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Introduction 
 
Over the past three decades, much progress 
has been made in the remediation of soil and 
groundwater contaminated by chlorinated 
solvents.  Yet these pervasive contaminants 
continue to present a significant challenge to 
the U.S. Department of Energy (DOE), other 
federal agencies, and other public and private 
organizations.  The physical and chemical 
properties of chlorinated solvents make it 
difficult to rapidly reach the low 
concentrations typically set as regulatory 
limits.  These technical challenges often result 
in high costs and long remediation time 
frames.  In 2003, the DOE through the Office 
of Environmental Management funded a 
science-based technical project that uses the 
U.S. Environmental Protection Agency’s 
technical protocol (EPA, 1998) and directives 
(EPA, 1999) on Monitored Natural 
Attenuation (MNA) as the foundation on 

which to introduce supporting concepts and new scientific developments that will support 
remediation of chlorinated solvents based on natural attenuation processes.  This project 
supports the direction in which many site owners want to move to complete the 
remediation of their site(s), that being to complete the active treatment portion of the 
remedial effort and transition into MNA. 
 
The overarching objective of the effort was to examine environmental remedies that are 
based on natural processes – remedies such as Monitored Natural Attenuation (MNA) or 
Enhanced Attenuation (EA).  The research program did identify several specific 
opportunities for advances based on: 1) mass balance as the central framework for 
attenuation based remedies, 2) scientific advancements and achievements during the past 
ten years, 3) regulatory and policy development and real-world experience using MNA, 
and 4) exploration of various ideas for integrating attenuation remedies into a systematic 
set of “combined remedies” for contaminated sites. These opportunities are summarized 
herein and are addressed in more detail in referenced project documents and journal 
articles, as well as in the technical and regulatory documents being developed within the 
ITRC. 
 
Three topic areas were identified to facilitate development during this project.  Each of 
these topic areas, 1) mass balance, 2) enhanced attenuation (EA), and 3) innovative 
characterization and monitoring, was explored in terms of policy, basic and applied 
research, and the results integrated into a technical approach.  Each of these topics is 
documented in stand alone reports, WSRC-STI-2006-00082, WSRC-STI-2006-00083, 
and WSRC-STI-2006-00084, respectively.  In brief, the mass balance efforts are 

Executive Summary 
 
Integral to the acceptance of MNA 
and EA as part of a remediation 
system is documenting the 
sustainability of the attenuation 
mechanisms. As many sites are 
located in complex hydrogeologic 
settings, documentation of 
sustainability will require the use of 
complex models that have the 
capabilities to mathematically 
represent the various attenuation 
mechanisms.  To address this need a 
team of researchers developed 
specific reaction modules for 
complex chlorinated solvent 
reactions that occur in the 
subsurface.  These reaction modules 
support the RT3D model. 
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examining methods and tools to allow a site to be evaluated in terms of a system where 
the inputs, or loading, are compared to the attenuation and destruction mechanisms and 
outputs from the system to assess if a plume is growing, stable or shrinking.  A key in the 
mass balance is accounting for the key attenuation processes in the system and 
determining their rates.  EA is an emerging concept that is recognized as a transition step 
between traditional treatments and MNA.  EA facilitates and enables natural attenuation 
processes to occur in a sustainable manner to allow transition from the primary treatment 
to MNA.  EA technologies are designed to either boost the level of the natural attenuation 
processes or decrease the loading of contaminants to the system for a period of time 
sufficient to allow the remedial goals to be met over the long-term.  For characterization 
and monitoring, a phased approach based on documenting the site specific mass balance 
was developed.  Tools and techniques to support the approach included direct measures 
of the biological processes and various tools to support cost-effective long-term 
monitoring of systems where the natural attenuation processes are the main treatment 
remedies.  The effort revealed opportunities for integrating attenuation mechanisms into a 
systematic set of “combined remedies” for contaminated sites.  
 
An important portion of this project was a suite of 14 research studies that supported the 
development of the three topic areas.  A research study could support one or more of 
these three topic areas, with one area identified as the primary target.  One of the most 
important development targets is related to modeling tools to support MNA and EA 
decisions.  In recognition of the varying conditions and complexity that occur at real-
world facilities and the need for a site specific approach, the portfolio of modeling and 
decision-making research projects was selected to be diverse.  The four associated 
projects were specifically selected to include an MNA/EA screening system, simplified 
analytical models, key modular developments for more complex numerical models, and 
decision support tools.  By investing in this breadth of projects, the effort supports a 
philosophy of matching the evaluation tool(s) to the subject site and the research 
provided concrete and usable products.   
 
The following reports document the results of the development of reaction modules that 
will support natural and enhanced attenuation of chlorinated solvents for the RT3D three-
dimensional reactive transport model.  This effort was led by Michael Truex and 
Christian Johnson of Pacific Northwest National Laboratory.  This study supports the 
topic area(s) of mass balance and Enhanced Attenuation with characterization and 
monitoring being a secondary development area.  The objective of the study was to 
develop specific reaction modules for complex chlorinated solvent reactions that occur in 
the subsurface.  The resulting product is three reports.  The first, Attachment 1, Natural 
and Enhanced Attenuation of Chlorinated Solvents Using RT3D, identifies when various 
types of models are appropriate, the attenuation processes available for simulation in 
RT3D, a discussion of potential dechlorination reactions, and the general approach for 
using the RT3D reaction modules that support MNA.  The second product, Attachment 2, 
RT3D Reaction Modules for Natural and Enhanced Attenuation for Chloroethanes, 
Chloroethenes, Chloromethanes, and Daughter Products, provides the details of the 
reaction kinetics, data input requirements, and an example for each of the new reaction 
modules.  The third product, Attachment 3, rtFLux:  RT3D Flux Plane Utility, presents a 
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software utility that provides the results in terms of mass flux.  In recognition of the 
importance of mass balance to MNA and EA decisions, this postprocessor that runs in 
excel was developed to allow modeling results from RT3D to be presented as cross 
sections that graphically depict the “mass flux” in different parts of the subsurface 
system.  This type of tool is an example of a simple yet powerful technique to improve 
conceptual understanding of a plume and to target and optimize any remediation – 
whether the goal is primary source treatment/removal or EA. 
 
As more site owners consider natural attenuation based remedies as part of their 
treatment plans, incorporating reaction modules representative of the dechlorination 
reactions that occur to chlorinated solvents in the subsurface into fate and transport 
models will increase their usefulness in decision-making. Typically high-end, multi-
dimensional, numerical models such as RT3D are chosen because the unit being modeled 
has great complexity and/or there is a need to predict future conditions.  By incorporating 
new modules that simulate dechlorination reactions along with the existing non-
biological attenuation processes supports the user in performing a more complete mass 
balance calculation.  This is true whether evaluating a site for MNA or Enhanced 
Attenuation (EA) treatment, as EA treatments are designed and constructed to promote 
natural attenuation processes being sustainable for the time period needed to meet the 
overall treatment objectives. 
 
This research effort provides added capabilities to an already valuable tool in the 
modeling toolbox.  Potential users are encouraged to consider their site characteristics 
when selecting the model of choice for their site.  Figure 1, in the attached Natural and 
Enhanced Attenuation of Chlorinated Solvents Using RT3D document, or the Scenarios 
Evaluation Tool for Chlorinated Solvent MNA (Truex et al., 2006) both provide guidance 
on model selection based on site characteristics. 
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8.0 Using a Reaction Module 
Applying a reaction module typically requires 1) an understanding of the site with respect to the 
reaction processes that may be occurring, 2) appropriately configuring the model with respect to 
the reaction parameters and inputs that affect the reactions, 3) calibration of the model, and 4) 
conducting a matrix of simulations that address the modelling objectives for the site to the 
satisfaction of the stakeholders (e.g., site owners, regulators, technical review).  This section 
describes each of these steps with respect to implementing a reaction module in RT3D. 

8.1 Understanding Site Characteristics With Respect To Reaction 
Processes That May Be Occurring 

The primary activities associated with identifying what reaction processes may be occurring, and 
therefore how the site should be modelled, involve assessing the site geochemistry and looking 
for reaction “signatures”.  Section 6.0 describes the potential types of reactions that can occur 
based on categorizing the site into one of three basic geochemical settings.  All of the site may fit 
within one of these settings, or there may different geochemical settings associated with different 
portions or segments of the site (e.g., near source versus downgradient areas).  The following 
process of categorizing geochemical setting of the site or site segment is based on the approach 
used in the Scenarios Evaluation Tool for Chlorinated Solvent MNA [Truex et al., 2006].  Table 
6 summarizes the criteria used to identify the geochemical setting.  All criteria listed in Table 6 
for a geochemical category must generally be satisfied for selection of the geochemical setting.  
The criteria statements and numeric values should not be used as absolute rules.  Technical 
judgment and knowledge of site conditions should be applied in conjunction with these 
guidelines when determining the site geochemical setting. 
 
Based on the geochemical setting for the site or a segment of the site, the dechlorination reaction 
information in Section 6.0 can be consulted to determine what reactions may be occurring.  For 
each reaction, specific intermediate and final dechlorination products are produced.  These 
compounds can be used to identify specific reaction signatures for a site and assist in selecting 
the reactions that should be modelled.  Once the set of reactions for a site have been identified, a 
specific reaction module can be selected based on the module information presented in Section 
7.0. 
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Table 6.  Criteria for Selecting the Geochemical Setting 

Geochemical Setting Description1 

Anaerobic 

Average dissolved oxygen concentration < ~1 mg/L (if meter) or < ~0.5 mg/L 
(if test kit);  
 AND 
Sulfate concentration < ~ 50 mg/L;   (value applies to most but not all sites) 
 AND 
Nitrate < ~1 mg/L;  
 AND 
Methane OR ferrous iron OR sulfide must be detected in most of the wells;  
 AND 
TOC > ~5 mg/L  
 AND 
Dechlorination daughter products must be present in the plume 

Anoxic 
Average dissolved oxygen concentration < ~2 mg/L (by meter or by test kit);  
 AND 
Plume doesn’t meet all of the anaerobic indicators 

Aerobic 
Average dissolved oxygen concentration > ~2 mg/L (by meter or by test kit);  
 AND 
Plume doesn’t meet ANY of the anaerobic indicators 

1 Criteria values are for guidance only and technical judgment related to specific site conditions 
should be used in applying these criteria. 

 

8.2 Model Configuration 
Once an appropriate reaction package has been selected, the model must be configured properly 
to use in fate and transport simulations.  Configuration of the model with respect to the reaction 
processes includes 1) determining the appropriate reaction parameter values, 2) determining 
whether the reaction parameter values need to be spatially variable (e.g., are there multiple zones 
within the model that will have different reaction processes/rates), and 3) testing/calibration of 
the reaction module.  The following sections discuss these configuration steps. 

8.2.1 Determining Reaction Parameter Values 
Determining the appropriate reaction parameter values to use in the reaction module is one of the 
most important steps in configuring a fate and transport model.  Rate parameter values for 
hydrolysis reactions are generally not site specific for sites with near neutral pH conditions and 
literature values can be directly used for these parameters.  However, most reaction parameters, 
such as the first order rate coefficients for biologically catalyzed reactions and the stoichiometric 
dechlorination yield, are highly site specific and it is typically not appropriate to use a generic 
parameter value to apply a reaction module for a specific site.  The rate coefficient is dependent 
on the microbial ecology and geochemistry of the individual site.  Likewise, the microbial 
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ecology and geochemistry effect the stoichiometric dechlorination yield (e.g., the moles of 
cis-1,2-DCE and trans-1,2-DCE produced from dechlorination of a mole of TCE).  The scientific 
literature provides guidance about the likely range for these reaction parameter values, but a 
specific value appropriate to the each site must typically be selected.  Site-specific reaction 
parameters are used for deterministic modelling.  Alternatively, stochastic modelling can be 
applied, but site-specific ranges for parameter values should still be established. 
 
There are several methods available to select a specific reaction parameter value for a specific 
site.  Laboratory microcosm tests can be useful for selecting reaction parameter values because it 
is not always possible to determine the type of dechlorination attenuation process occurring at a 
site based on field data.  While laboratory studies cannot exactly replicate field conditions, they 
can approximate field conditions and provide insight into the dechlorination attenuation 
mechanisms.  Absolute rates of attenuation from laboratory studies are typically not expected to 
represent absolute rates under field conditions (except for some abiotic reactions).  However, 
relative rates, for instance, for parent and daughter product dechlorination and the extent of 
dechlorination, can be reasonably approximated from laboratory data.  Because of the controlled 
experimental conditions, detailed data analysis to determine the reaction pathways and rates is 
possible and provides useful information in terms of these relative dechlorination rates.  Using 
this information, the laboratory rates can be adjusted during model calibration to match the 
available site data. 
 
There are also field tests such as “push-pull” testing that can be used to assess reaction rates 
under in situ conditions [e.g., Kim et al., 2004].  These tests are similar to laboratory microcosm 
testing in that the reactions are measured based on the response observed to some specific 
experimental conditions.  However, because the tests are conducted in the field, some of the 
experimental variables cannot be controlled as tightly as for a laboratory test.  This type of 
testing should be considered for sites where the hydraulic and geochemical conditions are 
expected to enable sufficient control of the experiments for quantifying the reaction rates.   
 
In a limited number of situations, direct analysis of contaminant concentration data from 
monitoring wells can be used to quantify reaction parameter values [e.g. U.S. EPA, 2002].  If a 
sufficient amount of spatial and temporal data is available, inverse modelling techniques as part 
of model calibration can be used to determine reaction rates.  In this method, history matching is 
used to define the reaction rates that are then used to conduct predictive simulations for 
determining the future fate and transport of contaminants.  In some cases, this type of inverse 
modelling is combined with information from laboratory microcosm tests or the literature to 
provide additional confidence in the results. 
 
As an alternative to deterministically determining site-specific reaction parameter values, a range 
of parameter values can be used within a stochastic simulation process (e.g., a Monte Carlo 
approach) to address the fate and transport of contaminants in a probabilistic manner. 
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8.2.2 Determining Whether the Reaction Parameter Values Need to be Spatially 
Variable 

Some sites may have uniform geochemical conditions and a single set of reaction parameters is 
sufficient to describe reactions for the fate and transport analysis.  However, some hydrologic 
conditions and contaminant distributions lead to variations in geochemical conditions across a 
site that may induce different types of reactions or different rates of reactions.  There are two 
approaches for addressing this type of variation. 
 
A standard approach for addressing variability in reaction rates/processes is to use the variable 
reaction parameter function of RT3D and to set up zones within the model (e.g., blocks of grid 
cells) that have specific reaction parameter values.  For instance, one zone may have anaerobic 
reactions active (e.g., near a source) and a downgradient zone may have aerobic reactions active 
because site data shows an increase in the dissolved oxygen concentration in this downgradient 
zone.  To implement this approach, the modeler must examine the available geochemical and 
contaminant data and determine if specific zones of reactions can be identified.  The model can 
then be configured with the appropriate parameter values for each zone. 
 
A less common approach, due to the requirement for a significant amount of data and knowledge 
of the reaction processes, is to use a reaction module that varies the contaminant transformation 
rates based on the concentrations of selected geochemical indicators.  RT3D offers one reaction 
module for chloroethene dechlorination based on the concentrations of geochemical indicators.  
In this module, a simplified geochemical approach (versus a full geochemical model) is used to 
define the reaction conditions (e.g., aerobic versus anaerobic and the dominant redox conditions) 
and the corresponding dechlorination behavior.  Data for the geochemical indicators can be used 
to define (e.g., through interpolation) a specific indicator concentration for each of the grid cells 
such that the model will calculate contaminant transformation rates based on this imposed static 
distribution of geochemistry data.  This approach provides a continuous spatial variability of the 
reaction rates based on the static spatial distribution of the geochemical indicators.  The 
geochemical indicators can also be allowed to react and change over time if there is sufficient 
data available to define these rates of reactions.  See Johnson and Truex [2006] for details on the 
reaction module implementing this type of geochemical indicator approach to dechlorination. 

8.2.3 Module Testing/Calibration 
Before proceeding to calibration of the full fate and transport model, it is important to test and 
calibrate the reaction module.  The preceding sections discuss configuring the module based on 
the site conditions and data available for setting reaction parameters.  It is typically useful to run 
the reaction module in a batch (no flow) mode or with a very simple flow model (e.g., on a 
simple testing grid with uniform hydraulic and transport conditions) to examine the simulated 
variation in the constituent concentrations over time and compare these patterns to what is 
expected based on the available data.  In the case where laboratory microcosm tests have been 
conducted, batch simulations can be used to refine the reaction parameter values and calibrate 
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the module to the microcosm data.  If less detailed data are available, the testing simulation 
results can still be examined with respect to the pattern of dechlorination and whether the relative 
persistence of the expected intermediate compounds matches the basic patterns observed at the 
site.  While this task may seem duplicative to calibration of the full model, it is important to 
isolate the reaction module functioning so that any problems, including simple user input errors, 
can be more readily identified.  It can be much more difficult to identify issues with the reaction 
module parameter values when advection, dispersion, and sorption are occurring at the same 
time within the full fate and transport model. 

8.3 Model Calibration 
When configuring the model, estimates of parameter values for the transport equation terms are 
established.  In many cases, these estimates provide a reasonable range for the value of 
parameters, but cannot identify a specific correct value for a given site condition.  The 
calibration process is used to seek the best fit of simulation results to a set of observed data 
available for the site.  In this way, the calibration assesses the adequacy of the model in 
simulating the actual processes at the site.  If the model meets expectations for the calibration, a 
technical basis for use of the model in a predictive mode has been established.  Multiple 
statistically determined simulation scenarios can also be used to produce a range of model 
outputs for evaluation in contrast to interpretations of a best-fit model output. 
 
To calibrate the model, parameters need to be varied within the acceptable range established in 
the model configuration and the model results compared to field data.  This can be a directed 
process whereby the modeler sequentially varies parameters to converge on a best-fit solution, 
based on minimizing the difference between the model output and the field data.  Care must be 
taken in this approach to consider that there may not be a unique set of parameters that define the 
best fit.  However, with appropriate technical judgment, a reasonable best-fit model can be 
obtained.  It is important to examine the parameter values that comprise the best-fit model to 
determine whether they make sense and to assess the impact of any parameters in the model that 
do not have a good physical basis (i.e., fitting factors).  Prior to use of the model, the technical 
basis for the model fit needs to be assessed.  A sensitivity assessment of the selected parameter 
values and the impact on the fit of the model is one means to evaluate whether the best fit has 
been obtained or whether predictive simulations should be conducted using several model 
configurations rather than just one best fit.  It is also possible to use computer optimization 
routines to conduct the parameter variation testing and determine the best fit by comparison of 
the model to field data.  This process, termed inverse modelling, requires that the comparison can 
be effectively described in terms of an objective function that the optimization routine can use to 
assess the suitability of parameter values.  Further discussion of the calibration process, 
comparison to observed data, sensitivity analysis, and inverse modelling is available in a number 
of documents [e.g., ASTM, 1993; ASTM, 1994; ASTM, 1996; Hill, 1998; U.S. ACE, 1999; 
Neuman and Wierenga, 2003; Poeter et al., 2005]. 
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Calibration of a flow model is typically achieved by variation of the relevant parameters (e.g., 
the hydraulic conductivity distribution) to match hydraulic head data for the site.  Calibration of 
the flow model precedes calibration of the transport model, but may need to be iteratively 
adjusted during on the transport model calibration process.  Typically, the calibration of the 
transport model is more difficult because there are more parameters that can impact the results 
and there are more data for the comparison (e.g., concentrations for multiple contaminant 
species).  Standard groundwater interface packages provide techniques to aid in the calibration 
process. 

8.4 MNA Modelling 
Interpretation of model results is dependent on the context of how the modelling is being applied.  
This section discusses model interpretation as it applies to the identified roles of modelling for 
MNA.  The two basic categories for interpretation of modelling results include 1) evaluating the 
impact of each attenuation process on migration of the plume, and 2) estimating whether the 
remedy (i.e., MNA or MNA/EA) will meet the remediation goals. 
 
Numerical models have the computational ability to estimate the interaction of multiple 
processes temporally and spatially for scenarios that would be difficult to assess with analytical 
methods.  Thus, numerical models can provide information to help analyze the relative 
importance of different fate and transport processes at an individual site.  Using a model, 
multiple simulations can be conducted with variations in the input parameters.  By comparing the 
results of these simulations, the relative importance of specific processes can be assessed.  This 
modelling approach can be implemented with simple single parameter variation or using a 
statistical approach such as the Monte Carlo process. 
 
Predictive simulations are used to estimate future plume migration under the selected 
remediation scenario (e.g., MNA/EA) and thereby assess the ability of this remedy to meet 
remediation goals.  In some cases, it is appropriate to select specific simulation scenarios and use 
the calibrated model to assess whether remediation goals will be met under these selected 
conditions.  Alternatively, the modelling approach may include conducting a statistical series of 
simulations (e.g., Monte Carlo analysis) to predict the probability for future contaminant 
distributions. 
 
To aid in interpretation of modelling results, simulation data can be displayed a number of 
different ways.  These display options include 1) concentration contours, 2) transect profiles, 3) 
time profiles, 4) probability contours for set concentration/risk values, and 5) probability of 
exceeding a limit at a set Point of Compliance.  By conducting multiple simulations of different 
scenarios, models can provide information to evaluate the relative impact of each scenario in 
terms of how the output described above is changed and to evaluate the sensitivity of the results 
to changes in specific parameter values.  The results of multiple simulations can be interpreted to 
assess the uncertainty of the modelling results; that is, assessing how variations in input 
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parameter data impact the model results.  This uncertainty is important to consider in evaluating 
whether additional characterization for model input parameters is needed or to evaluate the 
technical risk of a decision based on the model results for the given level of information about 
the model inputs and the model configuration/calibration. 
 



 

 56

 



 

 57

9.0 References 

9.1 Numbered References Cited in Reaction Pathway Figures 

1. Bagley, D.M., and J.M. Gossett.  1995.  “Chloroform Degradation in Methanogenic 
Methanol Enrichment Cultures and by Methanosarcina barkeri 227.”  Appl. Environ. 
Microbiol., 61(9):3195-3201. 

2. Bouwer, E.J., and P.L. McCarty.  1983a.  “Transformations of 1- and 2-Carbon Halogenated 
Aliphatic Organic Compounds under Methanogenic Conditions.”  Appl. Environ. 
Microbiol., 45(4):1286-1294. 

3. Bouwer, E.J., and P.L. McCarty.  1983b.  “Transformations of Halogenated Organic 
Compounds under Denitrification Conditions.”  Appl. Environ. Microbiol., 
45(4):1295-1299. 

4. Bradley, P.M., and F.H. Chappelle.  1997.  “Kinetics of DCE and VC Mineralization under 
Methanogenic and Fe(III)-Reducing Conditions.”  Environ. Sci. Technol., 
31(9):2692-2696. 

5. Bradley, P.M., and F.H. Chapelle.  2000.  “Aerobic Microbial Mineralization of 
Dichloroethene as Sole Carbon Substrate.”  Environ. Sci. Technol., 34(1):221-223. 

6. Chang, H., and L. Alvarez-Cohen.  1996.  “Biodegradation of Individual and Multiple 
Chlorinated Aliphatic Hydrocarbons by Methane-Oxidizing Cultures.”  Appl. 
Environ. Microbiol., 62(9):3371-3377. 

7. Chen, C., J.A. Puhakka, and J.F. Ferguson.  1996.  “Transfromations of 1,1,2,2,-
Tetrachloroethane under Methanogenic Conditions.”  Environ. Sci. Technol., 
30(2):542-547. 

8. Culubret, E.N., M. Luz, R. Amils, and J.L. Sanz.  2001.  “Biodegradation of 1,1,1,2-
Tetrachloroethane under Methanogenic Conditions.”  Water Sci. Technol., 
44(4):117-122. 

9. DeBruin, W.P., M.J.J. Kotterman, M.A. Posthumus, G. Schraa, and A.J.B. Zehnder.  1992.  
“Complete Biological Reductive Transformation of Tetrachloroethene to Ethane.”  
Appl. Environ. Microbiol., 58(6):1996-2000. 

10. Egli, C., S. Stromeyer, A.M. Cook, and T. Leisinger.  1990.  “Transformation of Tetra- and 
Trichloromethane to CO2 by Anaerobic Bacteria is a Non-Enzymatic Process.”  
FEMS Microbiol. Letters, 68(1-2):207-212. 



 

 58

11. Freedman, D.L., and J.M. Gossett.  1989.  “Biological Reductive Dechlorination of 
Tetrachloroethylene and Trichloroethylene to Ethylene under Methanogenic 
Conditions.”  Appl. Environ. Microbiol., 55(9):2144-2151. 

12. Freedman, D.L., and J.M. Gossett.  1991.  “Biodegradation of Dichloromethane and Its 
Utilization as a Growth Substrate under Methanogenic Conditions.”  Appl. Environ. 
Microbiol., 57(10):2847-2857. 

13. Freedman, D.L., M. Swamy, N.C. Bell, and M.F. Verce.  2004.  “Biodegradation of 
Chloromethane by Pseudomonas aeruginosa Strain NB1 under Nitrate-Reducing and 
Aerobic Conditions.”  Appl. Environ. Microbiol., 70(8):4629-4634. 

14. Haag, W.R., and T. Mill.  1988.  “Effect of a Subsurface Sediment on Hydrolysis of 
Haloalkanes and Epoxides.”  Environ. Sci. Technol., 22(6):658-663. 

15. Hartmans, S., and J.A.M. de Bont.  1992.  “Aerobic Vinyl Chloride Metabolism in 
Mycobacterium aurum L1.”  Appl. Environ. Microbiol., 58(4):1220-1226. 

16. Hunkeler, D., and R. Aravena.  2000.  “Evidence of Substantial Carbon Isotope 
Fractionation Among Substrate, Inorganic Carbon, and Biomass During Aerobic 
Mineralization of 1,2-Dichloroethane by Xanthobacter autotrophicus.”  Appl. 
Environ. Microbiol., 66(11):4870-4876. 

17. Jeffers, P.M., L.M. Ward, L.M. Woytowltch, and N.L. Wolfe.  1989.  “Homogeneous 
Hydrolysis Rate Constants for Selected Chlorinated Methanes, Ethanes, Ethenes, and 
Propanes.”  Environ. Sci. Technol., 23(8):965-969. 

18. Kim, Y., D.J. Arp, and L. Semprini.  2000.  “Chlorinated Solvent Cometabolism by Butane-
Grown Mixed Culture.”  J. Environ. Eng., 126(10):934-942. 

19. Kim, Y., D.J. Arp, and L. Semprini.  2002.  “Kinetic and Inhibition Studies for the Aerobic 
Cometabolism of 1,1,1-Trichloroethane, 1,1-Dichloroethylene, and 
1,1-Dichloroethane by a Butane-Grown Mixed Culture.”  Biotechnol. Bioeng., 
80(5):498-508. 

20. Klier, N.J., R.J. West, and P.A. Donberg.  1998.  “Aerobic Biodegradation of 
Dichloroethylenes in Surface and Subsurface Soils.”  Chemosphere, 
38(5):1175-1188. 

21. Leisinger, T., R. Bader, R. Hermann, M. Schmid-Appert, and S. Vuilleumier.  1994.  
“Microbes, Enzymes and Genes Involved in Dichloromethane Utilization.”  
Biodegradation, 5(3-4):237-248. 

22. Mabey, W., and T. Mill.  1978.  “Critical Review of Hydrolysis of Organic Compounds in 
Water under Environmental Conditions.”  J. Phys. Chem. Ref. Data, 7(2):383-415. 



 

 59

23. Pagan, M., W.J. Cooper, and J.A. Joens.  1998.  “Kinetic Studies of the Homogeneous 
Abiotic Reactions of Several Chlorinated Aliphatic Compounds in Aqueous 
Solution.”  Appl. Geochem., 13(6):779-785. 

24. Vannelli, T., A. Studer, M. Kertesz, and T. Leisinger.  1998.  “Chloromethane Metabolism 
by Methylobacterium sp. Strain CM4.”  Appl. Environ. Microbiol., 64(5)1933-1936. 

25. Vogel, T.M., and P.L. McCarty.  1987.  “Abiotic and Biotic Transformation of 1,1,1-
Trichloroethane under Methanogenic Conditions.”  Environ. Sci. Technol., 
21(12):1208-1213. 

9.2 References Cited in Document 

ASTM.  1993.  Standard Guide for Comparing Ground-Water Flow Model Simulations to Site- 
Specific Information.  D 5490-93 (2002), ASTM International, West Conshohocken, 
Pennsylvania. 

ASTM.  1994.  Standard Guide for Conducting a Sensitivity Analysis for a Ground-Water Flow 
Model Application.  D 5611-94 (2002), ASTM International, West Conshohocken, 
Pennsylvania. 

ASTM.  1996.  Standard Guide for Calibrating a Ground-Water Flow Model Application.  
D 5981-96 (2002), ASTM International, West Conshohocken, Pennsylvania. 

Ayra, A.  1986.  Dispersion and Reservoir Heterogeneity.  Ph.D. Dissertation, University of 
Texas, Austin, Texas. 

Barth, G.R., T.H. Illangasekare, M.C. Hill, and H. Rajaram.  2001.  “A New Tracer-Density 
Criterion for Heterogeneous Porous Media.”  Water Resour. Res., 37(1):21-31. 

Bishop, D.J., J.P. Knezovitch, and D.W. Rice, Jr.  1989.  Sorption Studies of VOCs Related to 
Soil/Ground Water Contamination at LLNL.  UCID-21651, Lawrence Livermore 
National Laboratory, Livermore, California. 

Brusseau, M.L., and P.S.C. Rao.  1989.  “Sorption Nonideality During Organic Contaminant 
Transport in Porous Media.”  Crit. Rev. Environ. Control, 19(1):33-99. 

Carroll, K.M., M.R. Harkness, A.A. Bracco, and R.R. Balcarcel.  1994.  “Application of a 
Permeant/Polymer Diffusional Model to the Desorption of Polychlorinated Biphenyls 
from Hudson River Sediments.”  Environ. Sci. Technol., 28(2):253-258. 

Chen, W., A.T. Kan, C.J. Newell, E. Moore, and M.B. Tomson.  2002.  “More Realistic Soil 
Cleanup Standards with Dual-Equilibrium Desorption.”  Ground Water, 
40(2):153-164. 



 

 60

Clement, T.P.  1997.  RT3D – A Modular Computer Code for Simulating Reactive Multi-Species 
Transport in 3-Dimensional Groundwater Aquifers.  PNNL-11720, Pacific Northwest 
National Laboratory, Richland, Washington. 

Clement, T.P.  2001.  “A Generalized Analytical Method for Solving Multi-Species Transport 
Equations Coupled with a First-Order Reaction Network.”  Water Resour. Res., 
37(1):157-163. 

Clement, T.P., Y. Sun, B.S. Hooker, and J.N. Petersen.  1998.  “Modeling Multi-Species 
Reactive Transport in Groundwater Aquifers.”  Ground Water Monit. Remed., 
18(2):79-92. 

Clement, T.P., C.D. Johnson, Y. Sun, G.M. Klecka, and C. Bartlett.  2000.  “Natural Attenuation 
of Chlorinated Ethene Compounds:  Model Development and Field-Scale Application 
at the Dover Site.”  J. Contam. Hydrol., 42(2-4):113-140. 

Clement, T.P., and C.D. Johnson.  2002.  RT3D v2.5 Update Document.  Pacific Northwest 
National Laboratory, Richland, Washington.  Available online at:  
http://bioprocess.pnl.gov/rt3d_down.htm#doc. 

Clement, T.P., T.R. Gautam, K.K. Lee, M.J. Truex, and G.B. Davis.  2004a.  “Modeling of 
DNAPL-Dissolution, Rate-Limited Sorption and Biodegradation Reactions in 
Groundwater Systems.”  Bioremed. J., 8(1-2):47-64. 

Clement, T.P., Y.C. Kim, T.R. Gautam, and K.K. Lee.  2004b.  “Experimental and Numerical 
Investigation of NAPL Dissolution Processes in a Laboratory Scale Aquifer Model.”  
Ground Water Monit. Remed., 24(4):88-96. 

Culver, T.B., S.P. Hallisey, D. Sahoo, J.J. Deitsch, and J.A. Smith.  1997.  “Modeling the 
Desorption of Organic Contaminants from Long-Term Contaminated Soil Using 
Distributed Mass Transfer Rates.”  Environ. Sci. Technol., 31(6):1581-1588. 

Early, T., B. Borden, M. Heitkamp, B.B. Looney, D. Major, J. Waugh, G. Wein, T. Wiedemeier, 
K.M. Vangelas, K.M. Adams, and C.H. Sink.  2006.  Enhanced Attenuation:  A 
Reference Guide on Approaches to Increase the Natural Treatment Capacity of a 
System.  WSRC-TR-2005-00198, Rev. 0, Savannah River National Laboratory, 
Westinghouse Savannah River Company, Aiken, South Carolina. 

Farrell, J., and M. Reinhard.  1994.  “Desorption of Halogenated Organics Form Model Solids, 
Sediments, and Soil Under Unsaturated Conditions.  2. Kinetics.”  Environ. Sci. 
Technol., 28(1):63-72. 

Farrell, J., D. Grassian, and M. Jones.  1999.  “Investigation of Mechanisms Contributing to 
Slow Desorption of Hydrophobic Organic Compounds from Mineral Solids.”  
Environ. Sci. Technol., 33(8):1237-1243. 

http://bioprocess.pnl.gov/rt3d_down.htm#doc


 

 61

Freeze, R.A., and J.A. Cherry.  1979.  Groundwater.  Prentice-Hall, Inc., Englewood Cliffs, New 
Jersey. 

Gelhar, L.W., C. Welty, and K.R. Rehfeldt.  1992.  “A Critical Review of Data on Field-Scale 
Dispersion in Aquifers.”  Water Resour. Res., 28(7):1955-1974. 

Haggerty, R., and S.M. Gorelick.  1994.  “Design of Multiple Contaminant Remediation:  
Sensitivity to Rate-Limited Mass Transfer.”  Water Resour. Res., 30(2):435-446. 

Harbaugh, A.W., E.R. Banta, M.C. Hill, and M.G. McDonald.  2000.  MODFLOW-2000, the 
U.S. Geological Survey Modular Ground-Water Model – User Guide to 
Modularization Concepts and the Ground-Water Flow Process.  Open-File Report 
00-92, United States Geological Survey, Reston, Virginia. 

Hill, M.C.  1998.  Methods and Guidelines for Effective Model Calibration.  WRIR 98-4005, 
United States Geological Survey, Denver, Colorado. 

Jeng, C.Y., D.H. Chen, and C.L. Yaws.  1992.  “Data Compilation for Soil Sorption 
Coefficient.”  Pollut. Eng., 24(12):54-60. 

Johnson, C.D., and J.R. Spencer.  2003.  “Modifications to MODFLOW and RT3D for 
Modelling Cyclic Seasonal Variations in Groundwater Flow.”  In:  Proceedings of 
Modflow and More 2003:  Understanding through Modeling (Volume II), E. Poeter, 
C. Zheng, M. Hill, and J. Doherty, eds.  International Ground Water Modeling 
Center, Colorado School of Mines, Golden, Colorado.  pp. 764-768. 

Johnson, C.D., and M.J. Truex.  2006.  RT3D Reaction Modules for Natural and Enhanced 
Attenuation of Chloroethanes, Chloroethenes, Chloromethanes, and Daughter 
Products.  PNNL-15938, Pacific Northwest National Laboratory, Richland, 
Washington. 

Karickhoff, S.W., D.S. Brown, and T.A. Scott.  1979.  “Sorption of Hydrophobic Pollutants on 
Natural Sediments.”  Water Res., 13(3):241-248. 

Kile, D.E., C.T. Chiou, H. Zhou, H. Li, and O. Xu.  1995.  “Partition of Nonpolar Organic 
Pollutants from Water to Soil and Sediment Organic Matters.”  Environ. Sci. 
Technol., 29(5):1401-1406. 

Kim, Y., J.D. Istok, and L. Semprini.  2004.  “Push-Pull Tests for Assessing In Situ Aerobic 
Cometabolism.”  Ground Water, 42(3):329-337. 

Klute, A., and C. Dirksen.  1986.  “Hydraulic Conductivity and Diffusivity:  Laboratory 
Methods.”  In:  Klute, A., ed. Methods of Soil Analysis, Part 1 – Physical and 
Mineralogical Methods, second edition.  American Society of Agronomy, Inc., Soil 
Science Society of America, Inc., Madison, Wisconson.  pp. 687-734. 



 

 62

Kruseman, G.P., and N.A. de Ridder.  1990.  Analysis and Evaluation of Pumping Test Data. 
Publication 47, International Institute for Land Reclamation and Improvement, 
Wageningen, The Netherlands. 

Lyman, W.J., W.F. Reehl, and D.H. Rosenblatt, eds.  1990.  Handbook of Chemical Property 
Estimation Methods.  American Chemical Society, Washington, D.C. 

Miller, C.T., G. Christakos, P.T. Imhoff, J.F. McBride, J.A. Pedit, and J.A. Trangenstein.  1998.  
“Multiphase Flow and Transport Modeling in Heterogenous Porous Media: 
Challenges and Approaches.”  Adv. Water Resour., 21(2):77-120. 

Miller, C.T., M.M. Poirier-McNeill, and A.S. Mayer.  1990.  “Dissolution of Trapped Non-
Aqueous Phase Liquids: Mass Transfer Characteristics.”  Water Resour. Res., 
26(11):2783-2796. 

Neuman, S.P.  1990.  “Universal Scaling of Hydraulic Conductivities and Dispersivities in 
Geologic Media.”  Water Resour. Res., 26(8):1749-1758. 

Neuman, S.P., and P.J. Wierenga.  2003.  A Comprehensive Strategy of Hydrogeologic Modeling 
and Uncertainty Analysis for Nuclear Facilities and Sites.  NUREG/CR-6805, United 
States Nuclear Regulatory Commission, Office of Nuclear Regulatory Research, 
Washington, D.C. 

Pedit, J.A., and C.T. Miller.  1994.  “Heterogeneous Sorption Processes in Subsurface Systems, 
1.  Model Formulations and Applications.”  Environ. Sci. Technol., 
28(12):2094-2104. 

Perfect, E., M.C. Sukop, and G.R. Haszler.  2002.  “Prediction of Dispersivity for Undisturbed 
Soil Columns from Water Retention Parameters.”  Soil Sci. Soc. Am. J., 
66(3):696-701. 

Pickens, J.F., and G.E. Grisak.  1981.  “Scale-Dependent Dispersion in a Stratified Granular 
Aquifer.”  Water Resour. Res., 17(4):1191-1211. 

Poeter, E.P., M.C. Hill, E.R. Banta, S. Mehl, and S. Christensen.  2005.  UCODE_2005 and Six 
Other Computer Codes for Universal Sensitivity Analysis, Calibration, and 
Uncertainty Evaluation.  Techniques and Methods 6-A11, United States Geological 
Survey, Reston, Virginia. 

Powers, S.E., C.E. Loureiro, L.M. Abriola, and W.J. Weber, Jr.  1991.  “Theoretical Study of the 
Significance of Non-Equilibrium Dissolution of Non-Aqueous Phase Liquids in 
Subsurface Systems.”  Water Resour. Res., 27(4):463-477. 

Powers, S.E., L.M. Abriola, and W.J. Weber, Jr.  1994.  “An Experimental Investigation for Non 
Aqueous Phase Liquid Dissolution in Saturated Subsurface Systems: Transient Mass 
Transfer Rates.”  Water Resour. Res., 30(2):321-332. 



 

 63

Quezada, C.R., C.M. Hansen, T.P. Clement, N.L. Jones, and K.K. Lee.  2003.  “ART3D- An 
Analytical Model for Predicting 3-Dimensional Reactive Transport.”  In:  Proceeding 
of the MODFLOW and More 2003:  Understanding Through Modelling, Golden, 
Colorado, September 17-19, 2003.  International Ground Water Modelling Center, 
Colorado School of Mines, Golden, Colorado. 

Quezada, C.R., T.P. Clement, and K.K. Lee.  2004.  “Generalized Solution to Multi-
Dimensional, Multi-Species Transport Equations Coupled with a First-Order 
Reaction Network Involving Distinct Retardation Factors.”  Adv. Water Resour., 
27(5):507-520. 

Rugner, H., S. Kleineidam, and P. Grathwohl.  1999.  “Long Term Sorption Kinetics of 
Phenathrene in Aquifer Materials.”  Environ. Sci. Technol., 33(10):1645-1651. 

Russell, H.H., J.E. Matthews, and G.W. Sewell.  1992.  EPA Ground Water Issue:  TCE 
Removal from Contaminated Soil and Ground Water.  EPA/540/S-92/002, United 
States Environmental Protection Agency, Office of Solid Waste and Emergency 
Response, Washington D.C. 

Simmons, C.T.  2005.  “Variable Density Groundwater Flow:  From Current Challenges to 
Future Possibilities.”  Hydrogeol. J., 13(1):116-119. 

Simpson, M.J., K.A. Landman, and T.P. Clement.  2005.  “Assessment of a Non-Traditional 
Operator Split Algorithm for Simulation of Reactive Transport.”  Math. Comp. Sci. 
Simulat., 70(1):44-60. 

Smith, A.J., and J.V. Turner.  2001.  “Density-Dependent Surface Water–Groundwater 
Interaction and Nutrient Discharge in the Swan–Canning Estuary.”  Hydrol. Process., 
15(13):2595-2616. 

Stephanatos, B.N., K. Water, A. Funk, and A. MacGregor.  1991.  “Pitfalls Associated with the 
Assumption of a Constant Partition Coefficient in Modeling Sorbing Solute Transport 
Through the Subsurface.”  In:  Proceedings of the International Symposium on 
Ground Water, American Society of Civil Engineers (ASCE), Nashville, Tennessee, 
July 29-August 2, 1991.  American Society of Civil Engineers, New York.  pp. 13-20. 

Truex, M.J., C.J. Newell, B.B. Looney, and K.M. Vangelas.  2006.  Scenarios Evaluation Tool 
for Chlorinated Solvent Monitored Natural Attenuation.  WSRC-STI-2006-00075, 
Savannah River National Laboratory, Washington Savannah River Company, Aiken, 
South Carolina. 

U.S. ACE.  1999.  Engineering and Design:  Groundwater Hydrology.  EM 1110-2-1421, United 
States Army Corps of Engineers, Washington, D.C. 



 

 64

U.S. EPA.  1998.  Technical Protocol for Evaluating Natural Attenuation of Chlorinated 
Solvents in Ground Water.  EPA/600/R-98/128, United States Environmental 
Protection Agency, Office of Research and Development, Washington D.C. 

U.S. EPA.  1999a.  Use of Monitored Natural Attenuation at Superfund, RCRA Corrective 
Action, and Underground Storage Tank Sites.  OSWER Directive number 
9200.4-17P, United States Environmental Protection Agency, Office of Solid Waste 
and Emergency Response, Washington, D.C. 

U.S. EPA.  1999b.  BIOCHLOR - Natural Attenuation Decision Support System v1.0. User’s 
Manual.  EPA/600/R-00/008, United States Environmental Protection Agency, Office 
of Research and Development, Washington, D.C. 

U.S. EPA. 2002.  Calculation and Use of First-Order Rate Constants For Monitored Natural 
Attenuation Studies.  EPA/540/S-02/500, United States Environmental Protection 
Agency, Washington, D.C. 

Werth, C.J., S.A. McMillan, and H.J. Castilla.  2000.  “Structural Evaluation of Slow Desorbing 
Sites in Model and Natural Solids Using Temperature Stepped Desorption Profiles.  
1. Model Development.”  Environ. Sci. Technol., 34(14):2959-2965. 

Westbrook, S.J., J.L. Rayner, G.B. Davis, T.P. Clement, P.L. Bjerg, and S.J. Fisher.  2005.  
“Interaction between shallow groundwater, saline surface water and contaminant 
discharge at a seasonally and tidally forced estuarine boundary.”  J. Hydrol., 
302(1-4):255-269. 

Wood, M., C. T. Simmons, and J. L. Hutson.  2004.  “A Breakthrough Curve Analysis of 
Unstable Density-Driven Flow and Transport in Homogeneous Porous Media.”  
Water Resour. Res., 40(3):W03505/1-9. 

Xu, M., and Y. Eckstein.  1995.  “Use of Weighted Least Squares Method in Evaluation of the 
Relationship Between Dispersivity and Field-Scale.”"  Ground Water, 33(6):905-908. 

Xu, M., and Y. Eckstein.  1997.  “Statistical Analysis of the Relationships Between Dispersivity 
and Other Physical Properties of Porous Media.”  Hydrogeology J., 5(4):4-20. 

Zheng, C., and P.P. Wang.  1999.  MT3D: A Modular Three-Dimensional Multispecies 
Transport Model – Documentation and User’s Guide.  SERDP-99-1, United States 
Army Corps of Engineers, Engineer Research and Development Center, Vicksburg, 
Mississippi.  Available online at:  http://hydro.geo.ua.edu/mt3d. 

Zheng, C., M.C. Hill, and P.A. Hsieh.  2001.  Modflow-2000, the U.S. Geological Survey 
Modular Ground-Water Model – User Guide to the LMT6 Package, the Linkage with 
MT3DMS for Multi-Species Mass Transport Modeling.  Open-File Report 01-82, 
United States Geological Survey, Denver, Colorado. 

 

http://hydro.geo.ua.edu/mt3d


  PNNL-15937 

 Distr.1

 

Distribution 
 

No. of 
Copies 

No. of 
Copies 

 
OFFSITE 

 1 T.P. Clement 
Auburn University 
Department of Civil Engineering 
212 Harbert Engineering Center 
Auburn, AL  36849-5337 
 

 1 B.B. Looney 
Savannah River National Laboratory 
Bldg. 773-42A 
Aiken, SC  29808 
 

 1 C.J. Newell 
Groundwater Services, Inc. 
2211 Norfolk, Suite 1000 
Houston, TX  77098-4054 
 

 1 K.M. Vangelas 
Savannah River National Laboratory 
Bldg. 773-42A 
Aiken, SC  29808 
 

 

ONSITE 

 6 Pacific Northwest National Laboratory 
T.J. Gilmore K6-96 
C.D. Johnson (2) K6-96 
M.J. Truex K6-96 
Information Release Office (2) P8-55 

 

 
 



WSRC-STI-2006-00174, Rev. 0 
October 11, 2006 

 
 
 
 
 
 
 
 
 
 
 
 
 

Attachment 2:   
 

RT3D Reaction Modules for Natural and Enhanced Attenuation of 
Chloroethanes, Chloroethenes, Chloromethanes, and Daughter 

Products 
 


