the cropped images
under a new file name.
12. Import images into MATLAB®. For each image time, import the series
of images associated with the flow cell prior to immiscible liquid injection
and the series of images associated with the image time. In total, each
image time model should have 12 images (3 flow cell images at time t, 3
white patch images associated with the 3 flow cell images at time t, 3
initial flow cell images (prior to immiscible liquid injection) and 3 white
patch images associated with initial flow cell images).
13. Convert each flow cell image from a RGB framework to the HSI
framework.
14. Covert the white patch images from a RGB framework to the HIS
framework and isolate the intensity matrix.
15. Calculate the average pixel intensity for each white patch image.
16. Calculate the optical density for each pixel of the flow cell images.
17. Calculate the average pixel optical density value for the initial images and
the images taken at time t.
ODt ,1 + ODt , 2 + ODt ,3
ODavg ,t =
3
ODi ,1 + ODi , 2 + ODi ,3
ODavg ,i =
3
where the subscripts t and i represent time t and initial, respectively.
18. Crop the images to remove edge effects. An image map of the matrix will
display the pixel-by-pixel OD values for the matrix. Edge effects are
bright spots located near the edge of the matrix which are known to have
no immiscible liquid.
19. Correct each image for lightening differences between the flow cell
images and the initial calibration curve. Choose an area of the flow cell
for both the initial and time t images where no immiscible liquid is
present. Isolate this portion of each image using a new matrix. Calculate
the average OD value for this portion of the image. Determine a scaling
factor that will convert the OD value of the immiscible liquid free image
to that determined in the calibration step (see II).
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ODcalibration
ODimage
where sf if the scaling factor, ODcalibration is the OD value of the sand with
no immiscible liquid determined during the calibration step, and ODimage is
the average optical density value of the immiscible liquid free portion of
the flow cell image.
20. Multiply each average OD flow cell matrix by the scaling factor for that
image.
21. Remove the background from the time t image.
OD = ODavg ,t − ODavg ,i
where OD is the background subtracted optical density.
22. Smooth the OD matrix using a moving average where n=5.
23. Remove false positives from the OD matrix. False positives are defined as
OD values greater than background that are less than 10 pixels in
length/height.
24. Calculate the immiscible liquid saturation using the predetermined
calibration curve (see II).
25. Remove any negative saturation values.
26. Calculate the volume of immiscible present in the flow cell. The volume
of each pixel can be determined from the initial image using PhotoShop®.
Using the optical density photographic card as a scale, determine a scaling
factor that relates the number of pixels to actual length/height of the flow
cell in the image.
Vnapl = S n xi yi d
where Vnapl is the volume of immiscible liquid [L3], Sn is the immiscible
liquid saturation [-], xi is the horizontal scaling factor [L], yi is the vertical
scaling factor [L], and d is the depth of the flow cell [L].
27. Plot the Sn distribution of the flow cell using the image plot.
28. Calculate the GTP ratio for the entire flow cell.
i. Create a new matrix that contains only the Sn values above the
maximum residual saturation of the sand. This will account for
only the pooled mass present in the flow cell. Determine the
volume of immiscible liquid associated with this portion of the
flow cell.
ii. Create a new matrix that contains only the Sn values at or below
the maximum residual saturation of the sand. This will account for
only the residual mass present in the flow cell. Determine the
volume of immiscible liquid associated with this portion of the
flow cell.
Vnapl ,res
GTP =
Vnapl , pool
sf =
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where Vnapl,res is the volume of immiscible liquid present at or below
residual saturation [L3], and Vnapl,pool is the volume of immiscible
liquid present above residual saturation [L3].
29. Calculate the average Sn for the residual and pool zones.
30. Calculate the relative permeability for the flow cell.
31. Calculate the hydraulic conductivity for the flow cell.
32. Calculate the fraction of immiscible liquid present in each region of the
flow cell.

IV.

Comparison of Immiscible Liquid Volume Obtained from Moment and
Imaging Analysis Methods for the Mixed Source and Heterogeneous
Experiments
Table H-1. Mixed Source Experiment

Label

telapsed
(hr)

PV

VNAPL, moments
(ml)

VNAPL, image
(ml)

ms1
ms2
ms3
ms4
ms5
ms6
ms7
ms8

0
17.85
77.78
92.97
117.32
142.67
287.72
381.50

0
4.00
17.70
21.01
26.20
31.73
62.05
81.83

11.84
8.78
4.38
3.91
3.50
3.33
2.01
1.13

12.05
8.59
3.95
2.93
2.85
2.88
2.19
0.49

Percent
Difference
(%)
-3.0
2.8
6.1
14.0
9.2
6.5
-2.5
9.1

GTP

1.69
2.99
12.30
12.96
15.60
10.98
709.6
∞

Table H-2. Heterogeneous Experiment
Label

telapsed
(hr)

PV

VNAPL, moments
(ml)

VNAPL, image
(ml)

h1
h2
h3
h4
h5
h6
h7
h8
h9
h10

0
47.32
95.07
215.62
383.75
458.57
503.50
551.95
601.07
671.78

0
9.58
20.65
50.62
93.68
113.11
124.55
135.88
147.78
166.95

13.43
11.42
10.70
4.36
3.60
3.04
2.99
2.37
1.82
1.46

10.34
9.36
10.02
6.65
3.39
3.04
2.93
2.03
1.35
0.27

Percent
Difference
(%)
23.1
18.0
6.3
52.5
5.6
0.0
1.7
14.1
25.8
81.6

GTP

1.23
1.39
1.15
0.81
0.51
0.25
0.33
0.64
1.53
8.12
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Table H-3. Comparison of immiscible liquid volume obtained from partitioning
tracer test (PTT)* and imaging analysis methods for the Mixed Source Experiment
telapsed
(hr)

PV

VNAPL, PTT
(ml)

VNAPL, image
(ml)

0

0

11.02

12.05

Percent
Difference
(%)
-9.4

*Partioning tracer test analysis is presented in Appendix J. The volume of immiscible
liquid presented in this table was calculated based on the two partioning tracer method.

V.

Example MATLAB® Code for Calculating Immiscible Liquid Saturation

%Model to calculate the optical density of digital images for LRV system
%Created by: Erica DiFilippo
clc;
clear;
%**********************************************************************
%Import images
%**********************************************************************
initial_1=imread('.\Initial_Sn\initial_1.jpg');
initial_2=imread('.\Initial_Sn\initial_2.jpg');
initial_3=imread('.\Initial_Sn\initial_3.jpg');
initial_1_white=imread('.\Initial_Sn\initial_1_white.jpg');
initial_2_white=imread('.\Initial_Sn\initial_2_white.jpg');
initial_3_white=imread('.\Initial_Sn\initial_3_white.jpg');
initial_pack_1=imread('.\Initial_Pack\initial_pack_1.jpg');
initial_pack_2=imread('.\Initial_Pack\initial_pack_2.jpg');
initial_pack_3=imread('.\Initial_Pack\initial_pack_3.jpg');
initial_pack_1_white=imread('.\Initial_Pack\initial_pack_1_white.jpg');
initial_pack_2_white=imread('.\Initial_Pack\initial_pack_2_white.jpg');
initial_pack_3_white=imread('.\Initial_Pack\initial_pack_3_white.jpg');
%**********************************************************************
%Convert images from RGB to HSI framework and isolate intensity value
%**********************************************************************
initial_pack_1=rgb2hsi(initial_pack_1);
initial_pack_2=rgb2hsi(initial_pack_2);
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initial_pack_3=rgb2hsi(initial_pack_3);
initial_1=rgb2hsi(initial_1);
initial_2=rgb2hsi(initial_2);
initial_3=rgb2hsi(initial_3);
initial_pack_1=initial_pack_1(:,:,3);
initial_pack_2=initial_pack_2(:,:,3);
initial_pack_3=initial_pack_3(:,:,3);
initial_1=initial_1(:,:,3);
initial_2=initial_2(:,:,3);
initial_3=initial_3(:,:,3);
%**********************************************************************
%Convert white patch images from RGB to HSI and calculate the average
%Intensity value
%**********************************************************************
initial_pack_1_white=fun_matrix_avg(initial_pack_1_white);
initial_pack_2_white=fun_matrix_avg(initial_pack_2_white);
initial_pack_3_white=fun_matrix_avg(initial_pack_3_white);
initial_1_white=fun_matrix_avg(initial_1_white);
initial_2_white=fun_matrix_avg(initial_2_white);
initial_3_white=fun_matrix_avg(initial_3_white);
%**********************************************************************
%Calculate the Optical Density (OD) of each image
%**********************************************************************
initial_pack_1=-log10(initial_pack_1/initial_pack_1_white);
initial_pack_2=-log10(initial_pack_2/initial_pack_2_white);
initial_pack_3=-log10(initial_pack_3/initial_pack_3_white);
initial_1=-log10(initial_1/initial_1_white);
initial_2=-log10(initial_2/initial_2_white);
initial_3=-log10(initial_3/initial_3_white);
%**********************************************************************
%Calculating average Optical Density of each set of images
%**********************************************************************
OD_initial=(initial_1+initial_2+initial_3)/3;
OD_initial_pack=(initial_pack_1+initial_pack_2+initial_pack_3)/3;
%**********************************************************************
%Crop images to remove edge effects
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%**********************************************************************
OD_initial(:,2000:2224)=[];
OD_initial(:,1:400)=[];
OD_initial(1:35,:)=[];
OD_initial_pack(:,2000:2224)=[];
OD_initial_pack(:,1:400)=[];
OD_initial_pack(1:35,:)=[];
%**********************************************************************
%Correct images for lighting
%**********************************************************************
A=OD_initial(200:400,200:400);
B=OD_initial_pack(200:400,200:400);
A=mean(A);
A=A';
A=mean(A);
B=mean(B);
B=B';
B=mean(B);
sf_initial=0.275/A;
sf_initial_pack=0.275/B;
OD_initial=sf_initial*OD_initial;
OD_initial_pack=sf_initial_pack*OD_initial_pack;
%**********************************************************************
%Remove background effects from initial Sn image
%**********************************************************************
OD=OD_initial-OD_initial_pack;
%**********************************************************************
%Determine matrix dimensions and prepare image for smoothing
%**********************************************************************
[x y]=size(OD);
z=numel(OD);
a=reshape(OD,1,z);
%**********************************************************************
%Smoothing of the image using Moving Average with n = 5
%**********************************************************************
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a=smooth(a);
a=reshape(a,x,y);
a=a';
a=reshape(a,1,z);
c=smooth(a);
c=reshape(c,y,x);
c=c';
c=reshape(c,1,z);
%**********************************************************************
%Remove false positives by removing hits that are less than 9 pixels long.
%**********************************************************************
d=ones(size(c));
for i=5:z-5;
if c(i-4)+c(i-3)+c(i-2)+c(i-1)+c(i)...
+c(i+1)+c(i+2)+c(i+3)+c(i+4)<0.18;...
d(i)=0;
end;
end;
e=d.*c;
e=reshape(e,x,y);
e=e';
e=reshape(e,1,z);
d=ones(size(e));
for i=5:z-5;
if e(i-4)+e(i-3)+e(i-2)+e(i-1)+e(i)...
+e(i+1)+e(i+2)+e(i+3)+e(i+4)<0.18;...
d(i)=0;
end;
end;
e=d.*e;
e=reshape(e,y,x);
e=e';
%**********************************************************************
%Calculate the NAPL Sn for the image
%**********************************************************************
m=3.5382;
b=-0.0194;
Sn=e*m+b;
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%**********************************************************************
%Remove any negative Sn values
%**********************************************************************
Sn=reshape(Sn,1,z);
d=ones(size(Sn));
for i=1:z;
if Sn(i)<0,d(i)=0;
end;
end;
Sn=d.*Sn;
Sn=reshape(Sn,x,y);
%**********************************************************************
%Calculate the volume of NAPL in each pixel and the total volume of NAPL in
%the flow cell
%**********************************************************************
q=7.2445e-004;
V_napl=Sn*q;
V_napl=sum(V_napl);
V_napl=V_napl';
V_napl=sum(V_napl);
%**********************************************************************
%Plotting Sn
%**********************************************************************
figure(1);
imagesc(Sn); figure(gcf)
title('Calculated Sn');
%**********************************************************************
%Calculating the GTP for each set of images
%**********************************************************************
GTP=reshape(Sn,1,z);
d=ones(size(GTP));
for i=1:z;
if GTP(i)>0.2; d(i)=0;
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end;
end;
GTP_res=d.*GTP;
GTP_res=reshape(GTP_res,x,y);
d=ones(size(GTP));
for i=1:z;
if GTP(i)<0.2; d(i)=0;
end;
end;
GTP_pool=d.*GTP;
GTP_pool=reshape(GTP_pool,x,y);
GTP_res=reshape(GTP_res,1,z);
GTP_res=GTP_res*q;
GTP_res=sum(GTP_res);
GTP_pool=reshape(GTP_pool,1,z);
GTP_pool=GTP_pool*q;
GTP_pool=sum(GTP_pool);
GTP=GTP_res/GTP_pool;
%**********************************************************************
%Reshaping matrix back into original size
%**********************************************************************
aa=zeros(1105, 225);
Sn=[Sn aa];
aa=zeros(1105, 400);
Sn=[aa Sn];
Sn=Sn';
aa=zeros(2224, 35);
Sn=[aa Sn];
Sn=Sn';
%**********************************************************************
% Calculating Average Sn for the Residual and Pool Zones
%**********************************************************************
Sn_res=Sn(1:1050,:);
Sn_pool=Sn(1051:1140,:);
z=numel(Sn_res);
Sn_res=reshape(Sn_res,1,z);
d=zeros(size(Sn_res));
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for i=1:z;
if Sn_res(i)>0, d(i)=1;
end;
end;
d=sum(d);
Sn_res=sum(Sn_res);
Sn_res=Sn_res/d;
z=numel(Sn_pool);
Sn_pool=reshape(Sn_pool,1,z);
d=zeros(size(Sn_pool));
for i=1:z;
if Sn_pool(i)>0, d(i)=1;
end;
end;
d=sum(d);
Sn_pool=sum(Sn_pool);
Sn_pool=Sn_pool/d;
%**********************************************************************
%Calculating Relative permeability
%**********************************************************************
Swr=0.12;
Sw=1-Sn;
Se=(Sw-Swr)/(1-Swr);
kr=Se.*((1-Sn).^2);
K_sat=4.33;
K_field=kr.*K_sat;
z=numel(K_field);
K_mean=reshape(K_field,1,z);
K_mean=mean(K_mean);
%**********************************************************************
%Calculating average K for the residual and pool zones
%**********************************************************************
res_K=K_field(1:1046,851:1384);
pool_K=K_field(1047:1140,200:2000);
z=numel(res_K);
res_K=reshape(res_K,1,z);
res_K=mean(res_K);
res_K_tot=K_field(1:1046,:);
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z=numel(res_K_tot);
res_K_tot=reshape(res_K_tot,1,z);
res_K_tot=mean(res_K_tot);
z=numel(pool_K);
pool_K=reshape(pool_K,1,z);
pool_K=mean(pool_K);
pool_K_tot=K_field(1047:1140,:);
z=numel(pool_K_tot);
pool_K_tot=reshape(pool_K_tot,1,z);
pool_K_tot=mean(pool_K_tot);
%**********************************************************************
%Calculating fraction of NAPL in each zone
%**********************************************************************
f_res=Sn(1:1050,:);
f_pool=Sn(1051:1140,:);
z=numel(f_res);
f_res=reshape(f_res,1,z);
f_res=f_res*q;
f_res=(sum(f_res))/V_napl;
z=numel(f_pool);
f_pool=reshape(f_pool,1,z);
f_pool=f_pool*q;
f_pool=(sum(f_pool))/V_napl;
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APPENDIX I
DYE TRACER TESTS
I. Items Needed
Erioglaucine (Aldrich)
Nanopure water
Nikon D70 camera
Tripod
Photography lights
II. Procedure
1. Set up camera on a tripod and illuminate the flow cell with the photography
lights. Make sure that the lights do not create a glare on the front of the
flow cell.
2. Make a 100 ppm stock solution of Erioglaucine. Be sure to make at least 1
pore volume of solution
3. Prime the pump with the Erioglaucine solution.
4. Inject the Erioglaucine solution into the flow cell at the flow rate to be used
during the dissolution experiment.
5. Take pictures of the flow cell every 20 -30 minutes as appropriate.
6. Inject 1 pore volume of Erioglaucine solution or until the solution has
reached the effluent ports
7. Inject nanopure water until all of the Eriogalucine solution is removed from
the flow cell.
8. Continue to take pictures until all of the Eriogalucine solution is removed.
III. Results from Flow Cell Experiments
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(a)

(b)

(c)

(d)

Figure I-1. Dye tracer test for experiment Lower K-2 conducted in the 40 x 50 x 5 cm
flow cell. after (a) 28 minutes, (b) 50 minutes, (c) 100 minutes, and (d) 130 minutes.
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(a)

(b)

(c)

(d)

Figure I-2. Dye tracer test for the pool experiment conducted in the 40 x 50 x 5 cm
flow cell. after (a) 20 minutes, (b) 50 minutes, (c) 100 minutes, and (d) 153 minutes.
The dye tracer test was conducted at the initiation of the water flush.
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(a)

(b)

(c)

(d)

Figure I-3. Dye tracer test for the pool experiment conducted in the 40 x 50 x 5 cm
flow cell after (a) 24 minutes, (b) 54 minutes, (c) 80 minutes, and (d) 152 minutes.
The dye tracer test was conducted after 297.57 pore volumes (PV) of flushing.
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(a)

(b)

(c)

(d)

Figure I-4. Dye tracer test for the pool experiment conducted in the 40 x 50 x 5 cm
flow cell. after (a) 19 minutes, (b) 50 minutes, (c) 95 minutes, and (d) 159 minutes.
The dye tracer test was conducted after 775.28 pore volumes (PV) of water flushing.
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(a)

(b)

(c)

(d)

Figure I-5. Dye tracer test for the Mixed Source experiment conducted in the
40 x 20 x 2 cm flow cell. after (a) 20 minutes, (b) 60 minutes, (c) 100 minutes, and
(d) 161 minutes.
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(a)

(b)

(c)

(d)

Figure I-6. Dye tracer test for the Heterogeneous experiment conducted in the
40 x 20 x 2 cm flow cell. after (a) 30 minutes, (b) 90 minutes, (c) 150 minutes, and
(d) 240 minutes.
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APPENDIX J
PARTITIONING TRACER TEST
I. Items Needed
Pentafluorobenozic Acid (PFBA) (Aldrich)
2,4-dimethyl-3-pentanol (DMP)(Aldrich)
1-heptanol (HEP) (Aldrich)
500 ml volumetric flask with ground glass stopper
Glass stir bar
Parafilm
2 ml ground glass syringe
5 ml ground glass syringe
20 ml glass test tubes
2 ml direct injection vials and caps
Nanopure water
UV-Vis spectrophotometer (Shimadzu 1600)
II. Procedure
1. Prepare a tracer solution of 800 ppm DMP, 800 ppm HEP and 200 ppm
PFBA in a 500 ml volumetric flask.
a. Obtain the mass of the volumetric flask empty (with stir bar and
ground glass stopper) and reweigh the flask after adding
approximately 500 ml of water. Leave minimal headspace in the
flask. The actual volume of water will be the difference between
the empty and water filled masses.
b. Add 0.1 g of PFBA to the volumetric flask. Stir this solution until
all of the PFBA is dissolved.
c. Add 480 µl of DMP and HEP to the volumetric flask. Place the
glass stopper onto the flask and seal with parafilm. Stir this solution
over night. Occasionally manually rotate the flask to ensure that the
DMP and HEP dissolves.
2. Label and weigh the test tubes needed for PFBA analysis.
3. Collect three samples of the tracer solution for analysis. For DMP and
HEP, samples must be collected in 2 ml direct injection vials. For PFBA, 5
ml samples should be stored in the 20 ml glass test tubes.
4. Flush 2 pore volumes (PV) of water through the flow cell to establish initial
conditions.
5. Prime the pump with the tracer solution.
6. Inject the tracer solution into the flow cell at the flow rate to be used during
the dissolution experiment.
7. Collect samples as appropriate.
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a. For DMP, HEP and TCE, samples must be collected with the 2 ml
ground glass syringe and stored in 2 ml direct injection vials. (For
analysis see Appendix J).
b. For PFBA, samples should be collected with the 5 ml ground glass
syringe and stored in the 20 ml glass test tubes.
i. Reweigh the test tube after the sample is collected.
ii. Let the test tubes sit in the fume hood for approximately 96
hours. This will volatilize any TCE in the sample and
remove interference that will occur when analyzing the
samples on the UV-Vis.
8. Flush 0.2 PV of tracer solution through the flow cell. Follow the tracer
solution with water flushing. Continue flushing with water until all of the
tracer components are removed from the flow cell.
9. Collect three samples of the tracer solution for analysis.
III. UV-Vis Analysis for PFBA
1. Prepare 100 ml of 200 ppm PFBA solution and make two sets of serial
dilution standards.
2. Let the samples from the tracer test sit in the fume hood for 96 hours.
3. Immediately before analyzing the tracer test samples, reweigh the test tubes
to determine the amount of volatilization loss that occurred.
4. The samples should be run using the wavelength scan option (300 nm < λ <
200 nm) on the UV-Vis. This will allow for multiple wavelength selection.
The wavelengths of concern for PFBA are 262 nm and 242 nm.
5. Run several nanoblank samples through the UV-Vis and autozero if
necessary.
6. Analyze one set of standards starting from low to high concentration. Be
sure to run at least one nanoblank in between every sample. Multiple
nanoblanks may be needed after high concentration samples.
7. Analyze the tracer test samples.
8. Analyze the second set of standards.
9. Plot the absorbance vs. standard concentration and fit a straight line to the
data (Figure J-1). Standard calibration is considered good is the R2 value is
greater than or equal to 0.998.
10. Using the slope and intercept from the calibration curve calculate the
sample concentration using the sample absorbance.
11. Determine the Minimum Detection Limit (MDL), Reasonable Detection
Limit (RDL) and Quantifiable Detection Limit (QDL).
a. Run replicate standards (> 10 sets of standards).
b. Calculate the average and standard deviation of the peak area of the
replicate lowest standard (σ).
c. Calculate the peak area corresponding to the MDL, RDL and QDL:
MDL = 3σ
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Figure J-1. Example of standard calibration curve for PFBA.
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RDL = 6σ
QDL = 10σ
d. Convert the absorbance for the MDL, RDL and QDL into
concentration using the standard calibration curve. Any value
sample concentration that is below the QDL should be considered
below detect (BD).

IV. Calculation of Immiscible Liquid Saturation and Volume
1.

Calculate the 0th moment (µ) for each tracer using the mid-point
approximation of the integral:
0th Moment: µ 0 = ∫ Cdt = ∑ C∆t

 C i + C i +1 
(t i − t i −1 )
2

i=2
Calculate the mass of each tracer component by multiplying the 0th
moment by the flow rate.
Calculate the 1st moment normalized (µ1') for each tracer using the midpoint approximation of the integral:
′ ∫ tCdt ∑ tC∆t
1st Moment normalized:
µ1 =
=
∫ Cdt ∑ C∆t
n

Mid-point approximation of the integral:
2.
3.

∑ 

 t i C i + t i −1C i +1 
(t i − t i −1 )
2

i =2
Mid-point approximation of the integral:
n
 C i + C i +1 

(t i − t i −1 )
∑
2

i=2 
n

∑ 

4.

Calculate the immiscible liquid saturation (Sn) using either the nonreactive/reactive tracer method or the 2 reactive tracer method:
a. Non-reactive/reactive tracer method:
t r' − t nr'
Sn =
(K N ,w − 1)t nr' + t r'
where t ' = µ1' − 0.5t inject , t r' is the mean travel time of the reactive
tracer (DMP or HEP), t nr' is the mean travel time of the non-reactive
tracer (PFBA), tinject is the total time of tracer solution injection, and
KN,w is the NAPL-water partitioning coefficient
b. Two reactive tracer method:
t r' 1 − t r' 2
Sn = 2
K N , w − 1 t r' 1 − K 1N ,w − 1 t r' 2

(

)

(

)
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where is t r' 1 is the mean travel time of the first reactive tracer, t r' 2 is

5.

6.

the mean travel time of the second reactive tracer, and K 1N ,w is the
NAPL-water partitioning coefficient for the first reactive tracer, and
K N2 ,w is the NAPL-water partitioning coefficient for the second
reactive tracer.
Calculate the total pore volume (Vp) for the experiment:
Qt r'
Vp =
1 − S n (1 − K N , w )
where Q is the volumetric flow rate.
Calculate the volume of immiscible liquid (Vn) for the experiment:
Vn = S nV p

V. Results of Partitioning Tracer Test for the Mixed Source Experiment
1.

2.
3.

Calculate the relative concentration of each sample. The relative
concentration is:
C
C rel = t
C0
where Crel is the relative concentration, Ct is the concentration at time t,
and C0 is the initial tracer solution concentration. The initial tracer
solution concentration is determined as the average of the pre- and postinjection stock solution concentration.
Plot the relative concentration vs. time for each tracer (Figure J-2).
Calculate the immiscible liquid saturation and volume using the
aforementioned equations.

Table J-1. Parameters used to calculate immiscible-liquid saturation and
volume

*

Tracer

KN,w

µ0 (mg)

µ1' (min)

PFBA
DMP
HEP

0
46.5*
56+

42.91
165.44
145.62

287.17
438.54
469.87

Nelson et al., 1999
Dwarakanath and Pope, 1998

+
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Figure J-1. Example of standard calibration curve for PFBA.
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Table J-2. Non-reactive/reactive tracer method
Tracer

t' (min)

Sn

Vn (ml)

Percent
Difference*

PFBA
249.17
DMP 46.5400.54
0.013
10.79
2.24%
HEP
56431.87
0.013
10.82
2.02%
*Based on a known immiscible liquid volume of 11.04 ml

Table J-3. Two reactive tracer method
Tracer

t' (min)

Sn

Vp (ml)

Vn (ml)

PFBA
249.17
DMP 46.5400.54
0.013
836.94
11.02
HEP
56431.87
836.96
*Based on a known immiscible liquid volume of 11.04 ml

Percent
Difference*
0.15%
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APPENDIX K
GAS CHROMATOGRAPHIC ANALYSIS FOR PARTITIONING TRACERS –
SHIMADZU GC-14A WITH FLAME IONIZATION DETECTOR (FID) AND
DIRECT INJECT AUTOSAMPLER FOR PARTITIONING TRACERS
I. Items Needed:
100 ml volumetric flask and cap
Glass stir bar
100 µl glass syringe
Methanol, 100% (Aldrich)
Trichloroethene (TCE) (Aldrich)
2,4-Dimethyl-3-pentanol (DMP) (Aldrich)
1-Heptanol (HEP) (Aldrich)
Pentafluorobenzoic Acid (PFBA) (Aldrich)
Mettler microbalance
Nanopure water
Pasteur pipette
Waste Container (2)
Glass 22 ml headspace vials, aluminum caps and septa (need 2 for standards)
Glass 2 ml direct inject vials, caps and septa (need 10 for standards)
Parafilm
Stir plate
Automatic pipette (Finette) with 2-10 ml disposable tips
UHP Helium (He) gas cylinder and regulator (CGA-580)
Hydrogen (H2) gas cylinder and regulator (CGA-350)
Compressed Air (CA) gas cylinder and regulator (CGA-345)
Teflon tape
Adjustable wrench
Gas Chromatograph (Shimadzu GC-14A)
Flame Ionization Detector (FID)
Capillary column (Supelco column SPB-624, 30 m x 0.53 mm I.D.,
df = 3 micron bonded phase)
Shimadzu Direct Inject Autosampler (AOC-17)
Computer with Class-VP chromatographic software (version 7.4)
Lighter
II. Standards:
1. Prepare a stock solution:
a. Prepare a stock solution flask. Stock solution is made in 100 ml
volumetric flasks. Insert a glass stir bar and place ground glass
cap onto the flask. Mass the flask with the stir bar and cap.
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b. Fill the flask with nanopure water. Leave only a small amount of
air space at the top of the flask. Replace the cap and reweigh the
flask.
c. Subtract the mass of the flask with water from the initial mass to
obtain the actual volume of water in the flask.
d. In a fume hood, pipette a small volume of NAPL into a 2 ml direct
inject vial using a Pasteur pipette.
e. Using pure methanol, clean a 100 µl syringe by rinsing the syringe
at least five (5) times.
f. Rinse the syringe with NAPL at least 5 times.
g. Draw appropriate volume of NAPL into the syringe (Table K-1).
Table K-1. Volume of TCE and tracers needed for stock solution
NAPL

TCE
DMP
HEP

Volume
of NAPL
(µl)
80
100
100

Approximate
Concentration
(ppm)
1100
800
800

h. Place the syringe into the volumetric flask, making sure that the
tip of the syringe is immersed under water.
i. Inject the NAPL into the flask. Make sure to slightly shake the
syringe to make sure that no NAPL is left on the tip of the syringe.
j. Replace the cap onto the flask and seal the cap with a length of
parafilm.
k. Place the flask on a stir plate and let stir for 24 hours or until no
NAPL is present at the bottom of the flask.
2. Prepare a series of standards ranging from highest to lowest stock solution
concentration:
a. Label twelve (10) direct inject vials ranging highest to lowest
stock solution concentration (each subsequent vial should contain
half as much NAPL as the prior vial).
b. Place two headspace vials to side. These vials will be used to
make dilutions. Fill one of the vials with 10 ml of nanopure water
and place a cap/septa on top. Fill the other vial completely with
the stock solution and place a cap/septa on top.
c. Draw 5 ml of pure stock solution from the filled vial and gently
put it back into the vial. This coats the pipette tips and ensures
that the solution in the vial is well mixed.
d. Draw 5 ml of the pure stock solution from the filled vial and
gently put it into the highest concentration labeled direct inject
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e.
f.

g.

h.

i.
j.
k.

vial. Place a cap/septa onto the vial and close. Empty the
remainder of the pipette into a waste container.
Refill the pure stock solution vial with solution from the 100 ml
volumetric flask.
Draw 10 ml of the pure stock solution from the filled vial and
place into the vial that was already filled with 10 ml of nanopure
water. Replace the cap/septa onto this vial.
Draw 5 ml of diluted stock solution from the filled vial and gently
put it back into the vial. This coats the pipette tips and ensures
that the solution in the vial is well mixed.
Draw 5 ml of the diluted stock solution and gently put it into the
subsequent labeled vial. Place a cap/septa onto the vial and close.
Empty the remainder of the pipette into a waste container.
Draw 5 ml of the diluted stock solution and place it in a waste
container.
Draw 10 ml of nanopure water and put it into the diluted stock
solution vial.
Repeat steps g – j until all of the standards are made.

III. Compressed Gas Cylinders:
1. There are three (3) compressed gas cylinders required for running the GC14A FID gas chromatograph. The ultra high purity (UHP) Helium (He)
cylinder is the carrier gas. This cylinder must be flowing if the GC is at
temperature. The Hydrogen (H2) and Compressed Air (CA) cylinders are
required for operation of the FID. These cylinders only need to be
flowing if the FID is ignited and samples are running.
2. Check that the pressure of the He cylinder is slightly above 80 psi and the
pressure of the H2 and CA cylinders is at 40 psi
3. When the cylinder is new, the total pressure should be about 2000 kPa .
The cylinder will need to be changed once the total pressure has dropped
to 500 kPa.
4. Instructions for changing the cylinder:
a. If the He cylinder needs to be changed, the GC-14A system must
first be brought down to room temperature. The GC can stay at
elevated temperature if only the H2 and/or the CA cylinder needs
to be changed.
b. Close the cylinder using the valve at the top of the cylinder.
c. Remove the regulator from the used cylinder.
d. Replace the used cylinder with the new cylinder. Unscrew the cap
covering the valve and place this cap on the used cylinder. Chain
all cylinders to the wall.
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e. Once the cylinders have been swapped make sure that the used
cylinder is marked as “empty” using the yellow tags provided.
Mark the new tank as “in use” using the yellow tags provided.
f. Wrap a length of Teflon tape around the male end of the
connection between the regulator and the cylinder.
g. Place the regulator onto the cylinder and tighten using the
adjustable wrench. Open the valve at the top of the cylinder.
Check for gas leaks using snoop solution.
5. Open the valve at the top of all of the cylinders. Allow the cylinders flow
for ten (10) minutes before restarting the GC system
IV. Class-VP Software:
1. Open the Class-VP software by double clicking on icon on the desktop.
2. Open the GC14A Gas Chromatograph by double clicking on the icon in
the Shimadzu Client/Server Window.
3. To Preview the GC signal click on the Preview button on the toolbar at
the top of the window.
a. To stop the preview, click on the Stop button on the toolbar at the
top of the window.
4. To create a new Method:
a. Choose Instrument Setup from the Method pull down menu.
b. Choose the FID tab and check the “Acquisition Channel On” box.
c. Input the total run time for the chromatograph.
d. Exit the Instrument Setup Window.
e. Save the Method. Choose the Save As… option from the Method
subdirectory in the File pull down menu.
f. Save the new method. All methods, data, and sequence files for
the GC14A are saved in the GC14A Project. The Project
directory can be found at: C:\Class_VP\Entreprise\Projects...
g. Enter the integration events for the method. Choose Integration
Events from the Method Menu. Enter in the appropriate
parameters. For TCE, PCE and CTET the parameters are found in
Table K-2.
Table K-2. Integration Events for TCE, PCE and CTET
Parameter
Width
Shoulder Sensitivity

Start
Time
0
0

Stop
Time
10
10

Value
0.2
50
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5. To create a new sequence file:
a. Choose the Sequence Wizard from the Sequence subdirectory in
the File menu.
b. Choose the correct method for your analysis. Be sure that the
method you choose corresponds to the instrument that you are
using. (i.e., choose the tce.met from the Projects\GC14A\Methods
folder). Leave the rest of the values in this window at the default
settings. Choose Next.
c. Enter a Sample ID. The Sample ID must match the sequence file
name. For example, if the sequence file is eld061807.seq then the
Sample ID should be eld061807.
d. Choose the folder where the data will be stored under Data Path.
All data should be stored in the Projects\GC14A\Data folder.
e. Choose the data file name. Click on the blue arrow to the right of
the Data File entry. Select “Sample ID”. Now in the Data File
entry you should see <ID>. Add a dash “-“ after <ID> and the
choose “Increment Number” from the blue arrowed pull down
menu. The final Data File entry should display: <ID>-<#>
f. Enter in the number of unknown samples. Usually the sequence
file is 200 samples.
g. Do not choose to perform sample replicates. Choose Next to
continue to the next window.
h. Do not input any information into this window. This window is
only for use of an internal calibration which we do not use.
Choose Finish to exit.
i. Save the Sequence file. Choose Save As... under the Sequence
subdirectory in the File menu. Save the sequence to the
\Projects\GC14A\Sequence folder. All sequence files should be
saved as follows: user initials-month-day-year. For example:
eld061807.
j. Every new sequence file created must be recorded in the GC-14A
log book located on the lab bench next to the instrument. Record
the start date, sequence file name, analyte, method and column
oven program.
V. Conditioning the Column:
1. Conditioning of the column should be performed after periods of non-use.
2. Turn on the gas cylinders (see section II).
3. Set the injector temperature to 180 °C. To set the injector temperature,
press the INJ button on the GC console. Enter the desired temperature
and press the ENTER button.
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4. Set the detector temperature to 200 °C. To set the detector temperature,
press the DET button on the GC console. Enter the desired temperature
and press the ENTER button.
5. Wait until the injector and detector have reached the set temperature. The
temperature can be monitored by pressing MONT button followed by the
INJ or DET button on the GC console.
6. Ignite the FID. Press the ignite button on the flow control panel located
on the top of the GC. While holding down the ignite button light the FID
with a lighter. Check to verify that the FID is ignited by holding a glass
vial above the detector. If condensation appears on the outside of the vial
then the FID was ignited properly.
7. Program the column temperature setting. Press the COL button on the
GC panel followed by either the INITL TEMP, INITL TIME, PROG
RATE, FINAL TEMP, or FINAL TIME button. Enter the desired value
for each of the parameters and press the ENTER button (Table K-3).
Table K-3. Column Settings for Conditioning the GC-14A Column
Parameter
Initial Column Temp.
Time Column is at Initial Temp.
Column Heating Program
Final Column Temp.
Time Column is at Final Temp.

Label
INITL TEMP
INITL TIME
PROG RATE
FINAL TEMP
FINAL TIME

Setting
40 °C
2.0 min
5.0 °C/min
180 °C
20 min

8. Adjust the baseline for the detector by turning the nob on the FID panel
on the right side of the GC. The baseline can be monitored on the
computer. To monitor the baseline on the computer, press the PREVIEW
button on the Class-VP program.
9. Once the baseline has stabilized, press the STOP button in the Class-VP
program.
10. Start the conditioning by pressing the START button on the GC console.
11. Monitor the conditioning by pressing the PREVIEW button on the ClassVP program.
VI. Direct Inject Autosampler Method:
1. Samples are run using a Shimadzu Direct Inject autosampler. Turn on the
autosampler at the power source located next to the GC. When it turns on
the autosampler should read “00’. If it does not, then restart the
autosampler at the power source.
2. Enter in the direct inject sampling method. Open the door on the front of
the autosampler and enter in the appropriate values (Table K-4).
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Table K-4. Direct Inject Autosampler Method for TCE, PCE and CTET
Parameter
Value
Sample Wash
05
Solvent Wash
05
Viscosity
02
Number of Injections
01
Sample Size
10
Inj Speed
01
Dwell Time
03
Solvent Flush
00
Priority Sample
00
*NOTE: For CTET analysis the sample size is 20.
3. Verify that the solvent wash (methanol) vial is full. The Solvent wash
vial is the first vial in the autosampler tray. This vial should not be
removed except for refilling.
4. Verify that the waste vial is empty. The waste vial is the second vial in
the autosampler tray. This vial should not be removed except for
emptying.
VII. Sample Analysis:
1. Turn on the gas cylinders (see section II)
2. Make sure that the injector and detector are at the correct temperature (see
section V numbers 3-4)
3. Turn on the flame for the detector (See section V number 6)
4. Program the oven temperature for the column. Enter the desired value for
each of the parameters and press the ENTER button (Table K-5).
Table K-5. Column Settings for Running TCE, PCE, and CTET on the
GC-14A Column
Parameter
Initial Column Temp.
Time Column is at Initial Temp.
Column Heating Program
Final Column Temp.
Time Column is at Final Temp.

Label
INITL TEMP
INITL TIME
PROG RATE
FINAL TEMP
FINAL TIME

Setting
40 °C
2.0 min
10.0 °C/min
170 °C
0 min
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5. Place samples into the autosampler. Always start and end a run with a
nanopure water sample. If running standards in the middle of a set of
samples, place one nanopure water sample before and after the set of
standards. Always load standards from low to high concentration.
6. On the computer, open the sequence file for the sample run. Choose open
from the Sequence subdirectory in the File menu and choose the
appropriate sequence file.
7. Under the SAMPLE ID column, enter in the sample names corresponding
to the order of the samples in the autosampler.
8. Run the Sequence. Choose PROCESS... from the Sequence menu at the
top of the screen. Enter in the range of sample that you want to run. The
number that is entered should correspond to the number in the sequence
file not the sample ID. Press START.
9. Wait for the chromatograph panel to open. This window should say
WAITING FOR TRIGGER at the bottom. This indicates that the ClassVP software is running and waiting for a signal from the GC-14A.
10. Press START on the autosampler. This will start the analysis.
11. Once the all of the samples have been analyzed, the Class-VP software
will automatically stop collecting data.
12. Print the chromatographs. Choose PROCESS... from the Sequence menu
at the top of the screen. Enter in the range of sample that you want to run.
Check the “Print Method Report” box. Choose Start.
VIII. Standards Calibration Curve and Sample Concentration Calculation
1. Plot the peak area (µV min) vs. standard concentration and fit a
straight line to the data (Figure K-1). Standard calibration is
considered good is the R2 value is greater than or equal to 0.998.
2. Using the slope and intercept from the calibration curve calculate the
sample concentration using the sample peak area.
3. Determine the Minimum Detection Limit (MDL), Reasonable
Detection Limit (RDL) and Quantifiable Detection Limit (QDL).
i. Run replicate standards (> 10 sets of standards).
ii. Calculate the average and standard deviation of the peak area
of the replicate lowest standard (σ).
iii. Calculate the peak area corresponding to the MDL, RDL and
QDL:
MDL = 3σ
RDL = 6σ
QDL = 10σ
iv. Convert the peak area for the MDL, RDL and QDL into
concentration using the standard calibration curve. Any value
sample concentration that is below the QDL should be
considered below detect (BD).
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Figure K-1. Example of standard calibration curve for DMP.
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APPENDIX L
APPLICATION OF SIMPLE MATHEMATICAL MODEL

I. Description of Model
The governing equation for solute transport in the flow cells with dissolution
of immiscible liquid is described by:

θa

∂θ N
∂C
∂ 
∂C 
∂C
θ
+ ρN
=
Dij
− qi
a
∂t
∂t
∂xi 
∂x j 
∂xi

(1)

where C is the aqueous concentration of solute; θa is the fractional volumetric
water content; θN is the fractional volumetric content of the immiscible liquid;
θN

is density of the immiscible liquid; qi is Darcy velocity; Dij is the

dispersion coefficient tensor; xi is cartesian coordinates; i, j = 1, 2, 3 and
conforms to the summation convention; and t is time. Sorption of the organic
compounds by the media used in these experiments is minimal, and is
therefore ignored.
The spatial distribution of θN is represented explicitly, and the initial
distribution was based on the measurements made during flow-cell
preparation. Immiscible-liquid dissolution is described with the widely used
first-order mass transfer equation:

ρN

∂θ N
= k La (C − C s )
∂t

(2)

where kLa is a lumped mass transfer coefficient for dissolution, and Cs is the
aqueous solubility of the immiscible liquid.

The magnitude of kLa will
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decrease with time given that it incorporates the global specific immiscibleliquid/water interfacial area, which decreases as dissolution proceeds. The
time dependency of kLa is represented by:
β

k La (t ) = k La

0

1
 Re(t )  θ N (t ) 
 Re 0   θ 

  N 

β4

(3)

where kLa0 and Re0 are the initial local (nodal) values, and Re is the Reynolds
number [ v ρ w d 50 / µ w

].

As shown by several investigators (e.g., Miller et al., 1990; Powers et
al., 1992, 1994; Imhoff et al., 1994), the magnitude of kLa is dependent on
many factors, including pore-water velocity and porous media properties.
Thus, the local (i.e., nodal) value of kLa is expected to vary spatially for a
heterogeneous system such as used herein.

An empirical relationship, in

conjunction with the independently measured initial kLa value, is used to
account for these effects. The correlation used is the one presented by Powers
et al. (1994):
β1

β2

Sh = α N Re δ U i

β3

 θN 


θN0 

β4

(4)

where Sh is the modified Sherwood number [kLa d502/Dm ]; δ = d50 /dM is a
normalized grain size; Ui = d60/d10 is the uniformity index for the porous
medium; αN and β are coefficients; θN0 is the initial volumetric fraction of
immiscible liquid in the source zone; di is the diameter of the media grains, i%
of which in weight are smaller than di; dM (=0.05 cm) is taken as the reference
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diameter; Dm is the aqueous-phase molecular diffusion coefficient of the
solute; v is pore-water velocity (q/θa); ρw and µw are density and dynamic
viscosity of water, respectively.

The values of coefficients β1 (0.598),

β2(0.673), β3 (0.369), and β4 (0.518 + 0.114δ + 0.10Ui) were obtained from
Powers et al. (1994). The αN term is calculated with equation 4 using the
laboratory-measured value for initial kLa.
To summarize, equation 4 is not used to solve the inverse problem
(i.e., to obtain calibrated estimates of initial kLa values). Rather, equation 4 is
used to convert the initial kLa values obtained independently from the column
experiments to discrete nodal values for use in modeling the flow-cell
systems, thereby accounting for the spatial differences in physical properties
that exist in the flow cells. Specifically, the local (nodal), initial kLa values are
calculated from the initial column-obtained value (designated as kLa’ ) as
follows:
2

k La

b

 d '   Re  1  d 
= k La '  50  
  
 d 50   Re'   d ' 

b2

 Ui 


Ui ' 

b3

(5)

where primed variables are representative of the conditions used to obtain the
measured kLa value for the column experiments. The time dependency of kLa
is given by:
β

k La (t ) = k La

0

1
 Re(t )  θ N (t ) 
 Re 0   θ 

  N 

β4

(6)
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where primed variables are representative of the conditions used to obtain the
measured kLa value for the column experiments. This procedure allows us to
produce simulations that are independent predictions of the measured data,
which is a more robust test of model performance compared to the often-used
calibration approach. The impact of uncertainty in parameter values and the
sensitivity of simulations to the parameters for this approach are discussed in
Brusseau et al. (2002).
The permeability fields were developed using the measured intrinsic
permeabilities and calculated relative permeabilities. Initial aqueous-phase
relative permeabilities were calculated using relationships based on the
Mualem pore-size distribution model (Mualem, 1976), as discussed by
Lenhard and Parker (1987).

A primary assumption associated with the

calculations is that the entrapped immiscible liquid is uniformly distributed
over the entire pore space. Considering that the immiscible liquid was mixed
into the sand for the lower-K experiments, this is a viable assumption for
those experiments.

The relative permeabilities were computed using the

two-phase model derived by Lenhard and Parker (1987), modified to account
for immiscible-liquid/water fluid pairs. The effect of dissolution on reduction
of immiscible-liquid saturation and the resultant changes in relative
permeability and pore-water velocity is explicitly considered in the model.
The change in relative permeability is described using:
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 (1 − k r 0 )S n 
k rw = 1 − 

S n0



(7)

where krw is the relative permeability and kr0 is the initial aqueous relative
permeability. The change in pore-water velocity is implemented through the
equality v = q/[θ(1-SN)], where θ is total porosity.
The flow cells were discretized into 0.5-1 cm x 1 cm elements. For
flow calculations, the domain was expanded horizontally to allow the use of
constant water-head boundaries at both ends of the model domain, while using
no-flow boundaries at the top and bottom. For transport, zero dispersive-flux
conditions were used at the boundaries. The numerical methods used to solve
the flow and transport equations are described in Zhang and Brusseau (1999).
A one-dimensional model employing equations 1, 2, and 3 (with the
Re term removed from eqn 3) was calibrated to the elution curves for both the

flow cell and column experiments. Two parameters were calibrated, kLa and 4.
For these simulations, the system was conceptualized as a pseudohomogeneous medium, with immiscible liquid uniformly distributed along the
entire length and cross section of the system. The porous medium and water
flow were assumed to be uniform. Effective immiscible-liquid saturations
(SN) were calculated for these simulations by dividing the known volume of
immiscible liquid by the pore volume of the entire flow cell. This extremely
simplified approach represents a scenario where minimal information is
available concerning the distribution of permeability and immiscible liquid.
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With this approach, the larger-scale factors that influence immiscible-liquid
dissolution and transport are not explicitly represented in the model. As a
result, their impact is incorporated into the calibrated dissolution rate
coefficient, which in such cases serves as a composite, condition-dependent
term. The simulations were very sensitive to the magnitude of the calibrated
terms, with coefficient of variations of less than approximately 5%. The 1-D
model was also calibrated to the data obtained from the column experiments.
Given that these systems consisted of uniformly distributed (at the local scale)
immiscible liquid in homogeneously packed columns, immiscible-liquid
dissolution is assumed to be influenced only by local-scale mass transfer
processes.

II. Results

Table L-1. Summary of system parameters and modeling calibrated
parameters

Experiment
Control
Homogeneous
Mixed Source
Heterogeneous

Q
(ml/min)
0.62
2.65
3.27
3.33

PV
(ml)
8.82
185.4
913.3
812.9

q
(cm/hr)
10.81
3.28
3.18
3.36

v
(cm/hr)
30.08
9.42
9.13
9.66

Zone 1
kLa β4
12
0.4
0.16
0.05

Zone 2
kLa
β4

0.9
0.5
1.2 0.00316 0.09
0.8 0.0316 0.06
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Figure L-1. Elution curves for the four flow cell experiments discussed in Appendix A.
Also shown are the simple mathematical model simulations.

