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Summary
RT3D (Reactive Transport in 3-Dimensions) is a reactive transport code that can be applied to
model solute fate and transport for many different purposes. This document specifically
addresses application of RT3D for modelling related to evaluation and implementation of
Monitored Natural Attenuation (MNA). Selection of MNA as a remedy requires an evaluation
process to demonstrate that MNA will meet the remediation goals. The United States
Environmental Protection Agency, through the Office of Solid Waste and Emergency Response
(OSWER) Directive 9200.4-17P, provides the regulatory context for the evaluation and
implementation of MNA. In a complementary fashion, the context for using fate and transport
modelling as part of MNA evaluation is described in the EPA’s technical protocol for chlorinated
solvent MNA, the Scenarios Evaluation Tool for Chlorinated Solvent MNA, and in this
document. The intent of this document is to describe 1) the context for applying RT3D for
chlorinated solvent MNA, 2) the attenuation processes represented in RT3D, 3) dechlorination
reactions that may occur, and 4) the general approach for using RT3D reaction modules
(including a summary of the RT3D reaction modules that are available) to model fate and
transport of chlorinated solvents as part of MNA (potentially in combination with selected types
of active remediation).
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1.0 Introduction
RT3D (Reactive Transport in 3-Dimensions) [Clement, 1997; Clement et al., 1998, Clement and
Johnson, 2002] is a reactive transport code that can be applied to model solute fate and transport
for many different purposes. This document specifically addresses application of RT3D for
modelling related to evaluation and implementation of Monitored Natural Attenuation (MNA).
Selection of MNA as a remedy requires an evaluation process to demonstrate that MNA will
meet the remediation goals. The United States Environmental Protection Agency (U.S. EPA),
through the Office of Solid Waste and Emergency Response (OSWER) Directive 9200.4-17P
[U.S. EPA, 1999a], provides the regulatory context for the evaluation and implementation of
MNA. In a complementary fashion, the context for using fate and transport modelling as part of
MNA evaluation is described in the EPA’s technical protocol for chlorinated solvent MNA [U.S.
EPA, 1998], the Scenarios Evaluation Tool for Chlorinated Solvent MNA [Truex et al., 2006],
and in this document. The intent of this document is to describe 1) the context for applying
RT3D for chlorinated solvent MNA, 2) the attenuation processes represented in RT3D, 3)
dechlorination reactions that may occur, and 4) the general approach for using RT3D reaction
modules (including a summary of the RT3D reaction modules that are available) to model fate
and transport of chlorinated solvents as part of MNA or for combinations of MNA and selected
types of active remediation.
This document provides the following information related to applying RT3D for chlorinated
solvent MNA. Section 2.0 is an overview of MNA. In Section 3.0, an overview of reactive
transport modelling for MNA is presented. Section 4.0 provides a discussion of specific roles for
modelling as part of MNA evaluation and implementation. A description of how RT3D models
reactive transport is presented in Section 5.0. In Section 6.0, the specific reactions for the
chlorinated species that are included in the RT3D reaction modules for MNA are described.
Section 7.0 discusses how to select the RT3D reaction module based on contaminants and the
type of modelling that is required at the site. Section 8.0 describes the process for applying a
reaction module for fate and transport modelling.
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2.0 Overview of MNA
Monitored Natural Attenuation is an environmental management strategy that relies on a variety
of attenuation processes to degrade or immobilize contaminants and is implemented at
appropriate sites by demonstrating that contaminant plumes have low risk and are either stable or
shrinking. The U.S. EPA “Use of Monitored Natural Attenuation at Superfund, RCRA
Corrective Action, and Underground Storage Tank Sites” OSWER Directive [U.S. EPA, 1999a],
hereafter referred to as the “OSWER MNA Directive,” is the primary document describing the
regulatory context for MNA. The natural attenuation (NA) processes recognized in the OSWER
MNA Directive are delineated in the following quotation [U.S. EPA, 1999a, page 3].
The “natural attenuation processes” that are at work in such a remediation
approach [MNA] include a variety of physical, chemical, or biological processes
that, under favorable conditions, act without human intervention to reduce the
mass, toxicity, mobility, volume, or concentration of contaminants in soil or
groundwater. These in-situ processes include biodegradation; dispersion;
dilution; sorption; volatilization; radioactive decay; and chemical or biological
stabilization, transformation, or destruction of contaminants.
The OSWER MNA Directive outlines a three-tiered approach that has generally been used for
evaluating the suitability of MNA as a remedy. This approach includes use of:
1. Historical groundwater and/or soil chemistry data that demonstrate a clear and
meaningful trend of decreasing contaminant mass and/or concentration over time at
appropriate monitoring or sampling points. (In the case of a groundwater plume,
decreasing concentrations should not be solely the result of plume migration. In the case
of inorganic contaminants, the primary attenuating mechanism should also be
understood.)
2. Hydrogeologic and geochemical data that can be used to demonstrate indirectly the
type(s) of natural attenuation processes active at the site, and the rate at which such
processes will reduce contaminant concentrations to required levels. (For example,
characterization data may be used to quantify the rates of contaminant sorption, dilution,
or volatilization, or to demonstrate and quantify the rates of biological degradation
processes occurring at the site.)
3. Data from field or laboratory microcosm studies (conducted in or with actual
contaminated site media) which directly demonstrate the occurrence of a particular
natural attenuation process at the site and its ability to degrade the contaminants of
concern (typically used to demonstrate biological degradation processes only).
Specific steps for determining whether MNA can meet remediation goals for chlorinated solvents
are provided in the Technical Protocol for Evaluating Natural Attenuation of Chlorinated
Solvents in Ground Water [U.S. EPA, 1998], referred to here as the “EPA MNA Protocol.”
3

Briefly, this protocol outlines data and analysis requirements that include 1) site characterization,
2) an initial screening assessment to verify that site conditions are consistent with the conditions
needed for NA processes, 3) developing “lines of evidence” that NA is occurring, and 4)
demonstrating (e.g., through fate and transport modelling) that NA is likely to mitigate plume
migration and meet remediation goals. If MNA is selected as the remedy, it is implemented
using a monitoring plan designed to verify that NA processes continue to attenuate the plume
and that remediation goals are met over time.
The Scenarios Evaluation Tool for Chlorinated Solvent MNA [Truex et al., 2006] provides a
framework that links the MNA evaluation and associated decision logic to key site
characteristics and known natural attenuation phenomena. The approach is to take the wide
spectrum of chlorinated solvent sites (e.g., different sources, hydrogeology, geochemistry,
degradation process) and sort them into one of 13 different MNA scenarios. By applying a
taxonomic system, users can determine which scenario best describes their plume (or a segment
of their plume). Each scenario contains information about how to proceed with MNA evaluation
for the type of plumes that fit within the scenario. The approach includes information to
determine when numerical modelling may be needed as part of the MNA evaluation process.
MNA may be a viable single remedy for the site. However, if it is determined that MNA may
not meet remediation goals, Enhanced Attenuation (EA) approaches may be considered. The EA
approach is to use a remediation technology that is a sustainable enhancement to natural
attenuation either through reduction of source flux (loading) to the plume or through enhancing
the attenuation processes. More aggressive source control may also be necessary for sites where
incremental enhancements alone are unlikely to be sufficient.
EA approaches can be categorized by the different zones to which they are applied: source zone
(reduction of contaminant mass flux to plume); plume (enhanced attenuation processes); or
discharge zone (enhanced attenuation processes). Within the source zone, enhancements can be
applied as a hydraulic manipulation or as a passive source reduction. Within the plume and
discharge zone, either biological (microbial or plant based) or abiotic (abiotic degradation,
reactive barriers, sorption) attenuation processes can be enhanced. More detailed information
about EA technologies is available in Early et al. [2006].
Source control actions include active remediation of the source area through biological or
chemical remediation processes (e.g., bioremediation, thermal treatment, chemical oxidation,
solvent flushing) or active containment approaches such as pump-and-treat. These actions are
more active/aggressive source reduction and containment approaches, which may be needed for
strong source areas that have a significant mass of contamination feeding the plume.
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3.0 Overview of Reactive Transport Modelling for MNA
The concept of a mass balance between the loading and attenuation of contaminants in a
groundwater system provides a framework for conceptualizing and documenting the relative
stability of a contaminant plume. Thus, a mass balance concept has significant potential to
support appropriate implementation of MNA or EA. For a mass balance to be useful in
engineering practice, however, it is necessary to quantify it in practical ways that facilitate
overall site remediation and which are consistent with existing regulatory guidance. Fate and
transport modelling can be used for implementing this type of plume analysis and providing a
technical basis for evaluating MNA as a remedy when simpler evaluations are not suitable.
The type of model applied at a specific site is dependent on the site conditions and the intended
use of the model. The discussion here is limited to models for solute transport under saturated
conditions. In addition to the conceptual model, which is a necessary part of any site evaluation,
two basic levels of models that are relevant to MNA modelling are available. Analytical models
(e.g., BIOCHLOR [U.S. EPA, 1999b] or ART3D [Quezada et al., 2003]) are capable of solving
the general transport equation with specific limitations. Three-dimensional multi-species
reactive transport numerical models, such as RT3D, discretize the transport equation and
iteratively solve it within a defined numerical domain. As such, RT3D allows for more detailed
configuration of the model domain to more closely match site features. Selection of the
appropriate level of model for a specific site is dependent on the site conditions and
configuration-related differences between analytical models and numerical models. Table 1
provides a brief overview of considerations for selecting the primary type of modelling analysis
based on site properties, in particular based on whether the geochemistry and hydrology of the
site readily supports a relatively simple description of attenuation and transport processes or
whether the geochemistry and hydrology are complex. Other considerations for model selection
are discussed below.
BIOCHLOR [U.S. EPA, 1999b] and ART3D [Quezada et al., 2003 and 2004; Clement, 2001]
are analytical models that have been established specifically for use in modelling MNA. For
analytical models, the solution technique typically requires assumptions of uniform hydraulic
properties throughout the domain, uniform steady-state groundwater flow (in some case limited
to one-dimensional advection), simple boundary conditions, simple source geometry, first-order
contaminant transformation with rates constant within a defined area (in some cases for a single
decay pathway), and uniform linear equilibrium partitioning. Analytical models can be useful in
providing estimates of contaminant migration for plumes where these assumptions can be
technically supported based on the site conditions. For instance, consider a plume with a welldefined contaminant source of TCE within a relatively homogeneous, thin aquifer that is
bounded by aquitards or by an aquitard and the water table and where the aquifer has relatively
constant methanogenic conditions throughout the plume. In this case, the assumptions required
for use of an analytical model are appropriate.
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Table 1. Considerations for Selecting a Modelling Approach Based on Site Properties
Sites with supportive
geochemical / hydrologic
conditions

Modelling
Approach

Simple site with
stable or
shrinking plume

Plume stability
& geochemical
footprints
uncertain

Sites with hydrologic and / or
geochemical complexity / challenges
Documented plume
growth or outcrop or
perturbed – may be
stable in the future

Conceptual Model –
Identify contributing
processes and the
active zones within
a plume.

Geochemical
conditions uncertain
and/or complex
hydrologic conditions

[2]

[2]

Attenuation
Process
Enhancement
Evaluation

[2]

Conceptual Model
plus Analytical
Model or Mass
Balance Calculation
Conceptual Model,
possible Analytical
Model, and
Numerical Model

[1]

NOTES:
1

2

KEY:

Numerical modelling is not necessarily preferred because costs may not be justifiable for
the offsetting benefits in terms of uncertainty reduction, monitoring optimization, etc.
However, numerical models may be selected if it is necessary to provide better estimates
of time frames and better assurance of meeting certain types of remediation goals (e.g.,
concentration targets) than can be obtained with analytical modelling.

Better

Worse

Conceptual models are good to use for planning and site management, but may not be suited as primary support for decision
making at complex sites or sites that have high uncertainty because conceptual models do not allow testing of uncertainty and
parameter sensitivity and do not strongly support a detailed evaluation of enhancements.

RT3D numerical modelling is needed when site conditions cannot be described under the
simplified flow, reaction, or adsorption process assumptions that are required for use of
analytical models. The groundwater flow system at a site may not be uniform because of a
complex distribution of hydraulic conductivity, complex recharge/discharge elements, or
transient flow conditions. Sources distributed in multiple locations, multiple contaminant
species with multiple reaction pathways, and multiple oxidation/reduction conditions within the
plume area cause complexities in modelling the reaction processes at a site. In some cases,
assumption of linear equilibrium sorption is not appropriate, depending on the nature of the
contaminant and the aquifer solids. For site conditions that include any or all of these
complexities, RT3D is a more appropriate tool for modelling than use of analytical models.
Similar to analytical models, RT3D has some limitations in how it can be configured to match
site conditions. A discrete numerical model cannot describe all of the nuances for each term
within the transport equation. That is, RT3D cannot exactly reproduce reality because of
6

limitations in representing effects of the reactive transport processes at multiple scales and/or
because our understanding of the processes is limited. However, compared to analytical models,
RT3D can be configured to more closely match the site conditions and processes. In addition,
there are also limitations in the type and quality/quantity of data that are available at any site to
develop the parameters/coefficients required for the equations solved by RT3D.
A numerical model (e.g., using RT3D) can provide information to help analyze the relative
importance of different fate and transport processes at an individual site and assess the plume in
terms of a mass balance approach. The model can also be used to estimate the future fate and
transport of contaminants. These predictions can be valuable input, along with other site
information, in making timely decisions regarding implementation of remedial actions or for
planning monitoring activities. A key function of the predictive capability of models is to
estimate whether the remedy will meet the remediation goals when this determination cannot be
made directly with field data. Numerical models, in particular, 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.
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4.0 Role of Modelling for MNA
The analysis and predictive functions of modelling are important within the context of applying
MNA to 1) help analyze the relative importance of different attenuation and transport processes
within a plume, 2) provide timely decision support, for instance, when there is insufficient
temporal monitoring data available, 3) evaluate MNA as a remedy to replace existing remedies
(e.g., P&T) that have perturbed the plume such that data to establish whether the plume is stable
will not be available for a long time, 4) evaluate combinations of other remedial actions (e.g.,
Enhanced Attenuation) and MNA, and 5) help interpret monitoring data for transient plumes.
There are two basic capabilities of RT3D that can be applied for multiple purposes in applying
MNA. The first capability is to estimate the interaction of multiple processes for fate and
transport of contaminants. RT3D can also estimate the future fate and transport of contaminants
and, in particular, estimate whether the MNA or MNA/EA remedy will meet remediation goals.
The following sections describe these capabilities within specific roles of MNA modelling.

4.1

Attenuation Process Evaluation

RT3D can be used to assess the relative importance of attenuation processes under the specific
conditions of a site. The natural attenuation capacity of the aquifer is defined as the sum of the
processes that are active within the aquifer being evaluated. The rate of these processes is a
function of contaminant concentration and other parameters that can vary spatially and, in some
cases, temporally. Modelling analysis of these processes can provide a quantitative basis for
refining the conceptual model of the site.
As a simplification, the capacity of each process to attenuate contamination can be calculated
using averaged conditions for the site or for distinct portions of the site. However, to assess how
these attenuation processes impact fate and transport of the contamination, the processes must be
coupled and solved within a transport equation.

4.2

Timely Decision Support

If sufficient field data are not available to determine directly whether MNA will meet
remediation goals, modelling, with appropriate input to describe the attenuation processes at the
site, can be used to estimate whether the goals can be met. The modelling estimate and other
relevant attenuation evidence provide the basis for a decision on whether to implement MNA.
Continued monitoring can then be applied to verify whether the plume is behaving as expected
and that remediation goals are met over time.
Example: Site “A” received waste petrochemical liquids from 1962 through 1973 in an open pit.
The waste pit leaked dense non-aqueous-phase liquid (DNAPL) into a thin, moderately
permeable, silt/sand unit in the subsurface where the groundwater is relatively stagnant. DNAPL
contamination at the site is confined to this unit. However, the groundwater of this unit slowly
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flows into a deeper sandy paleo-channel through several hydraulic conduits in the intervening
clay that separates the upper silt/sand unit from the paleo-channel. Over the forty years since the
waste was initially disposed of, a dissolved-phase plume of the more soluble chlorinated ethene
and chlorinated ethane compounds in the waste has developed in this channel. Characterization
data were collected for the plume over a period of about 5 years. The U.S. EPA MNA Protocol
[U.S. EPA, 1998] was applied at the site and it was determined that there are significant
attenuation processes active. However, it was not clear from the data whether the plume was
stable or shrinking.
A numerical model was used to evaluate migration of the plume toward the identified receptors.
Based on the modelling results and the evidence that there are significant attenuation processes at
the site, MNA was approved as the remedy for the site. Monitoring is being conducted to ensure
that remediation goals are met and to verify that the attenuation processes are effectively limiting
plume migration. While there was not direct field evidence that the plume was currently stable
or shrinking at this site, the regulatory agencies were able to support an MNA remedy based on
the model predictions, the lack of risk to receptors in the near future, and the ability to effectively
use monitoring to verify the MNA remedy in the near future as more data is collected to establish
the trends needed to evaluate stability of the plume.

4.3

Transition to MNA from Other Remedies

For sites where another remedy is in place, the transition to MNA may require assessment of a
transient plume with respect to whether MNA will be able to meet remediation goals over time.
For instance, if Pump-and-Treat (P&T) is being applied to all or a portion of a plume, there will
not be direct field evidence available to support a decision to transition to MNA. However,
along with data to quantify the attenuation capacity, numerical modelling can be applied to
predict how the plume will respond if P&T is shut down. Continued monitoring can then be
used to verify whether the plume is behaving as expected and that remediation goals are met over
time.
Example: Site “B” received waste petrochemical liquids from 1969 through 1980 in open pits.
DNAPL migrated from the waste pits into the subsurface below the water table within alluvial
deposits. Free-phase DNAPL was discovered in the subsurface during site characterization.
Because the free-phase DNAPL still had the potential to migrate as a non-aqueous phase,
recovery wells were installed and DNAPL extraction was initiated. In addition to direct DNAPL
extraction, the DNAPL source area was surrounded by groundwater extraction wells designed to
contain the dissolved-phase plume emanating from the source area and to depress the water
table, in theory, to help limit vertical migration of the DNAPL. After about 5 years of operation,
it was determined that the groundwater extraction was not needed to limit vertical migration of
the DNAPL. The site then desired to evaluate natural attenuation as a means to limit migration
of the dissolved-phase plume to protect the downgradient receptors so that groundwater
extraction could be terminated.
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The U.S. EPA MNA Protocol [U.S. EPA, 1998] was applied at the site and it was determined
that there are significant attenuation processes active. A numerical model was used to estimate
how the plume would migrate after the extraction wells were shut down. The modelling results
indicated that the plume is expected to become stable within about 20 years, remain within the
site property line, and not impact any receptors. The EPA approved MNA as the remedy for the
dissolved-phase plume at the site and the groundwater extraction wells were shut down.
Monitoring is being conducted to ensure that remediation goals are met and to verify that the
attenuation processes are effectively limiting plume migration.

4.4

Evaluating Combinations of MNA and EA or Other Remedies

In some cases, MNA alone may not be able to meet remediation goals. EA may be a candidate
to use in conjunction with MNA to meet these goals. However, to determine how to combine
these remedies requires selecting the appropriate EA, determining performance goals for the EA,
and assessing how the conditions created by the EA action will impact the natural attenuation
processes. Numerical modelling can aid in this process by evaluating different scenarios for
applying combined MNA/EA remedies.
For instance, if a plume is growing and it is not expected that natural attenuation processes can
stabilize the plume before receptors are impacted, MNA can still be a component of the
remediation strategy for the plume by 1) coupling MNA with another technology that can
augment the natural attenuation capacity of the plume or 2) removing enough contaminant mass
such that the natural attenuation capacity of the aquifer is sufficient to stabilize the plume. The
role of numerical modelling in this case would be to aid in evaluating different combinations of
technologies with MNA.

4.5

Interpreting Monitoring Data

Interpretation of monitoring data for MNA includes assessing whether natural attenuation
processes are continuing to occur as expected. For plumes that are not at steady state but for
which MNA was selected because the plume was predicted to reach steady state before
impacting receptors, assessing the natural attenuation processes can be conducted, in part, by
comparing the actual temporal changes in the plume to the model-predicted temporal changes in
the plume.
Example: Site “B” (Section 4.3) had used P&T for containment of the dissolved-phase
chlorinated solvent plume. Based on predictive modelling and knowledge of existing attenuation
processes, the EPA approved MNA as the remedy for the dissolved-phase plume at the site and
the extraction wells were shut down.
Monitoring is being conducted to ensure that remediation goals are met and to verify that the
attenuation processes are effectively limiting plume migration. The model results include
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concentration profiles as a function of time for each contaminant species in the dissolved-phase
contaminant plume. Because the source area was hydraulically contained for about 6 years,
contaminant concentrations downgradient of the source area were expected to increase after the
groundwater extraction was stopped over a period of about 20 years before stabilizing.
However, the concentrations are expected to increase at a rate that is much lower than would be
observed if no natural attenuation occurred.
Contaminant concentration profiles are expected to follow a specific pattern based on the
degradation processes observed in site-specific microcosm tests. If the actual contaminant plume
is to become stable, the concentration profiles of each contaminant species should be similar to
the profiles predicted by the model. Thus, the monitoring plan uses a comparison of predicted
concentration profiles to measured concentration profiles to evaluate the performance of the
selected MNA remedy. In the plan, three simulated concentration time profiles along a transect
of the plume were developed using the model. One time profile is based on the model prediction
using the natural attenuation rates that best matched the site data (baseline). Another time profile
is based on a model prediction using biological natural attenuation rates that are 10% of the
baseline rates. The third time profile is based on model predictions with biological natural
attenuation rates set to zero. Because the concentration profile of contaminants downgradient of
the source depend significantly on the magnitude of the biological natural attenuation processes,
comparison of measured and predicted concentrations along a transect is considered to be an
acceptable verification of whether these processes are occurring as expected. The monitoring
plan outlines how the field data collected over time at this transect will be compared to these
three simulated profiles. If the field data is most similar to the baseline natural attenuation
simulated profile, monitoring is continued. If the field data is most similar to either of the other
two simulated profiles, the MNA remedy must be re-evaluated and, potentially, contingency
actions may need to be implemented.
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5.0 Representation of Reactive Transport by RT3D
This section outlines how RT3D is configured for modelling reactive transport. The
configuration of a numerical model must be tailored to the specific site based on the conceptual
model, site hydraulic and reaction/geochemical data, and remediation goals.
RT3D provides a solution technique for the contaminant transport equation. Configuration of the
model consists of determining the appropriate equation terms and setting the spatial and temporal
context for solving the relevant equations. The governing equation for three-dimensional, multispecies transport in saturated porous media for constant porosity is shown in Equation 1 (adapted
from Zheng and Wang [1999]). This equation shows the combination of all of the attenuation
processes that contribute to the mass balance: dispersion/diffusion, advection, external
sources/sinks, adsorption, and reaction. Equation 1 is a generalized form and it may be
necessary to add terms (i.e., as terms of the reaction component) to describe other processes
(e.g., the dissolution rate of non-aqueous phase liquid, contaminant exchange with the vadose
zone, plant uptake) at a specific site.
rate of
change + adsorption

=

dispersion

– advection

sources
+ / sinks

+ reaction

∂Ck ⎞⎟ ∂(vi C k ) q s
∂C k ρ b ∂Cˆ k
∂ ⎛⎜
1
=
Dij
+ C s , k + ∑ rk
+
−
∂xi ⎜⎝
∂x j ⎟⎠
θ ∂t
θ
θ
∂xi
∂t

(1)

In Equation 1, Ck is the concentration of the kth species (M/L3), t is time (T), Dij is the
hydrodynamic dispersion coefficient tensor (L2/T), xi is the distance along the respective axis of
the coordinate system (L), vi is the linear pore water velocity (L/T), qs is the volumetric flow rate
of sources (positive) or sinks (negative) per unit volume of aquifer (L3/T), Cs, k is the
concentration of the kth species in the sources or sinks (M/L3), θ is the porosity of the aquifer
(L3/L3), ρb is the dry bulk density of the subsurface sediments (M/L3), Ĉk is the concentration of
the kth species on the solid phase (M/M), and rk represents the reaction terms for transformation
of the kth species (M/L3/T). Units are specified generically as M = mass, L = length, and T =
time. Note that the linear pore water velocity times the porosity is equal to the specific discharge
(Darcy flux). The reaction term rk may be comprised of multiple terms to account for the
specific reactions occurring.
RT3D obtains groundwater flow velocities from a separate flow model, typically the
MODFLOW code [Harbaugh et al., 2000] with the LMT package [Zheng et al., 2001] active.
Saturated groundwater flow velocities are calculated from the hydraulic-head values that are
computed by MODFLOW. The flow equations used are [Zheng and Wang, 1999]:
vi = −

Ki

θ

∂h
∂xi

(2)
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Ss

∂h
∂ ⎛
∂h ⎞
⎜⎜ K i
⎟ + qs
=
∂t ∂xi ⎝ ∂xi ⎟⎠

(3)

In addition to previously defined variables, Ki is the principal component of the hydraulic
conductivity tensor (L/T), h is the hydraulic head (L), and Ss is the specific storage coefficient
(1/L) in equations 2 and 3.
To provide meaningful results, initial and boundary conditions must be established for a model
based on actual physical site conditions. Initial conditions are the starting values of species
concentrations (or hydraulic head for MODFLOW). Types of transport boundary conditions
include defined concentrations for model boundary cells, distributed sources (e.g., recharge),
and/or point sources (e.g., wells, rivers, drains, etc.).
There are specific calculation- and discretization-related errors that are inherent to solving the
transport equation with numerical models. Within a numerical solution, there are tolerances for
solutions, stability constraints, mass balance issues, and time-step constraints that need to be
considered the numerical model setup. Numerical dispersion for solute transport, the artificial
spreading of solutes to adjacent grid cells, can also be problematic for some solution techniques
under conditions where the ratio of advection-related transport to dispersion-related transport is
large. The MT3DMS manual [Zheng and Wang, 1999] provides a good discussion of the issues
involved with artificial oscillation and numerical dispersion resulting from the advection solution
procedure and model setup. Users should follow the MT3DMS guidance for appropriate values
of the Peclet number, the Courant number, and maximum grid cell size changes for non-uniform
grids. In addition, the user should assess the impacts of choice of advection solver, and
refinements in the resolution of both the grid spacing and the transport time step size on the
solution to ensure that the model setup is satisfactory. Increased resolution is not warranted at
the point where there is negligible change in the results. The potential for numerical-solution
related errors should be discussed when documenting a model and considered when interpreting
the results.
The RT3D numerical code solves the reactive transport system described by Equation 1 using an
operator-split strategy [Clement et al., 1998; Simpson et al., 2005] to uncouple the reaction terms
from the advection, dispersion, and source/sink terms of the governing transport equations.
These uncoupled components of the transport equation are treated as separate “packages” by
RT3D in terms of the input files and the solution. In particular, the reaction terms (rk) in
Equation 1 for all contaminant species can be assembled as a set of ordinary differential
equations (ODEs) that describes the reaction rate and pathway details. Specific reaction kinetic
expressions may be assembled in a reaction “module” that plugs into the reaction package for
solution during the overall process. RT3D includes a variety of reaction modules for specific
purposes, including those designed for evaluation of MNA as a remedy for chlorinated solvent
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contamination (Section 7.0). Additionally, the user may define a set of kinetic reaction
expressions in a user-defined reaction module to account for processes not included in the
standard reaction modules. The following sections examine the mathematical expressions of
each component of the governing transport equation and discuss the type of information
available to select parameter values for these expressions.

5.1

Advection

Groundwater flows primarily in response to pressure gradients. The basic relation of pressure
gradients and groundwater flow is the Darcy equation. Equation 2 shows is a formulation of the
Darcy equation that provides the groundwater flow velocities used by RT3D in solving the
transport equation.
Equation 2 illustrates that the distribution of hydraulic conductivity is the key aquifer parameter
that determines the rate of groundwater flow for a given hydraulic head gradient. The flow path
of groundwater is via the path of least resistance, thus developing an adequate representation of
the hydraulic conductivity distribution is a key issue in configuring the numerical model.
Sources of hydraulic conductivity values include literature information, laboratory tests, and
field tests. Literature information provides estimates for the intrinsic hydraulic conductivity for
specific sediment types [e.g., Freeze and Cherry, 1979]. This type of information can be useful
to estimate the hydraulic conductivity distribution from geologic borehole log information.
There are numerous methods available to interpolate geologic data from borehole logs into a
distribution of subsurface geologic layering within a defined domain (e.g., kriging techniques).
The hydraulic conductivity of a specific model grid cell can be estimated using a weighted
average of the intrinsic hydraulic conductivity for different sediment types (e.g., sand, silt, and
clay) based on the percentage of different sediment types interpolated to the specific grid cell.
Data for the intrinsic hydraulic conductivity of specific sediment types can also be estimated
using site-specific tests. Sediment samples of specific sediment types can be tested in the
laboratory using standard techniques to determine the permeability [e.g., Klute and Dirksen,
1986]. These techniques provide a vertical hydraulic conductivity estimate for the sediment
sample that can be used to interpret the intrinsic horizontal hydraulic conductivity for the
sediment type of the sample. Hydraulic properties can also be related to sediment physical
properties such as grain size distributions. Field tests in selected sediment layers can be
conducted as well. Typical field tests include slug tests and pumping tests. Procedures,
interpretation, and limitations of these tests are readily available [e.g., Kruseman and de Ridder,
1990]. The pumping test, in particular, can be applied to evaluate the hydraulic conductivity
over a larger area and determine a conductivity value that is a composite of the intrinsic
conductivities for the layers present within the test area. This composite may be of value if it is
not practical to represent all of the individual subsurface layers within the numerical model grid.
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For the hydraulic conductivity in the vertical direction, the intrinsic conductivity approach
described above can be used with values from literature, laboratory tests, or estimates based on
horizontal conductivity values if the subsurface layering can be defined. If the subsurface can’t
be directly defined (e.g., for complex systems with layers too fine to resolve), an anisotropy
factor can be used as a way to estimate the relative horizontal and vertical conductivity values.
Typically transverse conductivity is assumed to be the same as the conductivity in the primary
horizontal flow axis. Estimates for anisotropy are typically based on an assessment of the
contrast of hydraulic conductivity between subsurface layers.
Other parameters are also important for calculating groundwater flow for some settings. For
example with transient conditions, an estimate for the storage coefficient (confined aquifers) and
specific yield (unconfined aquifers) is needed. Estimated values for these parameters can be
obtained in the literature or from analysis of field tests. Additionally for advection velocity and
transport calculations, an estimate for porosity is needed. Literature values for porosity are
available based on sediment type. It is also possible to estimate porosity in the field using
conservative tracer tests.
Advection can also be influenced by density differences induced by high concentrations of
solutes in the groundwater [Russell et al., 1992; Barth et al., 2001; Wood et al., 2004; Simmons,
2005]. For typical MNA scenarios, density differences imposed by disperse dissolved
contaminant concentrations are not significant. However, density issues should be considered
for sites that include high concentration source areas where density driven flow may have
impacted the distribution of the downgradient plume or where there are natural interfaces
between higher and lower density groundwater within the modelled area (e.g., for coastal areas
[e.g., Smith and Turner, 2001; Westbrook et al., 2005]). Density-driven advection is not
currently supported by RT3D. Advection in fractured systems is also not currently supported by
RT3D.

5.2

Dispersion

Dispersion is comprised of molecular diffusion and velocity-related mechanical dispersion. In
numerical modelling, dispersion is quantified using the dispersion coefficient and related tensor
components representing the dispersion along the different directions. Dispersion is not readily
measurable in the field and is generally viewed as a term that combines the effects of pore-scale
processes and of spatial variation in hydraulic conductivity. Based on the scale of the plume, an
initial estimate of an appropriate longitudinal dispersivity value can be obtained from tabulated
data [e.g., Gelhar et al., 1992] or published correlations [e.g., Ayra, 1986; Pickens and Grisak,
1981; Neuman, 1990; Xu and Eckstein, 1995 and 1997; Perfect et al. 2002]. Dispersivity in the
directions transverse and vertical to the plume axis is generally lower than that in the
longitudinal direction. Less data is available on transverse and vertical dispersivity; that which is
available is mostly of low reliability [Gelhar et al., 1992]. Rule-of-thumb type estimates are
often used for transverse dispersivity (equal to 10% of longitudinal dispersivity) and vertical
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dispersivity (equal to 1% of longitudinal dispersivity). The use of tabulated data and correlations
based on such data has several drawbacks. First, site-specific heterogeneity is a major influence
on the dispersivity, and the tabulated data is likely not specific to the site of interest. Secondly,
an examination of the tabulated data will reveal that, for a give plume scale, the dispersivity can
range over an order of magnitude or more.
The character of the plume concentration profiles can also provide qualitative information to
assess appropriate dispersion values. For instance, plumes with sharper concentration fronts
would tend to indicate lower dispersion coefficient values.
Regardless of the source of estimates, the dispersion coefficient values need to be examined as
part of the calibration process. Note that the apparent dispersion may not be entirely from
dispersion processes, most notably in cases where there are transient flow effects. Neglecting
transience can lead to the use of “apparent transverse dispersivities” that are larger than the
actual transverse dispersivity [Johnson and Spencer, 2003].

5.3

Adsorption

The most common assumption for groundwater modelling is that sorption is solely comprised of
equilibrium adsorption processes (i.e., the sorption/desorption occurs much faster than the
transport time scale). The most common equilibrium adsorption assumption is a linear
partitioning isotherm, for which a single coefficient can be used to describe the sorption
processes. This linear equilibrium partitioning coefficient, Kd (L3/M), is defined as the ratio of
the concentration of the species in the aqueous phase to the concentration of the species in the
sorbed phase (Equation 4).
Cˆ k = K d , k ⋅ C k

(4)

Applying the chain rule of calculus, the second term on the left hand side of Equation 1 can be
expanded to
∂Cˆ k dCˆ k ∂Ck
=
∂t
dC k ∂t

(5)

If we define a retardation factor, Rk (dimensionless), for the kth species as shown in Equation 6,
then take the derivative of Equation 4, Equations 4, 5, and 1 can be combined into Equation 7.

Rk = 1 +

ρb K d ,k
θ

(6)
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(7)

The value of Kd for a chemical species can be estimated based on its relationship to other
laboratory-measured parameters or through laboratory experiments. Within an aquifer, Kd
values have a spatial distribution dependent on the distribution of the sediment properties that
impact the partitioning process. In practice, the detail of this distribution is not known and
sorption is quantified by a single coefficient over a large-scale.
In high-carbon soils, it has been demonstrated that the amount of nonionic organic chemicals
sorbed varies from soil to soil and that such variations are primarily caused by the organic
content of the soil [Jeng et al., 1992; Lyman et al., 1990; Bishop et al., 1989]. However,
mineral-driven sorption becomes important as organic carbon content diminishes to below 0.1%
[Kile et al., 1995]. At levels of organic carbon above 0.1%, the normalized sorption coefficient
(Koc) represents an important parameter that can be used to estimate the soil/water equilibrium
partition coefficient (Kd) with this equation:
K d = f oc ⋅ K oc

(8)

where foc is the mass fraction of organic carbon (mass-oc/mass-soil) in the soil and Kd is the
soil/water equilibrium partition coefficient [(mg/kg-soil)/(mg/L)]. It is important to note that at
levels of organic carbon below approximately 0.1%, this relationship will likely underestimate
Kd because it neglects mineral-driven sorption. In those cases, the real quantity of attached
material will be higher than those predicted by Equation 8.
Many researchers have developed methods for estimating Koc based on measurable properties
such as the octanol/water partition coefficient (Kow). Two common correlations are given in the
following equations [Lyman et al., 1990; Bishop et al., 1989]:
log( K oc ) = 3.64 − 0.55 ⋅ log(S )

(9)

log( K oc ) = 4.277 − 0.557 ⋅ log(S m )

(10 )

where S is the water solubility of the organic compound (mg/L), and Sm is the molar water
solubility of the organic compound (µmol/L).
Non-linear equilibrium relationships can also be described numerically in RT3D using data from
laboratory experiments and a concentration-dependent mathematical description of a
sorption/desorption isotherm (e.g., the Freundlich or Langmuir isotherms). These non-linear
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equilibrium relationships may be more appropriate than a linear relationship in some aquifers
[e.g., Pedit and Miller, 1994]. Karickhoff et al. [1979] suggest that non-linear relationships may
be needed when contaminant concentrations are more than one half the aqueous-phase solubility
of the compound or 10-5 M whichever is lower.
It is also possible to configure RT3D to account for non-equilibrium sorption processes. The
built-in “Rate-Limited Sorption” RT3D reaction module provides an example of kinetically
controlled adsorption for a single species (with no other chemical reaction). Using the typical
chemical engineering approach taken by Haggerty and Gorelick [1994], the
adsorption/desorption is described based on a concentration driving force and a mass transfer
coefficient. The mobile and adsorbed fractions are treated as separate species, the latter of which
does not undergo transport. Equations 11 and 12 describe the sorption kinetics for the mobile
and immobile fractions, respectively.
dC mobile
C
⎛
⎞
= −α ⎜ C mobile − sorbed ⎟
λ ⎠
dt
⎝

(11 )

dC sorbed αθ ⎛
C
⎞
=
⎜ C mobile − sorbed ⎟
dt
ρb ⎝
λ ⎠

(12 )

In Equations 11 and 12, α is a first-order mass-transfer rate coefficient (1/T), λ is a linear
partitioning coefficient (i.e., Kd) (L3/M), and the Cmobile and Csorbed are the species concentrations
(in M/L3 and M/M, respectively). To use this non-equilibrium adsorption process, the
equilibrium Kd values for both species must be set to zero. The value for λ is set as a separate
parameter. As with the linear equilibrium partitioning approach, the mass transfer process has a
spatial distribution dependent on the distribution of the sediment properties that impact the
partitioning process. Laboratory experiments are the primary data sources for estimating the
coefficients of the mass transfer approach. Presence of an irreversible sorption capacity for the
aquifer can be implemented numerically as a contaminant sink.
A kinetically controlled desorption rate can provide an explanation for contaminant rebound or
plume tailing effects that are sometimes observed. Several types of numerical formulations for
the mass transfer relationship have been presented in the literature. One example is a twocomponent system combining equilibrium and kinetically controlled sorption [e.g., Brusseau and
Rao, 1989]. Kinetically controlled sorption can also be modelled using a Fick’s Law approach
with various assumptions related to the type of diffusional regime [e.g., Farrell et al., 1999;
Farrell and Reinhard, 1994; Rugner et al., 1999; Carroll et al., 1994; Werth et al., 2000].
Alternatives to these basic approaches include dual-equilibrium models [e.g., Chen et al., 2001]
or multiple mass transfer rate models [e.g., Culver et al., 1997].
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5.4

Source/Sinks

There are several types of sources and sinks that can be relevant for reactive transport modelling.
This section provides a brief description of NAPL dissolution (constant concentration, decaying
concentration, kinetic dissolution), volatilization, groundwater influx/outflux, and
phytoremediation effects.
5.4.1 NAPL-Water Mass Transfer
Quantification of a NAPL dissolution rate may be a key component for modelling some plumes
with persistent source areas. There are three primary methods for modelling the interaction of
NAPL and aqueous-phase contaminant concentrations.
Constant Concentration – In some cases it may be appropriate to use a boundary condition of a
constant concentration in model grid cells corresponding to the location of the DNAPL source.
The concentration of species for this cell can be estimated based on the effective solubility for
the each species [Cohen and Mercer, 1993]. In many cases, field data indicate that the dissolvedphase concentration of DNAPL components is significantly lower than what would be predicted
by the effective solubility. In these cases, the constant concentration value can be set equal to
the field-observed value if the source is expected to remain for a long period of time relative to
the time for transport of the plume toward the receptors.
Decaying Concentration – Dissolution of NAPL over time or application of source remediation
may decrease the concentration of contaminants in the source area. As an approximation, a firstorder decay in the concentration of the NAPL components (which may each decay at a different
rate) in the source cells can be implemented.
Kinetic Dissolution – A kinetic expression for the DNAPL component dissolution rate can be
included in the model if sufficient information is available to estimate the parameters. Similar to
non-equilibrium adsorption, a mass transfer approach is used for kinetic NAPL dissolution. A
driving force for the mass transfer is developed based on concentrations that can be calculated
and tracked within the model. Equations 13 and 14 are an example of how non-equilibrium
NAPL dissolution can be represented.
dC mobile
′ − Cmobile )
= γ (C NAPL
dt

(13 )

dC NAPL
γθ
(C ′ − Cmobile )
=−
ρ b NAPL
dt

(14 )

In these equations, Cmobile is the aqueous-phase concentration of the NAPL species (M/L3), CNAPL
is the mass of NAPL-phase per unit aqueous volume (M/L3), C'NAPL is the solubility of the NAPL
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species, and γ is a mass transfer coefficient (1/T). Additional information about DNAPL
dissolution mechanisms is available in the literature [e.g., Clement et al., 2004a and 2004b;
Miller et al., 1990 and 1998; Powers et al., 1991 and 1994].
5.4.2 Volatilization
There are three mass transfer processes that must be quantified to estimate the overall transfer of
chlorinated solvents from the groundwater to the gas phase in the vadose zone. Figure 1
illustrates the concept applied for mass transfer at the groundwater table interface. At this
interface, there is a mass transfer resistance associated with chlorinated solvent molecules
crossing the interface. On either side of this interface, there are diffusion layers (gas film and
liquid film) that affect the rate at which the chlorinated solvent can reach the groundwater table
interface from the bulk groundwater and the rate at which the chlorinated solvent can move away
from the interface into the bulk vadose zone gas phase. The estimate of overall mass transfer
rate is a function of the parameters that control these three mass transfer processes.
The parameter controlling mass transfer at the groundwater table interface is the Henry’s Law
equilibrium partitioning coefficient. The Henry’s Law coefficient is expressed as the
concentration of a species in the vapor phase divided by the concentration of the species in the
aqueous phase when these two phases are in equilibrium with respect to the species of interest.
Chlorinated solvents have a relatively high Henry’s Law coefficient; consequently, they can
readily partition into the vapor phase across the groundwater table interface.
The diffusion processes to and away from the groundwater table interface are controlled by the
diffusion coefficient in the medium (water or air) and the thickness of the diffusion layer. The
diffusion coefficients for chlorinated solvents are on the order of 1 x 10-6 cm2/s and 1 x 10-2
cm2/s in water and air, respectively [Lyman et al., 1990]. The thickness of the diffusion layer is
dependent on the hydraulic regime and physical nature of the liquid-gas system. The diffusion
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Figure 1. Mass Transfer Concept at the Groundwater Table Interface
layer thickness in the gas phase and groundwater must be estimated for the given site conditions.
The mass transfer rate is significantly influenced by the diffusion layer thickness in the
groundwater and minimally influenced by the diffusion layer thickness in the gas phase.
Using the above mechanisms, the mass transfer rate at the groundwater table as a function of
bulk groundwater concentration can be estimated. Being a single (aqueous) phase code, RT3D
does not have a built in method for describing volatilization. However, the mass transfer due to
volatilization could be represented in a user-defined reaction module where model grid cells at
the water table have an additional loss term. The volatilization loss term could use a lumped
mass transfer coefficient similar to the approach for non-equilibrium NAPL dissolution or could
use a resistance-in-series approach with individual mass transfer coefficients for the zones
described above.
5.4.3 Groundwater Influx/Outflux
Introduction or removal of contaminants from the groundwater system can be an important factor
in assessing the mass balance of the contaminant plume, depending on the specific site. Natural
(e.g., recharge, evapotranspiration, rivers, drains) and introduced (extraction and injection wells)
can be specified in MODFLOW/RT3D as sources/sinks for groundwater flow and thus for
contaminant mass carried with the groundwater. Extraction and injection wells may be
important as part of modelling, for instance, EA/MNA combinations.
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5.4.4 Phytoremediation Effects
There are three primary functions of phytoremediation that may need to be incorporated into
modelling analysis. First, in some phytoremediation applications, plants can uptake and remove
a significant amount of groundwater from the aquifer. This hydraulic impact on the aquifer can
be applied as a water sink (e.g., a well) within the modelled domain or through
evapotranspiration. Information about the rate of removal or the resultant cone of depression
around the plants is needed to establish the parameters for this water sink. Second,
phytoremediation may directly remove contaminant from the aquifer (e.g., through uptake and
subsequent transpiration or in-plant degradation of the contamination). This contaminant impact
can be incorporated with the hydraulic impact as part of the water sink.
Lastly,
phytoremediation may enhance or change existing degradation processes within a defined
portion of the aquifer. These impacts on degradation processes may be the result of synergistic
effects between the plant roots and the microbial population or perhaps caused by changing
redox conditions. These degradation processes can be implemented in the same way that other
spatial variations in reaction processes are included in the model configuration (Section 5.5
below). Information about the specific reactions and rates that occur in the phytoremediation
zone are needed to select the appropriate rate expressions and coefficients for the model.

5.5

Biological and Chemical Reactions

The final term of the governing transport equation is the reaction component. The RT3D
reaction module is used to encapsulate the factors that comprise the reaction term of the
governing transport equation, including non-equilibrium mass transfer (e.g., adsorption, NAPL
dissolution) and biological and chemical reactions. This section discusses the basis for
modelling biological dechlorination reactions, while Section 6.0 describes the biological and
abiotic dechlorination reactions that may occur for chlorinated ethenes, ethanes, and methanes.
Biological and chemical reaction processes can be described mechanistically or with general
empirical relationships. For numerical groundwater modelling, empirical relationships providing
an estimate of the overall rate of transformation and dependence of this rate on the
concentrations of chemical species related to the transformation reaction are typically used.
Contaminant transformation processes under natural attenuation conditions are typically
described using a lumped first-order kinetic form (e.g., Equation 15) that has been effective in
simulating transformation rates under a variety of conditions [U.S. EPA, 1998; Clement et al.,
2000] (but see Johnson and Truex [2006] for discussion on the suitability of first-order
expressions). It is also feasible to add dependencies of this rate related to the concentration of
reactants or inhibitors. Common forms for reaction dependencies, such as for oxidation/
reduction state or specific reactant concentration, include inhibition terms and Monod-type terms
as shown by Equations 16 and 17, respectively.
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In Equations 16 and 17, kfwd is the first-order rate coefficient for the kth species (1/T), KC is the
half saturation coefficient (M/L3), Cinhibitor is the concentration of an inhibitor species (M/L3), and
KI is an inhibition coefficient (M/L3).
While there are other factors that can impact dechlorination activity of bacteria, dechlorination
reaction pathways and rates have been shown to vary as a function of the electron acceptor
conditions. Hence, the electron acceptors and other geochemical indicators (e.g., redox potential,
methane, total organic carbon, etc.) usually categorize the overall activity of bacteria at the site.
In general, the sequence of electron acceptors (non-contaminant) from more oxidizing to more
reducing conditions are: oxygen, nitrate, iron/manganese, sulfate, and carbon dioxide (methane
production).
Section 6.0 discusses the dechlorination reactions as a function of three basic geochemical
settings at a site: Aerobic, Anoxic, and Anaerobic. In most cases, the geochemical data
available at a site is sufficient to identify which of these three settings describes the site or to
divide the site into several segments with different geochemical settings (e.g., an anaerobic
portion near the source and an aerobic portion at some point downgradient of the source). Using
this type of information, RT3D can be configured to model these different redox zones reactions
and rates specific to the geochemical setting in each zone [e.g., Johnson et al., 2003].
Alternatively, if a significant amount of temporal and spatial data are available/collected at a site,
the oxidation/reduction conditions at any given point in the model can be explicitly modelled and
RT3D can use this information to model the dechlorination reactions as a function of these
conditions within each model grid cell. These two approaches are discussed further in Section
8.2.2.
In some cases, it may useful to describe both the substrate and the electron acceptor reactions
and the correlation of these reactions to dechlorination rates. Expressions for these reactions can
be developed based on knowledge of the metabolic respiration processes that have been
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examined in the literature or laboratory. This approach requires an in-depth knowledge of the
metabolic processes at a site and adds additional parameters for which estimates are required.
However, the basic approach of describing the correlation between substrate and electron
acceptor reactions and dechlorination rate can be constructed and implemented with appropriate
assumptions about the dependency of the dechlorination rate on the concentration of other
species (e.g., electron acceptors) in the groundwater, thus simplifying the expressions. A key
limitation of this approach for natural attenuation modelling is that the substrate type and flux is
not well defined under natural attenuation conditions. Thus, assumptions about the metabolic
reactions are typically necessary. More typically, kinetic expressions incorporating substrate and
electron acceptor reactions and the correlation of these reactions to dechlorination rates are
applied for accelerated bioremediation applications where there is much better information about
the type and flux of the substrate.
Sources of information on reaction processes and rate coefficients relevant to numerical
modelling include laboratory studies, literature information, and in some cases, field data.
Laboratory microcosm tests provide data on the type of reactions and rate of reactions that occur
in a sediment sample under the conditions of the microcosm experiment. It is not possible to
duplicate the exact conditions in the field within the microcosm test. Additionally, the sediment
for the test has been disturbed and taken out of its context with surrounding sediment. However,
if care is taken to maintain conditions in the microcosm that are similar to the conditions in the
aquifer, the data can be useful to derive a description of relevant reaction processes for the area
of the aquifer represented by the sediment and conditions of the microcosm test. The reaction
rates determined in the microcosm test are typically higher than the reaction rates that can be
expected in the field. However, the relative rates of different reaction processes (e.g, the rate of
TCE transformation relative to the rate of DCE transformation) are likely to be consistent
between the laboratory and the field. It is then necessary within model calibration to estimate the
correction factor between the laboratory-derived rates and the rates in the field. It has typically
been the practice to determine site-specific transformation rates, but there are rate data available
in the literature that may provide useful information for comparison to the site-specific rates. It
may also be reasonable in some cases to use reaction process and rate data from other similar
sites as a starting point for developing the reaction processes at a site. Microbial characterization
of the site may be of use to establish whether specific organisms, such as those of the
dehalococcoides genus, are present as a guide for interpreting the probable reaction processes.
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6.0 Description of Dechlorination Reactions
The geochemical conditions at a site significantly impact the type of dechlorination reactions that
will occur. At one end of the geochemical spectrum is the aerobic geochemical setting where
oxygen is present as the primary electron acceptor for subsurface bacteria. Because oxygen is
generally preferred by bacteria over all other electron acceptors and is toxic to many anaerobic
bacteria, the presence of oxygen defines a very specific type of bacterial activity. Once oxygen
concentration drops below about 10% of its solubility limit, the activity of aerobic bacteria and
the toxic effect of oxygen are greatly diminished. When oxygen is absent and there is sufficient
substrate for anaerobic bacteria to flourish, there are clear end products that serve as indicators of
significant anaerobic activity. Depending on the type of anaerobic bacteria that are dominating
the subsurface, methane, reduced iron, and/or sulfide will be present and the concentrations of
more oxidized electron acceptors such as nitrate and sulfate will be low. Under these anaerobic
conditions, it has been demonstrated that dechlorination reactions usually occur in conjunction
with the anaerobic activity that produces the indicator compounds. The anoxic geochemical
condition describes the type of conditions where oxygen is not present at high enough levels to
inhibit the activity of other bacteria, but there are no, or limited, indicators of significant
anaerobic bacterial activity. It is more difficult to determine the type of biological dechlorination
reactions that are occurring at the site under anoxic conditions. However, biological
dechlorination reactions may still be a significant attenuation mechanism. Typically under the
anoxic geochemical setting, more detailed investigations are needed to fully quantify the rate and
extent of biological dechlorination at the site.
Abiotic chemical reactions can either be water-phase reactions, or catalyzed by aquifer materials.
Water-phase abiotic reactions are included as part of the reaction tables below. These reactions
are usually not significantly impacted by the geochemical conditions, though the rate of reaction
is a function of temperature and, in some cases, pH. Catalyzed abiotic reactions are not included
as a separate category below, but are considered as part of the reactions that are dependent on
sediment components such as iron. These reactions are considered to be essentially coupled with
the corresponding biological reactions that reduce/oxidize aquifer sediment component
Table 2 lists the chlorinated chemical species under consideration in this document by
contaminant group along with their abbreviation and chemical formula. The types of biological
and abiotic dechlorination reactions that can occur are described in Table 3.
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Table 2. Chlorinated Contaminant Species by Contaminant Type
Contaminant
Group

Abbreviation

Chemical
Formula

Chloroethenes

PCE

CCl2=CCl2

Tetrachloroethene

Tetrachloroethylene,
Perchloroethene

TCE

CHCl=CCl2

Trichloroethene

Trichloroethylene

1,2-cis-DCE

CHCl=CHCl

cis-1,2-Dichloroethene

cis-1,2-Dichloroethylene,
cis-DCE, c-DCE

1,2-transDCE

CHCl=CHCl

trans-1,2 -Dichloroethene

trans-1,2Dichloroethylene,
trans-DCE, t-DCE

1,1-DCE

CCl2=CH2

1,1-Dichloroethene

1,1-Dichloroethylene,
Vinylidene Chloride

VC

CH2=CHCl

Chloroethene

Vinyl Chloride,
Chloroethylene

1,1,2,2-TeCA

CHCl2-CHCl2

1,1,2,2-Tetrachloroethane

—

1,1,2-TCA

CH2Cl-CHCl2

1,1,2-Trichloroethane

Vinyl Trichloride

1,2-DCA

CH2Cl-CH2Cl

1,2-Dichloroethane

Ethane Dichloride

1,1,1,2-TeCA

CHCl-CCl3

1,1,1,2-Tetrachloroethane

—

1,1,1-TCA

CH3-CCl3

1,1,1-Trichloroethane

—

1,1-DCA

CH3-CHCl2

1,1-Dichloroethane

—

CA

CH3-CH2Cl

Chloroethane

Ethyl Chloride

CT

CCl4

Tetrachloromethane

Carbon Tetrachloride

CF

CHCl3

Trichloromethane

Chloroform

DCM

CH2Cl2

Dichloromethane

Methylene Dichloride,
Methylene Chloride

CM

CH3Cl

Chloromethane

Methyl Chloride

Chloroethanes

Chloromethanes

Contaminant Name
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Synonyms

Table 3. Descriptions of Biological and Abiotic Dechlorination Reactions
Reaction

Abbreviation

Description

Aerobic Cometabolism

ACM

Dechlorination of a compound where the compound is
fortuitously degraded by an enzyme used in cellular
metabolism – typically a monooxygenase enzyme.

Aerobic Direct Metabolism

ADM

Use of the chlorinated compound as an electron donor
for aerobic metabolism.

Abiotic Hydrolysis

AH

Homogeneous abiotic dechlorination – no specific
reaction for this classification.

Anaerobic Cometabolism

ANCM

Dechlorination of a compound where the compound is
fortuitously used as a surrogate electron acceptor,
though the cell does not gain energy by reduction of the
compound. For the reactions listed as ANCM,
denitrification is an example metabolic process that
supports this activity.

Anaerobic Direct
Metabolism

ANDM

Use of the chlorinated compound as an electron donor
for anaerobic respiration – typically coupled to iron
reduction.

DC

Dechlorination of a compound where the compound is
used as an electron acceptor, the bacteria may or may
not gain energy by reduction of the compound. This
reaction removes two chloride atoms in an elimination
reaction. The more general term for this reaction is
dihaloelimination, but may also be referred to as vicinal
reduction.

Dichloroelimination (biotic)

Dehydrochlorination
(abiotic)

Reductive Dechlorination
(biotic)

DHC

This reaction removes one chloride atom and one proton
in an elimination reaction. This reaction is usually
referred to as abiotic, but studies indicate that the
reaction can be enhanced/catalyzed by bacteria and/or
minerals (e.g., clay). The more general term for this
reaction is dehydrohalogenation and is sometimes
referred to as dehydrodehalogenation.

RD

Dechlorination of a compound where the compound is
used as an electron acceptor, the bacteria may or may
not gain energy by reduction of the compound. This
reaction removes one chloride atom from the compound
and replaces it with a proton. This reaction is sometimes
referred to as hydrogenolysis.

Based on the characteristics of the geochemical settings, some dechlorination reactions are very
likely to occur, some highly unlikely to occur, and some may occur depending on specific
circumstances. Figures 2 through 13 (after Truex et al. [2006]) illustrate the dechlorination
reactions that may occur at a site depending on the geochemical conditions and contaminants
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present. These figures depict the reactions most likely to occur at a site and can be used to assess
what other reactions are possible, but may need more detailed information to quantify. Rates, in
the form of the half-life in years at a temperature of 25°C and pH of 7, are presented for waterphase abiotic reactions that always occur and are not significantly dependent on site conditions.
Rates for the other biologically catalyzed reactions cannot be defined generically. Nomenclature
for each reaction type is listed in Table 3. References for laboratory data describing each
reaction (except those noted as “highly unlikely”) are provided corresponding to the footnote
numbers shown in the figures. The references are not intended to represent an exhaustive
literature review, but provide examples of laboratory information that is available to describe the
reactions. For the geochemical setting categorization, the anaerobic and aerobic settings are
defined such that they represent conditions where it is highly likely that specific reactions are
occurring. For some reactions, additional information is also needed under aerobic or anaerobic
geochemical settings to determine whether the reaction is occurring at a site. The anoxic
geochemical setting represents sites where the criteria used to define the general geochemical
conditions are not sufficient to determine the specific reactions that are likely to occur. Thus, for
anoxic geochemical settings, more detailed information is always needed to determine what
reactions are occurring. Based on the nomenclature and description in Table 3, Table 4 describes
the type of additional characterization information that is necessary to determine whether a
reaction is occurring.
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Aerobic Conditions
PCE
RD
ACM-6

CO2

TCE
RD

RD

ADM-20

ADM-5

1,1-DCE

CO2

1,2-DCE
RD

ACM-6
RD

CO2/Other
ACM-6
ADM-15

VC
RD

ACM-6

CO2/Other

ADM

Ethene

CO2

RD
ADM

Ethane
LIKELIHOOD OF REACTION

CO2

TYPE OF REACTION

HALF LIVES

ACM

– Aerobic Cometabolism

ADM

– Aerobic Direct Metabolism

Highly likely, but at a
slower rate

AH

– Abiotic Hydrolysis

Numbers in parentheses
(if present) indicate typical
reaction half-life (years).

ANCM

– Anaerobic Cometabolism

May occur under specific
conditions

ANDM

– Anaerobic Direct Metabolism

DC

– Dichloroelimination (biotic)

DHC

– Dehydrochlorination

RD

– Reductive Dechlorination (biotic)

Highly likely

Unlikely

REFERENCES
Numbers next to the
reaction type label denote
example references
(Section 9.1) documenting
the reaction path.

Figure 2. Dechlorination Reactions for PCE under the Aerobic Geochemical Setting
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Anoxic Conditions
PCE
RD -9,11

TCE

RD-11

RD -9,11
ANDM-4

1,1-DCE

CO2/Other

1,2-DCE
RD-9,11

RD-25

ANDM-4

CO2/Other

VC
RD-9,11

Ethene
RD-9

Ethane
LIKELIHOOD OF REACTION

TYPE OF REACTION

HALF LIVES

ACM

– Aerobic Cometabolism

ADM

– Aerobic Direct Metabolism

Highly likely, but at a
slower rate

AH

– Abiotic Hydrolysis

Numbers in parentheses
(if present) indicate typical
reaction half-life (years).

ANCM

– Anaerobic Cometabolism

May occur under specific
conditions

ANDM

– Anaerobic Direct Metabolism

DC

– Dichloroelimination (biotic)

DHC

– Dehydrochlorination

RD

– Reductive Dechlorination (biotic)

Highly likely

Unlikely

REFERENCES
Numbers next to the
reaction type label denote
example references
(Section 9.1) documenting
the reaction path.

Figure 3. Dechlorination Reactions for PCE under the Anoxic Geochemical Setting
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Anaerobic Conditions
PCE
RD -9,11

TCE

RD-11

RD -9,11
ANDM-4

1,1-DCE

CO2/Other

1,2-DCE
RD-9,11

RD-25

ANDM-4

CO2/Other

VC
RD-9,11

Ethene
RD-9

Ethane
LIKELIHOOD OF REACTION

TYPE OF REACTION

HALF LIVES

ACM

– Aerobic Cometabolism

ADM

– Aerobic Direct Metabolism

Highly likely, but at a
slower rate

AH

– Abiotic Hydrolysis

Numbers in parentheses
(if present) indicate typical
reaction half-life (years).

ANCM

– Anaerobic Cometabolism

May occur under specific
conditions

ANDM

– Anaerobic Direct Metabolism

DC

– Dichloroelimination (biotic)

DHC

– Dehydrochlorination

RD

– Reductive Dechlorination (biotic)

Highly likely

Unlikely

REFERENCES
Numbers next to the
reaction type label denote
example references
(Section 9.1) documenting
the reaction path.

Figure 4. Dechlorination Reactions for PCE under the Anaerobic Geochemical Setting
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Aerobic Conditions
DHC-17 (0.3 yr)

DC

1,2-DCE

VC

TCE

1,1,2,2-TeCA
RD

DC

DHC-23 (54 yr)

1,1-DCE
1,1,2-TCA

CO2

1,2-DCE

ACM-18

DHC-17 (140 yr)

RD

DHC-17 (1E5 yr)

DC

VC

Ethene
1,2-DCA
Ethylene Glycol

CO2/Other

ACM-6

AH-17 (72 yr)

ADM-16

RD

ACM-6
AH-25 (1.9 yr)

CO2

Ethanol

CA
RD

Ethane
LIKELIHOOD OF REACTION

TYPE OF REACTION

HALF LIVES

ACM

– Aerobic Cometabolism

ADM

– Aerobic Direct Metabolism

Highly likely, but at a
slower rate

AH

– Abiotic Hydrolysis

Numbers in parentheses
(if present) indicate typical
reaction half-life (years).

ANCM

– Anaerobic Cometabolism

May occur under specific
conditions

ANDM

– Anaerobic Direct Metabolism

DC

– Dichloroelimination (biotic)

DHC

– Dehydrochlorination

RD

– Reductive Dechlorination (biotic)

Highly likely

Unlikely

REFERENCES
Numbers next to the
reaction type label denote
example references
(Section 9.1) documenting
the reaction path.

Figure 5. Dechlorination Reactions for 1,1,2,2-TeCA under the Aerobic Geochemical Setting
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Anoxic Conditions
DHC-17 (0.3 yr)

DC-7

TCE

1,1,2,2-TeCA

1,2-DCE

RD-7

DHC-23 (54 yr)

DC-7

1,1-DCE
1,1,2-TCA

VC

1,2-DCE
RD -7
DC-7

DHC-17 (140 yr)
DHC-17 (1E5 yr)

Ethene
1,2-DCA

VC

Ethylene Glycol
AH-17 (72 yr)

RD -7
AH-25 (1.9 yr)

Ethanol

CA
RD -7

Ethane
LIKELIHOOD OF REACTION

TYPE OF REACTION

HALF LIVES

ACM

– Aerobic Cometabolism

ADM

– Aerobic Direct Metabolism

Highly likely, but at a
slower rate

AH

– Abiotic Hydrolysis

Numbers in parentheses
(if present) indicate typical
reaction half-life (years).

ANCM

– Anaerobic Cometabolism

May occur under specific
conditions

ANDM

– Anaerobic Direct Metabolism

DC

– Dichloroelimination (biotic)

DHC

– Dehydrochlorination

RD

– Reductive Dechlorination (biotic)

Highly likely

Unlikely

REFERENCES
Numbers next to the
reaction type label denote
example references
(Section 9.1) documenting
the reaction path.

Figure 6. Dechlorination Reactions for 1,1,2,2-TeCA under the Anoxic Geochemical Setting
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Anaerobic Conditions
DHC-17 (0.3 yr)

DC-7

TCE

1,1,2,2-TeCA

1,2-DCE

RD-7

DHC-23 (54 yr)

DC-7

1,1-DCE
1,1,2-TCA

VC

1,2-DCE
RD -7
DC-7

DHC-17 (140 yr)
DHC-17 (1E5 yr)

Ethene
1,2-DCA

VC

Ethylene Glycol
AH-17 (72 yr)

RD -7
AH-25 (1.9 yr)

Ethanol

CA
RD -7

Ethane
LIKELIHOOD OF REACTION

TYPE OF REACTION

HALF LIVES

ACM

– Aerobic Cometabolism

ADM

– Aerobic Direct Metabolism

Highly likely, but at a
slower rate

AH

– Abiotic Hydrolysis

Numbers in parentheses
(if present) indicate typical
reaction half-life (years).

ANCM

– Anaerobic Cometabolism

May occur under specific
conditions

ANDM

– Anaerobic Direct Metabolism

DC

– Dichloroelimination (biotic)

DHC

– Dehydrochlorination

RD

– Reductive Dechlorination (biotic)

Highly likely

Unlikely

REFERENCES
Numbers next to the
reaction type label denote
example references
(Section 9.1) documenting
the reaction path.

Figure 7. Dechlorination Reactions for 1,1,2,2-TeCA under the Anaerobic Geochemical Setting
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Aerobic Conditions
DHC-17 (47 yr)

TCE

1,1,1,2-TeCA
RD

AH-14,17 (1.4 yr)

DHC-14,17 (5.5 yr)

Acetic Acid

1,1-DCE

1,1,1-TCA
CO2

ACM-6
RD
DHC-17 (61 yr)

ACM-19

1,1-DCA

CO2

VC

RD
AH-25 (1.9 yr)

ACM-6

CO2

Ethanol

CA
RD

Ethane
LIKELIHOOD OF REACTION

TYPE OF REACTION

HALF LIVES

ACM

– Aerobic Cometabolism

ADM

– Aerobic Direct Metabolism

Highly likely, but at a
slower rate

AH

– Abiotic Hydrolysis

Numbers in parentheses
(if present) indicate typical
reaction half-life (years).

ANCM

– Anaerobic Cometabolism

May occur under specific
conditions

ANDM

– Anaerobic Direct Metabolism

DC

– Dichloroelimination (biotic)

DHC

– Dehydrochlorination

RD

– Reductive Dechlorination (biotic)

Highly likely

Unlikely

REFERENCES
Numbers next to the
reaction type label denote
example references
(Section 9.1) documenting
the reaction path.

Figure 8. Dechlorination Reactions for 1,1,1,2-TeCA under the Aerobic Geochemical Setting
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Anoxic Conditions
DC-8

DHC-17 (47 yr)

1,1-DCE

TCE

1,1,1,2-TeCA
?? RD
DHC-14,17 (5.5 yr)

AH-14,17 (1.4 yr)

Acetic Acid

1,1-DCE

1,1,1-TCA
RD-24
DHC-17 (61 yr)

1,1-DCA

VC

RD-24
AH-25 (1.9 yr)

Ethanol

CA
RD-7

Ethane
LIKELIHOOD OF REACTION

TYPE OF REACTION

HALF LIVES

ACM

– Aerobic Cometabolism

ADM

– Aerobic Direct Metabolism

Highly likely, but at a
slower rate

AH

– Abiotic Hydrolysis

Numbers in parentheses
(if present) indicate typical
reaction half-life (years).

ANCM

– Anaerobic Cometabolism

May occur under specific
conditions

ANDM

– Anaerobic Direct Metabolism

DC

– Dichloroelimination (biotic)

DHC

– Dehydrochlorination

RD

– Reductive Dechlorination (biotic)

Highly likely

Unlikely

REFERENCES
Numbers next to the
reaction type label denote
example references
(Section 9.1) documenting
the reaction path.

Figure 9. Dechlorination Reactions for 1,1,1,2-TeCA under the Anoxic Geochemical Setting
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Anaerobic Conditions
DC-8

DHC-17 (47 yr)

1,1-DCE

TCE

1,1,1,2-TeCA
?? RD
DHC-14,17 (5.5 yr)

AH-14,17 (1.4 yr)

Acetic Acid

1,1-DCE

1,1,1-TCA
RD-24
DHC-17 (61 yr)

1,1-DCA

VC

RD-24
AH-25 (1.9 yr)

Ethanol

CA
RD-7

Ethane
LIKELIHOOD OF REACTION

TYPE OF REACTION

HALF LIVES

ACM

– Aerobic Cometabolism

ADM

– Aerobic Direct Metabolism

Highly likely, but at a
slower rate

AH

– Abiotic Hydrolysis

Numbers in parentheses
(if present) indicate typical
reaction half-life (years).

ANCM

– Anaerobic Cometabolism

May occur under specific
conditions

ANDM

– Anaerobic Direct Metabolism

DC

– Dichloroelimination (biotic)

DHC

– Dehydrochlorination

RD

– Reductive Dechlorination (biotic)

Highly likely

Unlikely

REFERENCES
Numbers next to the
reaction type label denote
example references
(Section 9.1) documenting
the reaction path.

Figure 10. Dechlorination Reactions for 1,1,1,2-TeCA under the Anaerobic Geochemical Setting
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Aerobic Conditions
AH-17 (41 yr)

CO2

CT
RD
AH-17 (1800 yr)

??

ACM-6

CO2

CF
RD
AH-22 (700 yr)

??

ADM-21

CO2/Other

DCM
RD
AH-22 (1 yr)

??

ACM-6
ADM-13,21,24

CM

CO2/Other
RD

ACM-6

CH4
LIKELIHOOD OF REACTION

TYPE OF REACTION

HALF LIVES

ACM

– Aerobic Cometabolism

ADM

– Aerobic Direct Metabolism

Highly likely, but at a
slower rate

AH

– Abiotic Hydrolysis

Numbers in parentheses
(if present) indicate typical
reaction half-life (years).

ANCM

– Anaerobic Cometabolism

May occur under specific
conditions

ANDM

– Anaerobic Direct Metabolism

DC

– Dichloroelimination (biotic)

DHC

– Dehydrochlorination

RD

– Reductive Dechlorination (biotic)

Highly likely

Unlikely

REFERENCES
Numbers next to the
reaction type label denote
example references
(Section 9.1) documenting
the reaction path.

Figure 11. Dechlorination Reactions for CT under the Aerobic Geochemical Setting
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Anoxic Conditions
AH-17 (41 yr)

CO2/Other

CT
RD-2,10
AH-17 (1800 yr)

??

ANCM-3,10

ANCM-2

CO2/Other

CF
RD-1,2,10
ANDM-21

AH-22 (700 yr)

??

CO2/Other

DCM
RD-12
AH-22 (1 yr)

??

ANDM-13,21

CM

CO2/Other

?? RD

CH4
LIKELIHOOD OF REACTION

TYPE OF REACTION

HALF LIVES

ACM

– Aerobic Cometabolism

ADM

– Aerobic Direct Metabolism

Highly likely, but at a
slower rate

AH

– Abiotic Hydrolysis

Numbers in parentheses
(if present) indicate typical
reaction half-life (years).

ANCM

– Anaerobic Cometabolism

May occur under specific
conditions

ANDM

– Anaerobic Direct Metabolism

DC

– Dichloroelimination (biotic)

DHC

– Dehydrochlorination

RD

– Reductive Dechlorination (biotic)

Highly likely

Unlikely

REFERENCES
Numbers next to the
reaction type label denote
example references
(Section 9.1) documenting
the reaction path.

Figure 12. Dechlorination Reactions for CT under the Anoxic Geochemical Setting
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Anaerobic Conditions
AH-17 (41 yr)

CO2/Other

CT
RD-2,10
AH-17 (1800 yr)

??

ANCM-3,10

ANCM-2

CO2/Other

CF
RD-1,2,10
ANDM-21

AH-22 (700 yr)

??

CO2/Other

DCM
RD-12
AH-22 (1 yr)

??

ANDM-13,21

CM

CO2/Other

?? RD

CH4
LIKELIHOOD OF REACTION

TYPE OF REACTION

HALF LIVES

ACM

– Aerobic Cometabolism

ADM

– Aerobic Direct Metabolism

Highly likely, but at a
slower rate

AH

– Abiotic Hydrolysis

Numbers in parentheses
(if present) indicate typical
reaction half-life (years).

ANCM

– Anaerobic Cometabolism

May occur under specific
conditions

ANDM

– Anaerobic Direct Metabolism

DC

– Dichloroelimination (biotic)

DHC

– Dehydrochlorination

RD

– Reductive Dechlorination (biotic)

Highly likely

Unlikely

REFERENCES
Numbers next to the
reaction type label denote
example references
(Section 9.1) documenting
the reaction path.

Figure 13. Dechlorination Reactions for CT under the Anaerobic Geochemical Setting
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Table 4. Additional Characterization Information to Assess Whether a Reaction Will Occur
Reaction

Abbreviation

Characterization Information

Aerobic Cometabolism

ACM

A source of methane or other co-substrates for these
reactions that is migrating into an aerated portion of the
aquifer needs to be present to provide the driving force
for these reactions.

Aerobic Direct Metabolism

ADM

No additional information is needed.

Abiotic Hydrolysis

Anaerobic Cometabolism

Anaerobic Direct
Metabolism

Dichloroelimination (biotic)

Dehydrochlorination
(abiotic)

Reductive Dechlorination
(biotic)

AH

Confirm temperature and pH for use of half-life values in
figures and to adjust as needed based on root data and
equations in noted references.

ANCM

This type of reaction typically occurs with denitrification.
Thus, evidence of active denitrification and an energy
source to drive this reaction (e.g., organic acids) is
needed to verify that this reaction is occurring.

ANDM

Anaerobic direct metabolism is typically linked to
utilization of an electron acceptor such as iron. Thus,
evidence of this type of reduction is needed to assess
whether this reaction is occurring.

DC

This reaction occurs under geochemically reduced
conditions. The specific daughter products produced by
DC should also be present in most cases. Especially
under the anoxic geochemical setting, microcosm tests
with site-specific sediments may be needed to verify this
reaction.

DHC

Confirm temperature and pH for use of half-life values in
figures and to adjust as needed based on root data and
equations in noted references. This reaction may also
be enhanced under geochemically reduced conditions.
Microcosm tests with site-specific sediments may be
needed to verify any enhancement.

RD

This reaction occurs under geochemically reduced
conditions. The specific daughter products produced by
RD should also be present in most cases. Especially
under the anoxic geochemical setting, microcosm tests
with site-specific sediments may be needed to verify this
reaction.
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7.0

Selection of a Reaction Module

RT3D provides a suite of reaction modules for use in modelling MNA or MNA/EA of the
chlorinated solvents listed in Table 2. Figure 14 shows the basic decision process for selecting
one of these reaction modules for MNA applications at a specific site, depending on the
contaminant group or groups that are present. In the case where chloroethenes only are present,
the selection also depends on whether there is enough information and a desire to explicitly
model the link between geochemical oxidation/reduction conditions and dechlorination. For
MNA/EA sites, chloroethene reductive dechlorination using substrate/biomass-dependent
reaction rates or cometabolic dechlorination can be selected to model the impact of substrates
and electron donors on dechlorination. The RT3D reaction modules in Figure 14 are briefly
described in Table 5 and are described in detail in Johnson and Truex [2006].

Contaminants of Concern

Mixtureofofchloroethanes,
chloroethanes,
Mixture
chloroethenes,and/or
and/or
chloroethenes,
chloromethanes
chloromethanes

Mixed Chlorinated
Solvent Dechlorination
first-order reaction rates

ChloromethanesOnly
Only
Chloromethanes

Chloroethanes
Chloroethanes
(withor
orwithout
withoutchloroethenes)
chloroethenes)
(with

ChloroethenesOnly
Only
Chloroethenes

Have
detailed
geochemical
information?

Chloromethane
Dechlorination
first-order reaction rates

Yes

Added
substrate to
enhance
anaerobic
bioactivity?

No
Dechlorination of
1,1,1,2-Tetrachloroethane
and Chloroethenes
first-order reaction rates

Chloroethene
Dechlorination
first-order reaction rates

Yes

Substrate-Linked
Reductive
Dechlorination of
Chloroethenes
dechlorination rates
linked to substrate
metabolism

Yes

Cometabolic
Aerobic
Dechlorination of
Chloroethenes
dechlorination rates
linked to methanotroph activity

No

1,1,2,2-TeCA
Isomer?

Dechlorination of
1,1,2,2-Tetrachloroethane
and Chloroethenes
first-order reaction rates

Yes

Redox-Linked
Dechlorination of
Chloroethenes
first-order reaction
rates linked to
geochemical
indicator species

No

No

Added
substrate to
enhance
aerobic
bioactivity?

Figure 14. Flowchart for Selection of RT3D Reaction Modules for MNA/EA
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Table 5. Description of the RT3D Reaction Modules for MNA/EA
Reaction Module Name

Reaction Module Description

Mixed Chloroethene/
Chloroethane/
Chloromethane
Dechlorination

Dechlorination of a mixture of chloroethene, chloroethane, and
chloromethane compounds using first-order rate expressions. This
reaction module includes aerobic anoxic/anaerobic, and abiotic reactions.

Chloromethane
Dechlorination

Dechlorination of chloromethane compounds using first-order rate
expressions. This reaction module includes aerobic anoxic/anaerobic, and
abiotic reactions.

Dechlorination of
Dechlorination of 1,1,2,2-tetrachloroethane and chloroethenes using first1,1,2,2-Tetrachloroethane order rate expressions. Includes 1,1,2-TCA and 1,2-DCA. This reaction
and Chloroethenes
module includes aerobic anoxic/anaerobic, and abiotic reactions.
Dechlorination of
Dechlorination of 1,1,1,2-tetrachloroethane and chloroethenes using first1,1,1,2-Tetrachloroethane order rate expressions. Includes 1,1,1-TCA and 1,1-DCA. This reaction
and Chloroethenes
module includes aerobic anoxic/anaerobic, and abiotic reactions.

Chloroethene
Dechlorination

Dechlorination of chloroethene compounds using first-order rate
expressions. All DCE isomers are included and additional pathways are
represented over those in other similar RT3D reaction modules. This
module includes aerobic and anoxic/anaerobic reactions (abiotic reactions
are negligible for chloroethenes).

Redox-Linked
Dechlorination of
Chloroethenes

Dechlorination of chloroethene compounds using first-order rate
expressions. This module includes aerobic and anoxic/anaerobic
reactions, where the rate of these reactions is controlled by the
oxidation/reduction conditions in the aquifer. Oxygen, nitrate, iron,
sulfate/sulfide, and methane are used as indicator compounds to define
the geochemical conditions. The user may choose to fix the spatial
distribution of the geochemical indicator concentrations or allow the
geochemical indicator compounds to undergo oxidation/reduction to give a
time-varying spatial distribution of geochemical conditions. Note that this
module does not perform full geochemical equilibrium calculations, but
uses indicator species to assess redox conditions.

Reductive dechlorination of chloroethene compounds using
Substrate-Linked
substrate/biomass-dependent reaction rates. The rates of dechlorination
Reductive Dechlorination
reactions are dependent on substrate (lactate) consumption and microbial
of Chloroethenes
growth. This is an Enhanced Attenuation reaction module.
Cometabolic Aerobic
Dechlorination of
Chloroethenes

Cometabolic dechlorination of TCE, DCE isomers, and VC by
methanotrophic bacteria. The rate of dechlorination is dependent on the
rate of methane consumption and microbial growth. This is an Enhanced
Attenuation reaction module.
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For each reaction module in Table 5, the user determines which reactions are active and provides
the appropriate rate coefficients for the reactions. The user sets rate coefficients and/or
stoichiometric yields to zero for inactive reactions. Reaction parameters can be spatially
variable. For instance, if multiple geochemical settings are identified within the model domain,
the rate coefficients in one area can be set to different values than for another area.
RT3D includes two other existing reaction modules potentially of interest to modelling for
MNA. These existing reaction modules are not included in Table 5 because they are less
detailed.
The “Sequential First-Order Decay” and “Aerobic/Anaerobic PCE/TCE
Dechlorination” reaction modules were designed for chloroethene dechlorination reactions. The
former reaction module is a simple sequential reductive dechlorination module with all DCE
isomers lumped as one species and no aerobic or abiotic reactions. While the latter reaction
module is similar, but adds aerobic reactions and also tracks chloride as a chemical species. The
reaction modules in Table 5 are recommended for application of RT3D simulation to a MNA
evaluation, but there may be cases where the simpler reaction modules will suffice.
As mentioned in Section 5.0, additional mechanisms (e.g., non-equilibrium adsorption) or
combinations of processes may be assembled in a user-defined reaction module. A user-defined
reaction module can be created by writing a Fortran subroutine, possibly using an existing
reaction module as a template. The process for developing a user-defined reaction module is
described in the RT3D manual [Clement, 1997]. The user-defined reaction module is an
extremely flexible tool for combining processes or for adding reaction kinetics for an entirely
new set of chemicals (e.g., PCBs or pesticides).
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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

Description

1

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

8.2

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

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.
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