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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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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
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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.



WSRC-STI-2006-00174, Rev. 0
October 11, 2006
Page vii of vii
References for Introduction

EPA, 1998. Technical Protocol for Evaluating Natural Attenuation of Chlorinated Solvents in
Groundwater, EPA/600/R-98/128. Washington DC. September 1998.

EPA, 1999. Use of Monitored Natural Attenuation at Superfund, RCRA Corrective Action and
Underground Storage Tank Sites, OSWER Directive 9200.4-17P. Washington DC. April 21,
1999.

WSRC-STI-2006-00082, 2006. Mass Balance: A Key to Advancing Monitored and
Enhanced Attenuation for Chlorinated Solvents. Washington Savannah River Company,
Aiken, SC, 29808. June 2006. Available at www.osti.gov.

WSRC-STI-2006-00083, 2006. Enhanced Attenuation: A Reference Guide on
Approaches to Increase the Natural Treatment Capacity of a System, Revision 1.
Washington Savannah River Company, Aiken, SC, 29808. August 2006. Available at
WWW.0sti.gov.

WSRC-STI-2006-00084, 2006. Characterization and Monitoring of Natural Attenuation
of Chlorinated Solvents in Ground Water: A Systems Approach, Revision 1. Washington
Savannah River Company, Aiken, SC, 29808. August 2006. Available at www.osti.gov.



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

Attachment 1:

Natural and Enhanced Attenuation of Chlorinated Solvents Using
RT3D



48



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. Criteriafor Selecting the Geochemical Setting

Geochemical Setting Description*

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

Anaerobic

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

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

! 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., acrobic 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.
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