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ABSTRACT 
 

 

One of the most significant challenges faced when modeling mass transfer from contaminant 

source zones is uncertainty regarding parameter estimates.  These rate parameters are of 

particular importance because they control the connectivity between a simulated contaminant 

source zone and the aqueous phase.  Where direct observation has fallen short, this study 

attempts to interpret field data using an inverse modeling technique for the purpose of 

constraining mass transfer processes which are poorly understood at the field scale. Inverse 

modeling was applied to evaluate parameters in rate-limited models for mass transfer.  Two 

processes were analyzed: (i) desorption of hydrophobic contaminants and (ii) multicomponent 

Non-Aqueous Phase Liquid (NAPL) dissolution.  

  

Desorption was investigated using data obtained from elution experiments conducted with 

weathered sediment contaminated with 2,4,6 trinitrotoluene (TNT) (Sellm and Iskandar, 1994).  

Transport modeling was performed with four alternative source models, but predictive error was 

minimized by two first-order models which represented sorption/desorption using a Freundlich 

isotherm.  The results suggest that first-order/Freundlich models can reproduce dynamic 

desorption attributed to high-and-low relative energy sorption sites.  However, additional 

experimentation with the inversion method suggests that mass constraints are required in order to 

appropriately determine mass transfer coefficients and sorption parameters. 

            

The final portion of this research focused on rate-limited mass transfer from multicomponent 

NAPLs to the aqueous phase.  Previous work has been limited to bench and intermediate scale 

findings which have been shown to inadequately translate to field conditions.  Two studies were 

conducted in which numerical modeling was used to reproduce dissolution from multicomponent 

NAPL sources.  In the first study, a model was generated to reproduce dissolution of chloroform 

(TCM), trichloroethylene (TCE) and tetrachloroethylene (PCE) observed during an emplaced-

source field experiment conducted within a flow cell (Broholm et al., 1999).  In the second study, 

a methodology was developed for analyzing benzene, toluene, ethylbenzene and xylene (BTEX) 

data during a field-scale mass transfer test conducted within a vertically-smeared source zone 

(Kavanaugh, 2010).  The findings suggest that the inversion technique, when provided 

appropriate characterization of site and source parameters and when given appropriate dataset 

resolution, represents a viable method for parameter determination.  Furthermore, the findings of 

this research suggest that inversion-based modeling provides an innovative predictive method for 

determining mass transfer parameters for multicomponent mixtures at the field scale.  
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 - Introduction CHAPTER 1

1.1 - BACKGROUND 
 

It is particularly valuable to understand the dynamic behavior of source zones when 

evaluating dissolved plume longevity in contaminated groundwater environments.  New 

perspectives on source zone depletion have evolved from a number of recent modeling studies, 

but little work has been done to apply these findings to field-scale problems due to the degree of 

uncertainty associated with subsurface contamination.  Because of this uncertainty, best 

estimates of parameters reflecting the connectivity between the source and the aqueous phase 

must be used as surrogates for direct measurements when attempting to predict aqueous phase 

contaminant concentrations at sites using numerical modeling.  Such estimates are often derived 

from model calibration, secondary indicators, indirect measurements, previously published or 

tabulated information, or as a last resort, professional experience.  It is the latter end of this 

resource spectrum that presents the most concern as model results may exhibit sensitivity to 

these values.  In the end, poorly estimated parameters may produce invalid projections, and these 

errors may propagate to remedial cost predictions.   

Non-Aqueous Phase Liquid (NAPL) dissolution and desorption of hydrophobic compounds 

are two mass transfer processes that have been extensively studied by previous researchers, with 

the majority of the work being limited to laboratory-scale experimentation (see Khachikian and 

Harmon, 2000).  Rate-limited, first-order models for both processes have been proposed and 

have shown reasonable success in bench-scale analyses; however, parameterization issues have 

prohibited more extensive studies which may validate these approaches at larger scales.  This 

study will focus on these rate-limited models using inverse modeling as a method for quantifying 

the governing parameters.         
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1.2 - NAPL DISSOLUTION 
 

Mass transfer from immiscible liquids is most often simulated using either a Local 

Equilibrium Assumption (LEA) or rate-limited models (Zhu and Sykes, 2004).  In the former 

case, equilibration between phases is assumed to be instantaneous at all locations along the 

contact plane.  Several studies have compared the local equilibrium and rate-limited approaches 

using pre-loaded, soil-packed columns (e.g., Grant and Gerhard, 2007; Seagren and Moore, 

2003).  While the results suggest that the LEA approach can perform well under certain 

circumstances, the general consensus is that the rate limited approach is most appropriate at 

larger scales due to the potential variability in interfacial areas and pore velocities (Grant and 

Gerhard, 2007; Imhoff et al., 1994; Miller et al., 1990; Powers et al., 1992; Rivett et al., 1994; 

Seagren et al., 1999).   

Rate-limited models for NAPL mass transfer represent an additional level of complexity in 

terms of parameterization when compared to the LEA approach because they reflect mitigation 

of the concentration gradient between the NAPL and aqueous phases.  This effect is modeled in 

terms of a mass transfer coefficient that is an indirect representation of diffusional resistance in 

both phases (Seagren et al., 1999).  This relationship can be represented mathematically in terms 

of transient interphase mass flux (Ji) as a function of the mass transfer coefficient (  
  ): 

  i

eq

i

N

ii CCkJ   

 

1-1 

 

where eq

iC  is the equilibrium solubility of constituent i and Ci is aqueous phase concentration.  

In this form of the first-order model,   
   is a lumped rate parameter which is a product of mass 

transfer coefficients and the interfacial area between phases (Abriola and Bradford, 1998).   
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Rate-limited approaches have been relatively well-studied under controlled, column-scale 

conditions, and the results have produced a wide variety of empirical correlations to flow- and 

media-specific measures developed for the purpose of rate parameter quantification (e.g., Powers 

et al., 1992).  However, the specificity of the generated correlations to pore-scale characteristics 

such as soil particle diameter and local NAPL saturation presents a challenge in terms of up-

scaling that has not been sufficiently validated in model applications (Grant and Gerhard, 2007; 

Sale and McWhorter, 2001; Zhu and Sykes, 2004).   

An additional challenge limiting progress in this area of study is the lack of relevant results 

derived from experimentation at larger (i.e., field or site) scales (Khachikian and Harmon, 2000).  

A limited number of studies exist in which NAPL mass transfer has been simulated at scales 

larger than those encountered in bench experiments for the purpose of evaluating rate 

parameters.  Frind et al. (1999) simulated an intermediate scale dissolution experiment (see 

Rivett et al., 1994) which used an artificially-constrained, emplaced source in a homogeneous 

environment, but the resolution of the observation data used to calibrate the model prevented 

reliable and independent validation of rate parameter estimates due to bias toward equilibrium 

development.  Brusseau et al. (2007) studied conditions produced under induced gradient 

conditions where NAPL mass transfer was limited due to inconsistent residual presence and 

significant contributions from rate-limited desorption from the sediment.  In the end, both studies 

produced inconclusive results in regards to rate-limitations and further highlighted the need for 

additional research investigating mass transfer at larger scales.     
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1.3 - DESORPTION OF HYDROPHOBIC COMPOUNDS 
 

Much like the models developed to simulate NAPL dissolution, local-equilibrium and rate-

limited approaches have been proposed to simulate mass transfer via desorption in porous media 

(Heyse et al., 2002; Imhoff et al., 2003).  Non-equilibrium models for desorption of hydrophobic 

compounds often assume mass transfer occurs under rate-limitations where sorbed-phase and 

aqueous phase concentrations represent relevant boundary conditions.  The mechanisms 

responsible for non-ideal behavior may be physical (i.e., related to preferential flow) or 

diffusion-related, with both influences having been previously identified as scale-dependent 

(Brusseau et al., 1991).  Several alternative forms of the rate-limited model exist, each with its 

own associated set of caveats.  Three commonly-applied common kinetic models are 

summarized below. 

The first-order (one-site) approach represents the foundation of the literature dedicated to 

simulating rate-limited desorption.  This model is analogous to the standard first-order approach 

previously described for NAPL dissolution (Equation 1); therefore, a mass transfer coefficient 

represents the primary limitation on the influence of a concentration gradient existing between 

the sorbed and aqueous phases.  This concentration gradient may be formulated using sorbed-

phase concentrations (van Genuchten and Wierenga, 1976) or using aqueous-phase 

concentrations (Werner et al., 2012) depending on the mathematical formulation.  Conceptually, 

the first-order model implies uniformity within the media with respect to sorption sites; 

therefore, a steady value of the rate parameter used to represent the reversible 

sorption/desorption process.  While conceptually attractive due to the relative simplicity, some 

studies have suggested that the first-order/one-site model has a limited ability to reproduce 

“fronting” and “tailing” behavior present in complete elution profiles (e.g., Culver et al., 2000).   
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Multi-site models attempt to address the limitations of the first-order/single-site models by 

representing secondary contributions to desorption (Brusseau et al., 1989; van Genuchten and 

Wagenet, 1989).  In theory, lower-energy sorption sites within the total porous media fraction 

react differently when compared to the behavior exhibited by the primary (i.e., high energy) 

sites.  Thus, in multi-site models, the total pore area is typically separated into rapid and slow 

desorption site fractions with differing degrees of complexity represented within the slow 

fraction.  While multi-site models have shown improved abilities in regards to simulating tailing 

behavior attributed to rate-limitations (Imhoff et al., 2003), the segmented form of the 

mathematical expressions presents a challenge in terms of parameterization.   

Attempts to overcome the issues associated with multi-site models have led to the 

development of continuum approaches that represent a spectrum of desorption rate 

characteristics, and thus, fractions of the total pore space which behave independently in terms of 

desorption rates.  Continuum models allocate site fractions and rate parameters based on 

Probability Distribution Functions (e.g., gamma PDF, log-normal PDF).  This approach provides 

flexibility within the model in terms of representing extreme behavior (i.e., tailing) without the 

requirement of parameter specifications for each contributing site fraction.  While the implied 

flexibility is attractive in terms of model performance, the scalability of a given analysis based 

on a specific probability distribution function has not been thoroughly studied.  Table 1-1 

compares the first-order, multi-site and continuum approaches in terms of their respective 

parameter requirements.    
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Table 1-1: Parameters required by previously-published reversible kinetic sorption models. 

Model Required parameters* 

First-order 
(e.g., van Genuchten and 

Wierenga, 1976) 

 

1. Mass transfer coefficient (α)                                                                                       

2. Linear distribution coefficient (Kd)1                                                                                

3. Initial concentration in sorbed phase ( ̅0) 

Multi-site2 
(e.g., Brusseau et al., 1989) 

 

1. Mass transfer coefficient for slow sites (αslow)                                                                                          

2. Linear distribution coefficient (Kd) 1                                                                                

3. Initial concentration in sorbed phase ( ̅0)                                                  

4. Fraction of sorption sites representing rapid mass transfer (f)            

Continuum-site3 
(e.g., Connaughton et al., 

1993) 

 

1. Representative mass transfer coefficient (α)                                                                                          

2. Linear distribution coefficient (Kd) 1                                                                                

3. Initial concentration in sorbed phase ( ̅0)                                                  

4. Distribution parameter (η)                                                                        

5. Distribution parameter (β)                                                                             

1
Representation of the Freundlich isotherm would require a different form of the distribution coefficient (kf) and an 

exponent value (n), thus adding one additional parameter to each model. 
2
Two-site model with the rapid desorption domain represented using a local equilibrium assumption. 

3
Mass transfer continuum approach representing variation within the domain according to the Γ probability 

distribution function.   

 

First-order model: 

(linear isotherm) 
  ̅

  
  (     ̅) 1-2 

Two-site model: 

(fast fraction, linear isotherm) 

   ̅   

  
    

  

  
 

 

1-3 

 

Two-site model: 

(slow fraction, linear isotherm) 
   ̅   
  

      [(   )      ̅   ] 

 

1-4 

 

Continuum-site model: 

(gamma (Γ) PDF, linear isotherm) 

   ̅ 
  

 ∫ [        ̅]

 

   

where    (   ) 

1-5 

 

Concentration in the aqueous phase C and sorbed concentration  ̅. 
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Not represented in Table 1-1 are spherical particle analogs which represent mass transfer as a 

radial diffusion problem using grain-specific characteristics (e.g., Liedl and Ptak, 2003).  As is 

the case for the PDF-based methods, the scalability of these approaches has not been thoroughly 

evaluated nor is it realistic given the specificity to soil property characteristics which are likely to 

vary significantly as the degree of heterogeneity increases.  Haws et al. (2006) provide further 

discussion of the various desorption models in their review of the subject.   

The discussion presented above highlights the need for further work to investigate models 

which provide an appropriate balance between relative simplicity (i.e., parameterization 

requirement) and performance over a range of significant concentrations (i.e., greater than 

regulatory limits).  These models must also be considered practically-applicable in terms of up-

scaling to field conditions if they are to be relevant in terms of modeling source behavior 

encountered at larger scales.          

1.4 - MASS FLUX AND SOURCE-RETAINED MASS 
 

One of the primary reasons driving the need for investigations of source zone model 

parameterization is the goal of understanding how contaminant mass flux dissipates as source-

held mass is reduced.  Ultimately, the ability to reliably constrain dynamic mass depletion could 

directly influence remedial designs from a cost/benefit perspective.  Relationships developed 

between source-held mass and mass discharge from the source, or “source strength functions” 

represent a new avenue of research which has shown potential in terms of understanding 

transient source behavior (Brusseau et al., 2008; DiFilippo and Brusseau, 2008; Falta et al., 

2005; Soga et al., 2004).  This inference-based approach operates based on the concept that rates 

of change in down-gradient mass discharge are functionally related rates of reduction in mass 
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retained within the source zone.  Under steady flow conditions, the average concentration of 

source effluent (Cs) would be expressed as follows:   

 













o

os
M

tM
CtC

)(
)(  
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where Co is the flux-weighted source concentration associated with an initial source mass (Mo) of 

a given contaminant of interest.  The exponent  is a site-specific parameter reflecting source 

zone heterogeneity including the spatial distribution of source mass (i.e., “architecture”) in the 

form of ganglia (vertically-elongated features) or pools (spatially-extensive features) that form 

depending on the nature of the NAPL release and small scale soil heterogeneities within the 

source zone (Falta et al., 2005).  Soga et al. (2004) suggest observed deviations from ideality in 

this functional relationship directly reflect independence within the source with respect to 

architectural features (i.e., pools of NAPL acting independently in terms of dissolution rates).  

This concept is supported by the findings of Christ et al. (2010) which link multi-stage behavior 

in the functional relationships between mass flux and source-held mass to saturation variability 

and source heterogeneity.  Recent research has further validated this link and extended the 

findings to show even greater distinction in tailing behavior as being indicative of immiscible 

NAPL pooling in low-permeability lenses (DiFilippo et al., 2010).  However, these observations 

have not been directly connected to physical differences which are observable at larger scales.  

The ability to definitively connect source heterogeneities to non-ideal behavior observed using 

this relationship may provide an avenue for inference-based source characterization; however, 

the link must first be verified under realistic conditions with respect to scale, hydrogeology and 

source composition.     
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1.5 - RESEARCH OBJECTIVES 
 

The primary goal of this research is to examine the practical application of for mass transfer 

processes (desorption and NAPL dissolution) in solute transport models for complex 

contaminant source zones.  The specific objectives addressed by this research are the following: 

CHAPTER 2: 

 Investigate two first-order models by simulating desorption and transport of TNT using 

weathered site samples.  

CHAPTER 3: 

 Quantify field-scale mass transfer coefficient (
N

ik ) values for a controlled-release 

multicomponent NAPL dissolution experiment with a source zone representative of 

conditions encountered at larger scales. 

CHAPTER 4: 

 Present a methodology for analyzing data produced by a field-scale NAPL mass 

transfer test. 
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1.6 - ANNOTATED DISSERTATION OUTLINE 
 

Chapter 1: Introduction 

 

The introductory chapter provides background on the topics presented in the dissertation and 

defines the research questions which resulted in the development of the manuscripts presented in 

Chapters 2, 3 and 4.   

 

Chapter 2: An evaluation of first-order models for desorption of weathered hydrophobic 

chemicals in groundwater (in-preparation for The Journal of Contaminant Hydrology) 

Results from draw-and-fill desorption experiments with TNT-contaminated media from two 

study sites are presented.  Two forms of the first-order kinetic mass transfer model are applied to 

the data using the Freundlich sorption isotherm, and model inversion is applied for the purpose 

of estimating the parameters controlling each model.  The models are then compared using 

column elution data (Sellm and Iskandar, 1994) which present complete elution profiles for two 

weathered sediment samples contaminated with TNT.  Model inversion is applied again for the 

purpose of parameter estimation, and the findings are discussed in terms of the implications 

associated with up-scaling the approach to field sites.    

 

Chapter 3: Multicomponent NAPL source dissolution: Evaluation of mass-transfer 

coefficients (Submitted to Environmental Science and Technology, March 19, 2012)  

An inverse modeling technique is applied to a solute transport model representing a 220-day 

NAPL dissolution experiment conducted by Broholm et al. (1999) at the Borden test site in 

Ontario, Canada.  Vertically-variable NAPL saturation and mass transfer coefficient estimates 

are developed for each of the three mixture constituents by constraining the inversion process 

using observed aqueous phase concentration and flow-weighted mass discharge.  Sensitivity of 
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the results to a mass-dependent representation of the mass transfer coefficients is examined.  

Model predictions are compared to observed data for the most soluble NAPL constituent using 

Equation 2.  

 

Chapter 4: Determination of field-scale mass transfer coefficients for NAPL sources (in-

preparation for The Journal of Contaminant Hydrology) 

A metholodogy is presented for analysis of a field-scale mass transfer test.  A hypothetical 

model is used to demonstrate the theory that rate-limited mass transfer may be isolated by 

inducing a hydraulic gradient within a defined region of a NAPL-contaminated source.  Results 

from an in-situ test conducted the former Williams AFB near Phoenix, Arizona, are interpreted 

using model inversion. Mass transfer coefficients are quantified for the four most-soluble 

constituents of the fuel-based NAPL using the observed response of each compound under rate-

limited conditions to constrain the estimation process.  Results of a sensitivity analysis are 

detailed, and limitations of the applied approach are discussed in anticipation of additional 

applications.   

 

Chapter 5: Conclusions 

 

This chapter contains concluding remarks which summarize the relevant findings presented in 

Chapters 2, 3 and 4.   

 

Appendices A through C: Supplemental information for Chapter 2 

 

These appendices include information pertaining to the model inversion process such as 

BeoPEST input files, parameter identifications and a process schematic.  Model-produced 

sensitivity and correlation information is also included.     
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Appendices D through H: Supplemental information for Chapter 3 

 

These appendices include background information justifying the modeling approach, detailing 

the model elements (i.e,. BeoPEST input files) and presenting additional results.  Results from 

extended simulations are also included.    

 

Appendices I through O: Supplemental information for Chapter 4 

These appendices include additional results from sensitivity simulations conducted with a 

hypothetical model.  Site data and experimental results are also tabulated and summarized in 

reference to the field test.  Model elements, including BeoPEST input files, are included.  
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2.2 - ABSTRACT 
 

Kinetic desorption models were employed to simulate the elution of TNT from contaminated soil 

in batch and column experiments.  Two first-order, single-site desorption models were primarily 

used in this study: an often-cited model in which the driving force for desorption is based on 

sorbed phase concentrations (Model 1) and a variation in which the rate is based aqueous phase 

concentrations (Model 2).  Simulations were conducted using a numerical transport model 

(SEAM3D) combined with a parameter optimization code (PEST). Results showed Model 2 

produced more accurate simulations relative to Model 1 including a stronger performance in 

matching the tailing of concentration data over time.  Although neither model adequately 

captured both the initial transient response and the subsequent tailing period observed in the 

elution column experiments, both models were superior to the dual-domain and non-linear 

equilibrium models.  Using only the tailing data, both models provided adequate representation 

of the experimental data but the sorbed mass was over-estimated.  Sensitivity analyses showed 

that the Freundlich exponent most influenced the results of both Models 1 and 2.  The utility of 
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draw-and-fill experiments was demonstrated based on ability to fit data.  Conducting draw-and-

fill experiments with shorter than 24hr sampling intervals is recommended.  

2.3 - INTRODUCTION 
 

Desorption refers to mechanisms by which sorbed compounds are released to the aqueous 

phase from sorbents such as sediment over time.  In the case of contaminated groundwater and 

soil systems, desorption is known to control the bioavailability of compounds subject to 

microbial transformations, which in turn can impact the long-term persistence of contaminant 

plumes under both natural conditions and scenarios designed to enhance or accelerate 

remediation.  Desorption can also a primary mass transfer mechanism in contaminant source 

zones, particularly in the absence of appreciable volumes of a non-aqueous phase liquid (NAPL) 

in which dissolution is the not a dominant form of mass release to the aqueous phase.  At such 

sites, soil and aquifer sediment are often exposed to contamination over decades, and desorption 

may be the rate-limiting step in the depletion of source-zone mass over time under natural or 

induced hydraulic gradients.  Depending on site-specific conditions (e.g., the source zone mass 

and dimensions), desorption rates in source zones influence the efficacy of a variety of 

engineered remediation technologies in the pursuit of site-specific cleanup goals and may 

ultimately control dissipation of contaminant plumes over time (Chapelle et al., 2003).   

Mathematical expressions for the combined process of sorption-desorption coupled to solute 

transport in porous media encompass a range of conceptualizations and assumptions including 

multiple sorption sites (e.g., instantaneous and kinetic), multiple kinetic desorption rates (e.g., 

rapid, slow and very slow), mass transfer between mobile and immobile regions (i.e., dual 

domain), and mass transfer within immobile regions (e.g., intraparticle diffusion) (Haws et al., 

2006).  When applied to flow-through experiments, kinetic-based models perform better relative 
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to equilibrium-based sorption isotherm models in replicating the slow decline in concentration 

over time (often referred to as tailing) resulting from slow desorption as soil columns are flushed 

with clean water (Fesch et al., 1998).  The question of which kinetic model is appropriate for 

capturing tailing breakthrough curves (BTCs) has been a topic of research with implications for 

remediation at larger scales.  One potential concern with the kinetic approach is that with greater 

model complexity, more model parameters and concentration variables are required (Limousin et 

al., 2007).  Thus, parameterization of desorption phenomena poses a significant challenge given 

the inherently complex behavior of hydrophobic organic contaminants combined with the 

heterogeneity of aquifer and soil systems observed at field sites. 

One of the simplest rate-limited models for desorption is the first-order model which 

describes the rate of mass transfer in terms of concentration differences between the mobile 

aqueous phase and a single-site sorbed phase (Brusseau et al., 1989).  Initial development of the 

first-order model focused on the application of simplified analytical and numerical models to 

sorption-desorption of hydrophobic agricultural chemicals transported through soil columns 

(Oddson et al., 1970; Lindstrom and Boersma, 1971; Van Genuchten et al., 1974).  A distinct 

difference between the first-order model and other kinetic models is the former ignores the 

contribution of contaminants diffusing from intraparticle porewater into a mobile aqueous 

domain.  One result is that the first-order mass transfer rate constant (i.e., the constant of 

proportionality between the aqueous-sorbed phase concentration difference and the rate of 

desorption) must often vary with time to account for variable desorption phenomena (Young and 

Ball, 1995).  However, given the concern for model parameterization, this very weakness is also 

a potential strength.  Other than sorption equilibrium parameters, the mass transfer coefficient is 

the only required parameter for the single-site, first-order model.  Not without criticism, the first-
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order model has been effectively used to simulate contaminant concentrations in controlled 

experiments (e.g., Dontsova et al., 2009). In addition, the first-order model may be adequate 

when experimental conditions are not favorable for intraparticle diffusion to be a dominant 

mechanism (e.g., relatively low porewater velocity) (Roberts et al., 1987). 

Two relevant observations from past research related to the first-order desorption model are 

(i) model structure is based on reversible mass transfer between phases, and (ii) model validation 

using previously uncontaminated porous media is typical whereas the use of weathered 

contaminated soil is rare.  Regarding mathematical representation, Van Genuchten et al. (1974) 

formulated an expression for the first-order model to include both forward and backward kinetic 

rates for sorption and desorption, respectively.  The driving force for sorption-desorption in this 

model is based on the concentration of the sorbed phase (Ball et al., 1991).  In contrast, mass 

transfer between domains in dual domain models is driven by aqueous phase concentrations 

(Young and Ball, 1995).  This approach is similar to the commonly-used first-order model for 

mass transfer from a NAPL source to the aqueous phase (Imhoff et al., 1994, and others).  In an 

alternative first-order model, the rate of desorption is expressed in terms of the aqueous phase 

concentration with the limiting condition being aqueous-phase equilibrium determined by the 

sorbed-phase contaminant concentration (Zheng and Wang, 1999).  Werner et al. (2012) 

employed this form of the first-order model in the analysis of desorption experimental data, but 

the analysis was limited to the linear sorption isotherm. 

As a means for data interpretation, the classic first-order model has been applied to flow-

through column experiments using organic chemicals representing a range of hydrophobicity:  

picloram (Van Genuchten et al., 1974); fenuron and monuron (Spurlock et al., 1995); 1,3-

dinitrobenzene, p-methylphenol and p-sec-butylphenol (Fesch et al., 1998); trichloroethene  
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(Johnson et al., 2003); 2,4,6-trinitrotoluene (TNT) and hexahydro-1,3,5-trinitro-1,3,5-triazine 

(RDX) (Dontsova et al., 2006); toluene, benzotriazole, quinaldine, and quinoline (Bi et al., 

2009); dimethyl phthalate, diethyl phthalate and di-n-propyl phthalate (Maraqa et al., 2011); 

benzene, chlorobenzene, o-xylene, ethylbenzene, naphthalene, and phenanthrene (Werner et al., 

2012).  While not a comprehensive list of studies, a common feature of the cited experiments is 

the introduction of a sustained pulse of solution containing a reactive solute into a flow-through 

column containing clean sediment.  With this approach, the observed BTC includes both the 

increase in concentration at the point of observation (i.e., “fronting”) and tailing behavior as 

desorption progresses.  Depending on experimental conditions, the extent of contact between the 

solute and media is known to influence the degree to which the physical model replicates the 

response observed with weathered soil columns.  Thus, starting with a conceptual model of 

contaminant mass desorbing from source zone sediment, a useful exercise would be the 

application of desorption models to BTC data derived from elution experiments where the 

starting conditions are designed to mimic the contaminated field site.  In this case, simulation of 

the initial fronting phase (i.e., contaminant transport with sorption) is not relevant due to the 

presence of contaminant mass in both sorbed and aqueous phases. 

The purpose of this paper is to investigate two first-order models for simulating desorption 

and transport of TNT using weathered site samples.  The motivation for this study is the need for 

an evaluation of the strengths and weaknesses of the first-order, single-site desorption model for 

to simulating the elution of TNT from weathered sediment in a contaminated source-zone.  In 

addition to the classic first-order sorption-desorption model, we specifically propose an 

alternative model in which the driving force for desorption is based on aqueous phase 

concentrations.  In this model, the non-linear Freundlich model is adopted for calculating the 
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aqueous equilibrium concentration.  An emphasis of this study is model parameter specification, 

which is addressed by employing a combination of independent sorption-desorption experiments 

and optimization techniques to minimize error and reduce model uncertainty.  Model simulations 

and comparisons utilize data derived from TNT desorption experiments from two sites including 

a previously-published column elution study. 

2.4 - MATERIALS AND METHODS 

2.4.1 - SITE DESCRIPTION AND SAMPLING 

 

Two different sites contaminated with 2,4,6-trinitrotoluene (TNT) were used for this study.  

Experimental research was conducted using samples collected at the Former Nansemond 

Ordnance Depot (FNOD), located in the Atlantic Coastal Plain Physiographic Province of 

Virginia, USA.  The site is underlain by a surficial aquifer comprised of a mixture of clays, 

clayey sands, silty sands, and sand. TNT contamination is the result of the storage and processing 

of ammunition between 1917 and 1949.  The maximum TNT concentration in contaminated 

sediment (3,406 mg/kg) was observed in a sample collected in the former source area at a depth 

corresponding with the local water table. A TNT groundwater plume emanates from the source 

zone where the maximum aqueous TNT concentration is 440 μg/L.  Data from a second site 

come from previously published work (Sellm and Iskandar, 1994; Pennington and Patrick, 1990) 

in which equilibrium sorption isotherms experiments and laboratory batch and column 

desorption experiments were performed using TNT-contaminated soil collected from the 

Louisiana Army Ammunition Plant (LAAP).  LAAP site samples were described as fine-silty, 

Kolin soil (Sellm and Iskandar, 1994). 

At the FNOD site, aquifer sediment cores were collected in an uncontaminated area of the 

site, in the source zone adjacent to a monitoring well where the historical maximum TNT 
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concentration was observed, and in a location downgradient of the source within the TNT plume.  

Cores were collected intact with direct push technology (GeoprobeTM) using 5-cm-diameter 

polyacetate sleeves.  Downhole soil sampling equipment was properly decontaminated before 

and after each use.  Immediately prior to inserting the split spoon into the auger, all parts of the 

spoon were cleaned and sterilized. Upon removal from the sampling barrel, sleeve-covered cores 

were cut into 25-50-cm lengths, capped with rubber stoppers, wrapped in plastic to reduce 

contact with oxygen, packed in a N2 atmosphere, transported on ice, and then stored at 4°C until 

use.  Sieve analysis of the FNOD samples using standard methods indicate the samples were best 

characterized as a loamy-sand (Fahrenfeld et al., submitted for publication). 

2.5 - SORPTION/DESORPTION EXPERIMENTS 

2.5.1 -  BATCH SORPTION EXPERIMENTS 

 

Uncontaminated sediment samples were air dried to constant mass, sieved (2 mm), and 

homogenized prior to use.  Aliquots were treated and analyzed via EPA Method 8330B for 

explosives to ensure sediment was not contaminated.  Sorption isotherms for the FNOD sediment 

were prepared by spiking varying concentrations of TNT (Accustandard, New Haven, CT) into 

glass vials containing 0.5 g of upgradient FNOD sediment and 1.5 mL Ultrapure (18 mΏ) 

distilled deionized water, and then capped with Teflon-lined septa.  Following 48 hr 

equilibration-mixing, end-to-end on a shaker table, vials were centrifuged at 2500 rpm, and the 

decanted supernatant was analyzed for explosives.   Sorption parameters for the LAAP soil were 

obtained from the literature (Pennington and Patrick, 1990). 

Analysis for TNT and other munitions compounds in the aqueous and solid phases was 

performed following EPA Method 8330 on a liquid chromatograph with photodiode array 

detection (Shimatdzu Prominence) using a C8 column (Restek).  A methanol water mobile phase 
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was used with a gradient method based on (Lenke et al., 1998), previously detailed (Fahrenfeld 

et al.). 

2.5.2 -  DRAW-AND-FILL DESORPTION EXPERIMENTS 

 

The procedure for the draw-and-fill experiment was adapted from the successive dilution 

method described by Amacher et al. (1988) and Sellm and Iskandar (1994) to generate kinetic 

desorption data.  A slurry consisting of 2-8 g of wet homogenized site sediment and 25 mL of 

0.005M Ca(NO3)2 were combined in glass vials that were then mixed end-to-end on a shaker 

table, in triplicate for each sample.  The ionic strength of this solution (0.013M) is well below 

that  used a salting-out method (Miyares and Jenkins, 1991), and within the range of typical 

groundwater (0.01-0.02M).   Uncontaminated sand (VWR), matrix spikes, and blanks were 

prepared in tripilate and treated and analyzed in parallel with experimental samples.   After 24 

hrs, vials were centrifuged and the decanted supernatant was treated, as described above.  Fresh 

salt solution was added to the vials and the process was repeated until explosives were below 

detection.  Draw-and-fill batch desorption tests were performed using contaminated site sediment 

collected from the TNT plume and source with samples corresponding to varying depths within 

the source zone.  Aliquots of sediment, in triplicate, were reserved for analysis before the 

experiment to determine the initial TNT concentration.  Once the aqueous phase TNT 

concentrations were below detection in the draw-and-fill experiments, the sediment was air dried 

and analyzed for TNT. 

2.6 - MATHEMATICAL MODELS 
 

Two first-order kinetic models were investigated using experimental data from draw-and-fill 

experiments and laboratory columns.  Both models assume a single sorption site where aqueous 
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concentrations are subject to equilibrium constraints using non-linear sorption isotherms.  For the 

purpose of comparison with the first-order kinetic models, alternative models are also presented:  

1) sorption modeled using an instantaneous equilibrium isotherm (Freundlich) and 2) dual-

domain model with sorption in both the mobile and immobile phases modeled using an 

instantaneous linear isotherm.  The governing equations and variables for these alternative 

models are present in the Attachment. 

2.6.1 - GENERAL EQUATION OF TRANSPORT 

 

The general form of the mass balance equation in the mobile aqueous phase for one-

dimensional transport of a reactive (sorption-desorption) solute that is not subject to 

biodegradation or biogeochemical transformation is given as  
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where C  is the mobile aqueous phase concentration of a solute [M L
-3

]; C  is the solid phase 

concentration [M M
-1

]; x is distance along the column [L]; t is time [T]; xv  is the average linear 

pore water velocity [L T
-1

]; xD  is the hydrodynamic dispersion coefficient [L
2
 T

-1
];  is mobile 

domain porosity [-]; and b is the bulk density of the porous medium [M L
-3

].   

The Freundlich sorption isotherm is commonly used to represent the behavior of hydrophobic 

compounds in soil and groundwater systems, particularly TNT (Pennington and Patrick, 1990).  

The equilibrium expression takes the form: 

 
N

f CKC   
 

2-2 
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where 
fK  is the Freundlich constant [M

1-N
 M

-1
 L

3N
]; and N  is the Freundlich exponent [-].  As 

shown below, this relationship is also able to limit the rate of first-order kinetic desorption in 

areas of a domain where equilibrium conditions exist. 

2.6.2 - KINETIC MODEL FOR SORPTION: MODEL 1 

 

Early work described the development of first-order kinetic sorption models based on the 

concentration gradient between the solid contaminant concentration and the equilibrium limit (by 

(Oddson et al., 1970; Lindstrom and Boersma, 1971; Van Genuchten et al., 1974).  In this case, 

the driving force for desorption is the difference between the solid phase concentration and the 

sorbed concentration at equilibrium with the aqueous phase (
N

f CK ): 

  CCK
dt

Cd N

f   
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where α is the first-order mass transfer coefficient [T
-1

]. 

2.6.3 - KINETIC MODEL FOR SORPTION: MODEL 2 

 

An alternative approach to Model 1 describes the rate of mass transfer between the solid and 

aqueous phases in terms of the concentration difference between the aqueous concentration in 

equilibrium with the sorbed contaminant concentration phase (
eqC ) using Equation (2-2) and the 

aqueous concentration: 

   eqb CC
dt

Cd
  

 

2-4 

 

where β is the first-order mass transfer coefficient [T
-1

] for Model 2 and  N
feq KCC

1

 .  This 

model is formulated based on a similar first-order model for the rate of mass transfer from a non-

aqueous phase liquid (NAPL) to the aqueous phase (e.g., Mukherji et al., 1997, and others) in 
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which 
eqC  is determined by the molar composition of the NAPL and calculated using Raoult’s 

Law.  Using Equation (2-4), the overall resistance to mass transfer is controlled by aqueous-

phase resistance (Seagren et al., 1999).  Similar models have been employed for studies of 

desorption for the special case of N = 1.0 (Werner et al., 2012). 

2.6.4 - SOLUTION METHODS 

2.6.4.1 - SIMULATION OF DRAW-AND-FILL EXPERIMENTS 

 

Simulation of draw-and-fill experiments using samples from both the LAAP and FNOD sites 

required solution of Equation (2-1) combined with either Equation (2-3) or (2-4) (i.e., Models 1 

and 2, respectively).  A finite difference time-stepping solution was employed by adopting a 

mixed implicit-explicit scheme to solve the system of non-linear ordinary differential equations.  

At time = 0, the initial concentration of the aqueous phase was set to 0, and the solution was 

stopped at time = 24 hr.  The aqueous concentration was reset to 0 to simulate the experimental 

procedure of removal of the liquid phase from vials (i.e., draw) and replacement with liquid (i.e., 

fill).  The solution procedure was repeated for each 24-hr cycle.  Model-specific first-order mass 

transfer coefficients (α and β) were determined by optimizing the mass balance error (
errorM ) 

which was calculated using 

 %100x
M

MM
M

obs

obssim

error
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where simM  is the cumulative TNT mass removed during desorption experiment calculated 

using the product of simulated aqueous concentrations ( simC  ) and fluid volumes ( aqV  ) (i.e.,  

 aqsimVC ); and 
obsM  is the observed cumulative TNT mass removed based on the observed 

aqueous concentrations ( obsC  ).  The latter was verified by calculating the difference between the 
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initial and final sorbed mass determined by the product of the sediment mass and the measured 

initial and final sorbed phase TNT concentrations, respectively.   

Additionally, the cumulative root-mean-square error (RMSE) in the concentration of aqueous 

phase was evaluated according to the following expression:  
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where n is the number of observations. 

2.6.4.2 - SIMULATION OF COLUMN EXPERIMENTS 

 

Solution of equations for transport and desorption of TNT  was accomplished using the 

solute transport code SEAM3D (Waddil and Widdowson, 2000) with a modified form of the 

MT3DMS Reaction Package (Zheng and Wang, 1999).  SEAM3D/MT3DMS enables a coupled 

solution of Equation (2-1) and Equation (2-3) but only for the case in which N = 1.0.  For this 

study, the code was modified for the non-linear case (i.e., Model 2 with Freundlich sorption 

isotherm) and also to solve Equation (2-1) coupled to Equation (2-2) (i.e., Model 1).  

SEAM3D/MT3DMS was also employed to simulate the column experiments using the 

alternative sorption models described in the Attachment.  An automated parameter estimation 

utility, PEST (Doherty, 2005), was employed to determine an optimized solution by varying the 

mass transfer coefficient parameters corresponding to Models 1 and 2 (α and β, respectively).  

Additional optimization scenarios were conducted in which the sorption coefficients for the 

Freundlich isotherm (Kf and N) and the initial concentration of sorbed mass were estimated as 

unique parameters for Models 1 and 2 for the purpose of evaluating model sensitivity to each 

source-specific parameter.    
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Aqueous phase TNT concentration data collected during the column elution experiments 

were used to generate cumulative objective functions for each optimization scenario based on the 

sum of the squared concentration residuals.  Parameter optimization was performed until the 

value of the objective function was minimized.  Dimensionless weighting factors were used in 

the form of multipliers to scale the influence of each observation point on the objective function 

for the purpose of evaluating parameter sensitivities.  RMSE values representing the relative 

quality of each calibration were calculated from the optimized results.  

2.7 - RESULTS AND DISCUSSION 

2.7.1 - SORPTION/DESORPTION EXPERIMENTS 

2.7.1.1 - SORPTION ISOTHERM 

 

Experimental data from the FNOD sediment trials were fit used to fit linear, Langmuir, and 

Freundlich isotherms. The latter was observed to provide the best fit based on statistical 

goodness-of-fit (R
2
=0.99) resulting in Kf  = 16.1 and N = 0.57.  These results fell slightly outside 

the ranges reported by Pennington and Patrick (1990) for the surface soils collected at 13 army 

ammunition plants (5.3 ≤ Kf  ≤ 16 and 0.62 ≤ N ≤ 0.71).  However, variation in sorption 

parameters was expected based on the range of sediment characteristics including texture and 

fraction of organic carbon.  FNOD sediment was characterized as a sandy loam (81% sand, 7% 

silt, 12% clay) while the surface soils including the LAAP (50% sand, 39% silt, 11% clay) 

reported by Pennington and Patrick (1990) represented a range compositions.  Sorption of TNT 

has been previously observed to increase with increased organic content (Yamamoto et al., 2004; 

Larson et al., 2008; Dontsova et al., 2009), percent fines (Larson et al., 2008), surface area 

(Larson et al., 2008), and iron content (Dontsova et al., 2009).  A weak correlation was reported 

(R
2
=0.47) with clay content of soils (Pennington and Patrick, 1990), and it is known that the 
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composition of the clay minerals and their relative degree of saturation affects sorption 

parameters (Haderlein et al., 1996), as well.  Given the long-term exposure of sediment to TNT 

at both sites, the nature and rate of contaminated desorption was the primary research interest.   

2.7.1.2 - FNOD DRAW-AND-FILL EXPERIMENTS AND SIMULATION 

 

Sorbed TNT concentrations from the FNOD site ranged from 8 to 12 mg/kg in the plume 

samples and from 194 to 698 mg/kg in the source zone samples.  As shown in Figure 2-1 for the 

three source zone samples, TNT was below detection (20µg/L) in the aqueous phase within 10 to 

20 dilution intervals for the FNOD sediments tested.  After the experiment was deconstructed, 

only trace amounts of TNT (5.3 ± 0.9 mg/kg) were extractable from all sediments using 

acetonitrile, independent of the initial TNT concentration.  No other munitions compounds were 

detected during the desorption experiment, providing evidence that degradation of TNT did not 

occur during the experiment.  Heavily contaminated samples initially contained trace 

concentrations of other munitions compounds, that were below detection during the desorption 

experiment.  The mean experimental mass balance error ranged from 4.3% to 6.6% for the 

source-zone samples. Mass balance errors associated the experimental procedure may result from 

the possible removal of colloidal material during early sampling due to low centrifuge speeds 

(‘solids’ effect as described by several researchers (e.g., Huang et al. 1998)).  Any sediment 

losses during sampling would increase the initial observed aqueous phase concentrations and 

thereby introduce a systematic error by reducing aqueous phase concentrations for subsequent 

sampling events.   

A representation of model optimization is shown in Figures 2-2a and 2-2b for Models 1 and 

2, respectively for one of the source zone samples (FNOD-C, starting concentration = 221 

mg/kg).  Both the RMSE and mass balance error are shown for a range of first order mass 
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transfer coefficients.  RMSE decreased in value for increased values of the first order mass 

transfer coefficients for both models.  As shown in Figure 2-2, threshold values for the mass 

transfer coefficients were reached after which only incremental decreases in RMSE were 

achieved by increasing the mass transfer coefficients because the RMSE exhibited asymptotic 

behavior.  As a result, using RMSE for model optimization yields exceedingly large confidence 

intervals for the mass transfer coefficients in most cases.  However, the mass balance error 

(Equation 2-5) was more sensitive to changes in the mass transfer coefficient, and minima were 

achieved in the asymptotic portion of the RMSE for both models.  Minimizing mass balance 

error resulted in heavy weighting of the higher concentration (early sampling) data relative to the 

lower concentration (late sampling event) data.  However, the mass balance error minimum fell 

near the threshold RMSE for Model 2 and was lower than the threshold RMSE for Model 1.  

This suggests that optimizing to mass balance error was an appropriate strategy for determining a 

unique and optimized mass transfer coefficient.  Thus, the model was optimized using mass 

balance error for each draw-and-fill experiment.   

Plots of observed aqueous phase concentration versus simulated aqueous phase concentration 

for FNOD-C are shown in Figures 2-3a and 2-3b.  For Model 1, high concentration data was 

underestimated and low concentration data were overestimated.  In contrast, Model 2 showed a 

superior performance relative to Model 1 as indicated by the pattern of the observed versus 

simulated concentrations relative to the 1-1 line for the full range of data and by a relatively low 

RMSE (0.39) compared to Model 1 (2.36).   

A summary of modeling results are included in Table 1 for the draw-and-fill experiments 

using FNOD sample.  For Model 1, the mass balance error did not reach a minimum for both 

FNOD-A and B, and rather like the RMSE, asymptotically approached zero.  Therefore, no mass 
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transfer coefficients were reported for these experiments.  Using Model 2, mass transfer 

coefficients were determined by reducing the mass balance error. The mass transfer coefficient 

() varied with the initial sorbed phase concentration from 0.34, corresponding to the most 

heavily contaminated sample, to 0.90, for the least heavily contaminated sample.  However, too 

few samples were analyzed to determine a trend.  The exhibited variation in β was possibly due 

to inherent differences in availability and type of sorption site available on the different sediment 

samples, which could have caused the difference in sorbed concentration among the sample.  

Because the sediment was derived from the same core, a more likely explanation may be the 

inherent variability in mass transfer rather than due to differences in sediment characteristics. 

2.7.1.3 - SIMULATION OF LAAP DRAW-AND-FILL EXPERIMENTS 

 

Simulation of the draw-and-fill experiments described in (Sellm and Iskandar 1994) using the 

LAAP sample A for both Models 1 and 2 are shown in Figure 2-4a and 2-4b, respectively.  

Modeling results are summarized in Table 2-2.  Sellm and Iskandar (1994) reported initial sorbed 

phase concentrations for the LAAP samples as 171 and 76 mg/kg for samples A and B, 

respectively.  In these experiments, only 55% and 63% of the sorbed TNT was released to the 

aqueous phase, respectively.  However, because the final post-experimental sorbed TNT 

concentrations were not reported, a closed mass balance could not be evaluated.  As a result, the 

initial TNT concentrations in the simulations were based on the mass of desorbed TNT and not 

using the reported background sorbed TNT concentrations.  

Similar to the results for the FNOD draw-and-fill experiments, Model 1 underestimated high 

concentration data and overestimated low concentration data for LAAP-A.  Model 2 

overestimated all concentration data.  Using RMSE as a comparison, Model 2 achieved a better 

fit to the data.  But, neither model fits mid-concentration data well.  One potential reason for this 
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was the uncertainty presented by the open mass balance in these experiments.  A significantly 

better fit was achieved using the assumption that all but 4 mg/kg TNT are released from the 

sediment than using the reported initial concentrations.  The results for LAAP-B (not shown) are 

listed in Table 2-2 and exhibited the same trend.  Using Model 1, a slightly greater mass transfer 

coefficient was found for the more heavily contaminated sample.  The opposite was observed 

using Model 2.   

2.7.1.4 - COMPARISON OF RESULTS 

 

Qualitatively, Based on RMSE, Model 2 performed better than Model 1 for both sample 

sites.  Model 1 was able to be optimized for three out of five sediment samples.  Mass transfer 

coefficients for Model 1 (α) varied from 0.45-0.70 d-1 across both sites.  Model 2 was optimized 

for all sediment samples and resulting in β values ranging from 0.24-0.90 across both sites. 

Given the different sediment characteristics, comparing model results between the two test sites 

was challenging despite the fact that both sites are contaminated with TNT.  FNOD samples 

were weathered aquifer sediment (loamy-sand) dating back >70 years while LAAP were surface 

soil samples (soil horizon not reported, fine silt) with no description of contamination history at 

the sampling locations.  The variation in sediment characteristics was reflected in the sorption 

parameters: Kf  = 16.1 and 6.09,  N = 0.57 and 0.67, for FNOD and LAAP, respectively.  Smaller 

ranges in both α and β were observed at LAAP than FNOD.  However, given the small range of 

first order rate parameters observed for both models across test sites, it was apparent that the 

desorption mass transfer rate parameters were not as sensitive to differences in sediment 

characteristics as the equilibrium sorption parameters.  A larger range of β values were observed 

for FNOD than at LAAP, however, data was available for a larger range of initial starting TNT 
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concentration for FNOD than at LAAP or more site variability in sorption.  Given the small data 

set, comparison is not possible. 

The utility of draw-and-fill experiments for determination of mass transfer coefficients was 

demonstrated in this work.  It is recommended that the draw-and-fill experiments include smaller 

sampling intervals to be used to achieve first order desorption fits.  For the FNOD sediment, 

while comparison to sorption isotherm reveals that sediment was not at sorption equilibrium 

(defined by 48-hr sorption isotherm), after 24 hours the aqueous phase concentration was 

sufficiently close to the asymptotic region of the Freundlich curve to make finding a unique 

model solution challenging, as discussed above.  

One benefit of the draw-and-fill approach was that mass transfer rate parameters can be 

obtained without concern as to whether sediment samples with different contaminant 

concentrations also have different proprieties, like fraction of organic matter, that influence 

sorption.   Therefore, despite the potential errors introduced by the draw-and-fill approach 

discussed earlier, the experiment potentially reduces sample-to-sample variability.  Further, the 

ability to use weathered sediment samples rather than lab spiked samples in this study has the 

benefit that equilibrium can be presumed, whereas lab treated samples may not have reached true 

sorption equilibrium before desorption experiments begin (Huang et al. 1998).  Rate parameters 

obtained from weathered sediment may be more directly applicable to expected field conditions.  

conditions.   

2.7.2 - SIMULATION OF ELUTION RESULTS 

 

The aqueous phase elution curves obtained from the PEST-facilitated parameter calibration 

process are presented in Figure 2-5a for Column A and Figure 2-5b for Column B.  The observed 

aqueous concentrations achieved early peaks in both columns and displayed tailing behavior as 
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mass was depleted and as the concentration gradient between the sorbed and aqueous phases was 

reduced.  Both versions of the first-order model accurately reproduced the observed peak 

aqueous phase concentrations that occurred after system equilibration.  However, as highlighted 

in Figure 5b, deviations are evident between the models for both columns after aqueous 

concentrations begin to display tailing (after day 10 of the experiment).  While both models 

under-predicted the lower range of concentrations, Model 2 performed better in terms of 

minimizing concentration residuals and matching the observed data during concentration tailing.  

This finding is consistent with the draw-and-fill simulation results for the FNOD and LAAP 

datasets which display under-predictions at low relative aqueous concentration (i.e., late time). 

Elution profiles produced using the instantaneous equilibrium mass transfer model are shown 

in Figures 2-6a and 2-6b for Columns A and B, respectively.  The results reflect the inability of 

the model to capture the early peak displayed by the observed aqueous phase concentration data 

from both column experiments without artificial adjustment to the initial condition in the sorbed 

phase.  Furthermore, the simulated results deviate from the data observed during concentration 

tailing verifying previous assertions that equilibrium-based models struggle to explain non-linear 

sorption/desorption behavior associated with lower energy sites (Haws et al., 2006).  Figures 2-

6c and 2-6d show results produced using the dual-domain mass transfer model for Columns A 

and B, respectively.  The flexibility of this model is reflected by the correspondence between 

observed and simulated concentrations during elution peaking in the initial response period; 

however, residuals increased significantly as experimental data began to display tailing.  This 

finding likely reflects inadequate rate limitation in the secondary porosity portion of the dual-

domain model that leads to excessive mass depletion from the sorbed phase.  While the fit of the 

dual-domain model may be improved by further refinement to the mathematical representation, 
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the results suggest that the first-order kinetic models perform as well if not better than the dual-

domain model in simulating both the initial response and tailing behavior exhibited in the LAAP 

column elution data. 

2.7.2.1 - ASSESSMENT OF MODEL PERFORMANCE 

 

RMSE values were calculated for each model scenario to quantitatively evaluate and 

compare Models 1 and 2.  The Column A simulations produced noticeably different RMSE 

results (4.22 and 3.50 for Models 1 and 2, respectively), and the Column B simulations produced 

a slightly smaller difference between the models (1.32 and 1.05 for Models 1 and 2, 

respectively).  When limited to residual evaluations after 10 days of elution, calculations 

produced RMSE values of 1.42 and 0.91 for Models 1 and 2, respectively, in the Column A 

simulations and 0.83 and 0.71 for Models 1 and 2, respectively, in the Column B simulations.  

The difference in RMSE values after 10 days verifies the improved fit to tailing conditions 

observed for Model 2 (Figures 2-5a and 2-5b). 

The estimated mass transfer coefficient values for Columns A and B are presented in Table 

2-3.  In general, predicted rate parameters were larger in the Column B simulations when 

compared to values determined in the Column A simulations.  Given the larger initial sorbed 

phase concentration in the Column A sediment samples, the smaller mass transfer coefficient 

predictions may reflect the relative proportions of sorbed mass distributed between high and low 

energy sorption sites.  In general, only minor differences were observed in mass transfer 

coefficient magnitudes when comparing Models 1 and 2, and the uncertainty associated with the 

parameter estimates was found to be negligible.  However, it should be noted that the slight 

difference in parameter estimates reflects differences in the expression for equilibrium and forms 

of concentration gradients between phases employed by the two models.   
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 An additional metric used to evaluate goodness-of-fit to the experimental data (Figures 2-5a 

and 2-5b) was a comparison of observed and simulated mass discharge.  At the advent of tailing, 

the cumulative mass discharge for both Models 1 and 2 showed reasonable agreement with 

Column A data (percent error = 18.2% and 13.9%, respectively) and with Column B data (11.8% 

and 5.5%, respectively).  In all cases, simulated results were greater than the experimental totals, 

which could be expected when considering the over-prediction of aqueous concentrations 

leading up to 10 days of simulation.  At the conclusion of the Column A experiment, simulated 

results using Model 2 over-predicted cumulative mass discharge by 14.2% compared to 19.2% 

when using Model 1.  In the case of the Column B experiment, the simulated results produced 

under-predictions of the experimental mass discharge by 6.0% and 8.5% for Models 1 and 2, 

respectively.  However, the reliability of mass discharge comparisons associated with the 

Column B experiments was questionable given that the observed data produce an experimental 

total that exceeds the quantity of TNT initially present in the column by approximately 5.2%.  

This disparity was not identified in the Column A experiments.     

The sensitivity of concentration predictions to the rate parameter β in Model 2 was further 

investigated using the Column A data (Figure 2-7).  The optimized β value of 0.27 day-1 was 

scaled up and down by one order-of-magnitude while the three other input parameters were held 

constant at their calibrated values.  The results show that predictive errors were exacerbated by β 

scaling during the peak period (less than 10 days).  However, predictive error was less significant 

during the tailing period (after 10 days) where residual concentrations were actually minimized 

by the β reduction scenario.  This observation suggests that larger values of the rate parameter 

(β) were providing conditions under which mass desorption occurred too rapidly.  In this case, 

tailing behavior cannot be sustained because the simulated systems were mass-limited.  This 
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finding suggests that specific attention must be paid to quantifying β in the proposed model as 

overestimated rate parameters may result in under-predicted Time-of-Remediation (TOR) 

estimates. 

2.7.2.2 - EXTENDED PARAMETER UNCERTAINTY ANALYSIS 

 

Three additional PEST simulations were conducted with each model for the purpose of 

evaluating the sensitivity of model predictions to potential variability from the reported 

Freundlich isotherm parameters and initial sorbed phase concentration.  In Scenario 2, three 

parameters were optimized for Models 1 and 2: the mass transfer coefficients (α/β) and the 

Freundlich isotherm parameters (Kf and N).  In Scenario 3, two parameters were estimated: the 

mass transfer coefficient (α/β) and the initial concentration in the sorbed phase.  In Scenario 4, 

all four model parameters were simultaneously optimized.  

The results of extended scenario testing are shown in Figures 2-8a, 2-8b and 2-8c for Column 

A for Scenarios 2, 3 and 4, respectively.  From a qualitative perspective, only minor differences 

were evident amongst the scenarios in the early period (less than 10 experimental days), though 

Model 2 still consistently provides a better fit to the observed data when compared to Model 1.  

In general, Scenario 2 provided the best overall fit to the observed data, particularly during 

tailing conditions; however, only a slight improvement was achieved when compared to Scenario 

1 which was limited to rate parameter optimization.  This finding suggests that the previously 

reported isotherm parameters reported by Pennington and Patrick (1990) are reasonable 

estimates for the experimental conditions in both columns. 

Parameter estimates derived from extended scenario testing are presented in Tables 2-4, 2-5 

and 2-6.  While the results suggest improved fits when compared to the single-parameter 

optimization simulations (Scenario 1), it is important to note that the Scenario 2 simulations were 
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the only alternatives which produced improvements in the RMSE values during tailing (i.e., after 

10 days of experimentation).  Furthermore, when compared to the isotherm parameter estimates 

from Pennington and Patrick (1990) for soil samples A and B, the estimated values derived in 

Scenario 2 generally represented drastic deviations from the expected values of Kf and N, 

particularly when considering the range of potential values within the reported 95% confidence 

intervals.  The deviations may be partly explained by significant negative correlation coefficients 

between the isotherm parameters (less than -0.77 in all cases except Column B/Model 1).  

Considering these facts, it may be concluded that attempting to estimate isotherm parameters in 

the absence of reliable independent measures may produce erroneous results with respect to both 

the isotherm parameters themselves and the corresponding rate coefficients.       

Scenarios 3 and 4 evaluated uncertainty with respect to the initial solid-phase concentrations 

in Columns A and B.  The results presented in Table 2-5 show that the PEST-facilitated 

optimization process favored a reduction in the initial sorbed concentration in all cases except the 

Column B/Model 2 simulation.  The legitimacy of the lower concentration estimates (relative to 

the reported initial conditions) could not be independently validated given the available data; 

however, the lower initial mass estimates produce under-predicted tailing conditions in the 

Scenario 3 and 4 simulations due to mass limitations. 

Of the three sorption-desorption parameters estimated in Scenario 2, evaluation of sensitivity 

coefficients showed that both models were most sensitive to changes in the Freundlich exponent.  

For Model 2, the other parameters (Kf and β) showed approximately equal sensitivity, but for 

Model 1, simulation results were more sensitive to the mass transfer coefficient (α) compared to 

Kf. However, when considering the initial sorbed concentration in the analysis (Scenario 4), 

Model 1 showed equal sensitivity between the Freundlich exponent and the initial condition.   
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An additional issue encountered in Scenarios 3 and 4 was the identification of strongly 

correlated parameters, with a particularly strong positive offset existing between the initial 

sorbed-phase concentration and the isotherm distribution coefficient (Kf).  This offsetting 

behavior was especially prevalent in the Column A simulations where the correlation coefficients 

reflecting the comparison between these two parameters were greater than 0.9 for Models 1 and 

2.  The Column B simulations produced lower positive correlations between these parameters 

(greater than 0.7) but also showed a strong negative correlation between the isotherm parameters, 

as was the case in Scenario 2.  Given the high degree of parameter correlation and the negligible 

improvement in RMSE values, it may be concluded that using column elution data to estimate 

the initial sorbed-phase concentration and mass transfer parameters simultaneous may produce 

reasonable results; however, when the isotherm parameters are also uncertain, parameter 

correlations may produce unreasonable predictions.   

2.8 - CONCLUSIONS 
 

This study represents a departure from previous research because contaminant desorption 

was analyzed in weathered soil instead of initially uncontaminated media.  The first-order 

models (combined with parameter optimization) performed well in capturing the data trends in 

TNT elution experiments but under-predicted mass discharge during the tailing period.  The 

alternative model (Model 2) demonstrated incremental improvement to the often-cited Model 1, 

showing an improved ability to matching the tailing of concentration data over time.  Similar to 

the findings of previous research, transport simulations using a non-linear equilibrium sorption 

isotherm could not match the data trends observed in the column experiments.  Although the 

dual-domain model was also able to capture the general data trends of the same experiments, 

Models 1 and 2 were superior to the dual-domain approach with respect to the tailing data.  By 
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excluding the initial response, model optimization to the tailing period provided an excellent 

match to the observed data but over-estimation of the initial sorbed mass demonstrate that further 

improvements to the calibration procedure are warranted. 

These results suggest that the single-site, first-order desorption model may be useful for 

applications to contaminated field sites where hydrophobic organic compounds have been 

present and that the single-site representation may not be inferior to multiple-site, multiple-rate 

models.  However, one motivation for this study is to first evaluate simpler models given the 

possibility that parameter-intensive models will lead to difficulties with optimization and result 

in significant uncertainty for long-range predictions.  The utility of draw-and-fill experiments to 

provide an independent means of quantifying desorption mass transfer coefficients was not 

definitely demonstrated.  However, a reasonable comparison between first-order mass transfer 

coefficients derived through the column experiments and values derived through batch 

desorption data suggests that with an improved experimental design, these parameters may be 

obtained without performing elution experiments.  In general, because draw-and-fill experiments 

are less time- and labor-intensive compared to column experiments, this approach bears 

consideration for quantifying a site-specific range of mass transfer coefficients prior to parameter 

optimization.  
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For the purpose of comparison, two alternative mathematical models were employed for 

simulation of the TNT column elution experiments.  MT3DMS was employed for both models 

with no changes to the code.  The first model incorporates transport with the Freundlich 

instantaneous equilibrium isotherm, which allows Equation (2-1) and Equation (2-2) to be 

combined.  
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where R  is a dimensionless non-linear retardation factor,   1/1  N

fb CNKR  , that varies 

with space and time with the aqueous concentration.   

The second model employs a dual domain approach with a linear instantaneous equilibrium 

sorption isotherm employed in both the mobile and immobile phases.  Equation (2-1) is modified 

to account for mass transfer between phases using a first-order mass transfer function 

proportional to the difference between the aqueous mobile concentration ( mC ) and aqueous 

mobile concentration ( imC ): 
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where m  is the mobile porosity [-];   is the first-order coefficient for mass transfer between 

the mobile and immobile domains [T
-1

]; and mR  is a dimensionless linear retardation factor for 

the mobile phase, such that  /1 dbm KR  , and dK  is the distribution coefficient [L
3
 M

-1
].  

The equation of mass balance in the immobile domain is: 
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where im  is the immobile porosity [-];and imR  is a dimensionless linear retardation factor for 

sorption in the immobile domain, such that    /11 dbim KfR  , where f  is the fraction of 

sorption sites in contact with the mobile phase.  The variable f  implies the distribution 

coefficient does not vary between domains. 
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2.12 - TABLES 
 

Table 2-1: Model 1 and 2 parameters and estimation of fit for FNOD draw-and-fill experiments. 

 FNOD 

Parameter A B C 

Initial Concentration (mg kg
-1

) 698 194 221 

    

Model 1    

α (d
-1

) ND ND 0.45 

Aqueous RMSE ND ND 2.36 

Absolute Mass Balance Error ND ND 0.54% 

    

Model 2    

β (d
-1

) 0.34 0.90 0.70 

Aqueous RMSE 0.42 1.72 0.39 

Absolute Mass Balance Error 2.7% 8.2% 0.18% 

ND = not determined 

 

Table 2-2: Model 1 and 2 parameters for LAAP draw-and-fill experiments. 

 LAAP 

Parameter A B 

Initial Concentration (mg kg
-1

) 109
1
 46

1
 

   

Model 1   

α 0.65 0.70 

Aqueous RMSE 1.41 0.85 

Absolute Mass Balance Error 0.0% 0.0% 

   

Model 2   

β (d
-1

) 0.34 0.24 

Aqueous RMSE 0.58 0.55 

Absolute Mass Balance Error 0.0% 0.0% 
1
Reported initial concentrations for LAAP-A and LAAP-B were 171 and 76mg/kg, respectively 
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Table 2-3: Model parameters for LAAP column elution simulations – Scenario 1. 

 Column A Column B 

Parameter Model 1 Model 2 Model 1 Model 2 

Initial Concentration (mg kg
-1

) 164
1
 164

1
 76.1

1
 76.1

1
 

α (d
-1

)  0.17 ± 0.02 - 0.34 ± 0.02 - 

β (d
-1

)  - 0.27 ± 0.03 - 0.71 ± 0.04 

Kf   6.09
2
 6.09

2
 6.09

2
 6.09

2
 

N  0.67
2
 0.67

2
 0.67

2
 0.67

2
 

RMSE 4.22 3.50 1.32 1.05 
1
Initial sorbed phase concentration reported by Sellm and Iskandar (1994)  for LAAP soil 

samples A and B.  
2
Freundlich isotherm parameter reported by Pennington and Patrick (1990) for 

LAAP soil samples A and B.  

 

Table 2-4: Model parameters for LAAP column elution simulations – Scenario 2. 

 Column A Column B 

Parameter Model 1 Model 2 Model 1 Model 2 

Initial Concentration (mg kg
-1

) 164
1
 164

1
 76.1

1
 76.1

1
 

α (d
-1

) 0.32 ± 0.05 - 0.46 ± 0.04 - 

β (d
-1

) - 0.45 ± 0.08 - 0.47 ± 0.03 

Kf  36.8 ± 7.46 16.1 ± 1.39 16.8 ± 1.26 6.41 ± 1.64 

N 0.30 ± 0.04 0.51 ± 0.03 0.36 ± 0.03 0.61 ± 0.06 

RMSE 2.98 3.19 1.00 0.99 
1
Initial sorbed phase concentration reported by Sellm and Iskandar (1994)  for LAAP soil 

samples A and B.  

 

Table 2-5: Model parameters for LAAP column simulations – Scenario 3. 

 Column A Column B 

Parameter Model 1 Model 2 Model 1 Model 2 

Initial Concentration (mg kg
-1

) 107 ± 5.23 131 ± 9.21 66.4 ± 3.14 78.1 ± 3.75 

α (d
-1

)  0.49 ± 0.04 - 0.48 ± 0.04 - 

β (d
-1

)  - 0.44 ± 0.06 - 0.63 ± 0.04 

Kf   6.09
2
 6.09

2
 6.09

2
 6.09

2
 

N  0.67
2
 0.67

2
 0.67

2
 0.67

2
 

RMSE 3.22 3.06 1.15 1.08 
2
Freundlich isotherm parameter reported by Pennington and Patrick (1990) for LAAP soil 

samples A and B.  
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Table 2-6: Model parameters for LAAP column simulations – Scenario 4. 

 Column A Column B 

Parameter Model 1 Model 2 Model 1 Model 2 

Initial Concentration (mg kg
-1

) 118 ± 23.5 132 ± 53.5 63.6 ± 6.49 74.7 ± 7.60 

α (d
-1

)  0.45 ± 0.07 - 0.45 ± 0.04 - 

β (d
-1

)  - 0.47 ± 0.03 - 0.48 ± 0.04 

Kf   7.16 ± 3.29 6.24 ± 0.13 5.42 ± 1.63 5.66 ± 2.10 

N  0.68 ± 0.08 0.67 ± 0.02 0.67 ± 0.07 0.64 ± 0.07 

RMSE 3.06 3.05 1.12 0.99 
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Figure 2-1: Draw-and-fill concentration data for three FNOD source zone sediment samples. 
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Figure 2-2: RMSE and mass balance error with changes in mass transfer coefficient values for 

(a) Model 1 and (b) Model 2. 
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(b)  
 

Figure 2-3: Comparison of simulated and observed aqueous concentration for FNOD-C using 

(a) Model 1 and (b) Model 2. 
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(a)  
 

(b)  
 

Figure 2-4: Comparison of simulated and observed aqueous concentration for LAAP-A (Sellm 

and Iskandar, 1994) using (a) Model 1 and (b) Model 2. 
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Figure 2-5: Simulation of column experiments with weathered TNT-contaminated soil (Sellm and 

Iskandar, 1994) using Models 1 and 2 for (a) Column A and (b) Column B.  Scenario 1 is a single-

parameter fit (mass transfer coefficient).   
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(a) (b) 

(c) (d) 

Figure 2-6: Simulation of column experiments of weathered TNT-contaminated soil (Sellm and Iskandar, 1994) using instantaneous, non-linear 

sorption isotherm (Freundlich) for (a) Column A and (b) Column B and using the dual-domain model for (c) Column A and (d) Column B. 
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Figure 2-7: Sensitivity of Model 2 results to variations in the mass transfer coefficient (β) for simulation 

of Column A elution experiments of weathered TNT-contaminated sediment (Sellm and Iskandar, 1994). 
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Figure 2-8: Simulation of column experiments (Sellm and Iskandar, 1994) using Models 1 and 2 for 

Columns A and B.  Scenario 2 is a three-parameter fit (isotherm parameters and initial sorbed phase 

concentration).  Scenario 3 is a two-parameter fit (initial sorbed phase concentration and mass transfer 

coefficient).  Scenario 4 is a four-parameter fit (isotherm parameters, initial sorbed phase concentration 

and mass transfer coefficient).   
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3.2 - ABSTRACT 
 

Mass transfer rate coefficients were quantified by employing an inverse modeling technique 

to high-resolution aqueous phase concentration data observed following an experimental release 

of a multicomponent non-aqueous phase liquid (NAPL) at a field site.  A solute transport model 

(SEAM3D) was employed to simulate advective-dispersive transport over time coupled to NAPL 

dissolution. Model calibration was demonstrated by accurately reproducing the observed 

breakthrough times and peak concentrations at multiple observation points, observed mass 

discharge at pumping wells and the reported mass depletions for three soluble NAPL 

constituents.  Vertically-variable NAPL mass transfer coefficients were derived for each 

constituent using an optimized numerical solute transport model, ranging from 0.082 to 2.0 day-1 

across all constituents. Constituent-specific coefficients showed a positive correlation with 

liquid-phase diffusion coefficients.  Application of a time-varying mass transfer coefficient as 

NAPL mass depleted showed limited sensitivity during which over 80% of the most soluble 

NAPL constituent dissolved from the source.  Source evolution for the same constituent, defined 
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by a relationship between source mass and down-gradient mass discharge, exhibited multi-stage 

behavior.   

3.3 - INTRODUCTION 
 

Estimating the time of contaminant source depletion in groundwater systems remains a 

challenge for a variety of technical reasons.  These reasons include, but are not limited to, 

fundamental concerns for the reliability of computational approaches and data limitations.  In the 

case of multicomponent non-aqueous phase liquids (NAPLs), the problem is exacerbated not just 

by uncertainty in the quantity and distribution of source mass but also by complexity associated 

with NAPL composition (i.e., mass fraction by component) and contaminant-specific rates of 

source depletion.  Researchers have demonstrated that the multicomponent nature of NAPL 

source zones impacts the rate of release at field sites and controlled-release experiments 

(Broholm et al., 1999; King et al., 1999; Landmeyer et al., 1998; Libelo et al., 1997; Rivett et al., 

2001; Wilson and Kolhatkar, 2002).  This finding is significant at sites where regulatory goals 

are driven by contaminants of concern with relatively high solubility and/or relatively small 

contribution in terms of percentage or mass fraction of the NAPL source. 

Numerical and semi-analytical solute transport models have been proposed to simulate mass 

transfer from a multicomponent NAPL to the aqueous phase (Chrysikopoulos and Lee, 1998; 

Essaid et al., 2003; Frind et al., 1999; Lee and Chrysikopoulos, 1995; Waddil and Widdowson, 

2000; Waddill and Widdowson, 1998).  One approach for quantifying interphase mass transfer is 

based on the notion that the aqueous phase concentration defines a rate-limited condition 

(Mukherji et al., 1997).  In the case of a multicomponent NAPL, a first-order model is a common 

mathematical expression for the rate of interphase mass transfer (Ji):  
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where 
N

ik is a lumped mass transfer coefficient specific to each NAPL phase constituent i, 
eq

iC  is 

the equilibrium solubility and iC  is aqueous phase concentration (Christ et al., 2006).  This 

expression accounts for a variety of influential factors including film resistance at the interface, 

NAPL composition and the effective solubility of each component defined according to Raoult’s 

Law (Seagren et al., 1999).  The parameter 
N

ik  is known to be a function of porous media 

properties and flow conditions (Imhoff et al., 1994; Miller et al., 1990; Powers et al., 1992; 

Powers et al., 1994) and, therefore, may vary with space and time (Brusseau et al., 2000); 

however, in multicomponent systems, the influence of NAPL composition may be yet another 

variable influencing the magnitude of 
N

ik .   

Research suggests transient behavior and some variability in 
N

ik  among components of the 

same mixture in controlled dissolution laboratory experiments.  Flow-through batch equilibrium 

experiments involving a nine-component NAPL indicated higher film transfer coefficients with 

increasing molecular weight, but there was no statistically significant difference in the results for 

four different NAPL mixtures (Mukherji et al., 1997).  Other studies have employed a function 

for 
N

ik  in combination with Equation 3-1 based on previous experiments by Powers et al. (1994) 

where local values for each soluble NAPL component were dependent on the component-

specific NAPL saturation (Frind et al., 1999) or volumetric content (
N

i ) (Brauner and 

Widdowson, 2001).  This function accounts for changes in 
N

ik  with time using an empirical 

exponent (i): 
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where 
N

o  is initial NAPL volumetric content and 
N

oik ,  is an initial value for 
N

ik .  Using this 

approach, 
N

ik  decreases as component-specific volume fractions raised to a power i decrease, 

accounting for changes in the interfacial area with time as NAPL dissolution progresses (that is, 

for i ≠ 0), where i is a function of the NAPL source architecture.  

At the field scale, less is known about the nature of 
N

ik  and research to validate mathematical 

representation is limited. By incorporating a form of Equation 3-2 into a fully-3D solute 

transport model, Frind et al. (1999) simulated a natural-gradient field experiment (Rivett et al., 

2001) involving the dissolution of three soluble components derived from an emplaced block 

NAPL source (trichloromethane, TCM; trichloroethene, TCE; tetrachloroethene, PCE).  The 

model was calibrated to peak concentration data collected at a 173-port sampling fence located 1 

m down-gradient from the source.  Simulation results projected beyond the duration of the 

experiment demonstrated little sensitivity to i until significant depletion of the NAPL source 

occurred.  Numerical simulation of an emplaced multicomponent NAPL source at the Natural 

Attenuation (NATS) experiments field site was also limited by the relative short duration of the 

test relative to the rate of source depletion (Brauner and Widdowson, 2001).   

A similar approach was employed to study the dissolution of a single-component and a three-

component NAPL in flow-through laboratory columns (Carroll and Brusseau, 2009) using a 

numerical model to simulate solute transport.  Evaluation of 
N

ik  as a model parameter using a 1D 

solute transport model calibrated to the effluent concentration data yielded variation in 
N

ik  with 

time.  However, there was no statistically significant difference between the i exponents for the 
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three NAPL components (toluene, ethylbenzene, and butylbenzene) and for toluene in a single-

component and multicomponent mixture. 

A related approach, employed as either a Type I or II boundary condition in analytical and 

numerical models, is the up-scaled source discharge function (Falta et al., 2005; Parker and Park, 

2004; Zhu and Sykes, 2004): 
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where Co is the flux-weighted source concentration associated with an initial source mass (Mo) of 

a given contaminant of interest.  The exponent  is a site-specific parameter reflecting source 

zone heterogeneity including the distribution of source mass (i.e., “architecture”) in the form of 

ganglia (vertically-elongated features) or pools (spatially-extensive features) that form depending 

on the nature of the NAPL release and small scale soil heterogeneities within the source zone.  

Christ et al. (2006) noted that under certain simplifying assumptions, the exponent  is identical 

to the exponent i and that underpinning the up-scaled source model is a function for an effective 

lumped mass transfer coefficient that is dependent on the relative degree of NAPL source mass 

depletion (i.e., nearly identical to Equation 2).  However, the application of Equation 3-3 has 

been primarily limited to the dissolution of a single-component NAPL with only limited success 

in extensions to mixtures (DiFilippo and Brusseau, 2008).   

The primary goal of this study is to quantify field-scale 
N

ik  values of a controlled-release 

multicomponent NAPL dissolution experiment with a source zone representative of conditions 

encountered at larger scales.  Specifically, a numerical flow and solute transport model was used 

to simulate a field experiment (Broholm et al., 1999) with relatively heterogeneous source 

architecture to determine the range and sensitivity of 
N

ik  values for each NAPL component.  
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Secondary goals include investigation of the variability in 
N

ik  with time, sensitivity of model 

results to the exponent i and evaluation of an up-scaled discharge function for mass discharge.   

3.4 - MATERIALS AND METHODS 
 

Dissolution Experiment. The modeling study presented in this paper utilizes data from a 

previously-published field experiment (Broholm et al., 1999; Broholm et al., 2005).  The 

experimental data were collected in a test cell containing approximately 55 m
3
 of soil (5.5m long 

by 4.5m wide by 2.2m deep) constructed in a sandy surficial aquifer.  A hydraulic gradient was 

induced within the sheet piling-bounded flow cell using a network of up-gradient injection and 

down-gradient extraction wells operating at offsetting flow rates of approximately 360 L/day.  A 

total of five liters (7.7 kg) of NAPL was released into the test cell as a three-component mixture 

of TCM (10% by volume), TCE (40%) and PCE (50%) using a vertical tube with a single outlet 

located 0.66 m below ground surface (bgs).  Aqueous phase concentrations of each NAPL 

constituent were monitored over a period of approximately 220 days using a fence of Multi-

Level Sampling (MLS) ports located approximately 2.1 meters down-gradient from the NAPL 

release location and at the extraction wells.  Transient concentration data included four 

vertically-oriented sampling ports at a MLS positioned along the longitudinal axis of the plume 

and flow-weighted concentrations at the extraction well network (Broholm et al., 1999; Broholm 

et al., 2005).  Monitoring continued for an additional 71 days after a 5.5-day injected pulse of 

methanol starting on day 220, although these post methanol injection observations were not used 

in this research.  The cell was immediately excavated at the conclusion of the experiment, and 

the distribution of the NAPL was mapped over a total of five, 5-cm intervals based on the extent 

depicted by the dye-amended NAPL (Broholm et al., 1999).   
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Groundwater Flow Modeling.  Flow of groundwater through the test cell was simulated using 

the code MODFLOW2000 (Harbaugh et al., 2000).  The model domain consisted of 45 vertical 

layers of uniform thickness (5.0 cm) and a uniformly-spaced grid in the horizontal plane (10.0-

cm x 10.0-cm cells).  Boundary conditions at the up- and down-gradient limits of the model 

domain were defined to match the reported hydraulic gradient.  No-flow boundaries were 

specified on all remaining sides of the numerical grid to coincide with impermeable sheet pilings 

and a low-permeability unit underlying the test cell.  A uniform value of hydraulic conductivity 

was assigned using reported averages (Broholm et al., 1999) derived from media analysis and a 

tracer test which showed only minor differences in flow velocity within the shallow region of the 

test cell where the NAPL was released (see supplemental information).   

Transport Modeling.  Aqueous and NAPL phase concentrations were simulated for each of the 

three NAPL constituents using the code SEAM3D (Waddil and Widdowson, 2000). The model 

consisted of six mass balance equations, one equation for each constituent in each phase, to 

account for NAPL depletion and advective-dispersive transport.  NAPL dissolution and 

interphase mass transfer were explicitly represented using constituent-specific source terms 

taking the forms of Equations (1) and (2).  Sorption was the only attenuation processes included 

in the model.  Biodegradation and volatilization were not included primarily due to a lack of 

experimental evidence (e.g., no formation of reductive dechlorination daughter products). 

The initial distribution of the NAPL mass was determined through calibration with the source 

footprint based on the observed distribution of aqueous concentrations and results of the 

excavation conducted following the completion of the field experiment (Broholm et al., 1999).  

Model layers 1-10 were inactivated because the simulated water table fell below the bottom 

elevation of layer 10 under steady conditions.  NAPL source cells were initialized starting at a 
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depth of 0.5 m bgs, which matched the elevation of the first reported excavation interval.  The 

areal extent of the NAPL in model layers 11-15 reflected the distribution observed during 

excavation.  However, the impact of the methanol pulse resulted in some uncertainty in 

translating the extent of the NAPL source observed through source excavation to model input.  

As a result, the modeled NAPL distribution was also based on supplemental data, including 

contoured cross-sectional groundwater concentrations which indicated a source with greater 

vertical extent than the excavation depths (Broholm et al., 1999).  The transect of MLS sampling 

ports in the test cell, which spanned the entire vertical extent of the model (layers 1-45), showed 

high concentration regions near predicted equilibrium solubility within a vertical interval roughly 

comparable to model layers 11-26.  To account for this observation, NAPL source cells were 

added to model layers 16-26 using the areal dimensions identified from the deepest excavation 

interval (model layer 15).  Refer to the supplemental information for a figure showing the 

dimensions of the model domain.   

Model Calibration.  The combination of aqueous phase concentration data and mass discharge 

data provided comparisons by which flow velocity, source dimensions, mass distributions and 

mass transfer parameters could be simultaneously evaluated. Model calibration was first 

evaluated by comparing simulated aqueous phase concentrations to data observed at the MLS 

ports.  Initial adjustments to physical transport parameters to match concentration breakthrough 

curves were accomplished using a trial-and-error technique.  Four vertical ports provided a total 

of 322 transient concentration observations used as calibration targets.  The vertical elevations of 

the sampling ports coincided with model layers 12, 14, 16 and 20.  Simulated mass discharge for 

each of NAPL component was also compared to the observed mass discharges at the extraction 

well network. A total of 81 mass discharge values were included as calibration targets.  As a 
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final check of the model, simulated source mass depletion of each constituent was compared to 

reported values over the 220-day (pre-methanol flush) monitoring period.   

As a final calibration step, 
N

ik  values for the three NAPL constituents and the concentrations 

of NAPL mass were estimated inversely using an automated parameter estimation utility, 

BeoPEST (Schreuder, 2009) which recognized parameter variations by layer within the model.  

This program combines the calibration utility Parallel PEST (Doherty, 2005) with Beowulf 

computing cluster design to provide a powerful model calibration tool that is capable of utilizing 

multiple computing cores over a networked system.  Aqueous phase concentrations and mass 

discharge data were assigned as dependent variable targets when running the transport model 

using BeoPEST.  Parameter optimization was conducted by minimizing a least squares objective 

function, with the dependent variables weighted by their inverse variance.  Calibration was 

facilitated by maintaining a consistent ratio between 
N

ik  values for the three constituents.   

Data Limitations. Variations in permeability with depth were identified during tracer tests 

conducted in the flow cell (Broholm et al., 1999); however, extrapolation of these data to a three-

dimensional model was prevented by data limitations (i.e., tracer observations were limited to a 

single MLS transect of the test cell).  As a test of the model, simulations of the experiment 

employing a stratified distribution of hydraulic conductivity based on the tracer test data 

produced no substantial variation in simulation results.  This result was attributed to a relatively 

uniform flow velocity in the shallow, NAPL-impacted region of the test cell compared to the 

deeper portion of the test cell which was characterized by a higher permeability.  The model did 

not account for permeability reduction associated with relatively high residual NAPL or 

migration of the NAPL because of limitations associated with source characterization.  Due to 

data limitations, any temporal variability in the water level elevations was not incorporated in the 
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model.  Because the reported hydraulic gradient did not vary with time, maintaining steady flow 

in the model honored the observed condition.  However, minor perturbation in the hydraulic 

condition was noted at approximately 125 days resulting in a temporary variation in the 

concentration trend of all three constituents (Broholm et al., 1999).  Due to the potential 

influence of changes to flow rate on observed concentration data, observations made after day 

125 were not included as calibration targets (target weights assigned values of 0.0) when 

conducting BeoPEST simulations. 

3.5 - RESULTS AND DISCUSSION 
 

Comparisons between observed data and model-predicted aqueous phase concentrations 

derived from BeoPEST-driven inversion are presented in Figure 3-1 for each NAPL constituent 

at the four MLS ports located along the flow cell centerline.  The plots show that the model 

reproduced the observed peak concentration (CP) for each of the three NAPL constituents at each 

MLS port. Breakthrough times (i.e., time associated with C/CP = 0.5) were also accurately 

captured by the model at each depth indicating consistency between actual and simulated 

groundwater velocities.  Most notably, concentration breakthroughs and peaks coincide with data 

associated with relatively stable flow conditions (dark symbols).  Equilibrium concentrations for 

TCM, TCE and PCE predicted by Raoult’s Law (i.e., 
eq

iC  ) were accurately simulated using the 

model (1,100, 980 and 110 mg/L, respectively) in model layer 14 and approximately matched CP 

values at MLS port 506. 

Model performance was confirmed by quantitatively analyzing parameter optimization 

output.  The cumulative objective function generated within BeoPEST is analogous to the Root-

Mean-Square Error (RMSE) and is derived from a comparison of observed and simulated 

concentrations.  RMSE values for the TCM, TCE and PCE MLS concentration data were 18.4, 
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11.2 and 2.58 mg/L, respectively and for the TCM, TCE and PCE mass discharge data were 2.5 

x 10
-4

, 2.8 x 10
-4

 and 6.0 x 10
-5

 kg/day, respectively.  In all cases, the RMSE value never 

exceeded 2.1% of the range of observed concentrations or 3.9% of the range of mass discharge 

observations.  The positive correlation between RMSE values and constituent-specific ideal 

solubility was attributed to delayed breakthrough and fewer total relevant data points for the less 

soluble fraction. 

The calibrated model also captured the key features (i.e., peak concentration and 

breakthrough times) of the observed mass discharge at the extraction wells for each NAPL 

constituent (Figure 3-2).  Model results were generated by summing the product of simulated 

aqueous phase concentrations of each constituent and the unidirectional flow rate at each model 

cell at the down-gradient boundary.  The experimental mass discharge of each constituent was 

calculated by multiplying observed flow-weighted concentrations at the extraction wells 

(Broholm et al., 2005) by the reported cumulative pumping rate (Broholm et al., 1999).  A 

comparison of cumulative mass discharges at 220 d showed only minor differences between 

simulated and experimental values (Figure 3-2).  The simulated mass of each constituent 

remaining within the test cell at 220 d, either stored within the source or aqueous phase plume, 

was calculated by subtracting the respective simulated cumulative mass discharges from the 

initial mass of each NAPL component. The model showed excellent agreement (within 1-3% 

difference) between with the reported mass depletion (Broholm et al., 1999) (83%, 32% and 5% 

for TCM, TCE and PCE, respectively) and simulated mass depletion (80%, 30% and 4% for 

TCM, TCE and PCE, respectively).  

Model sensitivity to 
N

ik  is depicted in Figure 3-2 and Figure 3-3 for the mass discharge rates 

and MLS concentrations, respectively, where calibrated values of 
N

ik  were either increased or 
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decreased by an order of magnitude with no other changes to model parameters.  At the 

extraction wells (Figure 3-2) the transport model showed less sensitivity to increases in 
N

ik  for 

TCM and TCE as near-equilibrium conditions are approached and greater sensitivity to a 

reduction in 
N

ik . However, at a discrete sampling location (MLS 505, Figure 3-3) simulation 

results displayed nearly equal sensitivity to variation in 
N

ik .  Overall, these results indicate that 

model output were highly sensitive to vertically-variable 
N

ik  values achieved through calibration 

of both MLS and mass discharge data derived from different locations.  Because calibrated 
N

ik  

values were below upper limits, these results also suggest that an equilibrium-based approach to 

calculating source zone concentrations was ineffective at matching observed conditions and 

would lead to prediction of rapid source depletion. 

Examination of NAPL parameters show that only 21% of the total mass was distributed in 

the four model layers associated with MLS data instrumental to model calibration.  Calibrated 

NAPL mass values corresponded to a mean initial NAPL saturation of 8.6% with minimum 

(5.3%) and maximum (24.5%) values in model layers 15 and 11, respectively (Table 3-1).  The 

latter was in agreement with a pool of NAPL identified following the completion of the 

experiment at 0.55 m bgs with an approximated a volume of 2.2 L (44% of total release) of 

NAPL residual based on an estimated residual saturation of 20.0% (Broholm et al., 1999).  

Calibrated model results compare favorably to this observation given that 2.08 L of NAPL 

(41.6% of the initial injected volume) were distributed to the model layers with bottom depths 

less than 0.55m.  However, the influence of the 5.5-day methanol pulse on NAPL mass 

distribution observed when the source was excavated made any direct comparison impossible. 
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The calibrated 
N

ik  values derived from the BeoPEST-driven inversion process differ by 

approximately an order of magnitude among the model layers for each NAPL constituent (Table 

3-1).  The minimum and maximum parameter values (model layers 12 and 14, respectively) were 

associated with elevations where MLS concentration data was available, providing relatively 

high confidence in the calibrated 
N

ik  values.  The influence of the MLS data was apparent in 

significantly greater sensitivities to the parameter specifications at these layers when compared 

to those for the remaining (i.e., deeper and more shallow) portions of the source.  Values for 

N

TCMk  in the remaining layers differed by a maximum of 0.194 day
-1

 (standard deviation = 0.093 

day
-1

).  Mean values for 
N

TCMk , 
N

TCEk  and 
N

PCEk  in model layers associated with the MLS ports 

were 0.79, 0.76 and 0.67 day
-1

, respectively, with overall mean values of 0.66, 0.63 and 0.56 day
-

1
, respectively. Mean values for 

N

ik  fell within the range of reported in Frind et al. (1999) for a 

three component NAPL source with characteristics nearly identical to the mixture used in this 

study (i.e., calculated 
N

ik  values associated with the range of best-fit simulation results for i = 

0).  Any differences were attributed to the variation in the NAPL source zone architectures 

(relatively homogeneous block source (Rivett et al., 2001) compared to the heterogeneous 

distributed source (Broholm et al., 1999) in this study) and differences in the calibration 

approach.  The ratio 
N

TCMk : 
N

TCEk : 
N

PCEk  = 1.18: 1.13: 1 was consistent with previous 

investigations which developed correlation-based relationships between compound-specific mass 

transfer coefficients, diffusion coefficients and other source and composition-related parameters 

(Mukherji et al., 1997; Nambi and Powers, 2003; Ortiz et al., 1999).   

Model results were found to be insensitive to the exponent i (Equation 3-2) during the 220-

day calibration period for all three NAPL components.  Figure 3-4 indicates that i could not be 
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reliably calibrated given the lack of sensitivity to this parameter over the experimental period.  

For non-zero values of i, the simulated depletion of TCM indicated that mass transfer was most 

sensitive to changes in NAPL fractional strength as the source significantly weakened and as the 

interfacial area between the NAPL and aqueous phases decreased.  To illustrate this situation, 

simulations for the cases of i = 0, 0.5 and 2.0 were extended to 1,000 days for the purpose of 

identifying sensitivity of TCM mass discharge to the i parameter (Figure 3-4). The point in time 

when the simulated TCM mass discharge deviated from zero-order behavior occurred at 

approximately day 350, which coincided with substantial TCM mass depletion from the source 

(i.e., >95% the total NAPL mass).  These observations are consistent with the limited sensitivity 

to the i parameter reported in Frind et al. (1999) for the same multicomponent mixture in a 

block source during which a significant fraction of the TCM had dissolved into groundwater. 

However, for sites with large complex source zones volume/mass-dependent mass transfer 

coefficients may be necessary to adequately simulate dynamic source behavior.   

The transient behavior of source depletion was also investigated by comparing the rate of 

change in mass discharge from the test cell relative to the rate of mass depletion in the NAPL 

source using Equation 3-3.  In this experiment, TCM provided the only constituent with 

significant reduction with respect to initial source mass, limiting the analysis to a comparison 

between observed and simulated TCM effluent concentration and source mass.  Observed data 

from the field experiment were constructed and plotted using reported effluent concentrations 

(Broholm et al., 1999) and were translated to the changes in source mass based on the effluent 

mass discharges averaged over the observation intervals.  As shown in Figure 3-5, transport 

model results through 220 days of simulation only compare well to the observed trend during the 

first 120 days of the experiment, which is associated with relatively stable flow conditions (dark 
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symbols).  After 120 days, the data exhibited more erratic behavior as evidence by the 

unexplained rise in relative concentration at M/Mo = 0.43.  Data during this period were also fit 

with Equation 3-3, resulting in the exponent  = 1.49 (R
2
 = 0.88).  Although both solutions fall 

below the 1:1 line and follow similar trends, the two solutions do not coincide and depiction of 

the TCM mass depletion curve using Equation 3-3 fails to capture the pattern of the calibrated 

model results.   

Of particular note, results derived from the calibrated transport model depict bimodal or 

multi-step behavior where the early portion of the curve lies above the 1:1 line and shifts below 

the line with NAPL mass depletion and a corresponding rapid drop in the flow-weighted effluent 

TCM concentration (Figure 3-5).  To the authors’ knowledge, these results present the first case 

in which multi-stage behavior is mechanistically connected to spatially-variable mass transfer 

coefficients within the source zone at the field-scale.  However, experimental and theoretical 

research has linked small scale heterogeneities in the distribution of a NAPL source, such as 

those identified within the test cell (Broholm et al., 1999), to the development of mass depletion 

not adequately represented by Equation 3.  Bench-scale experiments representing various source 

architectures displayed bimodal behavior in mass depletion curves for the most heterogeneous 

NAPL sources. (DiFilippo et al., 2010).  Numerical simulations of complex NAPL architectures 

resulted in multi-stage behavior similar to Figure 3-5 with amplified deviation from ideal 

behavior, as predicted using Equation 3-3, as the differential between pooled NAPL mass and 

ganglia-stored NAPL mass increased (Christ et al., 2010). Although multi-stage mass depletion 

curves generated from Equation 3-3 using an exponent (Γ) representing source descriptors such 

as the Ganglia-To-Pool (GTP) ratio show promise (DiFilippo and Brusseau, 2011), the ability to 

accurately estimate the parameters required for the modified approaches limits the practicality of 
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such models for field-scale applications even when employing inversion techniques (Parker et 

al., 2010).   

The inversion methodology employed in this study in conjunction with temporally varying 

depth-dependent MLS concentration data and mass discharge data provided an approach to 

model calibration that has the potential to reduce uncertainty in projections of source dissolution 

beyond the period of calibration to site data.  This study suggests value in the collection of both 

high-resolution aqueous phase concentration data and mass discharge data to support model 

calibration and constrain parameter estimation.  Long-term projections of the time required to 

meet a site-specific remedial goal (i.e., TOR estimates) would benefit from increased confidence 

in parameter assignments.  This approach could provide an improved basis for decision-making 

on the need for source-zone mass reduction, including remedial goals based on mass discharge, 

and would be particularly valuable in estimating the predictive response of source zone mass 

discharge to source zone remediation technologies.   

3.6 - ACKNOWLEDGEMENTS 
 

Funding for this research was partially supported by the Environmental Security Technology 

Certification Program (ESTCP), project ER-200833.  Special thanks to Dr. Eduardo Mendez, III 

and Mr. Chuck Spalding for assistance with program modifications and model calibration. 

 

  



73 

 

3.7 - LITERATURE CITED 
 

Brauner, J.S. and Widdowson, M.A., 2001. Numerical simulation of a natural attenuation 

experiment with a petroleum hydrocarbon NAPL source. Ground Water, 39(6): 939-952. 

Broholm, K., Feenstra, S. and Cherry, J.A., 1999. Solvent release into a sandy aquifer. 1. 

Overview of source distribution and dissolution behavior. Environmental Science & 

Technology, 33(5): 681-690. 

Broholm, K., Feenstra, S. and Cherry, J.A., 2005. Solvent release into a sandy aquifer. 2. 

Estimation of DNAPL mass based on a multiple-component dissolution model. 

Environmental Science & Technology, 39(1): 317-324. 

Brusseau, M.L. et al., 2000. Influence of heterogeneity and sampling method on aqueous 

concentrations associated with NAPL dissolution. Environmental Science & Technology, 

34(17): 3657-3664. 

Carroll, K.C. and Brusseau, M.L., 2009. Dissolution, cyclodextrin-enhanced solubilization, and 

mass removal of an ideal multicomponent organic liquid. Journal of Contaminant 

Hydrology, 106(1-2): 62-72. 

Christ, J.A., Ramsburg, C.A., Pennell, K.D. and Abriola, L.M., 2006. Estimating mass discharge 

from dense nonaqueous phase liquid source zones using upscaled mass transfer 

coefficients: An evaluation using multiphase numerical simulations. Water Resources 

Research, 42(11): 13. 

Christ, J.A., Ramsburg, C.A., Pennell, K.D. and Abriola, L.M., 2010. Predicting DNAPL mass 

discharge from pool-dominated source zones. Journal of Contaminant Hydrology, 114(1-

4): 18-34. 

Chrysikopoulos, C.V. and Lee, K.Y., 1998. Contaminant transport resulting from 

multicomponent nonaqueous phase liquid pool dissolution in three-dimensional 

subsurface formations. Journal of Contaminant Hydrology, 31(1-2): 1-21. 

DiFilippo, E.L. and Brusseau, M.L., 2008. Relationship between mass-flux reduction and source-

zone mass removal: Analysis of field data. Journal of Contaminant Hydrology, 98(1-2): 

22-35. 

DiFilippo, E.L. and Brusseau, M.L., 2011. Assessment of a simple function to evaluate the 

relationship between mass flux reduction and mass removal for organic-liquid 

contaminated source zones. Journal of Contaminant Hydrology, 123(3-4): 104-113. 



74 

 

DiFilippo, E.L., Carroll, K.C. and Brusseau, M.L., 2010. Impact of organic-liquid distribution 

and flow-field heterogeneity on reductions in mass flux. Journal of Contaminant 

Hydrology, 115(1-4): 14-25. 

Doherty, J., 2005. PEST:  Model-Independent Parameter Estimation. 

Essaid, H.I. et al., 2003. Inverse modeling of BTEX dissolution and biodegradation at the 

Bemidji, MN crude-oil spill site. Journal of Contaminant Hydrology, 67(1-4): 269-299. 

Falta, R.W., Rao, P.S. and Basu, N., 2005. Assessing the impacts of partial mass depletion in 

DNAPL source zones - I. Analytical modeling of source strength functions and plume 

response. Journal of Contaminant Hydrology, 78(4): 259-280. 

Frind, E.O., Molson, J.W., Schirmer, M. and Guiguer, N., 1999. Dissolution and mass transfer of 

multiple organics under field conditions: The Borden emplaced source. Water Resources 

Research, 35(3): 683-694. 

Harbaugh, A.W., Banta, E.R., Hill, M.C. and McDonald, M.G., 2000. MODFLOW-2000, the 

U.S. Geological Survey modular ground-water model -- User guide to modularization 

concepts and the Ground-Water Flow Process. 

Imhoff, P.T., Jaffe, P.R. and Pinder, G.F., 1994. An experimental study of complete dissolution 

of a nonaqueous phase liquid in saturated porous media. Water Resources Research, 

30(2): 307-320. 

King, M.W.G., Barker, J.F., Devlin, J.F. and Butler, B.J., 1999. Migration and natural fate of a 

coal tar creosote plume 2. Mass balance and biodegradation indicators. Journal of 

Contaminant Hydrology, 39(3-4): 281-307. 

Landmeyer, J.E. et al., 1998. Fate of MTBE relative to benzene in a gasoline-contaminated 

aquifer (1993-98). Ground Water Monitoring and Remediation, 18(4): 93-102. 

Lee, K.Y. and Chrysikopoulos, C.V., 1995. Numerical modeling of 3-dimensional contaminant 

migration from dissolution of multicomponent NAPL pools in saturated porous-media. 

Environmental Geology, 26(3): 157-165. 

Libelo, E.L., Stauffer, T.B., Greer, M.A., MacIntyre, W.G. and Boggs, J.M., 1997. A field study 

to elucidate processes involved in natural attenuation, 4th International in situ and on-site 

bioremediation symposium, New Orleans, Louisiana. 

Miller, C.T., Poirier-McNeill, M.M. and Mayer, A.S., 1990. Dissolution of trapped nonaqueous 

phase liquids: mass-transfer characteristics. Water Resources Research, 26(11): 2783-

2796. 



75 

 

Mukherji, S., Peters, C.A. and Weber, W.J., 1997. Mass transfer of polynuclear aromatic 

hydrocarbons from complex DNAPL mixtures. Environmental Science & Technology, 

31(2): 416-423. 

Nambi, I.M. and Powers, S.E., 2003. Mass transfer correlations for nonaqueous phase liquid 

dissolution from regions with high initial saturations. Water Resources Research, 39(2): 

11. 

Ortiz, E., Kraatz, M. and Luthy, R.G., 1999. Organic phase resistance to dissolution of 

polycyclic aromatic hydrocarbon compounds. Environmental Science & Technology, 

33(2): 235-242. 

Parker, J.C., Kim, U., Widdowson, M., Kitanidis, P. and Gentry, R., 2010. Effects of model 

formulation and calibration data on uncertainty in dense nonaqueous phase liquids source 

dissolution predictions. Water Resources Research, 46. 

Parker, J.C. and Park, E., 2004. Modeling field-scale dense nonaqueous phase liquid dissolution 

kinetics in heterogeneous aquifers. Water Resources Research, 40(5). 

Powers, S.E., Abriola, L.M. and Weber, W.J., 1992. An experimental investigation of 

nonaqueous phase liquid dissolution in saturated subsurface systems: steady-state mass-

transfer rates. Water Resources Research, 28(10): 2691-2705. 

Powers, S.E., Abriola, L.M. and Weber, W.J., 1994. An experimental investigation of 

nonaqueous phase liquid dissolution in saturated subsurface systems: transient mass-

transfer rates. Water Resources Research, 30(2): 321-332. 

Rivett, M.O., Feenstra, S. and Cherry, J.A., 2001. A controlled field experiment on groundwater 

contamination by a multicomponent DNAPL: creation of the emplaced-source and 

overview of dissolved plume development. Journal of Contaminant Hydrology, 49(1-2): 

111-149. 

Schreuder, W.A., 2009. Running BeoPEST, Proceedings of the 1st PEST Conference, Potomac, 

Maryland 1-3 November. 

Seagren, E.A., Rittmann, B.E. and Valocchi, A.J., 1999. A critical evaluation of the local-

equilibrium assumption in modeling NAPL-pool dissolution. Journal of Contaminant 

Hydrology, 39(1-2): 109-135. 

Waddil, D.W. and Widdowson, M.A., 2000. SEAM3D: A numerical model for three-

dimensional solute transport and sequential electron acceptor-based bioremediation in 

groundwater.  ERDC/EL TR-00-X U.S. Army Engineer Research and Development 

Center, Vicksburg, MS, 89 pp. 



76 

 

Waddill, D.W. and Widdowson, M.A., 1998. Three-dimensional model for subsurface transport 

and biodegradation. Journal of Environmental Engineering-Asce, 124(4): 336-344. 

Wilson, J.T. and Kolhatkar, R., 2002. Role of natural attenuation in life cycle of MTBE plumes. 

Journal of Environmental Engineering-Asce, 128(9): 876-882. 

Zhu, J.T. and Sykes, J.F., 2004. Simple screening models of NAPL dissolution in the subsurface. 

Journal of Contaminant Hydrology, 72(1-4): 245-258. 

 

 



77 

 

3.8 - TABLES 
 

Table 3-1: Calibrated mass transfer coefficients and NAPL mass. 

   N

ik  

Model Layer 

 

NAPL 

Mass (kg) 

NAPL Area 

(m
2
) 

TCM 

(day
-1

) 

TCE 

(day
-1

) 

PCE 

(day
-1

) 

11 
2.9 0.61 0.595 0.574 0.506 

12 
0.3 0.32 0.097 0.093 0.082 

13 
1.3 0.39 0.621 0.598 0.527 

14 
0.5 0.13 2.003 1.930 1.702 

15 
0.2 0.18 0.461 0.445 0.392 

16 
0.6 0.18 0.435 0.420 0.370 

17-26 1.9 (sum) 0.18 (mean) 0.629 0.606 0.534 
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3.9 - FIGURES 
 

 

Figure 3-1: Comparison of observed and simulated aqueous phase concentrations for TCM 

(upper plots), TCE (middle), and PCE (lower) at four multi-level sampling (MLS) ports located 

along the test cell centerline in the direction of flow associated with model layers 12, 14, 16 and 

20 (left to right).  Filled symbols are associated with relatively stable flow conditions in the test 

cell (t<120d). 

 

MLS 505 MLS 506 MLS 507 MLS 509 
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Figure 3-2: Comparison of observed and simulated mass discharge rates and cumulative mass 

discharge at the test cell extraction wells for TCM, TCE and PCE.  Cumulative mass discharge 

was calculated at day 220.  Model sensitivity is depicted for an order of magnitude variation in 

the calibrated NAPL mass transfer coefficients (k
N
).  Filled symbols show data where t<120d. 
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Figure 3-3: Sensitivity of simulated TCM, TCE and PCE concentrations at multi-level sampling 

port 505 to an order of magnitude variation in the calibrated NAPL mass transfer coefficients 

(k
N
). 
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Figure 3-4: Sensitivity of TCM mass discharge at the extraction wells to the exponent  in 

Equation 2. 
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Figure 3-5: Observed and simulated relative flow-weighted effluent TCM concentration as a 

function of the relative residual TCM mass. 
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4.2 - ABSTRACT 
 

Field-scale models reflecting rate-limited mass transfer from Non-Aqueous Phase Liquids 

(NAPLs) require a priori mass transfer coefficient estimates which are often derived from 

Gilland-Sherwood correlations.  These correlations have mostly been developed from column 

elution studies, and additional experimentation has produced questions regarding scalability and 

condition specificity.  These issues have led to the need for an in-situ approach for determining 

mass transfer coefficient magnitudes.  This paper analyzes data produced from a field-scale Mass 

Transfer Test (MTT) using inverse modeling to extract the governing rate parameters associated 

with a weathered fuel-NAPL source.  A theoretical demonstration is presented which addresses 

condition sensitivity and identifies the key period reflecting rate-limited conditions during the 

MTT.  The results of the inversion process show concentration predictions which closely match 

conditions observed under induced gradients for the four most soluble NAPL constituents.  

Lumped-form mass transfer coefficients are shown to vary by more than a factor of 10 within the 

same source zone which implies spatial variations in the connectivity between residual NAPL 

and groundwater at concentrations below contaminant-specific equilibriums.  Design 



83 

 

considerations, including the benefits associated with multilevel sampling, are discussed in 

regards to their effect on inversion performance.   

4.3 - INTRODUCTION 
 

Source zones containing residual Non-Aqueous Phase Liquids (NAPLs) present unique 

challenges to engineers focused on expediting remediation of contaminated groundwater.  The 

complexities of heterogeneous subsurface environments are further convoluted by the unique 

structural and chemical characteristics of typical NAPL sources.  Dynamic source behavior 

driven by these variables often limits the reliability of projections intended to evaluate remedial 

efficacy and source longevity (Christ et al., 2010; Falta et al., 2005a; Falta et al., 2005b).  While 

analytical and semi-analytical approaches can often suffice for preliminary analyses, numerical 

models with the ability to represent greater hydraulic and geochemical complexity are necessary 

for scenario testing.   

Simulations of the NAPL mass transfer process are typically based on either a local 

equilibrium or a rate-limited assumption (Zhu and Sykes, 2004), though more-complex 

phenomenological approaches have been postulated (McCray and Dugan, 2002).  The local 

equilibrium assumption (LEA) requires thermodynamic equilibrium at the interface between the 

two phases (Seagren et al., 1999).  In effect, mass transfer is assumed to occur instantaneously 

such that equilibrium is immediately achieved at all locations along the contact plane.  

Investigators have suggested that this model may be appropriate under conditions where 

groundwater velocities are relatively low (Powers et al., 1992), where constituent mass fractions 

remain relatively significant (Powers et al., 1994b) and where contact lengths are sufficient to 

facilitate complete mass transfer (Geller and Hunt, 1993).   
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Previous studies have compared the local equilibrium and rate-limited approaches using pre-

loaded, soil-packed columns (Grant and Gerhard, 2007; Seagren and Moore, 2003) or numerical 

modeling (Mayer and Miller, 1996).  While these results suggest that the local equilibrium model 

can perform well under certain circumstances, the results generally suggest that the rate limited 

approach is most appropriate at larger scales due to the potential variability in interfacial area 

and pore velocity (Grant and Gerhard, 2007; Maji and Sudicky, 2008; Rivett et al., 1994; 

Seagren et al., 1999). 

The rate-limited model for NAPL mass transfer operates according to a concentration driving 

force mitigated by a mass transfer coefficient, N

ik (1/t).  Mass transfer across a plane oriented 

parallel to the NAPL/aqueous phase interface may be conceptualized as a Fickian analog 

(Seagren et al., 1999).  The first-order, rate-limited model takes the following form for the time-

dependent mass transfer flux, Ji, normal to the contact plane:    

  i

eq

i

N

ii CCkJ   

 

4-1 

 

where N

ik  is a lumped mass transfer coefficient specific to each NAPL phase constituent i (T
-1

), 

eq

iC  is the equilibrium solubility and iC  is the instantaneous concentration of NAPL constituent i 

in the aqueous phase.  This expression accounts for a variety of influential factors including film 

resistance at the interface, NAPL composition and the effective solubility of each component 

defined according to Raoult’s Law (Seagren et al., 1999).  The magnitude of the mass transfer 

coefficient, N

ik , reflects the relative degree of diffusional resistance specific to each NAPL 

constituent in both the NAPL and aqueous phases (Seagren et al., 1999).     

Indirect techniques based on the results of column elution studies represent the majority of the 

literature dedicated to estimating N

ik .  Much of this work has been previously reviewed, and the 



85 

 

authors have alluded to the general lack of detailed studies being performed at larger scales 

(Khachikian and Harmon, 2000; Miller et al., 1998).  Many of the aforementioned column 

studies have resulted in the development of correlations (e.g., Gilland-Sherwood models) meant 

to predict N

ik  
based on a set of system descriptors including compound-specific diffusivity, pore 

velocity and viscosity for both steady and transient conditions (Geller and Hunt, 1993; Imhoff et 

al., 1994; Kim and Chrysikopoulos, 1999; Miller et al., 1990; Nambi and Powers, 2003; Powers 

et al., 1992; Powers et al., 1994b).  In most cases, the correlation-based approaches have 

produced reasonable results for the studied system; however, the ability to translate the models to 

predict mass transfer coefficients for different sets of conditions remains questionable (Abriola 

and Bradford, 1998; Grant and Gerhard, 2007; Zhu and Sykes, 2004).  These findings are 

problematic as significant parameter variations with scale have been previously identified (Sale 

and McWhorter, 2001).  Furthermore, simulated concentrations have been shown to vary 

significantly in studies comparing different correlations (Maji and Sudicky, 2008; Mayer and 

Miller, 1996; Zhu and Sykes, 2000).  Thus, the applicability of Gilland-Sherwood correlations to 

field-scale conditions remains uncertain.         

While bench-scale studies provide controlled environments under which the factors 

contributing to N

ik magnitudes may be specifically observed, field applications prevent such 

detailed analyses simply due to the heterogeneities encountered at this scale.  Furthermore, 

complicating factors such as flow bypassing and dissolution fingering are often insignificant in 

column based analyses but have been identified as potentially important at larger scales (Rivett 

and Feenstra, 2005).  These issues have contributed to the need for in-situ or direct-observation 

techniques for determining NAPL dissolution rates at larger (i.e., field) scales.   
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Push-pull (Huang et al., 2010; Istok et al., 2002), tracer partitioning (Davis et al., 2002; Dridi 

et al., 2009) and Integral Pumping Test (IPT) (Bayer-Raich et al., 2006) methods offer potential 

in terms of field-scale quantification techniques, but the data developed from these methods are 

typically considered to be more reflective of the distribution of residual NAPL than of rate-

limitations (Ptak et al., 2004).  Numerical models calibrated to site conditions present a 

framework for data interpretation; however, very few studies exist in which quantitative results 

have been presented for NAPL mass transfer simulations conducted at scales larger than those 

encountered in bench experiments (e.g., Brusseau et al., 2007; Frind et al., 1999).  The uncertain 

state of field techniques highlights the need for additional research directed toward evaluating 

mass transfer rates at larger scales.   

The objective of this study is to present a methodology for analyzing data produced by a field-

scale NAPL mass transfer test.  The research utilizes a newly-conceived field test for evaluating 

NAPL characteristics in a source zone.  The design of the test promotes isolation of rate-limited 

mass transfer such that N

ik may be indirectly observed using aqueous phase concentration 

responses.  Prior to the detailed field-scale analysis of mass transfer coefficients, a simpler 

hypothetical model is used to illustrate the approach and test sensitivity to input parameters. 

4.4 - CONCEPTUAL SITE MODEL 
 

This study focused on evaluating data collected during a field test performed at site ST012 of 

the former Williams Air Force Base (WAFB) outside of Phoenix, Arizona (Figure 4-1).  The 

ST012 site served as a storage area for liquid fuels, including JP-4 and AVGAS aviation 

mixtures, for a significant portion of the military base’s operation period (i.e., approximately 

1950 to 1990).  Previous site characterization studies, occurring as early as 1984, identified 

significant hydrocarbon contamination in the saturated and unsaturated subsurface.  Benzene, 
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toluene, ethylbenzene, ortho/meta/para xylenes (e.g., BTEX) constitute the majority of the more 

mobile fraction of the Light Non-Aqueous Phase Liquid (LNAPL) residing in the subsurface at 

this site.  An overview of site history is presented in the TEE Pilot Test Evaluation Report (BEM 

Systems, 2010), and a more detailed description of site features and field activities is presented 

in the ESTCP report (Kavanaugh, 2011).  The following sections provide an overview of the 

conceptual model of the site generated to guide numerical model development.      

4.4.1 - HYDROGEOLOGIC SETTING 

 

The mass transfer field experiment was conducted in hydrogeologic units identified in sum as 

the Lower Saturated Zone (LSZ), which is a heterogeneous compilation of layered sands, silts 

and clays located at a depth of approximately 65 meters below ground surface.  The LSZ is 

separated from the vadose zone and overlying shallow aquifers by an extensive clay unit with a 

similar, unnamed clay unit separating the LSZ from deeper units.  The LSZ is segmented into 

two distinct permeable intervals by an additional laterally-extensive, low-permeability clay unit.  

The upper and lower permeable fractions of the LSZ are referred to as the B and C-horizons, 

respectively.  The cumulative saturated thickness of the LSZ is approximately 10 meters with the 

representative contributions by the B and C-horizons varying spatially.   

In the case of the B interval, borehole observations indicate a high degree of heterogeneity 

resulting from coarse and fine grained sands existing with interlayered structures of low 

permeability silt and clay lenses.  Generalized interpretations of the borehole observation data 

suggested preferential flow in the deeper portion of the B unit with significant spatial variability 

in continuity and thickness.  The C interval was recognized as more homogeneous than the B 

interval, as the borehole data suggested the existence of well-sorted sands and gravels in this 

region of the aquifer.  
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While rising water levels at ST012 have shifted flow conditions from unconfined to confined 

in the LSZ in the past, both LSZ horizons may be described as fully-confined in the test cell area 

during the testing period.  A mild hydraulic gradient (0.005 m/m) drives flow in a west-

northwest direction under ambient conditions.  However, the pumping and injection associated 

with the field test were identified as most influential with respect to driving flow conditions 

within the tested region during active pumping periods.  A more detailed interpretation of the 

hydrogeology present at the ST012 site is presented in Appendix A of the report presented to the 

Air Force by BEM Systems, Inc. (BEM Systems, 2010).     

4.4.2 - CONTAMINATION CONDITIONS 

 

Prior to the mid-1990s when the water table conditions were present in the LSZ, jet fuel and 

aviation gasoline spilled at-or-near the surface percolated through the unsaturated zone and 

accumulated at the water table.  While the low-permeability materials present in the overlying 

units prevented vertical travel in certain locations, local inconsistencies in the continuity of the 

clay are believed to have provided conduits for material to reach the C-horizon portion of the 

LSZ (BEM Systems, Inc., 2010).  As water levels rose over time, the LNAPL present in the deep 

C-horizon was smeared vertically over the entirety of the LSZ.  This action delivered extensive 

contamination to both LSZ intervals.  Thus, LNAPL contamination was found in all vertical 

regions of the LSZ.   

Compositionally, the BTEX compounds were identified as the most soluble NAPL 

constituents present in the ST012 source zone.  Pre-experiment sampling identified significant 

differences in aqueous phase concentrations between the B and C-horizons; therefore, 

compositional differences were recognized between the B and C-horizons.  These differences 

were attributed to increased weathering of the NAPL which resided in the C-horizon.     
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4.5 - OVERVIEW OF MASS TRANSFER TEST 
 

The field test investigated in this study represents an innovative in-situ method for 

determining field-scale mass transfer characteristics (termed the Mass Transfer Test or MTT).  

The test concept is based on the hypothesis that rate parameters may be inversely-derived if 

hydraulic parameters are appropriately constrained and if conditions are generated under which 

mass transfer is entirely rate-limited.  Periods during which mass transfer displays rate-limited 

behavior may be isolated by observing the reaction of aqueous phase concentrations to induced 

gradients or flow velocities significant enough to overcome equilibrium maintenance where 

influences from external sources and sinks are limited.   

Clean water passing from an injection well to an extraction well would be subject to mass 

transfer from residual NAPL material present in the pore spaces along the flow path.  

Concentrations of NAPL constituents in the aqueous phase would ultimately plateau under rate-

limited conditions at concentrations below their respective Raoult’s Law equilibrium values 

under natural gradient conditions.  A transient dataset comprised of aqueous phase concentration 

observations made during rate limitation could be interpreted inversely using solute transport 

modeling given reasonable estimates of influential hydraulic and chemical parameters (i.e., 

hydraulic conductivity, hydraulic gradient, porosity and NAPL composition).  The optimized 

solution representing a best-fit calibration to these data would provide estimates of the site-

specific, rate-limiting parameters. 

A MTT, which included a tracer test and transient observations of aqueous phase 

concentration reactions to induced gradients, was performed in a highly-contaminated portion of 

the ST012 source zone between August and November of 2008.  The purpose of this test was to 

evaluate the rate of dissolution from the NAPL source material for high and moderate solubility 
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hydrocarbon contaminants (BTEX).  Flow conditions during the MTT were established using 

seven wells in total, all of which were screened over the entirety of the LSZ.  The wells were 

oriented in a radial fashion with a single injection well (LSZ-07) located at the center of a ring of 

six extraction wells (LSZ-01 through LSZ-06).  A network of six well nests, each containing two 

independently-screened wells, was used to monitor concentration data during the MTT .  Each 

well nest contained one well screened for the B horizon and one well screened for the C horizon.      

The experimental steps conducted during the MTT analyzed as part of this study are 

summarized as follows: 

 Pre-injection period (8/11/2008 through 8/26/2008) 

 Injection periods (8/27/2008 through 9/21/2008, 10/17/2008 through 10/30/2008) 

 Tracer test period (starting 8/27/2008)  

 Concentration response period (8/11/2008 through 10/31/2008) 

Although the experimental steps were concurrent, each had a specific purpose and data for 

each were analyzed separately.  For the first two steps, water was extracted from and injected 

into the TEE cell to rapidly develop induced gradient conditions within the test cell and to 

establish a steady-state flow field for the desired rate-limited condition.  The tracer test was 

conducted for the purpose of evaluating the hydraulic parameters controlling flow in the test 

region (e.g., hydraulic conductivities of the different forms of media).  The concentration 

response period was used to observe the reaction of aqueous phase BTEX concentrations to 

induced gradient conditions for the purpose of evaluating mass transfer rate limitations.  The 

following sections describe the individual MTT periods in greater detail. 
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4.5.2 - INJECTION/PUMPING SCHEME 

 

The initial phase of the MTT consisted of injecting water into the center well of the TEE well 

to establish a steady hydraulic gradient within the test cell.  Pumping of groundwater 

commenced simultaneously on August 11, 2008 at the six extraction wells (LSZ-01 through 

LSZ-06).  Injection of water at LSZ-07 started on August 26, 2008 and was maintained at a 

constant rate of 191 cmd with the exception of a temporary shutdown (9/22/2008 through 

10/16/2008) during which well pumps were replaced.  Some variation in the pumping rates was 

observed, both spatially and temporally, during the MTT. The recorded rates were reproduced by 

modeling to match the flow conditions during the concentration response period.    

4.5.3 - TRACER TEST PERIOD 

 

A non-partitioning tracer test was conducted for the purpose of independently evaluating flow 

conditions within the tested region.  Results from a preliminary tracer test initiated on August 27, 

2008 were not used for this research because of possible oxidation of the protective film on the 

sensors.  A second tracer test was performed in the TEE cell following the MTT was completed. 

In this test, a tracer mixture was added to the injection line at a concentration of 2113 mg/L.  

Tracer breakthroughs were observed at all monitoring locations using the independent screens 

dedicated to the B and C horizons within the LSZ.  Down-hole optical sensors (Aquistar 

Temphion submersible Smart pH/ISE/Redox Sensors
TM

) recorded tracer breakthroughs (in terms 

of bromide ion concentrations) using 10 minute intervals following mixture injection.  Sensors 

were placed in each monitoring and extraction well at vertical locations which corresponded to 

the estimated positions of the most permeable intervals within each well’s screen.  The rate of 

injected water was 213 cmd (39 gpm).  The data produced during the second test displayed no 
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evidence of the false positive readings/equipment malfunctions observed in the first test.  A more 

detailed discussion of the tracer examinations may be found in the (Kavanaugh, 2011). 

4.5.4 - CONCENTRATION RESPONSE PERIOD 

 

Baseline conditions were established prior to the start of groundwater pumping using field 

Gas Chromatograph (GC) equipment to measure BTEX in groundwater at each of the monitoring 

well locations.  In the B horizon, data were collected prior to the start of groundwater injection 

(August 25, 2008) and, depending on the location, during 8 or 9 additional sampling events 

following gradient establishment. In the C horizon, BTEX concentrations in groundwater were 

obtained during 8-9 sampling events starting on August 27, 2008 (after injection had started).  

Field GC equipment was used to evaluate groundwater samples in all cases.  Concentration 

measurements were continued through October 30, 2008.  

4.6 - DESCRIPTION OF NUMERICAL MODELS 
 

Numerical models were used for two purposes in this study: (i) to illustrate the theory 

associated with the MTT using a hypothetical model (i.e., a numerical proof-of-concept) and 

evaluate model sensitivity and (ii) to interpret the field test data with a focus on quantifying 

field-scale mass transfer coefficients for the BTEX compounds.  Independent models were 

created to address both modeling objectives.   

Flow simulations were performed using the USGS finite-difference numerical groundwater 

model MODFLOW-2000 (Harbaugh et al., 2000).  NAPL dissolution and solute transport were 

simulated using the reactive transport modeling code SEAM3D (Waddil and Widdowson, 2000; 

Widdowson et al., 2002).  SEAM3D solves the following version of the three-dimensional 

advection-dispersion equation which includes a NAPL-dissolution source term: 
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 where D is the directionally-dependent hydrodynamic dispersion coefficient tensor (L
2
/t), v is the 

directionally-dependent pore velocity (L/t), q is the volumetric rate associated with contaminant 

sources and/or sinks (V/t) for contaminant compound i,    is the concentration associated with a 

contaminant source (M/V) for contaminant compound i,   is the media porosity, R is the 

dimensionless retardation factor for contaminant compound i, C is the compound-specific 

concentration in the aqueous phase (M/V), t is time and xjk is the distance along the respective 

Cartesian coordinate axis.   

The SEAM3D NAPL dissolution (NPL) package allows for the representation of multi-

component dissolution as constrained by a spatially / temporally uniform first-order, rate-limited 

mass transfer according to Equation 1.  Equilibrium concentrations in the aqueous phase are 

predicted within the NPL package using ideal solubility, mass fraction and molecular weight 

information for each constituent according to Raoult’s law.  SEAM3D also tracks the NAPL-

retained mass balance and feeds this information back into temporally-variable equilibrium 

calculations.  Transient NAPL constituent concentration calculations are performed using the 

following expression:  

  i

eq

i

N

i

b

N

i CCk
t

C




















 

 

4-3 

 

where N

iC  is the concentration of constituent i in the local NAPL source (M/V) and ρb  is the 

bulk density of the media (M/V). 
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4.6.2 - HYPOTHETICAL MODEL 

 

The hypothetical model domain contained a total of 10201 active cells (101 rows, 101 

columns).  Lateral discretization was uniform in both directions (0.5m by 0.5m).  A single, 3m-

thick layer was simulated under confined flow conditions.  Specified head boundary conditions 

were assigned at the periphery of the model domain to maintain the confined condition.  Radial 

flow was simulated using a single injection well and four extraction wells (Figure 4-2).  The 

spacing between the centroid of the cell containing the injection well and the centroids of the 

cells containing the extraction wells was 31m.  Homogeneous and isotropic conditions were 

assumed throughout the model domain.  Key flow and transport parameter values used in the 

hypothetical simulations are presented in Table 1.   

4.6.2.1 - HYPOTHETICAL NAPL SOURCE 

 

The NAPL composition evaluated in this demonstration was arbitrarily developed to reflect 

significant variations in relative mass fraction and ideal aqueous phase solubility amongst 

constituents of the same NAPL mixture.  Using the information contained in Table 1, Raoult’s 

law produced initial equilibrium concentrations of 4819 mg/L, 241 mg/L, 12 mg/L and 0.6 mg/L 

for hypothetical NAPL constituents C1, C2, C3 and C4 respectively, and these values were used 

for all model runs.  Sorption and desorption were assumed negligible for the hypothetical model 

based on the assumptions of prior equilibrium for sorption and mass transfer significantly 

outweighing desorption (Johnson et al., 2003). 

Simulated aqueous phase concentrations of the four soluble NAPL constituents were 

evaluated at reference cells located 4, 8 and 12 meters from the centroid of the cell containing the 

injection well.  Pumping and injection rates were tested for cumulative volumetric rates of 50, 

100 and 200 cmd (pumping and injection combined) which produced pore velocities of 1.19, 
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2.38, and 4.75 m/day respectively at a distance of 8 meters from the centroid of the cell 

containing the injection well.  The baseline scenario used k
N
 = 0.5 day

-1
.  Three alternative 

scenarios were tested: one scenario representing an order-of-magnitude increase (k
N
 = 5.0 day

-1
), 

one representing an order-of-magnitude decrease (k
N
 = 0.05 day

-1
) and k

N
 = 0 day

-1
 as a control 

simulation.  

4.6.3 - TEE CELL MODEL 

4.6.3.1 - FLOW MODEL DEVELOPMENT 

 

For simulating the field experiment and analysis of MTT data, the LSZ was discretized into a 

three-dimensional numerical grid with 8 total model layers representing the B interval, 1 model 

layer representing the low-permeability clay separating the B and C units, and 2 layers 

representing the C interval.  Layer thicknesses and material variations, shown in Figure 4-3, were 

based on interpolated borehole log observations (BEM Systems, 2010).  The numerical grid was 

discretized uniformly with respect to lateral dimensions (1m x 1m) which produced an active 

domain containing a total of 21241 cells.  Experimentation with non-uniform grid spacing 

produced no noticeable benefit in terms of the balance between gradient precision and 

calculation time.   

4.6.3.2 - BOUNDARY CONDITIONS AND STRESSES 

 

The lateral boundaries of the model enclosed the circular pumping well network and allowed 

reported pumping and injection rates to control flow conditions within the TEE cell.  Boundary 

conditions at these locations were assigned using a telescoping grid approach.  Transient 

pumping rates were simulated using an expanded domain, and the resulting head predictions 

were converted to boundary conditions for the MTT-scale model using the MODFLOW CHD 
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package.  The Multi-Node Well (MNW) package (Halford and Hanson, 2002) was used to 

distribute pumping and injection rates to each model layer over the span of each well screen.       

4.6.3.3 - CALIBRATION TECHNIQUE – TRACER SIMULATIONS 

 

Hydraulic parameters, including layer-specific hydraulic conductivity, porosity, and 

dispersivity, were evaluated using a parameter estimation process based on the breakthrough data 

produced from the second tracer test.  MT3DMS (Zheng and Wang, 1999) was used to simulate 

conservative solute transport emanating from the injection location.  The potassium bromide 

tracer compound was represented as a pulse input at the injection location using the Source/Sink 

Mixing (SSM) package.  Simulated concentrations were collected using the MT3DMS Transport 

Observation (TOB) package.      

PEST (Doherty, 2005), was used to estimate the vertical distributions of hydraulic 

conductivity, effective porosity and longitudinal dispersivity.  Model iterations tested specific 

sets of hydraulic parameters.  At the completion of each iteration, hydraulic conductivity values 

were adjusted, resulting in changes to layer-specific transmissivity and flow rates. Cumulative 

error was evaluated based on the match between observed and simulated bromide concentrations 

at a total of six monitoring well locations (four located in the B-horizon and 2 located in the C-

horizon).  Error was minimized using a least-squares approach based on adjustments to the 

hydraulic conductivity, porosity, and dispersivity parameter groups. 

Concentrations were compared at the six target locations using simulated values from the 

layers which coincided with the estimated vertical placement of the bromide sensors.  Vertical 

sensor locations were identified as not corresponding to the same general hydrologic unit in all 

cases due to the undulations in model layering produced by the previously-discussed 

interpolation of borehole logs.  In the B and C-horizons, the layer elevations were chosen 
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according to sensor depths of 66 and 71 meters bgs, respectively.  The interval-specific approach 

was guided by the observation of incomplete mixing within the well screens during the tracer test 

(BEM Systems, 2010).    

4.6.3.4 - NAPL DISSOLUTION SIMULATIONS 

 

Solute transport simulations dedicated to evaluating mass transfer rate parameters were 

constructed from the hydraulic framework produced by the parameter optimization process.  

SEAM3D was used to simulate mass transfer within the TEE cell by way of a modified version 

of the NAPL Dissolution (NPL) package which accounted or constituent-specific mass transfer 

coefficients.  Flow perturbations were represented from the start of injection and extraction for 

the purpose of specifically identifying hydraulic influences on aqueous phase concentrations.  

Individual full-spectrum (all BTEX) simulations were conducted for the four monitoring wells 

located closest in proximity to the injection location (MWN-06B/C and MWN-02B/C).  

Simulated concentrations were compared to field observations by flow-weighting the simulated 

values over the span of their respective screens.  Initial NAPL concentrations were assigned to 

reflect high saturation (>10% pore space) which is consistent with significant and uniform 

contamination within the TEE cell (BEM Systems, 2010).  This model specification is further 

supported by pre-test observations of more than 10 feet of free product residing in wells within 

the TEE cell (BEM Systems, 2010).          

The initial composition of the NAPL was varied by horizon according to the maximum 

concentration of each NAPL constituent observed within each horizon during ambient flow 

periods (zero injection and extraction) occurring during the pre-TEE MTT.  This approach 

reinforced the conceptual model which, under the assumption of uniform NAPL presence, 

predicts the development of equilibrium conditions prior to the start of injection and extraction.  
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Thus, the combination of maximum observed concentrations of benzene, toluene, ethylbenzene 

and summed xylene isomers was used to back-calculate the relative mass fraction of each NAPL 

constituent according to Raoult’s law.  The remainder was distributed to the inert or low 

solubility fraction.  Other NAPL constituent properties, such as ideal solubility and molecular 

weight, were assigned according to previous analyses (BEM Systems, 2010).  Table 3 compares 

the compositions used in the MTT simulations for the B and C horizons.  The lower BTEX mass 

fractions identified in the C-horizon models reflect a greater degree of weathering of the soluble 

fraction of the NAPL.  This observation is consistent with the depth trend reported at this site 

(Kavanaugh, 2011).   

Rate parameters were held constant both laterally and vertically over the volumetric regions 

contributing to each observation point.  The SEAM3D MTT simulations were calibrated using a 

trial-and-error technique which focused specifically on quantifying mass transfer coefficients 

within the TEE cell.  Benzene data were treated preferentially during the calibration process 

because of the high solubility of this component relative to the remaining NAPL fraction.  

Calibration goals were generated using concentration data observed under rate-limitations; these 

concentrations are further discussed in the upcoming sections.  PEST-assisted inversion was 

impractical in this modeling phase due primarily to model complexity (i.e., calculation time 

required for each iteration). 

4.7 - RESULTS AND DISCUSSION 

4.7.1 - HYPOTHETICAL MODEL 

 

The results of the hypothetical model show that rate-limited conditions are developed at the 

observation point for the most soluble component of the NAPL mixture, C1, at all tested values 

of k
N
 with the exception of the zero mass transfer case (Figure 4-4). The limitations imposed by 
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aqueous equilibrium are apparent prior to the passing of the flushing front for NAPL constituent 

C1 (< 1 simulated day).  The initial aqueous phase concentration specified within the model 

implies the existence of local-equilibrium conditions; therefore, mass transfer is temporarily free 

from rate limitations and is completely controlled by the lack of a concentration gradient 

between phases.  The subsequent transient response (1 day to approximately 3 days) reflects an 

equilibration period during which aqueous phase flushing drives the reaction of the simulated 

aqueous phase.  The rapid drop in concentration reflects the front of injected water passing 

through the observation point.  Once flushing is complete (> 3 days), a transition to rate-

limitation occurs and is maintained under the induced gradient condition. 

The sensitivity of the model to perturbations in k
N
 is reflected in terms of the steady 

concentration developed under the rate-limited condition (Figure 4-4).  As expected, the results 

reflect a positive correlation between the magnitude of the rate-limiting parameter and the steady 

concentration metric under each scenario.  With all other model parameter values held constant, 

order-of-magnitude increases and decreases in k
N
 produced percent changes in the steady 

concentration for C1 of +69.2% and -85.3% respectively.  Identical sensitivities with respect to 

percent changes were identified for the other soluble NAPL constituents (C2 through C4).  The 

fact that sensitivity to k
N
 was found to be consistent with respect to composition is reasonable 

given that NAPL/aqueous phase concentration gradients are calculated as functions of 

constituent-specific equilibriums.  However, the potential for parameter offsetting is present with 

respect to the steady concentration period since k
N
 and equilibrium concentrations are positively 

correlated during this period (i.e., the steady concentration is sensitive to both aspects of the 

hypothetical system).         
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Results derived from extended sensitivity testing with the hypothetical model are summarized 

in Figure 4-5 as steady concentrations for the three most soluble components of the hypothetical 

NAPL.  The purpose of these simulations was to identify the sensitivity of concentration 

predictions to physical parameters which may be controlled when designing MTTs.  Model 

results were evaluated using 26 variations of the baseline scenario (k
N
 of 0.5 day

-1
, a cumulative 

injection/extraction rate of 100 cmd and a radial distance from injection of 8m).  

The impact of test design parameters (i.e., pumping/injection rates and observation distances) 

are demonstrated in Figure 4-5. Model scenarios reflecting variations in pumping/injection rates 

produced significant differences in breakthrough time which resulted in an accelerated or a 

delayed onset of rate-limited conditions depending on the pumping scenario.  Similar results 

were found when testing sensitivity to radial distance between the injection location and the 

observation point, as relative travel distance was found to be positively correlated with the time 

required to establish rate-limited conditions.   

Interestingly, the results of the hypothetical model show that steady concentration ranges 

(over the tested values of k
N
) were amplified as travel distances were minimized and as 

cumulative extraction and injection rates were maximized.  More specifically, simulated steady 

concentrations were found to be more sensitive in general to the k
N
 parameter magnitudes as pore 

velocities increased and as travel distances decreased because these conditions are more likely to 

be rate limited.  This finding is highlighted in Figure 4-5 where steady concentration results were 

found to display asymptotic behavior under most parameter combinations - there was little 

increase in the steady state concentrations between the two larger k
N
 values tested.  However, the 

scenarios which combined the highest tested pumping/injection rate (200 cubic meters per day) 

with the shortest flow length (4 meters) reduced the non-linearity of the results across the tested 
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values of k
N
.  Thus, resolution over the three order-of-magnitude testing range for k

N
 was found 

to be better preserved, particularly at greater k
N
 magnitudes, in this manner.   

4.7.2 - MTT MODEL 

4.7.2.1 -  HYDRAULIC PARAMETER ESTIMATES 
 

Modeling work associated with TEE Cell tracer testing produced parameter estimates for 

layer-specific hydraulic conductivity (11 values) and material-specific dispersivity and effective 

porosity (6 values for each).  Material distinctions were based on the borehole log interpretations 

described previously.  Hydraulic conductivity parameter estimates over the B horizon screens 

produced an average of 24.8 m/d as compared to 101.3 m/d for the C horizon.  Mean values for 

the dispersivity and effective porosity were 0.6 m and 0.27 respectively.  The highly 

heterogeneous nature of the LSZ was only partly represented in the bromide breakthrough 

records due to limited sensor placement; however, the observed data support the assertion that 

the most permeable intervals were captured in the tracer breakthrough data.   

Figure 4-6 compares observed and simulated bromide breakthrough data at two monitoring 

well locations in the B and C horizons.  Observed and simulated breakthrough times, measured 

as the time required to half the peak concentration, differed by 0.3 days at MWN-02C and 0.1 

days at MWN-06B.  While both simulations reproduced the observed breakthroughs with 

reasonable consistency, the slight increase in error associated with the breakthrough time at 

MWN-02C may be attributed to the greater radial distance from the injection location associated 

with this observation well when compared to MWN-06B (7.7 m versus 5.5 m).          

Model optimization was found to be less effective in matching rapid tracer breakthroughs that 

occurred at two specific intervals in the tested region.  In both cases, breakthrough times were 

observed less than 12 hours after injection.  The rapid travel velocity observed at both 
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observation locations suggested the presence of indistinct high-permeability lenses which were 

not present in the borehole records, and thus, not existent at a sufficient scale to be reflected in 

model layering.  The final distribution of parameters represents the combination which produced 

the lowest cumulative residual error.   

4.7.2.2 -  MASS TRANSFER COEFFICIENT ESTIMATES 

 

Manual rate parameter calibration produced N

ik estimates based on data obtained from the two 

nearest monitoring well locations in each horizon with respect to the injection well (MWN-

06B/C and MWN-02B/C).  In each case, quantifications of N

ik were based on the match between 

observed and simulated conditions during the rate-limited portion of the MTT.  Benzene 

parameters were treated preferentially due to the high relative ideal solubility associated with this 

constituent.  Comparisons between simulated and observed conditions at the observation points 

located in the B-interval show that the modeling process was able to accurately reproduce the 

hydraulic responses and steady concentrations developed under rate-limited conditions (Figures 

9 and 10).  The results presented in Figures 7 and 8 also reflect spatial consistency within the B-

interval with respect to the estimated mass fraction of benzene.  This finding is particularly 

meaningful as a poorly defined composition could lead to errors in N

ik due to high parameter 

correlation.   

Comparisons to C-interval observations were not as successful in terms of replicating the 

initial response to induced flow.  However, as Figure 4-8 shows, concentration measurements 

made prior to the onset of injection may not be accurate as data observed later are uniformly 

greater in magnitude.  In general, aqueous phase concentrations would be expected to decrease in 

response to the combined injection and extraction associated with the MTT due to increased 

groundwater velocities and reduced NAPL/aqueous phase contact periods (as shown by the 
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modeled response).  The unique reaction exhibited by the observed data suggests the existence of 

non-ideal behavior at this location that was not captured by the model. 

Simulated results are shown in Figure 4-9 in terms of direct comparisons to observed, 

constituent-specific aqueous phase target concentrations.  The calibrated simulations reflect the 

optimized values of N

ik shown in Table 3.  The larger values of N

ik required at MWN-02B when 

compared to those at MWN-06B resulted from the drastic difference in steady (rate-limited) 

concentrations observed at the two observation wells; relatively high mass transfer rate was 

required in order to reach the observed steady condition of approximately 13 mg/L in the 

aqueous phase.  A similarly high steady concentration was not maintained at MWN-06B (~1 

mg/L) which reflects a lower cumulative mass transfer rate during the period of complete rate-

limitation.  However, it should be noted that N

ik is present within SEAM3D in a lumped form.  

The applied value represents phase-related mass transfer resistance while also implying the 

degree of connectivity between the aqueous and NAPL phases (i.e., interfacial area).  Therefore, 

variability in the calibrated values implies a variety of influences at various scales which cannot 

be independently validated in this study as data regarding specific source dimensions were 

neither available nor practical in terms of collection at the scale of this examination.   

The inability to match the concentrations of each BTEX compound (e.g., toluene at MWN-

02B) likely stemmed from the assumptions made regarding initial NAPL composition.  Data 

limitations prevented independent verification of the distribution of BTEX mass fractions with 

respect to the less soluble (inert) portion.  However, best estimate composites were generated for 

each horizon from available data.  Minor spatial variations, which may be attributed to slight 

differences in weathering mechanism impacts, would explain the inconsistencies between the 

observed and simulated conditions. 



104 

 

Differences in N

ik magnitudes amongst the NAPL constituents were reflected using scaling 

parameters developed from the ratios of constituent-specific in-water diffusion coefficients with 

respect to benzene (0.88 and 0.80 for toluene and ethylbenzene, respectively – the total of the 

xylene isomers was not included).  Additional calibration was not performed on the scaling 

parameters because the determined values were not able to be independently verified in this 

study due to the precision of the calibration dataset as well as the compositional characteristics of 

the source material.   

4.7.2.3 - MODEL SENSITIVITY 

 

Model sensitivity to N

ik magnitude was investigated by increasing and decreasing rate 

parameters by 1 order-of-magnitude based on the respective calibrated values.  Dimensionless 

parameter sensitivities were calculated using a generalized function for non-dimensional 

elasticity, E, which took the following form: 
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where P
*
 is the optimized value of N

ik , C
*
 is the simulated concentration prediction 

corresponding to the target value at N

ik  = P*, and dC and dP represent relative changes to the 

simulated concentration and the value of N

ik  with respect to baseline conditions, respectively.   

The results (Figure 4-10) reflect significant spatial variability within the source in terms of 

sensitivity to N

ik .  This finding is particularly evident when comparing the dimensionless 

sensitivities calculated for MWN-06B and MWN-02B.  While mass transfer was simulated at 

both locations using the same NAPL composition, a larger value of N

ik was required at MWN-

02B in order to replicate the higher concentrations observed under the rate-limited condition.  
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However, increases in the value of N

ik  used at MWN-02B produced only a small change in the 

predicted steady condition.  Therefore, it may be stated that conditions in the vicinity of MWN-

02B are near equilibrium, and thus, the LEA approach may provide reasonable predictions for 

this subsection of the source zone.  However, concentration predictions at the other three 

locations display significant sensitivities to increases and decreases in N

ik and are therefore 

exhibiting rate-limited behavior.  This difference in spatial difference may be partially explained 

by greater residual presence in the vicinity of MWN-02B; however, this hypothesis could not 

independently verified using site records.            

Extended sensitivity simulations were also performed for the purpose of evaluating data 

obtained toward the end of the MTT (under gradient recovery).  This condition was generated 

after well pumps were found to be inadequate with respect to maintaining the extraction rates 

required for the MTT (BEM Systems, 2010).  Injection and extraction were temporarily paused 

to allow the pumps to be replaced; however, data collection continued within the monitoring well 

network.  The simulation results (Figure 4-11) provide additional support for the calibrated value 

of N

ik determined for MWN-06B in the form of the peak concentration observed during the 

recovery period, though these observations were not explicitly considered during the model 

calibration process.  However, the model does ultimately fall short in terms of predicting the 

rapid recovery observed in the benzene concentration data whereas the scenario representing an 

order-of-magnitude increase in N

ik seems to recover at a rate more consistent with the observed 

trend.  This discrepancy highlights the inadequacy of developing interval-specific NAPL 

compositions using an inference-based approach, as a high correlation between input parameters 

(i.e, N

benzenek  and the mass fraction of benzene) may be introducing non-uniqueness in terms of the 

inverse solution at this location.   
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4.8 - SUMMARY AND CONCLUSIONS 
 

The results of the hypothetical model validate the theory that rate-limited conditions can be 

generated using induced gradients in NAPL-contaminated saturated groundwater environments.  

The hypothetical demonstration also implies that aqueous phase concentration measurements 

may be used to inversely estimate rate parameters governing mass transfer from multicomponent 

NAPL mixtures.  However, as the extended sensitivity simulations suggest, successful MTT 

applications must consider design characteristics such as injection/extraction rates, distance to 

observation locations and the influences of hydrogeological heterogeneities in order to produce 

results which are valid for a specific set of conditions.  Fortunately, these design parameters can 

be evaluated before the MTT based on pumping tests and other hydrogeological data. 

The results of the hypothetical model also suggest that it is the quality and comprehensiveness 

of the dataset used to initialize and calibrate the model which controls the applicability of the 

model inversion process.  Errors present in rate parameter estimates would be direct results of the 

inability to constrain flow rates and source characteristics and composition.  Thus, the primary 

considerations associated with MTT design should be properly investigating and characterizing 

the hydraulic system, deriving reliable estimates of NAPL composition and areal extent and 

producing high-resolution observation datasets.  This statement is supported by the findings of 

Mobile et al. (submitted for publication 2012) where rate parameters corresponding to an 

emplaced, multicomponent NAPL source are elucidated from a dataset including measurements 

of aqueous phase concentration and mass discharge.  Depth dependent mass transfer coefficient 

and residual saturation predictions were derived for each constituent of a three-component 

mixture, and model predictions were shown to replicate observed behavior within the flow cell 

using three different calibration metrics (matches to transient point concentrations, flow-
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weighted mass discharge both transient and cumulative and transient mass discharge/source-held 

mass).  In this particular case, rate parameter estimates were gleaned using the inversion process 

as a tool for data analysis without having to implement a dedicated mass transfer test.  However, 

it should be noted that the ideality of this flow cell experiment, both with respect to the artificial 

constraints on hydraulics and the resolution of the observation dataset is likely to exceed 

expectations regarding the conditions typically encountered at the field-scale.    

Considerable limitations are present within the proposed method with respect to mass 

relationships which may become significant as sources mature and become significantly 

depleted.  While previous work in this area of research has identified limited sensitivity in terms 

of modeling N

ik magnitudes as functions of source-retained mass (Frind et al., 1999), to the 

authors’ knowledge,  no studies exist in terms of evaluating this approach for highly 

heterogeneous, site-scale conditions.  Thus, additional research is required to determine the 

appropriateness of MTT-derived mass transfer coefficients for long-term projections, particularly 

in highly heterogeneous hydrogeologic conditions. 

Multicomponent NAPL mixtures present an additional level of complexity when attempting 

to constrain mass transfer rates.  The limited number of studies dedicated to multicomponent 

mixtures have supported ideal behavior as constrained by Raoult’s law, even at larger 

(intermediate) scales (Broholm et al., 2005a) and when subject to solubility enhancements 

(Carroll and Brusseau, 2009).  However, conflicting evidence suggesting potentially non-ideal 

behavior has been observed in the form of non-unity activity coefficients for constituents in 

complex mixtures (Broholm et al., 2005b; Mukherji et al., 1997).  Researchers have also 

suggested field scale model applications to multicomponent mixtures may be limited by dynamic 

behavior within the NAPL itself, such as uneven mixing, intra-NAPL diffusion (Brahma and 
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Harmon, 2003; Khachikian and Harmon, 2000) and film development (Ghoshal et al., 2004; 

Seagren et al., 1999).  These factors considered, to date, no field-scale investigations dedicated 

specifically to quantifying field-scale mass transfer coefficients in multicomponent NAPL 

sources have been published to the authors’ knowledge. 

While not conclusive, the results produced by the MTT models suggest that field-scale 

multicomponent NAPL dissolution can be characterized as ideal according to Raoult’s law if 

NAPL compositions are appropriately represented.  In this study, inadequate results in terms of 

calibrations to target concentrations were likely the result of minor variations in NAPL 

composition, though this hypothesis could not be independently validated.  Furthermore, the 

results suggest that behavioral differences in terms of mass transfer rates amongst constituents of 

the same NAPL may be mostly explained in terms of molecular diffusion dissimilarities, though 

again, this hypothesis could not be independently validated in this study.       

A final consideration related to the findings presented in this study the fact that rate parameter 

estimates determined under induced gradient conditions could possibly differ slightly from 

values representing ambient flow conditions, thus limiting parameter translations to projective 

simulations.  These differences would stem from the phenomenological relationship between N

ik

and pore velocity documented by several studies in terms of Gilland-Sherwood theory (Imhoff et 

al., 1994; Miller et al., 1990; Powers et al., 1994a).  Nambi and Powers (2003) compared these 

correlations using a regression approach and showed that, while pore velocity was a statistically-

significant correlation parameter, NAPL saturations alone explained the vast majority (92%) of 

the variation in observed Sherwood number magnitudes for a contaminated coarse sand.  These 

findings were extended to suggest that the significance associated with the NAPL saturation term 

is a direct function of the degree of heterogeneity present in residual blob sizes.  In the case of 
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the ST012 TEE Cell, the high degree of material heterogeneity combined with significant 

residual presence would lead to the expectation that pore velocity should have a negligible 

impact on predicted values of N

ik    Extensions of the MTT approach should consider this 

influence, particularly when dealing with lower degrees of NAPL saturation and/or more 

homogeneous media.  In such cases, correction factors representing scaling from induced to 

ambient conditions could theoretically be generated using a ratio of pore velocities between the 

induced and ambient conditions.  
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4.11 - TABLES 
 

Table 4-1: Initial NAPL composition used for the hypothetical simulations.  The composition 

was arbitrarily developed for the purpose of conceptual demonstration.     

 

Common parameters 
Value 

 
Constituent parameters Value 

Hydraulic conductivity, KH (m day
-1

) 10 
 

Mass fraction of C1 (%) 5 

Effective porosity, ne (--) 30 
 

Mass fraction of C2 (%) 10 

Diffusion coefficient, D (m
2
 day) 1.0 x 10

-5
 

 
Mass fraction of C3 (%) 20 

Longitudinal dispersivity, αL (m) 0.1 
 

Mass fraction of C4 (%) 40 

Soil bulk density, ρB (g cm
3
) 1.5 

 
Inert mass fraction (%) 25 

   
Ideal solubility of C1 (mg L

-1
) 1.0 x 10

4
 

   
Ideal solubility of C2 (mg L

-1
) 1.0 x 10

3
 

   
Ideal solubility of C3 (mg L

-1
) 1.0 x 10

2
 

   
Ideal solubility of C4 (mg L

-1
) 10 

   
Molecular weight of C1 (g mole

-1
) 100 

   
Molecular weight of C2 (g mole

-1
) 100 

   
Molecular weight of C3 (g mole

-1
) 100 

   Molecular weight of C4 (g mole
-1

) 100 

 

 

Table 4-2: Initial NAPL compositions used in the MTT model identified by LSZ horizon.  These 

values represent calculations based on concentration observation data collected during the MTT.      

  
NAPL Constituent 

Parameter Horizon Benzene Toluene Ethylbenzene Total Xylenes Inert 

Mass fraction (%) B 0.78 2 2 5.3 89.92 

Mass fraction (%) C 0.33 0.77 1.7 1.5 95.7 

Ideal solubility (mg L
-1

) B,C 1780 515 152 162 --* 

Molecular weight (g mole
-1

) B,C 78.1 92.1 106 106 114 

*Ideal solubility of inert fraction not required as input to the model as this parameter only 

influences the calculation of the equilibrium concentration in the aqueous phase. 
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Table 4-3: Calibrated mass transfer coefficient values for the BTEX compounds.  Values for the 

TEX compounds were not independently calibrated, but were scaled using ratios of their specific 

in-water diffusion coefficients with respect to benzene. 

 

Mass transfer coefficient,
 

N

ik  (day-1) 

Constituent MWN-02B MWN-06B MWN-02C MWN-06C 

Benzene 6.00E-01 2.20E-02 1.00E-01 4.00E-01 

Toluene 5.28E-01 1.94E-02 8.80E-02 3.52E-01 

Ethylbenzene 4.80E-01 1.76E-02 8.00E-02 3.20E-01 

Total Xylenes (o-, m-, p-) 6.00E-01 2.20E-02 1.00E-01 4.00E-01 
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4.12 - FIGURES 
 

 

 

Figure 4-1: ST012 site map showing locations of groundwater extraction, groundwater injection 

and analyzed monitoring wells.  Inset figure shows interior of test cell and monitoring well 

network. 
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Figure 4-2: Hypothetical model domain with relevant sources and sinks identified.  The 

observation location shown in this figure corresponds to the 8m distance between injection and 

observation.     
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Figure 4-3: Cross sections through the numerical model domain depicting layer thickness 

variations.  This representation of the hydrostratigraphy present at the ST012 site was based on a 

solids model developed by (BEM Systems, 2010).       
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Figure 4-4: Sensitivity of hypothetical model concentration predictions to mass transfer 

coefficient (k
N
).  Resulting steady concentrations for non-zero scenarios are 43 mg/L, 295 mg/L 

and 500 mg/L, respectively.         

 

 



120 

 

 
Figure 4-5: Compilation of results produced from extended sensitivity simulations.  Scenarios 

were based on variations in cumulative pumping/injection rate, flow length, constituent 

equilibrium concentration and the mass transfer coefficient (k
N
).         
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Figure 4-6: Representative results from tracer simulations in B and C horizon observation wells.  

Figure 8a shows concentration predictions at MWN-06B, and Figure 8b shows predictions at 

MWN-02C.       
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Figure 4-7: Simulated and observed benzene concentrations at B horizon monitoring wells 

showing (a) predictions at MWN-06B and (b) predictions at MWN-02B.  Concentration data 

used to develop calibration “targets” are identified on each figure.       
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Figure 4-8: Simulated and observed benzene concentrations at C horizon monitoring well 

MWN-06C.  Concentration data used to develop calibration “targets” are identified on the figure.       
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Figure 4-9: Comparison of observed and simulated BTEX concentrations at the four nearest 

monitoring well locations nearest to the injection well (LSZ-07) at (a) MWN-02B, (b) MWN-

06B, (c) MWN-02C and (d) MWN-06C.  Note that scales vary by graph. 
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Figure 4-10: Summary of dimensionless sensitivity results for target concentration responses at 

four monitoring well locations.  Figure 12a shows results at monitoring wells MWN-06B and 

MWN-06C, and Figure 12b shows results at monitoring wells MWN-02B and MWN-02C.  All 

sensitivities were reflected in terms of predicted benzene concentrations. 
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Figure 4-11: Sensitivity of transient response of simulated benzene at monitoring well MWN-

06B to variations in the value of the benzene mass transfer coefficient.  Concentration responses 

to temporary stoppage in injection and extraction are highlighted.   
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 – Conclusions CHAPTER 5

The research described in this dissertation was motivated by the need for quantitative 

estimates of rate-controlling parameters in models representing kinetic mass transfer of source-

zone contaminants into groundwater.  Two specific source-related mass transfer processes were 

investigated: (i) desorption from contaminated sediment and (ii) NAPL dissolution.  These 

parameters (i.e., α and β for desorption and N

ik  for NAPL dissolution) influence mass depletion 

rates in models reflecting dynamic source behavior; therefore, reliable estimates are vital to the 

formulation of valid predictive simulations. Inverse modeling was performed in three 

independent studies for the purpose of parameter estimation, and a specific emphasis was placed 

on quantitatively evaluating mass transfer coefficients in rate-limited models for both mass 

transfer processes.  The application of the inversion method to rate parameter estimation reflects 

a novelty shared by the three studies.  The findings from each study are discussed below in 

reference to the objectives presented in Chapter 1.      

Objective 1:  Investigate two first-order models by simulating desorption and transport of TNT 

using weathered site samples.  

The results presented in Chapter 2 show that first-order reversible mass transfer models which  

utilize Freundlich sorption/desorption isotherms, when adequately parameterized, can account 

for “tailing” behavior exhibited by TNT elution in columns.  This finding addresses previous 

assertions that first-order or one-site models are incapable of representing complete elution 

profiles due to the singular nature of the mass transfer coefficient representation (Haws et al., 

2006).  Comparisons made between two alternative forms of the first-order model further suggest 

that concentration gradients should be formulated based on contaminant concentrations in the 

aqueous phase when attempting to capture tailing behavior using saturated flow modeling, 
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though only minor improvements were recognized over gradient formulations based on sorbed 

phase concentrations.   

Favorable matches between simulated and observed conditions were facilitated by the model 

inversion process which produced estimates of initial sorbed-phase concentrations, Freundlich 

isotherm parameters and model-specific mass transfer coefficients (i.e., α or β).  This method of 

estimation represents an advance to the current state of knowledge that may be scalable beyond 

column analyses due to the fact that weathered sediment was evaluated.  However, results from 

sensitivity simulations limited to tailing conditions highlighted the importance of independent 

mass data in terms of constraining other inversely-estimated parameters.  Thus, extensions of this 

method to desorbing sources at the field scale should include appropriate prioritization of initial 

sorbed concentration analyses.    

Objective 2: Quantify field-scale mass transfer coefficient (
N

ik ) values for a controlled-release 

multicomponent NAPL dissolution experiment with a source zone representative of conditions 

encountered at larger scales.   

The results presented in Chapter 3 showed that inverse modeling can produce quantitative 

estimates of 
N

ik that constrain source behavior according to observed aqueous phase 

concentration and mass discharge data.  In addition, Chapter 3 showed that the distribution of 

NAPL mass could be successfully estimated from readily available field data (i.e., multi-level 

sampling and mass discharge observations).  These findings represent unique contributions to the 

current understanding of the applicability of rate-limited models to field-scale mass transfer 

problems as previous work has been inconclusive in terms of verifying deviations from 

equilibrium and/or isolating NAPL dissolution from other mass transfer processes (e.g., Brusseau 

et al., 2007).  The results presented in Chapter 3 also reflect novelty in the identification of 
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variability in 
N

ik  magnitudes amongst constituents of the same NAPL mixture outside of 

controlled laboratory conditions (e.g., Mukherji et al., 1997).  This finding suggests that 

differences in rate parameters amongst compounds of the same mixture should be recognized 

when simulating NAPL dissolution. 

The results presented in Chapter 3 also corroborate previous observations of negligible 

sensitivity to 
N

ik  depicted as a transient, decreasing parameter within the early to middle stages 

of NAPL mass depletion (see Frind et al., 1999).  While models reflecting the functional 

relationship between mass transfer rates and source-retained mass are consistent with theory 

(Park and Parker, 2005) and observed behavior in bench-scale experiments (e.g., DiFilippo et al., 

2010), the results of this study suggest performance improvements in macro-scale modeling may 

only be realized after the majority of the NAPL has dissolved in subsurface environments 

displaying relatively homogeneous permeability distributions.  In practical applications, this 

consideration should be weighed against NAPL constituent regulatory limits which may be high 

enough to warrant steady representations.  Such an approach would be advantageous from a 

modeling perspective due to the additional parameter requirement of the up-scaled model. 

Chapter 3 also presented new information regarding interpreting unique characteristics of a 

given source zone using source strength functions (Equation 1-6).  This “source evolution” 

concept is attractive from a site management perspective because it directly reflects the impact of 

fractional reductions in source mass on aqueous mass discharge magnitudes, thus providing a 

potential measure of source-directed remedial efficacy.  Several recent studies have connected 

permeability variations within the source zone to the generation of complex NAPL architectures 

and multistage signatures using this relationship (e.g., Christ et al., 2010; DiFilippo et al., 2010).  

The work presented in Chapter 3 validates these findings and suggests that rate-limited models 
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are capable of indirectly accounting for intricate dissolution characteristics through variations in 

N

ik .  This result presents a potential avenue for additional research focusing on connecting the 

signatures displayed in transient aqueous phase concentration data to NAPL architecture 

delineation using the source strength function.     

Objective 3:  Present a methodology for analyzing data produced by a field-scale NAPL mass 

transfer test. 

The findings presented in Chapter 4 show that estimates of 
N

ik may be garnered from aqueous 

concentrations observed under the conditions produced by an induced-gradient field test.  

Whereas existing methods for rate parameter determination typically require correlations 

developed from laboratory experimentation (e.g., Nambi and Powers, 2003) or reliance on model 

calibration of historical monitoring data at field sites, the methodology for analyzing field test 

data developed in Chapter 4 produced in-situ estimates of 
N

ik .  Parameters determined in this 

fashion may be more representative of field conditions, and thus, more appropriate for site-scale 

modeling.  However, hypothetical modeling results presented in Chapter 4 identified potential 

error offsetting due to high correlations between equilibrium concentrations and 
N

ik .  These 

errors may be minimized by placing a high priority on constraining NAPL composition prior to 

performing such a test. 

Furthermore, the results from Chapter 3 suggest order-of-magnitude vertical variability in 
N

ik  

within a single source zone despite relatively homogenous conditions.  The results presented in 

Chapter 4 also show order-of-magnitude spatial variability within a source zone for a more 

heterogeneous site.  This finding highlights the importance of vertically discretized (i.e., multi-
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level sampling) data, and these results indicate that parameter uncertainty may be introduced by 

using vertically-integrated data to constrain model inversion.   

Opportunities for extensions of the method exist in applications to source zones displaying 

characteristics different from the vertically-smeared LNAPL at Site ST0-12.  However, as 

highlighted in Chapter 4, the following considerations must be recognized: 

 Experimental design – the responses exhibited by aqueous phase NAPL constituent 

concentrations will be directly influenced by rates of injection and extraction and the 

radial distance from the injection well to points of observation.   

 Hydrogeology –characterization of flow conditions existing in the flow cell is critical for 

accurate evaluation of the test data using a model.   

 Mass transfer “snapshotting” – estimated values of 
N

ik will be specific to the conditions 

existing during a given field test.  Thus, transient representations of 
N

ik  must be based on 

independent information (e.g., long-term monitoring data) which would justify rate 

parameter reductions.    

 Non-ideal NAPL behavior – non-ideal influences on dissolution, such as constituent co-

solvency, activity variation and intra-NAPL diffusion, will not be completely captured 

using this method.  

 Differences between ambient and forced flow – previously-developed Gilland-Sherwood 

correlations have, in some cases, identified pore velocity as having an influence on the 

magnitudes of 
N

ik .  Further study is required to evaluate the feasibility of parameter 

scaling from induced to ambient flow conditions.  
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The results presented in Chapters 3 and 4 should be interpreted as a guide for dataset 

collection and/or observation network design at sites where NAPL mass transfer is the dominant 

process contributing to contamination in the aqueous phase.  When-and-where practical, multi-

level sampling should be considered for remedial investigations to highlight differences in source 

architecture and dissolution longevity.  Vertical resolution in data also provides an independent 

evaluation of the source in terms of contributing portions.  Mass discharge measurements should 

be obtained when feasible and integrated into the model inversion process as calibration targets, 

as these data directly reflect the influence of the source on the dissolved phase plume.  

The broader implications of this work are considerable given the potential benefits of 

parameterization improvements in source zone modeling.  When applied with appropriate care, 

the inversion approach can provide tighter constraints on field parameters when compared to 

existing quantification techniques.  Accurate parameter estimates (e.g., 
N

ik ) are particularly 

important to the reflection of the rate of mass depletion within a given source zone, and thus, the 

manner in which mass flux passing from the source to the associated aqueous plume changes as 

time progresses.  Ultimately, more accurate representations of this mass flux will produce more 

reliable remedial metrics (e.g., Time of Remediation (TOR) at a point of compliance), resulting 

in improved decision-making tools that reflect cost-effectiveness.   
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Figure A1: Procedural schematic showing operation associated with BeoPEST parameter estimation used for SEAM3D simulations.  

The 8-node approach required an 8-core processor (Intel® Core ™ i7 CPU, Q820 @ 1.73 GHz).  
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Table A1: Identification of parameters used during BeoPEST-facilitated inversion.  Mass 

transfer coefficient form depends on model used (Model 1 uses ω and Model 2 uses α).   

BeoPEST ID Parameter 

SORP_Kf Freundlich coefficient (Kf) 

N_EXP Freundlich exponent (N) 

ICSORB Initial sorbed concentration (C o) 

SORP_BE Mass transfer coefficient (α or β) 

BULKDEN1 Bulk density (ρb) 
1
Bulk density of the soil was held constant (i.e., not estimated).   
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BeoPEST Control File (.pst) 
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BeoPEST Control File (.pst) - continued 
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BeoPEST Instruction File (.ins) 
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BeoPEST Instruction File (.ins) – continued 
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BeoPEST Instruction File (.ins) – continued 
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BeoPEST Template File (.tpl) – Chemcial reaction package input file 
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Table B1: BeoPEST-calculated correlation coefficients for LAAP Column A simulations 

. 

Model 1 – Scenario 2 

 
N Kf β 

N 1 -0.8389 -0.1324 

Kf -0.8389 1 0.5082 

β -0.1324 0.5082 1 

Model 2 – Scenario 2 

 
N Kf β 

N 1 -0.7699 0.2307 

Kf -0.7699 1 0.3473 

β 0.2307 0.3473 1 

 

Model 1 – Scenario 3 

 
C o β 

C o 1 -0.3157 

β -0.3157 1 

Model 2 – Scenario 3 

 
C o β 

C o 1 -0.7797 

β -0.7797 1 

 

Model 1 – Scenario 4 

 
N C o Kf β 

N 1 -0.5442 -0.7943 -7.43E-02 

C o -0.5442 1 0.9029 0.1749 

Kf -0.7943 0.9029 1 0.2918 

β -7.43E-02 0.1749 0.2918 1 

Model 2 – Scenario 4 

 
N C o Kf β 

N 1 -0.2971 -0.47 -1.74E-03 

C o -0.2971 1 0.9743 -1.42E-02 

Kf -0.47 0.9743 1 2.36E-02 

β -1.74E-03 -1.42E-02 2.36E-02 1 
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Table B2: BeoPEST-calculated correlation coefficients for LAAP Column B simulations. 

 

Model 1 – Scenario 2 

 
N Kf β 

N 1 -0.5704 0.4824 

Kf -0.5704 1 0.1428 

β 0.4824 0.1428 1 

Model 2 – Scenario 2 

 
N Kf β 

N 1 -0.9785 0.017266 

Kf -0.9785 1 0.1191 

β 0.017266 0.1191 1 

 

Model 1 – Scenario 3 

 
C o β 

C o 1 -0.4857 

β -0.4857 1 

Model 2 – Scenario 3 

 
C o β 

C o 1 -0.6688 

β -0.6688 1 

 

Model 1 – Scenario 4 

 
N C o Kf β 

N 1 -0.1697 -0.6451 7.24E-01 

C o -0.1697 1 0.7335 -0.2168 

Kf -0.6451 0.7335 1 -0.338 

β 7.24E-01 -0.2168 -0.338 1 

Model 2 – Scenario 4 

 
N C o Kf β 

N 1 -0.46 -0.9359 1.84E-01 

C o -0.46 1 0.7044 -8.10E-02 

Kf -0.9359 0.7044 1 -4.61E-02 

β 1.84E-01 -8.10E-02 -4.61E-02 1 
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Figure C1: BeoPEST-calculated dimensionless sensitivities for LAAP Column A simulations 

using entire dataset and Model 1. 

 

Figure C2: BeoPEST-calculated dimensionless sensitivities for LAAP Column A simulations 

using entire dataset and Model 2. 
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Figure C3: BeoPEST-calculated dimensionless sensitivities for LAAP Column B simulations 

using entire dataset and Model 1. 

 

Figure C4: BeoPEST-calculated dimensionless sensitivities for LAAP Column B simulations 

using entire dataset and Model 2. 
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Figure C5: BeoPEST-calculated dimensionless observation sensitivities for LAAP Column A 

simulation using entire dataset and Model 1. 

 

 

Figure C6: BeoPEST-calculated dimensionless observation sensitivities for LAAP Column A 

simulation using entire dataset and Model 2. 
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Figure C7: BeoPEST-calculated dimensionless observation sensitivities for LAAP Column B 

simulation using entire dataset and Model 1. 

 

 

Figure C8: BeoPEST-calculated dimensionless observation sensitivities for LAAP Column B 

simulation using entire dataset and Model 2.
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Figure D1: Groundwater velocities derived from tracer testing performed prior to dissolution 

experimentation (Broholm et al., 1999).  Highlighted areas represent interpreted regions of high 

velocity which exist below zone of NAPL contamination. 
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Figure D2: Contoured groundwater velocities derived from tracer testing (Broholm et al., 1999).  

Darkened area shows zone of preferential flow occurring below maximum interpreted depth of 

NAPL contamination. 

 

Figure D3: Contoured groundwater velocities (relative to model grid) derived from tracer testing 

(Broholm et al., 1999).  Location of observations prevented extrapolation to model grid. 
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Figure D4: Head observations taken from injection/extraction well network compared to 

magnitude of interpreted hydraulic gradient (neglecting head loss within wells) (Broholm et al. 

1999). 
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Figure E1: Procedural schematic showing operation associated with BeoPEST parameter estimation used for SEAM3D simulations.  

The 8-node approach required an 8-core processor (Intel® Core ™ i7 CPU, Q820 @ 1.73 GHz).  
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Table E1: Identification of parameters used during BeoPEST-facilitated inversion. 

BeoPEST ID Parameter 

KNAPL1 TCM mass transfer coefficient (KN
TCM) - layer 11 

KNAPL2 TCM mass transfer coefficient (KN
TCM) - layer 12 

KNAPL3 TCM mass transfer coefficient (KN
TCM) - layer 13 

KNAPL4 TCM mass transfer coefficient (KN
TCM) - layer 14 

KNAPL5 TCM mass transfer coefficient (KN
TCM) - layer 15 

KNAPL6 TCM mass transfer coefficient (KN
TCM) - layer 16 

KNAPL7 TCM mass transfer coefficient (KN
TCM) - layer 17-26 

KMULT1 ratio KN
TCM:KN

TCE 

KMULT2 ratio KN
TCM:KN

PCE 

MFRAC1 TCM NAPL mass fraction MTCM/MNAPL 

MFRAC2 TCM NAPL mass fraction MTCE/MNAPL 

MFRAC3 TCM NAPL mass fraction MPCE/MNAPL 

ISOL1 Ideal solubility of TCM (CTCM,ideal) 

ISOL2 Ideal solubility of TCE (CTCE,ideal) 

ISOL3 Ideal solubility of PCE (CPCE,ideal) 

CNAP11 Residual NAPL saturation - layer 11 (CNAPL) 

CNAP12 Residual NAPL saturation - layer 12 (CNAPL) 

CNAP13 Residual NAPL saturation - layer 13 (CNAPL) 

CNAP14 Residual NAPL saturation - layer 14 (CNAPL) 

CNAP15 Residual NAPL saturation - layer 15 (CNAPL) 

CNAP16 Residual NAPL saturation - layer 16 (CNAPL) 

CNAP17 Residual NAPL saturation - layer 17-26 (CNAPL) 

 

 

 

 

 

 



159 

 

BeoPEST Control File (.pst) 
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BeoPEST Control File (.pst) - continued 
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BeoPEST Control File (.pst) - continued 
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BeoPEST Control File (.pst) - continued 
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BeoPEST Control File (.pst) - continued 
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BeoPEST Control File (.pst) - continued 
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BeoPEST Control File (.pst) - continued 
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BeoPEST Control File (.pst) - continued 
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BeoPEST Instruction File – aqueous phase concentration targets (.ins) 
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BeoPEST Instruction File (.ins) – aqueous phase concentration targets - continued 

 



169 

 

BeoPEST Instruction File (.ins) – aqueous phase concentration targets - continued 
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BeoPEST Instruction File (.ins) – aqueous phase concentration targets - continued 
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BeoPEST Instruction File (.ins) – aqueous phase concentration targets - continued 
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BeoPEST Instruction File (.ins) – aqueous phase concentration targets - continued 
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BeoPEST Instruction File (.ins) – aqueous phase concentration targets - continued 
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BeoPEST Instruction File (.ins) – aqueous phase concentration targets - continued 
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BeoPEST Instruction File (.ins) – aqueous phase concentration targets - continued 
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BeoPEST Instruction File (.ins) – aqueous phase concentration targets - continued 
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BeoPEST Instruction File (.ins) – aqueous phase concentration targets - continued 
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BeoPEST Instruction File (.ins) – aqueous phase concentration targets - continued 
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BeoPEST Instruction File (.ins) – mass discharge targets 
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BeoPEST Template File (.tpl) – NAPL dissolution package input file 
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BeoPEST Template File (.tpl) – NAPL dissolution package input file – continued 
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BeoPEST Template File (.tpl) – NAPL dissolution package input file – continued 
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BeoPEST Template File (.tpl) – NAPL dissolution package input file – continued 
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BeoPEST Template File (.tpl) – NAPL dissolution package input file – continued 
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BeoPEST Template File (.tpl) – NAPL dissolution package input file – continued 
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BeoPEST Template File (.tpl) – NAPL dissolution package input file – continued 
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Figure F1: Depiction of the numerical flow model domain in reference to key features of the 

field experiment. 

 

Figure F2: Excavation layer 1 compared to NAPL source cells (model layer 11).  Symbols 

represent cell locations identified as containing NAPL material within the NPL package. 
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Figure F3: Excavation layer 2 compared to NAPL source cells (model layer 12).  Symbols 

represent cell locations identified as containing NAPL material within the NPL package. 

 

Figure F4: Excavation layer 3 compared to NAPL source cells (model layer 13).  Symbols 

represent cell locations identified as containing NAPL material within the NPL package. 
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Figure F5: Excavation layer 4 compared to NAPL source cells (model layer 14).  Symbols 

represent cell locations identified as containing NAPL material within the NPL package. 

 

Figure F6: Excavation layer 5 compared to NAPL source cells (model layer 15-26).  Symbols 

represent cell locations identified as containing NAPL material within the NPL package. 
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Table F1: Initial flow and transport parameter values including NAPL characteristics. 

Model Parameter Modeled Value Data Source 

Mean hydraulic conductivity (m/d) 2 

Broholm et al., 1999 Hydraulic gradient (m/m)
1
 0.011 

Mean soil porosity (%) 33 

TCM sorption constant (m
3
/g) 3.0 x 10

-8
 

Rivett et al., 1994 TCE sorption constant (m
3
/g) 5.0 x 10

-8
 

PCE sorption constant (m
3
/g) 1.3 x 10

-7
 

TCM diffusion coefficient (m
2
/s) 9.0 x 10

-10
 

Frind et al., 1999 TCE diffusion coefficient (m
2
/s) 7.0 x 10

-10
 

PCE diffusion coefficient (m
2
/s) 6.0 x 10

-10
 

Soil bulk density (g/m
3
) 1.65 x 10

6
 Rivett et al., 1994 

TCM initial NAPL mass fraction (%) 9.6 

Broholm et al., 1999 

TCE initial NAPL mass fraction (%) 37.9 

PCE initial NAPL mass fraction (%) 51.5 

TCM ideal solubility (mg/L) 8700 

TCE ideal solubility (mg/L) 1400 

PCE ideal solubility (mg/L) 240 

TCM molecular weight (g/mole) 119.4 

Rivett et al., 1994 TCE molecular weight (g/mole) 131.4 

PCE molecular weight (g/mole) 165.8 

1
The hydraulic gradient is approximately 50% of the published average condition.  This value 

was determined during the calibration process using concentration breakthrough data and 

represents predicted conditions within the shallow portion of the test cell.   
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Table F2: Information used to develop source and calibrate model. 

 Mass (kg) MLS Port Excavation Interval Cross Section 

Model Layers 1-10 0.0    

Model Layer 11 2.9  X X 

Model Layer 12 0.3 505 X X 

Model Layer 13 1.3  X X 

Model Layer 14 0.5 506 X X 

Model Layer 15 0.2  X X 

Model Layer 16 0.6 507  X 

Model Layer 17 0.2   X 

Model Layer 18 0.2   X 

Model Layer 19 0.2   X 

Model Layer 20 0.2 509  X 

Model Layer 21 0.2   X 

Model Layer 22 0.2   X 

Model Layer 23 0.2   X 

Model Layer 24 0.2   X 

Model Layer 25 0.2   X 

Model Layer 26 0.2   X 

Model Layers 27-46 0.0    

TOTAL 7.7    

X indicates availability of independent data source 
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Figure G1: Simulated aqueous phase concentrations of TCM 52.0 days after NAPL injection. 

 

 

Figure G2: Simulated aqueous phase concentrations of TCM 140.0 days after NAPL injection. 
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Figure G3: Simulated aqueous phase concentrations of TCM 220.0 days after NAPL injection. 

 

 

Figure G4: Simulated aqueous phase concentrations of TCE 52.0 days after NAPL injection. 



196 

 

 

Figure G5: Simulated aqueous phase concentrations of TCE 140.0 days after NAPL injection. 

 

 

Figure G6: Simulated aqueous phase concentrations of TCE 220.0 days after NAPL injection. 
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Figure G7: Simulated aqueous phase concentrations of PCE 52.0 days after NAPL injection. 

 

 

Figure G8: Simulated aqueous phase concentrations of PCE 140.0 days after NAPL injection. 
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Figure G9: Simulated aqueous phase concentrations of PCE 220.0 days after NAPL injection. 
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Figure G10: Simulated aqueous phase concentrations of TCM 52.0 days after NAPL injection. 

 

Figure G11: Simulated aqueous phase concentrations of TCM 140.0 days after NAPL injection. 



200 

 

 

Figure G12: Simulated aqueous phase concentrations of TCM 220.0 days after NAPL injection. 

 

Figure G13: Simulated aqueous phase concentrations of TCE 52.0 days after NAPL injection. 
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Figure G14: Simulated aqueous phase concentrations of TCE 140.0 days after NAPL injection. 

 

Figure G15: Simulated aqueous phase concentrations of TCE 220.0 days after NAPL injection. 
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Figure G16: Simulated aqueous phase concentrations of PCE 52.0 days after NAPL injection. 

 

Figure G17: Simulated aqueous phase concentrations of PCE 140.0 days after NAPL injection. 



203 

 

 

Figure G18: Simulated aqueous phase concentrations of PCE 220.0 days after NAPL injection. 

 

Figure G19: Simulated aqueous phase concentrations of TCM 52.0 days after NAPL injection. 
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Figure G20: Simulated aqueous phase concentrations of TCM 140.0 days after NAPL injection. 

 

Figure G21: Simulated aqueous phase concentrations of TCM 220.0 days after NAPL injection. 
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Figure G22: Simulated aqueous phase concentrations of TCE 52.0 days after NAPL injection. 

 

Figure G23: Simulated aqueous phase concentrations of TCE 140.0 days after NAPL injection. 
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Figure G24: Simulated aqueous phase concentrations of TCE 220.0 days after NAPL injection. 

 

Figure G25: Simulated aqueous phase concentrations of PCE 52.0 days after NAPL injection. 
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Figure G26: Simulated aqueous phase concentrations of PCE 140.0 days after NAPL injection. 

 

Figure G27: Simulated aqueous phase concentrations of PCE 220.0 days after NAPL injection. 
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Figure H1: Predictions of aqueous TCM, TCE and PCE at MLS target locations using Ki
N
  x 10. 
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Figure H2: Predictions of aqueous TCM, TCE and PCE at MLS target locations using Ki
N
 ÷ 10. 
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Figure H3: Results from extended (1000 day) dissolution simulation. 
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Figure I1: Conceptualization of point-to-point flow tube with pertinent mass transfer occurring 

along axial flow line (flow tube concept). 

 

 
Figure I2: Conceptualization of point-to-point flow tube with pertinent mass transfer occurring 

along axial flow line (axial concentration profile). 
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Figure I3: Sensitivity of hypothetical model to Ki

N
- transient elution shown over 10 day 

simulation period. 

 

 
Figure I4: Sensitivity of hypothetical model to Ki

N
 - steady concentrations developed under rate-

limited condition. 
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Figure I5: Sensitivity of hypothetical model to mass fraction of most-soluble NAPL constituent 

- transient elution shown over 10 day simulation period. 

 

 
Figure I6: Sensitivity of hypothetical model to mass fraction of most-soluble NAPL constituent 

- steady concentrations developed under rate-limited condition. 
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Figure I7: Sensitivity of hypothetical model to cumulative injection/extraction rate - transient 

elution shown over 10 day simulation period. 

 

 
Figure I8: Sensitivity of hypothetical model to cumulative injection/extraction rate - steady 

concentrations developed under rate-limited condition. 
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Figure I9: Sensitivity of hypothetical model to radial distance between injection and observation 

- transient elution shown over 10 day simulation period. 

 

 
Figure I10: Sensitivity of hypothetical model to radial distance between injection and 

observation - steady concentrations developed under rate-limited condition. 
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Table J1: Material observations for MWN-01A/B borehole. 

Location Depth (ft) Elev (ft) USCS Soil Symbol Additional Notes 

MWN-01AB 158 1182.38 ML (SLSD) Hydrocarbon odor 

MWN-01AB 173 1167.38 SM (SDGR/SDSL) Strong hydrocarbon odor 

MWN-01AB 190 1150.38 CL (CLSL/CLSD) Hydrocarbon odor 

MWN-01AB 191 1149.38 SM (SDSL) Hydrocarbon odor 

MWN-01AB 196 1144.38 CL (CLSL/CLSD) Hydrocarbon odor 

MWN-01AB 207 1133.38 ML (SLSD) Hydrocarbon odor 

MWN-01AB 211 1129.38 SM (SDSL) Hydrocarbon odor 

MWN-01AB 215 1125.38 GW (GVSD/GVSL) Hydrocarbon odor 

MWN-01AB 220 1120.38 ML (SLSD) Hydrocarbon odor 

MWN-01AB 228 1112.38 SW (SDGR) Slight hydrocarbon odor 

MWN-01AB 239 1101.38 SW (SDGR) Slight hydrocarbon odor 

MWN-01AB 244 1096.38 CL (CLSL/CLSD) 
 MWN-01AB 247 1093.38 Bottom of log  -- 

 

Table J2: Material observations for MWN-02A/B borehole. 

Location Depth (ft) Elev (ft) USCS Soil Symbol Additional Notes 

MWN-02AB 160 1180.37 ML (SLSD) Hydrocarbon odor 

MWN-02AB 162 1178.37 CL (CLSL/CLSD) Hydrocarbon odor 

MWN-02AB 167 1173.37 ML (SLSD) Hydrocarbon odor 

MWN-02AB 171 1169.37 SW (SDGR/SDMD) Hydrocarbon odor 

MWN-02AB 183 1157.37 CL (CLSL/CLSD) Hydrocarbon odor 

MWN-02AB 186 1154.37 ML (SLSD) Hydrocarbon odor 

MWN-02AB 191 1149.37 SP (SDGR/SDCR) Hydrocarbon odor 

MWN-02AB 192 1148.37 SW (SDGR) Hydrocarbon odor 

MWN-02AB 198 1142.37 CL (CLSL/CLSD) Hydrocarbon odor 

MWN-02AB 207 1133.37 ML (SLSD) Hydrocarbon odor 

MWN-02AB 210 1130.37 SW/GW (SDGR/GVSD) 
 MWN-02AB 222 1118.37 Bottom of log  -- 

 

Table J3: Material observations for MWN-03A/B borehole. 

Location Depth (ft) Elev (ft) USCS Soil Symbol Additional Notes 

MWN-03AB 159 1181.28 ML (SLSD/SLGV) Hydrocarbon odor 

MWN-03AB 160 1180.28 ML (SLSD) Hydrocarbon odor 

MWN-03AB 173 1167.28 SW (SDGR/SDMD) Hydrocarbon odor 

MWN-03AB 186 1154.28 ML (SLSD) Hydrocarbon odor 

MWN-03AB 189 1151.28 SW (SDGR/SDMD/SDCR) Hydrocarbon odor 

MWN-03AB 195 1145.28 CL (CLSL/CLSD) Hydrocarbon odor 

MWN-03AB 207 1133.28 ML (SLSD/SLCL) Hydrocarbon odor 

MWN-03AB 210 1130.28 SW/GW (SDGR/GVSD) 
 MWN-03AB 222 1118.28 Bottom of log  -- 
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Table J4: Material observations for MWN-04A/B borehole. 

Location Depth (ft) Elev (ft) USCS Soil Symbol Additional Notes 

MWN-04AB 161 1179.45 SM (SDSL) 
 MWN-04AB 163 1177.45 CL (CLGV) 
 MWN-04AB 165 1175.45 SM (SDSL) 
 MWN-04AB 169 1171.45 ML (SLSD) 
 MWN-04AB 173 1167.45 SM (SDSL) Hydrocarbon odor 

MWN-04AB 178 1162.45 GC (CLGV) 
 MWN-04AB 190 1150.45 ML (SLSD/SLCL) Hydrocarbon odor 

MWN-04AB 191 1149.45 SP (SDGR) Hydrocarbon odor 

MWN-04AB 196 1144.45 CL (CLSL/CLSD) Hydrocarbon odor 

MWN-04AB 207 1133.45 ML (SLSD/SLGV) Hydrocarbon odor 

MWN-04AB 211 1129.45 
SM/SW/GW 

(SDGR/SDSL/SDFN-SDCR) Hydrocarbon odor 

MWN-04AB 222 1118.45 Bottom of log  -- 

 

Table J5: Material observations for MWN-05A/B borehole. 

Location Depth (ft) Elev (ft) USCS Soil Symbol Additional Notes 

MWN-05AB 160 1180.43 SP (SDFN) Hydrocarbon odor 

MWN-05AB 166 1174.43 SC (SDCL) 
 MWN-05AB 175 1165.43 SP (SDMD) Strong hydrocarbon odor 

MWN-05AB 178 1162.43 SC (SDCL) 
 MWN-05AB 186 1154.43 CL (CLSD) 
 MWN-05AB 187 1153.43 SC (SDCL) 
 MWN-05AB 190 1150.43 SW/SC (SDMD/SDCL) 
 MWN-05AB 193 1147.43 SW (SDMD) 
 MWN-05AB 194 1146.43 CL (CLGV) 
 MWN-05AB 207 1133.43 SC (SDCL) 
 MWN-05AB 210 1130.43 SP (SDCR) 
 MWN-05AB 213 1127.43 GW (GVSD/SDGR) 
 MWN-05AB 222 1118.43 Bottom of log  -- 
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Table J6: Material observations for MWN-06A/B borehole. 

Location Depth (ft) Elev (ft) USCS Soil Symbol Additional Notes 

MWN-06AB 158 1182.46 SC (SLSD) 
 MWN-06AB 170 1170.46 SC (SLSDCL) 
 MWN-06AB 176 1164.46 SM (SDGRSL) 
 MWN-06AB 180 1160.46 SM (SDSLGR) 
 MWN-06AB 185 1155.46 SC (SLSDCL) 
 MWN-06AB 190 1150.46 SM (SDSL) 
 MWN-06AB 195 1145.46 ML (SLSD) 
 MWN-06AB 207 1133.46 SP (SDGRSL) 
 MWN-06AB 218 1122.46 SC (SLSDCL) 
 MWN-06AB 220 1120.46 Bottom of log  -- 

 

Table J7: Material observations for LSZ-01 borehole. 

Location Depth (ft) Elev (ft) USCS Soil Symbol Additional Notes 

LSZ-01 166 1174.609 CL 
 LSZ-01 172 1168.609 SM 
 LSZ-01 172.5 1168.109 SW/GW 
 LSZ-01 176 1164.609 ML Mild hydrocarbon odor 

LSZ-01 177 1163.609 SW/GW Mild hydrocarbon odor 

LSZ-01 178.5 1162.109 ML Mild hydrocarbon odor 

LSZ-01 179 1161.609 SW/GW 
 LSZ-01 180.5 1160.109 ML 
 LSZ-01 182 1158.609 CL 
 LSZ-01 187 1153.609 ML 
 LSZ-01 187.5 1153.109 SM 
 LSZ-01 189 1151.609 SW/SM 
 LSZ-01 194 1146.609 CL Faint hydrocarbon odor 

LSZ-01 207.5 1133.109 SM Mild hydrocarbon odor 

LSZ-01 208.5 1132.109 SW/SM Mild hydrocarbon odor 

LSZ-01 210 1130.609 CL Mild hydrocarbon odor 

LSZ-01 212 1128.609 ML Mild hydrocarbon odor 

LSZ-01 213 1127.609 SW/GW Strong hydrocarbon odor 

LSZ-01 215 1125.609 CL Strong hydrocarbon odor 

LSZ-01 217 1123.609 ML  Mild hydrocarbon odor 

LSZ-01 224 1116.609 SM Faint hydrocarbon odor 

LSZ-01 226 1114.609 SW/SM Mild hydrocarbon odor 

LSZ-01 228.5 1112.109 CL 
 LSZ-01 231 1109.609 SM  
 LSZ-01 238 1102.609 SW 
 LSZ-01 243 1097.609 CH 
 LSZ-01 244 1096.609 Bottom of log  -- 
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Table J8: Material observations for LSZ-02 borehole. 

Location Depth (ft) Elev (ft) USCS Soil Symbol Additional Notes 

LSZ-02 160 1180.577 ML 
 LSZ-02 163 1177.577 CL 
 LSZ-02 163.5 1177.077 ML 
 LSZ-02 164.5 1176.077 CL 
 LSZ-02 166 1174.577 ML Strong hydrocarbon odor 

LSZ-02 173 1167.577 SM Strong hydrocarbon odor 

LSZ-02 174 1166.577 GW/SW Strong hydrocarbon odor 

LSZ-02 175.5 1165.077 SW 
 LSZ-02 176 1164.577 ML Strong hydrocarbon odor 

LSZ-02 178 1162.577 SM 
 LSZ-02 179 1161.577 SC Strong hydrocarbon odor 

LSZ-02 180 1160.577 CL 
 LSZ-02 182 1158.577 ML Mild hydrocarbon odor 

LSZ-02 185 1155.577 SW/SP Strong hydrocarbon odor 

LSZ-02 186 1154.577 ML Mild hydrocarbon odor 

LSZ-02 187.5 1153.077 SM Mild hydrocarbon odor 

LSZ-02 190 1150.577 SM Mild hydrocarbon odor 

LSZ-02 194.5 1146.077 ML Mild hydrocarbon odor 

LSZ-02 195.5 1145.077 SM/ML 
 LSZ-02 196 1144.577 CL Mild hydrocarbon odor 

LSZ-02 206 1134.577 SC/SM Strong hydrocarbon odor 

LSZ-02 207 1133.577 SM Strong hydrocarbon odor 

LSZ-02 209.5 1131.077 SC/CL 
 LSZ-02 213 1127.577 SW/GW Strong hydrocarbon odor 

LSZ-02 216 1124.577 ML Hydrocarbon odor 

LSZ-02 220 1120.577 SM Mild hydrocarbon odor 

LSZ-02 221 1119.577 SW Mild hydrocarbon odor 

LSZ-02 226 1114.577 SM/ML Hydrocarbon odor 

LSZ-02 227 1113.577 CL 
 LSZ-02 229.5 1111.077 GW  Faint hydrocarbon odor 

LSZ-02 244 1096.577 CH 
 LSZ-02 246 1094.577 Bottom of log  -- 
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Table J9: Material observations for LSZ-03 borehole. 

Location Depth (ft) Elev (ft) USCS Soil Symbol Additional Notes 

LSZ-03 160 1180.164 ML (SLSDCL) 
 LSZ-03 175 1165.164 SM (SDSLGR) 
 LSZ-03 181 1159.164 ML (SLSDCL) 
 LSZ-03 190 1150.164 SC (SDSLCL) 
 LSZ-03 193 1147.164 ML (SLSDCL) 
 LSZ-03 196 1144.164 CL (SLCLSD) 
 LSZ-03 212 1128.164 SM (SDGRSL) 
 LSZ-03 218 1122.164 ML (SLSD) 
 LSZ-03 226 1114.164 SM (SDSL) 
 LSZ-03 235 1105.164 ML (SLSDCL) 
 LSZ-03 239 1101.164 SM (SDSLCL) 
 LSZ-03 245 1095.164 CL (SLCLSD) 
 LSZ-03 247 1093.164 Bottom of log  -- 

 

Table J10: Material observations for LSZ-04 borehole. 

Location Depth (ft) Elev (ft) USCS Soil Symbol Additional Notes 

LSZ-04 160 1180.002 ML (SLSD) 
 LSZ-04 175 1165.002 SM (SDSL) 
 LSZ-04 180 1160.002 GM (GRSD) 
 LSZ-04 183 1157.002 ML (SLSDCL) 
 LSZ-04 190 1150.002 SM (SDSL) 
 LSZ-04 194 1146.002 SC (SDCLSL) 
 LSZ-04 197 1143.002 CL (CLSL) 
 LSZ-04 208 1132.002 SC 
 LSZ-04 209 1131.002 GM (GRSDSL) 
 LSZ-04 215 1125.002 SW (SDGRSL) 
 LSZ-04 216 1124.002 ML (SLSD) 
 LSZ-04 222 1118.002 SW (SDSL) 
 LSZ-04 233 1107.002 SM (SDSL) 
 LSZ-04 238 1102.002 GM (GRSDSL) 
 LSZ-04 241 1099.002 SM (SDSL) 
 LSZ-04 245 1095.002 CL (CLSLSD) 
 LSZ-04 248 1092.002 Bottom of log  -- 
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Table J11: Material observations for LSZ-05 borehole. 

Location Depth (ft) Elev (ft) USCS Soil Symbol Additional Notes 

LSZ-05 160 1180.152 ML (SLSDCL) Hydrocarbon odor 

LSZ-05 175 1165.152 SM (SDSL) Strong hydrocarbon odor 

LSZ-05 178 1162.152 ML (SLSD) Hydrocarbon odor 

LSZ-05 180 1160.152 GP (GRSD) Hydrocarbon odor 

LSZ-05 182 1158.152 ML (SLSDCL) Hydrocarbon odor 

LSZ-05 192 1148.152 SM (SDSL) Hydrocarbon odor 

LSZ-05 196 1144.152 CL (CLSLSD) Hydrocarbon odor 

LSZ-05 207 1133.152 ML (SLSDCL) Hydrocarbon odor 

LSZ-05 212 1128.152 SP (SDGRSL) Hydrocarbon odor 

LSZ-05 216 1124.152 GM (GRSD) Hydrocarbon odor 

LSZ-05 218 1122.152 ML (SLSD) 
 LSZ-05 224 1116.152 SM (SDSL) Hydrocarbon odor 

LSZ-05 230 1110.152 ML (SLSD) Hydrocarbon odor 

LSZ-05 236 1104.152 SM (SDSL) 
 LSZ-05 244 1096.152 CL (CLSL) 
 LSZ-05 248 1092.152 Bottom of log  -- 

 

Table J12: Material observations for LSZ-06 borehole. 

Location Depth (ft) Elev (ft) USCS Soil Symbol Additional Notes 

LSZ-06 160 1180.748 ML (SLSDCL) Hydrocarbon odor 

LSZ-06 176 1164.748 SP (SDSLGV) Hydrocarbon odor 

LSZ-06 180 1160.748 ML (SLSDCL) Hydrocarbon odor 

LSZ-06 188 1152.748 SP (SDSLGV) Hydrocarbon odor 

LSZ-06 194 1146.748 ML (SLSDCL) 
 LSZ-06 196 1144.748 CL (CLSL) 
 LSZ-06 211 1129.748 ML (SLCLSD) 
 LSZ-06 216 1124.748 SP (SDGVSL) Hydrocarbon odor 

LSZ-06 218 1122.748 ML (SLSD) Hydrocarbon odor 

LSZ-06 222 1118.748 SM (SDSL) 
 LSZ-06 225 1115.748 ML (SLSD) Hydrocarbon odor 

LSZ-06 230 1110.748 SM (SDSL) Hydrocarbon odor 

LSZ-06 234 1106.748 ML (SLSD) 
 LSZ-06 238 1102.748 SM (SDSL) 
 LSZ-06 244 1096.748 CL (CLSL) 
 LSZ-06 247 1093.748 Bottom of log  -- 
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Table J13: Material observations for LSZ-07 borehole. 

Location Depth (ft) Elev (ft) USCS Soil Symbol Additional Notes 

LSZ-07 160 1180.59 ML (SLSDCL) Hydrocarbon odor 

LSZ-07 173 1167.59 SP (SDSLGRCL) 
 LSZ-07 177 1163.59 GP (GRSDSL) Strong hydrocarbon odor 

LSZ-07 181 1159.59 ML (SLSDCL) 
 LSZ-07 190 1150.59 SM (SDSLCL) 
 LSZ-07 194 1146.59 CL (CLSLSD) 
 LSZ-07 207 1133.59 ML (SLSDCL) 
 LSZ-07 210 1130.59 SM (SDSLGR) 
 LSZ-07 215 1125.59 ML   Hydrocarbon odor 

LSZ-07 229 1111.59 SM (SDSL) 
 LSZ-07 240 1100.59 ML (SLSD) 
 LSZ-07 241 1099.59 SM (SDSL) 
 LSZ-07 244 1096.59 CL (CLSL) 
 LSZ-07 248 1092.59 Bottom of log  -- 
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APPENDIX K  
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Table K 1: Cumulative pumping at LSZ extraction wells over MTT period. 

 
Cumulative Extraction (gallons) 

Date LSZ01 LSZ02 LSZ03 LSZ04 LSZ05 LSZ06 TOTAL 

8/11/2008 0 0 0 0 0 0 0 

8/12/2008 0 8,762 13 7,820 0 0 16,595 

8/13/2008 0 35,810 47 30,571 0 0 66,428 

8/14/2008 0 53,053 75 53,768 0 0 106,896 

8/15/2008 164 53,261 198 76,589 165 164 130,541 

8/16/2008 164 53,306 232 98,997 165 164 153,028 

8/17/2008 164 53,354 6,282 114,847 165 164 174,976 

8/18/2008 164 69,991 12,888 138,337 165 164 221,709 

8/19/2008 164 90,771 27,269 157,662 165 164 276,195 

8/20/2008 164 108,875 39,546 174,985 165 164 323,899 

8/21/2008 164 133,703 53,329 197,565 165 164 385,090 

8/22/2008 454 149,357 63,666 213,895 165 4,948 432,485 

8/23/2008 9,623 169,676 74,556 236,109 165 27,219 517,348 

8/24/2008 16,212 192,398 79,215 255,453 165 40,373 583,816 

8/25/2008 23,867 199,765 79,238 269,502 165 54,008 626,545 

8/26/2008 37,771 207,814 83,487 288,696 165 67,622 685,555 

8/27/2008 66,191 216,704 90,935 307,723 165 80,423 762,141 

8/28/2008 85,865 216,769 96,035 321,688 165 88,834 809,356 

8/29/2008 117,070 229,987 105,507 348,173 165 107,302 908,204 

8/30/2008 136,037 252,778 114,079 367,240 165 123,695 993,994 

8/31/2008 153,082 275,782 119,777 386,093 165 145,422 1,080,321 

9/1/2008 169,040 297,970 125,422 405,110 165 167,305 1,165,012 

9/2/2008 169,579 320,646 134,128 423,767 165 187,367 1,235,652 

9/3/2008 170,036 346,321 142,728 442,472 165 206,427 1,308,149 

9/4/2008 170,085 353,149 151,146 460,672 165 224,444 1,359,661 

9/5/2008 170,167 371,199 156,601 479,357 165 242,475 1,419,964 

9/6/2008 170,225 392,576 163,691 495,913 165 258,050 1,480,620 

9/7/2008 170,333 403,045 169,651 515,411 165 276,555 1,535,160 

9/8/2008 170,441 403,046 170,375 535,437 165 294,908 1,574,372 

9/9/2008 170,484 403,046 175,430 554,776 165 313,294 1,617,195 

9/11/2008 170,545 403,046 185,164 577,745 165 325,798 1,662,463 

9/12/2008 170,586 403,046 193,118 596,413 165 326,286 1,689,614 

9/13/2008 170,673 403,046 201,157 615,875 165 326,736 1,717,652 

9/14/2008 170,709 403,046 209,384 635,911 165 327,295 1,746,510 

9/15/2008 170,756 403,046 217,589 655,144 165 328,430 1,775,130 

9/16/2008 170,793 403,046 225,754 674,965 165 328,430 1,803,153 

9/17/2008 170,823 403,046 232,131 688,038 165 328,430 1,822,633 

9/18/2008 170,863 403,141 237,031 688,039 165 328,430 1,827,669 

9/19/2008 170,906 403,141 241,553 688,039 165 328,430 1,832,234 

9/20/2008 170,962 403,141 249,081 688,039 165 328,430 1,839,818 
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Table K1 - continued 

 

9/21/2008 171,034 410,763 256,963 688,039 165 328,430 1,855,394 

9/23/2008 171,121 420,870 266,350 688,039 165 328,430 1,874,975 

9/24/2008 171,165 420,870 266,350 688,039 165 328,430 1,875,019 

9/25/2008 171,212 420,870 266,350 688,039 165 328,430 1,875,066 

9/26/2008 171,252 420,870 266,350 688,039 165 328,430 1,875,106 

9/27/2008 171,297 420,870 266,350 688,039 165 328,430 1,875,151 

9/28/2008 171,342 420,870 266,350 688,039 165 328,430 1,875,196 

9/29/2008 171,380 420,870 266,350 688,039 165 328,430 1,875,234 

9/30/2008 171,417 420,870 266,353 688,039 165 328,430 1,875,274 

10/1/2008 171,452 420,870 266,353 688,039 165 328,430 1,875,309 

10/2/2008 171,495 420,870 266,353 688,039 165 328,430 1,875,352 

10/3/2008 171,538 420,870 266,353 688,039 165 328,430 1,875,395 

10/4/2008 171,563 420,870 266,353 688,039 165 328,430 1,875,420 

10/5/2008 171,572 420,870 266,353 688,039 165 328,430 1,875,429 

10/6/2008 171,594 420,870 266,353 688,039 165 328,430 1,875,451 

10/7/2008 171,622 420,870 266,353 688,039 165 328,430 1,875,479 

10/8/2008 171,657 420,870 266,353 688,039 165 328,430 1,875,514 

10/9/2008 171,699 420,870 266,353 688,039 165 328,430 1,875,556 

10/10/2008 171,730 420,870 266,353 688,039 165 328,430 1,875,587 

10/11/2008 171,756 420,870 266,353 688,039 165 328,430 1,875,613 

10/12/2008 171,761 420,870 266,353 688,039 165 328,430 1,875,618 

10/15/2008 171,777 420,870 266,353 688,039 165 328,430 1,875,634 

10/16/2008 171,792 420,870 266,353 688,039 165 328,430 1,875,649 

10/17/2008 171,818 420,870 266,359 688,039 165 328,430 1,875,681 

10/18/2008 171,853 421,566 266,359 688,039 165 328,430 1,876,412 

10/19/2008 171,884 421,566 266,359 688,039 165 328,430 1,876,443 

10/20/2008 171,918 422,880 266,359 688,039 165 328,430 1,877,791 

10/21/2008 171,950 433,867 266,359 692,911 165 328,430 1,893,682 

10/22/2008 171,974 451,118 273,928 707,875 5,087 337,198 1,947,180 

10/23/2008 180,888 469,658 292,400 723,884 19,227 355,382 2,041,439 

10/24/2008 199,947 486,871 309,603 741,206 32,798 373,518 2,143,943 

10/25/2008 210,127 499,657 322,410 755,881 44,136 384,516 2,216,727 

10/26/2008 215,790 504,965 328,473 762,574 49,215 390,487 2,251,504 

10/27/2008 232,672 520,683 346,444 782,547 64,121 408,521 2,354,988 

10/28/2008 249,876 536,547 364,787 801,751 80,615 426,654 2,460,230 

10/29/2008 268,208 553,329 384,894 821,716 100,398 446,236 2,574,781 

10/30/2008 286,670 570,308 405,542 842,057 120,367 466,329 2,691,273 

10/31/2008 304,958 587,376 425,593 861,704 140,198 486,341 2,806,170 
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Figure K1: Simulated heads during pre-TEE MTT in all layers corresponding to screened 

interval at MWN-06B. 

 

 
Figure K2: Simulated heads during pre-TEE MTT in all layers corresponding to screened 

interval at MWN-06C.  Data series overlap.   
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Figure K3: Simulated heads during pre-TEE MTT in all layers corresponding to screened 

interval at MWN-02B. 

 
Figure K4: Simulated heads during pre-TEE MTT in all layers corresponding to screened 

interval at MWN-02C.  Data series overlap. 
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Figure L1: Procedural schematic showing operation associated with BeoPEST parameter estimation used for tracer simulations. The 

8-node approach required an 8-core processor (Intel® Core ™ i7 CPU, Q820 @ 1.73 GHz).
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Table L1: Identification of parameters used during BeoPEST-facilitated inversion. 

BeoPEST ID Parameter 

kmat1 Hydraulic conductivity (KH) - layer 1 

kmat2 Hydraulic conductivity (KH) - layer 2 

kmat3 Hydraulic conductivity (KH) - layer 3 

kmat4 Hydraulic conductivity (KH) - layer 4 

kmat5 Hydraulic conductivity (KH) - layer 5 

kmat6 Hydraulic conductivity (KH) - layer 6 

kmat7 Hydraulic conductivity (KH) - layer 7 

kmat8 Hydraulic conductivity (KH) - layer 8 

kmat9 Hydraulic conductivity (KH) - layer 9 

kmat10 Hydraulic conductivity (KH) - layer 10 

kmat11 Hydraulic conductivity (KH) - layer 11 

alpha1 Longitudinal dispersivity (αL) - material 1 

alpha2 Longitudinal dispersivity (αL) - material 2 

alpha3 Longitudinal dispersivity (αL) - material 3 

alpha4 Longitudinal dispersivity (αL) - material 4 

alpha5 Longitudinal dispersivity (αL) - material 5 

alpha6 Longitudinal dispersivity (αL) - material 6 

poros1 Effective porosity (ne) - material 1 

poros2 Effective porosity (ne) - material 2 

poros3 Effective porosity (ne) - material 3 

poros4 Effective porosity (ne) - material 4 

poros5 Effective porosity (ne) - material 5 

poros6 Effective porosity (ne) - material 6 
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BeoPEST Control File (.pst) 
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BeoPEST Control File (.pst) – continued 
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BeoPEST Control File (.pst) – continued 
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BeoPEST Control File (.pst) – continued 
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BeoPEST Control File (.pst) – continued 
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BeoPEST Control File (.pst) – continued 
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BeoPEST Instruction File (.ins) 
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BeoPEST Instruction File (.ins) – continued 
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BeoPEST Instruction File (.ins) – continued 
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BeoPEST Instruction File (.ins) – continued 
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BeoPEST Instruction File (.ins) – continued 
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BeoPEST Instruction File (.ins) – continued 
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BeoPEST Template File (.tpl) – MODFLOW Layer Property Flow (LPF) Package 

 

 
FILE TRUNCATED DUE TO SIZE 
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BeoPEST Template File (.tpl) – SEAM3D Basic TraNsport (BTN) Package 

 

 
FILE TRUNCATED DUE TO SIZE 
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BeoPEST Template File (.tpl) – SEAM3D DiSPersion (DSP) Package 
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Source Code for “BeoPEST Launcher” batch utility 
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Source Code for “BeoPEST Launcher” batch utility - continued 
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Source Code for “BeoPEST Launcher” batch utility - continued 
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Table M1: bromide concentrations observed during tracer test at MWN-02B. 

 
 

Observation Time (d) 
Measured 

(mg/L) 
Calculated 

(mg/L) 
C/CO - 

Measured 
C/CO - 

Simulated 

MWN-02B 0.1 0.00 0.00 0.00 0.00 

MWN-02B 0.2 0.50 0.00 0.01 0.00 

MWN-02B 0.3 14.20 0.00 0.43 0.00 

MWN-02B 0.4 29.30 0.00 0.88 0.00 

MWN-02B 0.5 33.40 0.00 1.00 0.00 

MWN-02B 0.6 30.70 0.00 0.92 0.00 

MWN-02B 0.7 26.80 0.01 0.80 0.00 

MWN-02B 0.8 24.10 1.44 0.72 0.05 

MWN-02B 0.9 20.30 9.55 0.61 0.32 

MWN-02B 1.0 18.70 19.97 0.56 0.67 

MWN-02B 1.1 15.20 26.89 0.46 0.91 

MWN-02B 1.2 10.50 29.64 0.31 1.00 

MWN-02B 1.3 8.80 29.12 0.26 0.98 

MWN-02B 1.4 7.20 27.07 0.22 0.91 

MWN-02B 1.5 5.90 24.63 0.18 0.83 

MWN-02B 1.6 4.70 21.83 0.14 0.74 

MWN-02B 1.7 4.10 19.10 0.12 0.64 

MWN-02B 1.8 3.40 16.59 0.10 0.56 

MWN-02B 1.9 2.60 14.33 0.08 0.48 

MWN-02B 2.0 2.70 12.35 0.08 0.42 

MWN-02B 2.1 2.30 10.64 0.07 0.36 

MWN-02B 2.2 2.00 9.16 0.06 0.31 

MWN-02B 2.3 1.70 7.88 0.05 0.27 

MWN-02B 2.4 1.50 6.79 0.04 0.23 

MWN-02B 2.5 1.40 5.86 0.04 0.20 

MWN-02B 2.6 1.20 5.06 0.04 0.17 

MWN-02B 2.7 1.00 4.37 0.03 0.15 

MWN-02B 2.8 0.90 3.79 0.03 0.13 

MWN-02B 2.9 0.80 3.28 0.02 0.11 

MWN-02B 3.0 0.80 2.85 0.02 0.10 

MWN-02B 3.1 0.70 2.48 0.02 0.08 

MWN-02B 3.2 0.60 2.16 0.02 0.07 

MWN-02B 3.3 0.60 1.89 0.02 0.06 

MWN-02B 3.4 0.50 1.65 0.01 0.06 
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Table M1 - continued 

      

MWN-02B 3.5 0.40 1.44 0.01 0.05 

MWN-02B 3.6 0.40 1.27 0.01 0.04 

MWN-02B 3.7 0.30 1.11 0.01 0.04 

MWN-02B 3.8 0.30 0.98 0.01 0.03 

MWN-02B 3.9 0.20 0.86 0.01 0.03 

MWN-02B 4.0 0.20 0.76 0.01 0.03 

MWN-02B 4.1 0.10 0.67 0.00 0.02 

MWN-02B 4.2 0.00 0.59 0.00 0.02 

MWN-02B 4.3 0.00 0.53 0.00 0.02 

MWN-02B 4.4 0.00 0.47 0.00 0.02 

MWN-02B 4.5 0.00 0.42 0.00 0.01 

MWN-02B 4.6 0.00 0.37 0.00 0.01 

MWN-02B 4.7 0.00 0.33 0.00 0.01 

MWN-02B 4.8 0.00 0.30 0.00 0.01 

MWN-02B 4.9 0.00 0.27 0.00 0.01 

MWN-02B 5.0 0.00 0.24 0.00 0.01 
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Table M2: bromide concentrations observed during tracer test at MWN-06B. 

 
 

Observation Time (d) 
Measured 

(mg/L) 
Calculated 

(mg/L) 
C/CO - 

Measured 
C/CO - 

Simulated 

MWN-06B 0.1 0.00 0.00 0.00 0.00 

MWN-06B 0.2 0.00 0.00 0.00 0.00 

MWN-06B 0.3 0.00 0.00 0.00 0.00 

MWN-06B 0.4 0.00 0.00 0.00 0.00 

MWN-06B 0.5 0.00 0.00 0.00 0.00 

MWN-06B 0.6 0.00 0.00 0.00 0.00 

MWN-06B 0.7 0.00 0.00 0.00 0.00 

MWN-06B 0.8 0.00 0.00 0.00 0.00 

MWN-06B 0.9 0.00 0.00 0.00 0.00 

MWN-06B 1.0 0.10 0.00 0.02 0.00 

MWN-06B 1.1 0.30 0.00 0.05 0.00 

MWN-06B 1.2 0.60 0.00 0.09 0.00 

MWN-06B 1.3 1.10 0.01 0.17 0.00 

MWN-06B 1.4 1.50 0.02 0.23 0.00 

MWN-06B 1.5 2.10 0.20 0.33 0.04 

MWN-06B 1.6 2.70 0.85 0.42 0.15 

MWN-06B 1.7 3.20 1.76 0.50 0.31 

MWN-06B 1.8 3.60 2.73 0.56 0.48 

MWN-06B 1.9 4.10 3.60 0.64 0.63 

MWN-06B 2.0 4.40 4.25 0.69 0.74 

MWN-06B 2.1 4.80 4.79 0.75 0.84 

MWN-06B 2.2 5.10 5.40 0.80 0.95 

MWN-06B 2.3 5.40 5.66 0.84 0.99 

MWN-06B 2.4 5.60 5.71 0.88 1.00 

MWN-06B 2.5 5.80 5.64 0.91 0.99 

MWN-06B 2.6 5.90 5.50 0.92 0.96 

MWN-06B 2.7 6.10 5.33 0.95 0.93 

MWN-06B 2.8 6.20 5.14 0.97 0.90 

MWN-06B 2.9 6.20 4.94 0.97 0.87 

MWN-06B 3.0 6.40 4.74 1.00 0.83 

MWN-06B 3.1 6.40 4.53 1.00 0.79 

MWN-06B 3.2 6.40 4.33 1.00 0.76 

MWN-06B 3.3 6.40 4.15 1.00 0.73 

MWN-06B 3.4 6.40 3.98 1.00 0.70 
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Table M2 - continued 

      

MWN-06B 3.5 6.40 3.83 1.00 0.67 

MWN-06B 3.6 6.40 3.69 1.00 0.65 

MWN-06B 3.7 6.40 3.55 1.00 0.62 

MWN-06B 3.8 6.40 3.39 1.00 0.59 

MWN-06B 3.9 6.40 3.18 1.00 0.56 

MWN-06B 4.0 6.40 2.92 1.00 0.51 

MWN-06B 4.1 6.40 2.69 1.00 0.47 

MWN-06B 4.2 6.40 2.48 1.00 0.43 

MWN-06B 4.3 6.30 2.28 0.98 0.40 

MWN-06B 4.4 6.30 2.10 0.98 0.37 

MWN-06B 4.5 6.20 1.94 0.97 0.34 

MWN-06B 4.6 6.10 1.80 0.95 0.32 

MWN-06B 4.7 5.80 1.67 0.91 0.29 

MWN-06B 4.8 5.70 1.57 0.89 0.27 

MWN-06B 4.9 5.80 1.47 0.91 0.26 

MWN-06B 5.0 5.90 1.39 0.92 0.24 
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Table M3: bromide concentrations observed during tracer test at MWN-01C. 

 
 

Observation Time (d) 
Measured 

(mg/L) 
Calculated 

(mg/L) 
C/CO - 

Measured 
C/CO - 

Simulated 

MWN-01C 0.1 0.00 0.00 0.00 0.00 

MWN-01C 0.2 0.00 0.00 0.00 0.00 

MWN-01C 0.3 0.00 0.00 0.00 0.00 

MWN-01C 0.4 0.00 0.00 0.00 0.00 

MWN-01C 0.5 0.00 0.00 0.00 0.00 

MWN-01C 0.6 0.00 0.00 0.00 0.00 

MWN-01C 0.7 0.00 0.00 0.00 0.00 

MWN-01C 0.8 0.00 0.00 0.00 0.00 

MWN-01C 0.9 0.00 0.00 0.00 0.00 

MWN-01C 1.0 0.00 0.00 0.00 0.00 

MWN-01C 1.1 0.00 0.00 0.00 0.00 

MWN-01C 1.2 0.00 0.00 0.00 0.00 

MWN-01C 1.3 0.00 0.00 0.00 0.00 

MWN-01C 1.4 0.00 0.00 0.00 0.00 

MWN-01C 1.5 0.00 0.00 0.00 0.00 

MWN-01C 1.6 0.00 0.00 0.00 0.00 

MWN-01C 1.7 0.00 0.00 0.00 0.00 

MWN-01C 1.8 0.00 0.00 0.00 0.00 

MWN-01C 1.9 0.00 0.01 0.00 0.00 

MWN-01C 2.0 0.00 0.02 0.00 0.00 

MWN-01C 2.1 0.00 0.04 0.00 0.01 

MWN-01C 2.2 0.00 0.09 0.00 0.02 

MWN-01C 2.3 0.00 0.17 0.00 0.04 

MWN-01C 2.4 0.00 0.29 0.00 0.07 

MWN-01C 2.5 0.00 0.46 0.00 0.11 

MWN-01C 2.6 0.00 0.68 0.00 0.16 

MWN-01C 2.7 0.00 0.94 0.00 0.22 

MWN-01C 2.8 0.00 1.23 0.00 0.29 

MWN-01C 2.9 0.00 1.54 0.00 0.37 

MWN-01C 3.0 0.00 1.87 0.00 0.44 

MWN-01C 3.1 0.00 2.19 0.00 0.52 

MWN-01C 3.2 0.20 2.52 0.03 0.60 

MWN-01C 3.3 0.40 2.83 0.06 0.67 

MWN-01C 3.4 0.60 3.11 0.08 0.74 
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Table M3 - continued 

      

MWN-01C 3.5 1.20 3.37 0.17 0.80 

MWN-01C 3.6 2.40 3.60 0.34 0.86 

MWN-01C 3.7 3.30 3.79 0.46 0.90 

MWN-01C 3.8 6.30 3.94 0.89 0.94 

MWN-01C 3.9 5.40 4.06 0.76 0.97 

MWN-01C 4.0 7.10 4.14 1.00 0.98 

MWN-01C 4.1 6.90 4.19 0.97 1.00 

MWN-01C 4.2 6.80 4.21 0.96 1.00 

MWN-01C 4.3 6.50 4.20 0.92 1.00 

MWN-01C 4.4 6.90 4.16 0.97 0.99 

MWN-01C 4.5 6.70 4.11 0.94 0.98 

MWN-01C 4.6 6.00 4.03 0.85 0.96 

MWN-01C 4.7 5.00 3.93 0.70 0.93 

MWN-01C 4.8 5.40 3.83 0.76 0.91 

MWN-01C 4.9 5.90 3.72 0.83 0.88 

MWN-01C 5.0 5.80 3.60 0.82 0.85 
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Table M4: bromide concentrations observed during tracer test at MWN-02C. 

 
 

 

Observation Time (d) 
Measured 

(mg/L) 
Calculated 

(mg/L) 
C/CO - 

Measured 
C/CO - 

Simulated 

MWN-02C 0.1 0.00 0.00 0.00 0.00 

MWN-02C 0.2 0.00 0.00 0.00 0.00 

MWN-02C 0.3 0.00 0.00 0.00 0.00 

MWN-02C 0.4 0.00 0.00 0.00 0.00 

MWN-02C 0.5 0.00 0.00 0.00 0.00 

MWN-02C 0.6 0.00 0.00 0.00 0.00 

MWN-02C 0.7 0.00 0.00 0.00 0.00 

MWN-02C 0.8 0.00 0.00 0.00 0.00 

MWN-02C 0.9 0.00 0.00 0.00 0.00 

MWN-02C 1.0 0.10 0.00 0.01 0.00 

MWN-02C 1.1 0.30 0.00 0.02 0.00 

MWN-02C 1.2 0.30 0.01 0.02 0.00 

MWN-02C 1.3 0.70 0.04 0.05 0.00 

MWN-02C 1.4 1.40 0.12 0.11 0.01 

MWN-02C 1.5 2.80 0.34 0.21 0.03 

MWN-02C 1.6 3.80 0.74 0.29 0.06 

MWN-02C 1.7 6.10 1.37 0.46 0.11 

MWN-02C 1.8 6.80 2.23 0.51 0.17 

MWN-02C 1.9 7.00 3.29 0.53 0.26 

MWN-02C 2.0 6.90 4.51 0.52 0.35 

MWN-02C 2.1 8.40 5.82 0.63 0.45 

MWN-02C 2.2 8.70 7.15 0.65 0.56 

MWN-02C 2.3 9.10 8.42 0.68 0.66 

MWN-02C 2.4 9.20 9.59 0.69 0.75 

MWN-02C 2.5 9.50 10.62 0.71 0.83 

MWN-02C 2.6 10.20 11.45 0.77 0.89 

MWN-02C 2.7 11.10 12.12 0.83 0.94 

MWN-02C 2.8 11.50 12.55 0.86 0.98 

MWN-02C 2.9 12.10 12.80 0.91 1.00 

MWN-02C 3.0 12.80 12.85 0.96 1.00 

MWN-02C 3.1 12.80 12.72 0.96 0.99 

MWN-02C 3.2 13.00 12.54 0.98 0.98 

MWN-02C 3.3 13.00 12.28 0.98 0.96 
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Table M4 - continued 

      

MWN-02C 3.4 13.30 11.94 1.00 0.93 

MWN-02C 3.5 12.90 11.54 0.97 0.90 

MWN-02C 3.6 12.80 11.05 0.96 0.86 

MWN-02C 3.7 12.50 10.54 0.94 0.82 

MWN-02C 3.8 12.40 10.00 0.93 0.78 

MWN-02C 3.9 11.80 9.44 0.89 0.73 

MWN-02C 4.0 11.60 8.88 0.87 0.69 

MWN-02C 4.1 10.70 8.33 0.80 0.65 

MWN-02C 4.2 10.60 7.79 0.80 0.61 

MWN-02C 4.3 9.80 7.26 0.74 0.57 

MWN-02C 4.4 9.10 6.76 0.68 0.53 

MWN-02C 4.5 8.10 6.28 0.61 0.49 

MWN-02C 4.6 8.00 5.82 0.60 0.45 

MWN-02C 4.7 5.10 5.39 0.38 0.42 

MWN-02C 4.8 4.20 4.99 0.32 0.39 

MWN-02C 4.9 5.30 4.61 0.40 0.36 

MWN-02C 5.0 5.60 4.25 0.42 0.33 
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Table M5: bromide concentrations observed during tracer test at MWN-04C. 

 
 

Observation Time (d) 
Measured 

(mg/L) 
Calculated 

(mg/L) 
C/CO - 

Measured 
C/CO - 

Simulated 

MWN-04C 0.1 0.00 0.00 0.00 0.00 

MWN-04C 0.2 0.00 0.00 0.00 0.00 

MWN-04C 0.3 0.00 0.00 0.00 0.00 

MWN-04C 0.4 0.00 0.00 0.00 0.00 

MWN-04C 0.5 0.00 0.00 0.00 0.00 

MWN-04C 0.6 0.00 0.00 0.00 0.00 

MWN-04C 0.7 0.00 0.00 0.00 0.00 

MWN-04C 0.8 0.00 0.00 0.00 0.00 

MWN-04C 0.9 0.00 0.02 0.00 0.01 

MWN-04C 1.0 0.00 0.17 0.00 0.05 

MWN-04C 1.1 0.80 0.60 0.03 0.17 

MWN-04C 1.2 2.00 1.25 0.07 0.36 

MWN-04C 1.3 8.70 1.96 0.29 0.57 

MWN-04C 1.4 15.00 2.58 0.49 0.75 

MWN-04C 1.5 20.90 3.03 0.69 0.88 

MWN-04C 1.6 25.80 3.31 0.85 0.96 

MWN-04C 1.7 29.30 3.45 0.96 1.00 

MWN-04C 1.8 30.50 3.46 1.00 1.00 

MWN-04C 1.9 29.10 3.39 0.95 0.98 

MWN-04C 2.0 26.50 3.27 0.87 0.94 

MWN-04C 2.1 22.90 3.11 0.75 0.90 

MWN-04C 2.2 19.80 2.93 0.65 0.85 

MWN-04C 2.3 16.70 2.74 0.55 0.79 

MWN-04C 2.4 13.40 2.54 0.44 0.73 

MWN-04C 2.5 11.40 2.35 0.37 0.68 

MWN-04C 2.6 9.50 2.16 0.31 0.62 

MWN-04C 2.7 8.00 1.98 0.26 0.57 

MWN-04C 2.8 6.80 1.82 0.22 0.52 

MWN-04C 2.9 5.80 1.66 0.19 0.48 

MWN-04C 3.0 5.10 1.51 0.17 0.44 

MWN-04C 3.1 4.40 1.38 0.14 0.40 

MWN-04C 3.2 4.00 1.25 0.13 0.36 

MWN-04C 3.3 3.50 1.14 0.11 0.33 

MWN-04C 3.4 3.20 1.04 0.10 0.30 
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Table M5 - continued 

      

MWN-04C 3.5 2.90 0.94 0.10 0.27 

MWN-04C 3.6 2.60 0.86 0.09 0.25 

MWN-04C 3.7 2.30 0.78 0.08 0.22 

MWN-04C 3.8 2.10 0.70 0.07 0.20 

MWN-04C 3.9 1.90 0.64 0.06 0.19 

MWN-04C 4.0 1.80 0.58 0.06 0.17 

MWN-04C 4.1 1.70 0.53 0.06 0.15 

MWN-04C 4.2 1.50 0.49 0.05 0.14 

MWN-04C 4.3 1.30 0.44 0.04 0.13 

MWN-04C 4.4 1.30 0.41 0.04 0.12 

MWN-04C 4.5 1.20 0.37 0.04 0.11 

MWN-04C 4.6 1.20 0.34 0.04 0.10 

MWN-04C 4.7 1.10 0.31 0.04 0.09 

MWN-04C 4.8 1.00 0.29 0.03 0.08 

MWN-04C 4.9 0.90 0.27 0.03 0.08 

MWN-04C 5.0 0.90 0.24 0.03 0.07 
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Table M6: bromide concentrations observed during tracer test at MWN-06C. 

 
 

Observation Time (d) 
Measured 

(mg/L) 
Calculated 

(mg/L) 
C/CO - 

Measured 
C/CO - 

Simulated 

MWN-06C 0.1 0.00 0.00 0.00 0.00 

MWN-06C 0.2 4.40 0.00 0.18 0.00 

MWN-06C 0.3 5.40 0.00 0.22 0.00 

MWN-06C 0.4 22.00 0.00 0.90 0.00 

MWN-06C 0.5 24.50 0.00 1.00 0.00 

MWN-06C 0.6 17.80 0.00 0.73 0.00 

MWN-06C 0.7 12.70 0.86 0.52 0.03 

MWN-06C 0.8 8.90 14.72 0.36 0.54 

MWN-06C 0.9 5.20 25.98 0.21 0.95 

MWN-06C 1.0 3.60 27.23 0.15 1.00 

MWN-06C 1.1 3.10 24.13 0.13 0.89 

MWN-06C 1.2 2.70 20.19 0.11 0.74 

MWN-06C 1.3 3.00 16.54 0.12 0.61 

MWN-06C 1.4 3.40 13.51 0.14 0.50 

MWN-06C 1.5 3.70 11.01 0.15 0.40 

MWN-06C 1.6 3.80 8.99 0.16 0.33 

MWN-06C 1.7 3.80 7.43 0.16 0.27 

MWN-06C 1.8 3.90 6.17 0.16 0.23 

MWN-06C 1.9 4.50 5.14 0.18 0.19 

MWN-06C 2.0 4.60 4.30 0.19 0.16 

MWN-06C 2.1 4.30 3.63 0.18 0.13 

MWN-06C 2.2 4.00 3.07 0.16 0.11 

MWN-06C 2.3 3.80 2.60 0.16 0.10 

MWN-06C 2.4 3.50 2.21 0.14 0.08 

MWN-06C 2.5 3.40 1.88 0.14 0.07 

MWN-06C 2.6 3.00 1.62 0.12 0.06 

MWN-06C 2.7 2.80 1.39 0.11 0.05 

MWN-06C 2.8 2.60 1.20 0.11 0.04 

MWN-06C 2.9 2.60 1.04 0.11 0.04 

MWN-06C 3.0 2.50 0.90 0.10 0.03 

MWN-06C 3.1 2.30 0.79 0.09 0.03 

MWN-06C 3.2 2.00 0.69 0.08 0.03 

MWN-06C 3.3 1.80 0.60 0.07 0.02 

MWN-06C 3.4 1.70 0.52 0.07 0.02 
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Table M6 - continued 

      

MWN-06C 3.5 1.60 0.46 0.07 0.02 

MWN-06C 3.6 1.50 0.41 0.06 0.01 

MWN-06C 3.7 1.40 0.36 0.06 0.01 

MWN-06C 3.8 1.30 0.32 0.05 0.01 

MWN-06C 3.9 1.30 0.28 0.05 0.01 

MWN-06C 4.0 1.30 0.25 0.05 0.01 

MWN-06C 4.1 1.20 0.22 0.05 0.01 

MWN-06C 4.2 1.10 0.20 0.04 0.01 

MWN-06C 4.3 1.00 0.18 0.04 0.01 

MWN-06C 4.4 1.00 0.16 0.04 0.01 

MWN-06C 4.5 1.00 0.15 0.04 0.01 

MWN-06C 4.6 1.00 0.13 0.04 0.00 

MWN-06C 4.7 1.00 0.12 0.04 0.00 

MWN-06C 4.8 1.00 0.11 0.04 0.00 

MWN-06C 4.9 1.00 0.10 0.04 0.00 

MWN-06C 5.0 1.00 0.09 0.04 0.00 
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Figure M1: Simulated versus observed bromide at MWN-02B. 

 
Figure M2: Simulated versus observed bromide at MWN-01C. 

Time since tracer mixture injection (mg/L)

0 1 2 3 4 5 6

A
q
u

e
o
u

s
 p

h
a
s
e

 c
o

n
c
e
n

tr
a
ti
o

n
 o

f 
tr

a
c
e

r 
m

ix
tu

re
 (

m
g
/L

)

0

10

20

30

40

Simulated MWN-02B

Observed MWN-02B

Time since tracer mixture injection (mg/L)

0 1 2 3 4 5 6

A
q
u
e
o
u

s
 p

h
a

s
e
 c

o
n
c
e
n
tr

a
ti
o

n
 o

f 
tr

a
c
e
r 

m
ix

tu
re

 (
m

g
/L

)

0

2

4

6

8

Simulated MWN-01C

Observed MWN-01C



266 

 

 
Figure M3: Simulated versus observed bromide at MWN-04C. 

 
Figure M4: Simulated versus observed bromide at MWN-06C. 
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APPENDIX N  
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Table N1: Observed BTEX concentrations at MWN-06B – baseline sampling and MTT observations (including 2009 - 2010 data). 

 

Date Benzene - mg/L Toluene - mg/L Ethylbenzene - mg/L mp-Xylenes - mg/L o-Xylene - mg/L Total Xylenes - mg/L Total BTEX - mg/L

11/13/2006 24.000 17.000 2.500 3.500 1.700 5.200 48.700

8/1/2007 16.703 37.651 9.395

8/25/2008 17.219 13.096 2.446 3.325 1.672 4.997 37.759

8/27/2008 8.568 9.164 2.722 4.126 1.802 5.929 26.383

8/29/2008 0.855 0.254 0.341 0.572 0.150 0.722 2.172

9/2/2008 1.308 0.725 0.668 1.126 0.535 1.661 4.362

9/9/2008 3.917 5.105 1.225 6.330

9/16/2008 2.471 1.383 0.817 1.428 0.512 1.940 6.611

10/2/2008 1.687 1.341 0.779 1.331 0.451 1.782 5.589

10/8/2008 6.162 7.147 1.983 3.145 1.175 4.321 19.613

10/17/2008 5.065 6.660 2.233 3.575 1.860 5.435 19.393

10/29/2008 6.142 11.042 3.370 5.859 3.096 8.955 29.509

6/11/2009 1.139 2.298 0.451 0.190 0.359 0.548 4.436

6/19/2009 1.909 3.126 0.809 1.199 0.698 1.898 7.741

7/21/2009 1.075 1.988 0.590 0.919 0.238 1.157 4.810

7/28/2009 1.733 3.318 0.844 1.329 0.424 1.753 7.649

8/4/2009 2.600 3.752 0.726 1.090 0.543 1.633 8.711

8/18/2009 1.561 2.413 0.808 1.247 0.849 2.096 6.878

9/1/2009 3.420 6.223 1.829 3.020 1.648 4.668 16.139

9/15/2009 3.453 6.043 1.569 2.745 1.198 3.943 15.008

9/29/2009 1.852 3.169 1.034 1.818 0.889 2.708 8.763

10/9/2009 0.079 0.222 0.110 0.245 0.176 0.421 0.831

10/30/2009 1.180 1.723 0.499 0.924 0.155 1.079 4.481

11/17/2009 0.185 0.116 0.105 0.130 0.060 0.191 0.597

12/9/2009 0.025

12/15/2009 0.048

12/21/2009 0.073 0.073 0.069 0.152

1/7/2010 0.133 0.046 0.055 0.079 0.062 0.141 0.374

1/12/2010 0.097 0.093 0.134 0.193 0.091 0.283 0.608

1/18/2010 0.037

MWN-06B

Historical observations prior to start of MTT.

Concentration linked to interval/horizon-specific equilibrium . 

Concentrations observed after source treatement (TEE).
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Table N2: Observed BTEX concentrations at MWN-02B – baseline sampling and MTT observations (including 2009 - 2010 data). 

 

Date Benzene - mg/L Toluene - mg/L Ethylbenzene - mg/L mp-Xylenes - mg/L o-Xylene - mg/L Total Xylenes - mg/L Total BTEX - mg/L

11/10/2006 24.000 21.000 2.700 4.000 1.800 5.800 53.500

8/1/2007 37.651 11.192 14.960 9.395 2.350 11.745 75.548

8/25/2008 19.634 0.308 3.254 4.615 0.234 4.848 28.044

8/27/2008 23.492 0.842 3.337 4.830 0.252 5.082 32.754

8/29/2008 13.983 0.608 1.870 3.740 1.241 4.981 21.442

9/2/2008 12.989 1.190 2.676 5.587 2.113 7.700 24.555

9/9/2008 22.589 3.596 4.163 9.347 2.380 11.728 42.075

9/16/2008 23.652 4.562 4.995 10.499 2.652 13.151 46.360

10/2/2008 18.039 4.018 7.878 16.063 10.424 26.487 56.422

10/16/2008 20.129 3.783 3.399 6.770 2.964 9.734 37.046

10/29/2008 148.437 29.817 13.975 20.680 11.018 31.698 223.927

6/9/2009 0.087 0.193 0.165 0.293 0.097 0.390 0.834

6/16/2009 0.073

7/17/2009 0.632 1.937 0.578 0.767 0.410 1.177 4.323

7/21/2009 0.070 0.330 0.199 0.283 0.121 0.404 1.003

7/28/2009 2.475 3.502 0.549 0.842 0.450 1.292 7.818

8/4/2009 0.144 0.776 0.262 0.482 0.291 0.773 1.955

8/17/2009 0.220 1.360 0.536 0.905 0.505 1.410 3.526

9/1/2009 0.404 1.511 0.803 1.231 0.253 1.484 4.202

9/14/2009 0.121 0.821 0.351 0.705 0.326 1.031 2.324

9/28/2009 1.125 2.241 0.772 1.356 0.648 2.004 6.142

10/14/2009 0.228 0.646

10/30/2009 0.334 0.000 0.381 0.187 0.568

11/4/2009 0.267 0.112 0.222 0.101 0.323

11/24/2009 0.223 0.253

1/8/2010 0.035 0.123 0.068 0.135 0.064 0.199 0.425

12/21/2009

1/7/2010

1/12/2010

1/18/2010

MWN-02B

Historical observations prior to start of MTT.

Concentration linked to interval/horizon-specific equilibrium . 

Concentrations observed after source treatement (TEE).
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Table N3: Observed BTEX concentrations at MWN-06C – baseline sampling and MTT observations (including 2009 - 2010 data). 

 

Date Benzene - mg/L Toluene - mg/L Ethylbenzene - mg/L mp-Xylenes - mg/L o-Xylene - mg/L Total Xylenes - mg/L Total BTEX - mg/L

11/9/2006 10.000 0.600 1.200 1.000 0.061 1.061 12.861

8/25/2008 2.023 1.119 0.243 0.307 0.114 0.420 3.805

8/27/2008 3.524 1.989 0.534 0.686 0.239 0.925 6.972

8/29/2008 2.904 1.397 0.309 0.273 0.097 0.370 4.980

9/2/2008 3.004 1.540 0.321 0.436 0.174 0.611 5.474

9/7/2008 6.470 4.179 0.991 1.145 0.492 1.637 13.276

9/14/2008 5.616 3.396 0.897 1.002 0.494 1.495 11.404

10/2/2008 8.478 5.101 1.534 1.517 0.686 2.203 17.316

10/8/2008 8.691 4.898 2.874 1.410 0.663 2.074 18.536

10/17/2008 6.749 4.204 1.498 1.497 0.634 2.130 14.582

10/29/2008 3.704 1.609 0.626 0.706 0.405 1.111 7.050

10/30/2008 5.413 1.600 3.631 3.472 5.527 9.000 19.643

6/11/2009 0.068 0.256 0.202 0.435 0.297 0.733 1.259

6/23/2009 0.215 0.104 0.222 0.123 0.345

7/22/2009 0.161 0.129 0.294 0.153 0.447

7/27/2009 0.144 0.570 0.146 0.463 0.232 0.695 1.556

8/3/2009 0.128 0.305 0.676 0.299 0.976

8/26/2009 0.093 0.411 0.236 0.575 0.253 0.829 1.568

9/9/2009 0.111 1.227 0.872 1.559 0.829 2.388 4.598

9/22/2009 0.161 1.980 0.469 0.524 0.524

11/2/2009 0.064 0.250 0.137 0.171 0.282 0.453 0.905

11/11/2009 0.120 1.547 0.205 0.536 0.221 0.758 2.630

11/17/2009 0.094 1.984 0.147 0.540 0.215 0.755 2.980

11/23/2009 0.025 0.134 0.063

12/9/2009 0.138 0.084 0.052 0.073 0.048 0.120 0.395

12/16/2009 0.444 0.378 0.042 0.204 0.103 0.307 1.171

1/7/2010 0.413 0.380 0.089 0.213 0.108 0.321 1.203

1/12/2010 0.231 0.226 0.091 0.204 0.088 0.291 0.839

1/20/2010 0.171

MWN-06C

Historical observations prior to start of MTT.

Concentration linked to interval/horizon-specific equilibrium . 

Concentrations observed after source treatement (TEE).
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Table N4: Observed BTEX concentrations at MWN-02C – baseline sampling and MTT observations (including 2009 - 2010 data). 

Date Benzene - mg/L Toluene - mg/L Ethylbenzene - mg/L mp-Xylenes - mg/L o-Xylene - mg/L Total Xylenes - mg/L Total BTEX - mg/L

11/8/2006 5.500 1.600 1.100 1.900 0.410 2.310 10.510

8/1/2007 11.624 594.056

8/27/2008 0.814 0.340 0.140 0.254

8/29/2008 1.900 0.668 0.274 0.450 0.186 0.636 3.477

9/2/2008 39.696 19.000 8.597 13.926 5.542 19.468 86.761

9/7/2008 3.752 0.854 0.735 0.970 0.278 1.248 6.589

9/14/2008 3.837 0.841 1.716 2.666 0.742 3.409 9.802

10/2/2008 4.488 0.821 1.329 2.098 0.601 2.699 9.337

10/8/2008 4.777 1.005 1.425 2.135

10/16/2008 2.607 0.668 1.737 0.760 2.498 5.773

10/29/2008 3.920 0.882 1.970 3.177 1.595 4.772 11.545

6/9/2009 0.218 6.134 5.625 8.058 5.009 13.066 25.043

6/16/2009 0.248 4.613 3.457 5.095 2.135 7.230 15.548

7/16/2009 0.615 9.173 6.677 7.843 3.634 11.477 27.942

7/22/2009 0.316 6.626 5.990 9.422 3.963 13.385 26.316

7/27/2009 0.661 8.279 8.314 3.374 11.688

8/3/2009 1.114 12.943 6.986 10.096 4.616 14.712 35.756

8/26/2009 1.328 7.366 4.067 6.066 2.584 8.650 21.410

9/9/2009 13.323 7.006 10.892 4.950 15.842

9/22/2009 2.636 7.969 3.041 4.690 1.928 6.618 20.264

10/7/2009 0.207 0.514 0.248 0.417 0.144 0.561 1.530

10/20/2009 3.185 7.895 2.782 4.673 1.982 6.655 20.517

11/2/2009 0.096 0.145 0.125 0.146 0.165 0.311 0.676

11/11/2009 2.086 4.452 1.213 2.112 0.798 2.910

11/17/2009 1.748 3.521 1.122 2.021 0.852 2.874

11/23/2009 0.227 0.301 0.117

12/2/2009 0.339 0.211 0.178 0.322 0.129 0.451 1.178

12/9/2009 0.470 1.143 0.378 0.746 0.275 1.021 3.012

12/14/2009 0.323 0.215 0.252 0.145 0.111 0.256 1.046

12/21/2009 0.156 0.352

12/29/2009 0.914 1.776 0.522 1.007 0.374 1.380 4.592

1/8/2010 1.693 4.396 1.604 3.198 1.618 4.816 12.509

1/15/2010 1.503 0.093 0.207 0.203 0.051 0.253 2.056

1/19/2010 0.943 1.613 0.593 1.218 0.420 1.638 4.787

MWN-02C

Historical observations prior to start of MTT.

Concentration linked to interval/horizon-specific equilibrium . 

Concentrations observed after source treatement (TEE).
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Figure O1: Transient response of simulated benzene at monitoring well MWN-02B to variations 

in benzene mass transfer coefficient.  Concentration responses to temporary stoppage in injection 

and extraction are highlighted.   
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Figure O2: Transient response of simulated benzene at monitoring well MWN-02C to variations 

in benzene mass transfer coefficient.  Concentration responses to temporary stoppage in injection 

and extraction are highlighted.   
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Figure O3: Transient response of simulated benzene at monitoring well MWN-06C to variations 

in
 
benzene mass transfer coefficient.  Concentration responses to temporary stoppage in injection 

and extraction are highlighted.   
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Figure O4: Transient response of simulated toluene at monitoring well MWN-02B to variations 

in
 
toluene mass transfer coefficient.  Concentration responses to temporary stoppage in injection 

and extraction are highlighted.   
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Figure O5: Transient response of simulated toluene at monitoring well MWN-06B to variations 

in
 
toluene mass transfer coefficient.  Concentration responses to temporary stoppage in injection 

and extraction are highlighted.   
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Figure O6: Transient response of simulated toluene at monitoring well MWN-02C to variations 

in
 
toluene mass transfer coefficient.  Concentration responses to temporary stoppage in injection 

and extraction are highlighted.   
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Figure O7: Transient response of simulated toluene at monitoring well MWN-02C to variations 

in
 
toluene mass transfer coefficient.  Concentration responses to temporary stoppage in injection 

and extraction are highlighted.   
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Figure O8: Transient response of simulated ethylbenzene at monitoring well MWN-02B to 

variations in
 
ethylbenzene mass transfer coefficient.  Concentration responses to temporary 

stoppage in injection and extraction are highlighted.   
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Figure O9: Transient response of simulated ethylbenzene at monitoring well MWN-06B to 

variations in
 
ethylbenzene mass transfer coefficient.  Concentration responses to temporary 

stoppage in injection and extraction are highlighted.   
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Figure O10: Transient response of simulated ethylbenzene at monitoring well MWN-02C to 

variations in
 
ethylbenzene mass transfer coefficient.  Concentration responses to temporary 

stoppage in injection and extraction are highlighted.   
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Figure O11: Transient response of simulated ethylbenzene at monitoring well MWN-06C to 

variations in
 
ethylbenzene mass transfer coefficient.  Concentration responses to temporary 

stoppage in injection and extraction are highlighted.   
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Figure O12: Transient response of simulated total xylene isomers at monitoring well MWN-02B 

to variations in
 
xylene group mass transfer coefficient.  Concentration responses to temporary 

stoppage in injection and extraction are highlighted.   
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Figure O13: Transient response of simulated total xylene isomers at monitoring well MWN-06B 

to variations in
 
xylene group mass transfer coefficient.  Concentration responses to temporary 

stoppage in injection and extraction are highlighted.   
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Figure O14: Transient response of simulated total xylene isomers at monitoring well MWN-02C 

to variations in
 
xylene group mass transfer coefficient.  Concentration responses to temporary 

stoppage in injection and extraction are highlighted.   
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Figure O15: Transient response of simulated total xylene isomers at monitoring well MWN-06C 

to variations in
 
xylene group mass transfer coefficient.  Concentration responses to temporary 

stoppage in injection and extraction are highlighted.   


