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inorganic contaminants in ground water.  The fourth tier is 
included to emphasize the importance of determining ap-
propriate parameters for long-term performance monitoring, 
once MNA has been selected as part of the remedy.  Data 
collection and evaluation within the tiered analysis approach 
would be structured as follows: 

I.	 Demonstration that the ground-water plume is not 
expanding and that sorption of the contaminant 
onto aquifer solids is occurring where immobiliza-
tion is the predominant attenuation process;

II.	 Determination of the mechanism and rate of the 
attenuation process;

III.	 Determination of the capacity of the aquifer to at-
tenuate the mass of contaminant within the plume 
and the stability of the immobilized contaminant to 
resist re-mobilization, and;

IV.	 Design performance monitoring program based on 
the mechanistic understanding developed for the 
attenuation process, and establish a contingency 
plan tailored to site-specific characteristics. 

Elaboration on the objectives to be addressed and the types 
of site-specific data to be collected under each successive 
tier is provided below.

IC.1	 Tier I

The objective under Tier I analysis would be to eliminate 
sites where site characterization indicates that the ground-
water plume is continuing to expand in aerial or vertical 
extent.  For contaminants in which sorption onto aquifer 
solids is the most feasible attenuation process, an additional 
objective would be to demonstrate contaminant uptake onto 
aquifer solids.  Analysis of ground-water plume behavior 
at this stage is predicated on adequate aerial and vertical 
delineation of the plume boundaries.  Characterization of 
ground-water plume expansion could then be supported 
through analysis of current and historical data collected 
from monitoring wells installed along the path of ground-
water flow.  An increasing temporal trend in contaminant 
concentration in ground-water at monitoring locations down 
gradient from a source area is indicative that attenuation 
is not occurring sufficient to prevent ground-water plume 
expansion.  Determination of contaminant sorption onto 
aquifer solids could be supported through the collection of 
aquifer cores coincident with the locations of ground-water 
data collection and analysis of contaminant concentrations 
on the retrieved aquifer solids.  Illustration of the type of 
data trend anticipated for a site where sorption actively 
attenuates contaminant transport is provided in Figure 1.2.  
The spatial distribution in aqueous and solid contaminant 

Figure 1.2	 Conceptual depiction of the data collection effort to demonstrate whether sorption to aquifer solids atten-
uates contaminant transport in ground water.  The left side of the diagram provides a cross-sectional view 
of the spatial distribution of the contaminant concentration in ground water and co-located aquifer solids 
for a site where sorption attenuates contaminant transport.  The trend in aqueous and solid contaminant 
concentrations for this scenario is depicted in Panel (A) to the right.  Panel (B) depicts the relationship 
between aqueous and solid contaminant concentrations for a site where sorption does not attenuate 
contaminant transport.
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concentrations for a site where sorption attenuates 
contaminant migration is depicted on the left side of the 
illustration.  Anticipated relationships between aqueous 
and solid contaminant concentrations for sites with and 
without active contaminant attenuation via sorption are 
depicted on the right side of the illustration in Panels (A) 
and (B), respectively.  Specifically, where sorption onto 
aquifer solids is occurring, there should be an increasing 
trend in solid phase contaminant concentrations as a 
function of increasing aqueous concentration.  In contrast, 
no change in solid phase contaminant concentrations as a 
function of increasing aqueous concentration is indicative 
that attenuation is not occurring.  Ultimately, sites that 
demonstrate ground-water plume expansion and a lack of 
contaminant sorption (for contaminants subject to sorption) 
would be eliminated from further consideration of MNA as 
part of the cleanup remedy.

IC.2	 Tier II

The objective under Tier II analysis would be to eliminate 
sites where further analysis shows that attenuation rates 
are insufficient for attaining cleanup objectives established 
for the site within a timeframe that is reasonable compared 
to other remedial alternatives. (see USEPA, 1999c, pages 
19-21, for a discussion of “reasonable timeframe for reme-
diation”.)  Data collection and analysis performed for Tier 
II would indicate whether MNA processes are capable of 
achieving remediation objectives, based on current geo-
chemical conditions at the site.  This data collection effort 
would also be designed to support identification of the spe-
cific mechanism(s) controlling contaminant attenuation. 

An estimate of attenuation rates for inorganic contaminants 
will typically involve calculation of the apparent transfer 
of mass from the aqueous to the solid phase, based 
on sampling of ground water and/or aquifer solids.  It is 
recommended that these estimates be based as much 
as possible on field measurements rather than model-
ing predictions.  A recommended approach is to identify 
hydrostratigraphic units for the site and develop a ground 
water flow model which can be used to estimate ground 
water seepage velocities in each of these units (Further 
information on ground water flow models is provided in 
Section I.D.)  These seepage velocities can be combined 
with measured contaminant concentrations to estimate 
mass flux (mass per time per area) for each contaminant, 
in each hydrostratigraphic unit.  The necessary data might 
include physical parameters such as hydraulic conductivi-
ties within the aquifer and hydraulic gradients.  Changes 
in mass flux can then be used to estimate mass loss from 
the aqueous phase since the last sampling event, which 
is assumed to be the apparent attenuation rate.  (Further 
information on estimating attenuation rates is provided in 
Section IIIA.5.) 

Determination of attenuation mechanism will depend on 
collection of data to define ground-water chemistry, aqui-
fer solids composition and mineralogy, and the chemical 
speciation of the contaminant in ground water and as-
sociated aquifer solids.  This will entail a significant effort 
in the site-specific data collection effort, but provides the 

underpinning for further evaluation of the performance of 
MNA to be addressed in subsequent stages of the site 
characterization process.  The goal of this characterization 
effort is to identify the aqueous and solid phase constituents 
within the aquifer that control contaminant attenuation.  This 
data collection effort may include collection of field water 
quality data (e.g., pH, dissolved oxygen, alkalinity, ferrous 
iron, and dissolved sulfide), laboratory measurements of 
ground-water and aquifer solids chemical composition, 
microbial characteristics and/or mineralogy of the aquifer 
solids (as relevant to degradation or immobilization), and 
the chemical speciation of the contaminant in ground-water 
and/or the aquifer solids.  Contaminant speciation refers to 
both oxidation state characterizations [e.g., As(III) vs. As(V)] 
as well as specific associations with chemical constituents 
in aquifer solids (e.g., precipitation of Pb carbonate vs. 
adsorption of Pb to iron oxides).  Evaluations of the sub-
surface microbiology may be necessary in situations where 
biotic processes play a direct or indirect role in governing 
contaminant attenuation. Indirect microbial influence on 
contaminant attenuation includes situations in which the 
predominant characteristics of the ground-water chemistry 
are controlled by microbial oxidation-reduction reactions.  
This situation may be more predominant in plumes in 
which readily degradable organic contaminants, such as 
hydrocarbons or chlorinated solvents, are also present.  
Ultimately, mechanistic knowledge of the attenuation pro-
cess along with a detailed knowledge of the ground-water 
flow field provides the basis for subsequent evaluations 
to assess the long-term capacity of the aquifer to sustain 
contaminant attenuation.

IC.3	 Tier III

The objective under Tier III would be to eliminate sites 
where site data and analysis show that there is insufficient 
capacity in the aquifer to attenuate the contaminant mass 
to ground-water concentrations that meet regulatory objec-
tives or that the stability of the immobilized contaminant is 
insufficient to prevent re-mobilization due to future changes 
in ground-water chemistry.  Possible factors that could result 
in an insufficient capacity for attenuation include: 

1.	 changes in ground-water chemistry result in slower 
rates of attenuation, 

2.	 insufficient mass flux of aqueous constituents that 
participate in the attenuation reaction, and/or 

3.	 insufficient mass of solid constituents in aquifer 
solids that participate in the attenuation reaction.

These factors pertain to situations where either degrada-
tion or immobilization is the primary attenuation process.  
For immobilized contaminants, factors to consider relative 
to the long-term stability of the attenuated contaminant in-
clude changes in ground-water chemistry that could result 
in release of the contaminant from aquifer solids due to 
desorption from solid surfaces or dissolution of precipitates.  
For example, contaminant desorption could be caused by 
changes in ground-water pH, since the degree of adsorp-
tion is typically sensitive to this parameter.  Alternatively, 
dissolution of a contaminant attenuated as a carbonate 
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precipitate may result from decreases in ground-water pH 
and alkalinity.   

Assessment of attenuation capacity will depend on knowl-
edge of the flux of contaminants and associated reactants 
in ground-water, as well as the mass distribution of reac-
tive aquifer solids along ground-water flow paths.  In order 
to conduct this type of evaluation, adequate information 
is needed on the heterogeneity of the ground-water flow 
field, and the spatial and/or temporal variability in the dis-
tribution of aqueous and solids reactants within the plume.  
For situations where ground-water chemistry is governed 
by microbial processes, seasonal variations may exert an 
indirect influence on the effective capacity within the aquifer 
at any point in time. The general approach that can be taken 
is to estimate the attenuation capacity within the plume 
boundaries and compare this capacity with the estimated 
mass flux of aqueous phase contaminants emanating 
from source areas based on site-specific data.  Exploring 
alternatives to minimize contaminant release from source 
areas may prove beneficial for sites that possess insufficient 
capacity to adequately attenuate the ground-water plume.  
Ultimately, this points to the critical importance of a detailed 
characterization of the system hydrology.  

Assessment of the stability of an immobilized contaminant 
can be evaluated through a combination of laboratory 
testing and chemical reaction modeling within the context 
of existing and anticipated site conditions.  Both analysis 
approaches can be developed based on the information 
gathered during Tier II efforts to characterize the specific 
attenuation process active within the ground-water plume.  
Through Tier II analysis, a specific attenuation reaction 
was defined that identified critical reaction parameters such 
as the identity of dissolved constituents that participated 
in the process.  In addition, mechanistic understanding of 
the overall reaction provides the context for evaluating site 
conditions or dissolved constituents that may interfere with 
or reduce the efficiency of the attenuation reaction.  For ex-
ample, sites where the contaminant plume is reducing (e.g., 
sulfate-reducing conditions) while ambient ground-water is 
oxidizing may be susceptible to future influxes of dissolved 
oxygen.  In this situation, the attenuation process may be 
due to precipitation of sulfides under sulfate-reducing condi-
tions within the plume.  Future exposure of these sulfides 
to oxygen may result in dissolution of the sulfide precipitate 
along with release of the contaminant back into ground wa-
ter.  Alternatively, sites where attenuation is predominated 
by contaminant adsorption onto existing aquifer solids may 
be sensitive to future influx of dissolved constituents due to 
land use changes that alter either the source or chemical 
composition of ground-water recharge.  The sensitivity to 
contaminant re-mobilization can be assessed via labora-
tory tests employing aquifer solids collected from within the 
plume boundaries that can be exposed to solutions that 
mimic anticipated ground-water chemistries (e.g., ambient 
ground-water samples or synthetic solutions in which the 
concentrations of specific dissolved constituents can be 
systematically varied).  A supplementary avenue to test 
contaminant stability could include use of chemical reac-
tion models with adequate parameterization to replicate 

both the attenuation reaction as well as changes in water 
composition that may interfere with attenuation.  The util-
ity of this type of modeling analysis would be the ability to 
efficiently explore contaminant solubility under a range of 
hypothetical ground-water conditions in order to identify the 
ground-water parameters to which the attenuation reaction 
may be most sensitive.

It is feasible to consider implementation of MNA as a 
component of the ground-water remedy if the analysis con-
ducted through the previous Tiers indicates that the aquifer 
within the plume boundaries supports natural attenuation 
processes with sufficient efficiency, capacity, and stability.  
The technical knowledge obtained through identification of 
the specific attenuation mechanism and the sensitivity of the 
attenuation process to changes in ground-water chemistry 
can then be employed in designing a monitoring program 
that tracks continued performance of the MNA remedy.

IC.4	 Tier IV

The objective under Tier IV analysis is to develop a monitor-
ing program to assess long-term performance of the MNA 
remedy and identify alternative remedies that could be 
implemented for situations where changes in site conditions 
could lead to remedy failure.  Site data collected during 
characterization of the attenuation process will serve to 
focus identification of alternative remedies that best match 
site-specific conditions.  The monitoring program will consist 
of establishing a network of wells: 1) that provide adequate 
aerial and vertical coverage to verify that the ground-water 
plume remains static or shrinks, and 2) that provide the 
ability to monitor ground-water chemistry throughout the 
zones where contaminant attenuation is occurring.  It is 
recommended that the performance monitoring program 
include assessment of the consistency in ground-water 
flow behavior, so that adjustments to the monitoring net-
work could be made to evaluate the influence of potential 
changes in the patterns of ground-water recharge to or 
predominant flow direction within the plume.  In addition 
to monitoring ground-water parameters that track the at-
tenuation reaction, periodic monitoring of parameters that 
track non-beneficial changes in ground-water conditions is 
also recommended.  Monitoring the attenuation reaction 
will include continued verification of contaminant removal 
from ground water, but will also include tracking trends in 
other reactants that participate in the attenuation reaction 
(possible examples include pH, alkalinity, ferrous iron, and 
sulfate).  For sites in which contaminant immobilization 
is the primary attenuation process, periodic collection of 
aquifer solids may be warranted to verify consistency in 
reaction mechanism.  It is recommended that the selection 
of ground-water parameters to be monitored also include 
constituents that provide information on continued stability 
of the solid phase with which an immobilized contaminant 
is associated.  Examples of this type of parameter might 
include ferrous iron or sulfate to track dissolution of iron ox-
ides or sulfide precipitates, respectively.  Non-contaminant 
performance parameters such as these will likely serve as 
“triggers” to alert site managers to potential remedy failure 
or performance losses, since the attenuation reaction will 
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respond to these changed conditions.   Since increases in 
mobile contaminant concentrations may be delayed relative 
to changes in site conditions, these monitoring parameters 
may improve the ability of site managers to evaluate and 
address the potential for ground-water plume expansion.

In summary, the tiered analysis process provides a means 
to organize the data collection effort in a cost-effective 
manner that allows the ability to eliminate sites at interme-
diate stages of the site characterization effort.  A general 
synopsis of the objectives along with possible analysis 
approaches and/or data types to be collected under each 
tier is provided in Table 1.1.  The types of data collected 
early in the site characterization process would typically be 
required for selection of appropriate engineered remedies, 
including characterization of the system hydrology, ground-
water chemistry, contaminant distribution, and the aqueous 

speciation of the contaminant.  These system characteristics 
can have direct influence on the selection of pump-and-treat 
or in-situ remedies best suited to achieve cleanup objec-
tives for inorganic contaminants.  This limits any loss on 
investment in site characterization for sites where selection 
of MNA as part of the ground-water remedy is ultimately 
determined not viable.  The primary objective of progressing 
through the proposed tiered site analysis steps is to reduce 
uncertainty in the MNA remedy selection.    

The remaining discussion in this section of Volume 1 will 
elaborate on two issues that have been introduced above, 
specifically the use of models in site characterization 
and general factors to consider for implementation of a 
long-term performance monitoring program.  These topics 
are addressed at this juncture to allow greater focus to 
discussions later in this volume pertaining specifically to 

Table 1.1	 Synopsis of site characterization objective to be addressed throughout the tiered analysis process and 
potential supporting data types and/or analysis approaches associated with each tier.

Tier Objective Potential Data Types and Analysis

I
Demonstrate active con-

taminant removal from 
ground water

•	 Ground-water flow direction (calculation of hydraulic gradients); aquifer 
hydrostratigraphy

•	 Contaminant concentrations in ground water and aquifer solids

•	 General ground-water chemistry data for preliminary evaluation of con-
taminant degradation

II Determine mechanism and 
rate of attenuation

•	 Detailed characterization of system hydrology (spatial and temporal 
heterogeneity; flow model development)

•	 Detailed characterization of ground-water chemistry

•	 Subsurface mineralogy and/or microbiology

•	 Contaminant speciation (ground water & aquifer solids)

•	 Evaluate reaction mechanism (site data, laboratory testing, develop 
chemical reaction model)

III
Determine system capacity 

and stability of attenu-
ation

•	 Determine contaminant & dissolved reactant fluxes (concentration data 
& water flux determinations)

•	 Determine mass of available solid phase reactant(s)

•	 Laboratory testing of immobilized contaminant stability (ambient ground 
water; synthetic solutions)

•	 Perform model analyses to characterize aquifer capacity and to test 
immobilized contaminant stability (hand calculations, chemical reaction 
models, reaction-transport models)

IV

Design performance 
monitoring program 
and identify alternative 
remedy

•	 Select monitoring locations and frequency consistent with site heteroge-
neity

•	 Select monitoring parameters to assess consistency in hydrology, at-
tenuation efficiency, and attenuation mechanism

•	 Select monitored conditions that “trigger” re-evaluation of adequacy of 
monitoring program (frequency, locations, data types)

•	 Select alternative remedy best suited for site-specific conditions
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attenuation processes (Volume 1, Section II) and the types 
of site characterization data needed for their identification 
(Volume 1, Section III).  The following discussion provides 
perspective on the role of model applications in the site 
characterization process, the types of models that might 
be employed to help meet the objectives set forth under 
each tier, and potential limitations in the availability and 
adequacy of available model codes.

ID.	 Role of Modeling in the Tiered Analysis 
Approach

Design of the site characterization effort and analysis of 
site-specific data in support of assessing the suitability of 
MNA as a component of the ground-water remedy is de-
pendent on development of a Conceptual Site Model (CSM) 
that identifies site conditions and processes that influence 
contaminant transport.  The CSM also provides the under-
pinning for selecting and developing model applications that 
provide a set of tools for evaluating transport processes, 
reaction mechanisms, attenuation capacity within the aquifer, 
and the sensitivity of the attenuation process to changes in 
site conditions.  The types of models that may be employed 
as part of the site characterization process include simple 
calculations, speciation models, reaction models, transport 
models, and reactive transport models.  Most modeling 
undertaken in support of an application will be quantitative, 
involving computer programs that require special skills to run 
correctly.  The contaminated natural system being modeled 
is physically-, chemically-, and biologically-complex, and the 
modeler must have a thorough knowledge of the processes 
that affect the specific contaminants of concern.  Site-specific 
data collected to define the physical, chemical, and biological 
characteristics of the aquifer are required to calibrate compo-
nents of the analytical models and test the validity of model 
predictions.  Deriving meaningful modeling results is likely to 
require expenditure of significant amounts of time, and entail 
considerable expense.  This planning should occur early in 
the site assessment process, so that the modeling can be 
integrated with the evaluation of the site and the appropriate 
data can be collected.

To obtain the best results at the least expense, it is important to 
develop a valid modeling plan before beginning the modeling 
itself.  Developing such a plan will likely require the combined 
talents of a group of specialists, including those familiar with 
the site and those with expertise in applying quantitative 
modeling of physical, chemical, and biological systems to 
real-world problems.  This section is devoted to giving general 
perspective to the design and implementation of the modeling 
strategy.  In addition to the following discussion, the reader is 
also referred to the document entitled “Documenting Ground-
Water Modeling at Sites Contaminated with Radioactive 
Substances” (USEPA, 1996).

ID.1	 Developing a Conceptual Model

Initially, the CSM is developed based on a general knowledge 
of ground-water hydrogeology, ground-water geochemistry, 
and known properties of the specific contaminant.  With 
acquisition of data that maps out the spatial and temporal 

heterogeneity of the subsurface system, the CSM can be 
updated.  In general, there are more physical, chemical, and 
biological processes operating in the subsurface of any given 
site than can reasonably be accounted for in a modeling study.  
The modeling effort begins with the careful identification of the 
processes that play significant roles in contaminant migration 
and attenuation at the site.  In this way a conceptual model 
emerges that will eventually be coded into the input streams 
of the software packages that will produce the modeling re-
sults.  If a correct and robust conceptual model is not derived, 
the modeling results, no matter how detailed or expensive, 
will contribute little to understanding the site, and will not be 
supportive of the MNA application.

While it is important to begin modeling with a well-planned con-
ceptual model, the conceptual model may evolve as modeling 
and collection of site-specific data proceeds.  The processes of 
observation and measurement and of modeling are, in practice, 
closely interconnected.  Initial observation and measurement 
suggests a conceptual model, which supports development 
of quantitative models.  The results from application of these 
quantitative models, in turn suggest additional important ob-
servations and measurements, which better constrain model 
design and implementation.  In this way, the conceptual model 
is updated in an iterative fashion, as progressively more is 
learned about the site.  The most significant step in developing a 
conceptual model of natural attenuation at the site is to identify 
the transport and reaction mechanisms that significantly affect 
the mobility of contaminants there.  Once these mechanisms 
have been identified, the logical components that will comprise 
the conceptual model can be selected.

The evaluation of transport refers to analysis of the flow of 
ground-water through the aquifer.  The rate and direction of 
ground-water flow will be governed by the physical characteris-
tics of the aquifer solids as well as the factors controlling inputs 
of water into the aquifer.  Spatial and temporal heterogeneity or 
variability in these factors determines details of the mathemati-
cal construction of analytical models used to evaluate fluid and 
contaminant migration through the aquifer.  In characterizing 
transport, it is important to ask questions such as:

•	 Does groundwater migrate through the bulk aquifer ma-
trix, through fractures or heterogeneities in the matrix, or 
both?

•	 Does solute diffusion from areas of rapid flow to those 
with stagnant conditions affect contaminant transport on 
a scale finer than the envisioned numerical gridding, so 
that a dual porosity model is required?

•	 Should the medium be considered homogeneous or het-
erogeneous on the scale envisioned for the nodal blocks 
in the numerical gridding?

•	 Are medium properties best assigned deterministically, or 
according to a stochastic algorithm?

•	 Is hydrodynamic dispersion described well in a Fickian 
sense (i.e., in terms of dispersivity, according to Fick’s 
law), by differential advection through a numerical grid-
ding, or in both ways?
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•	 How can the model be calibrated to reflect as accurately 
as possible transport rates through the subsurface?

•	 What additional data need to be collected to characterize 
flow and calibrate the transport model? Such data might 
include the distribution of hydraulic head, the evolution of 
the contaminant plume through time, and the results of 
tracer tests.

Evaluation of contaminant migration in ground water relies on 
determination of the types of chemical reactions that control 
contaminant degradation or immobilization.  Thus, determina-
tion of specific reaction mechanisms that may be active within 
a ground-water plume provides the basis for constructing 
analytical models employed to evaluate performance of the 
attenuation process and project contaminant transport into 
the future.  To characterize the reaction mechanisms driving 
attenuation, it is necessary to ask questions such as:

•	 Does the contaminant adsorb to solid surfaces? If so, onto 
what surfaces, and as what type of surface complex? 
Does it desorb readily?

•	 Is the contaminant chemically oxidized or reduced? Is the 
reaction catalyzed by mineral surfaces, or promoted by 
microbial activity? If so, what is the catalyst or microbial 
species?

•	 Does the contaminant precipitate as a solid phase? If it 
does, what is the phase, and what is its solubility?

•	 Might complexation of the contaminant with chemical 
constituents in solution affect its mobility?

A conceptual model can be thought of as a combination of 
the logical components describing the various aspects of 
transport and reaction at a site. For example, choice of how to 
represent hydrodynamic dispersion, the equations to account 
for sorption of contaminant species onto solid surfaces, rate 
laws describing the kinetics of redox reactions, and equations 
defining rates of microbial metabolism all contribute to the 
conceptual model.  Since a conceptual model is no more 
than the sum of its components, and an analytical model is 
simply the realization of a conceptual model, the final model-
ing results are no better than the components selected.  

ID.2	 Types of Models

There are several types of models that may prove useful for 
characterizing attenuation processes at a site. In general, 
in approaching a specific question, it is most expedient to 
begin working with the simplest applicable model, adding 
complexity to the study as necessary.  It is wise to avoid the 
temptation to begin by constructing the “ultimate” model, one 
that accounts for all aspects of transport and reaction at a site. 
Highly complex models are difficult to work with, expensive 
to produce, and difficult to interpret. A more efficient strategy 
is to begin with simple models of various aspects of the sys-
tem, combining these as necessary into progressively more 
complex models, until reaching a satisfactory final result, one 
that reproduces the salient aspects of the system’s behavior 
without introducing unnecessary complexity.

ID.2.1	 Simple Calculations

Simple calculations performed by hand or via computer ap-
plications may provide an important component to the overall 
modeling strategy.  For purposes of this document, two 
modeling approaches that fall under this category include 
simplified calculation approaches to evaluate a range of 
process outcomes and specific mathematical formulas used 
to calculate input parameters needed for implementation of 
more complex transport or reaction models.  An example of 
a simplified calculation approach would be the calculation of 
the mass of contaminant and the mass of reactant within a 
predefined volume of the aquifer for the purpose of assess-
ing if sufficient reactant mass is available for an identified 
attenuation process.  This type of calculation is simplified in 
the sense that one may assume that the rate of the reaction 
is unimportant.  Thus, while this type of calculation provides 
a general sense of the relative degree to which the aquifer 
could support attenuation, it does not likely provide a suffi-
ciently accurate representation of the actual efficiency of the 
attenuation process.  However, the utility of this calculation 
approach is to provide some perspective as to the relative im-
portance of investing resources to fully characterize reactant 
mass or flux.  Several examples of the second category of 
this model type, specific mathematical formulas, are provided 
at the following USEPA website - http://www.epa.gov/ath-
ens/learn2model/part-two/onsite/index.html.  This website 
provides on-line access to a suite of prepackaged tools (or 
“calculators”) for performing site assessment calculations.  
Several examples relevant to site characterization advocated 
within this document include:

•	 “Hydraulic Gradient Calculation” for assessing the 
direction(s) of ground-water flow employing head 
measurements in wells spaced horizontally across the 
site;

•	 “Vertical Gradients” for assessing the potential for verti-
cal water transport within the aquifer based on head 
measurements in closely-spaced, vertically nested 
wells with identical screen lengths;

•	 “Vertical Gradients with Well Screen Effects” for assess-
ing the influence of variable screen lengths in vertically 
nested wells on the calculated vertical gradient; and

•	 “Average Borehole Concentrations” to illustrate the po-
tential impact on contaminant concentrations measured 
for samples collected from a single long-screened well 
in an aquifer with a depth-varying concentration and a 
depth-varying hydraulic conductivity field.

These simplified models support analysis of the adequacy 
of the location and construction of ground-water wells, 
which underpins the adequacy of the monitoring design 
to provide samples and data reflective of the site-specific 
conditions.  They may also be used to provide reasonable 
estimates for parameters needed as input to more complex 
mass transport or reactive transport models.  Since both 
modeling approaches provide a means for preliminary as-
sessment of site data and potentially improving design of 
the monitoring network, they play an important role in the 
site characterization effort.
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ID.2.2	 Mass Transport Models

Mass transport models seek to describe the flow of ground 
water at a site, and the transport of chemical species within 
the flow.  Mass transport models are generally implemented 
as transient simulations in one, two, or three dimensions.  
Strictly speaking, a mass transport model considers the 
migration of non-reacting species.  In reality, many mass 
transport codes can consider simple reaction scenarios, such 
as partitioning of a species onto the solid surface accord-
ing to a constant partitioning factor.  Mass transport models 
can seldom be relied upon for describing natural attenuation, 
because they lack sophisticated knowledge of chemical and 
biological processes, but are nonetheless valuable in evaluating 
a site’s potential for MNA.  The models are well developed 
and straightforward to run; they are useful tools for simulating 
the rate and pattern of groundwater flow at a site.

Mass transport modeling might be applied to figure the tran-
sit time of contaminants within the site, absent attenuating 
processes.  The models find use in applying the results of 
tracer tests to calibrate the flow field.  Some reactive transport 
models (described below) accept externally determined flow 
fields as input, so running a mass transport model may be a 
required preliminary to a full reactive transport model.

ID.2.3	 Speciation Models

Speciation models seek to describe the distribution of chemical 
mass between solution, minerals, mineral surfaces, gases, 
and biomass.  Models of this class are useful because they 
can predict the conditions under which contaminants might 
be attenuated by sequestration, and those in which they are 
likely to be mobile in the ground-water flow.  For example, a 
speciation model might demonstrate that a contaminant is 
likely to adsorb to the surface of a component of the aquifer 
solids over the pH range of interest.  Or, the model might 
show that the contaminant will tend to complex strongly with 
dissolved chemical species, leaving it mobile and resistant 
to attenuation.

Speciation models are implemented via the assumption that 
the modeled system is in chemical equilibrium or, more com-
monly, partial chemical equilibrium.  A model can be configured 
to account for:

•	 Reactions among species in solution, including pro-
tonation-deprotonation, redox, and complexation reac-
tions.

•	 Adsorption reactions onto solid surfaces, possibly 
including minerals and organic matter.

•	 Precipitation and dissolution reactions, to predict wheth-
er a mineral is saturated in solution, or undersaturated 
or supersaturated.

•	 Gas solubility reactions, to account for the dissolution 
of coexisting gases into solution, or the loss of gas 
species from solution.

Where redox reactions play a critical role in the attenuation 
reaction, it may be important to use a speciation model that 
can account for redox disequilibrium.  Microbial respiration, for 

example, is driven by the transfer of electrons from donating 
to accepting chemical constituents, including the inorganic con-
taminant.  It may be critical, therefore, to characterize the redox 
state of ground water at a site in an accurate and meaningful 
manner to fully evaluate redox-driven reactions that influence 
contaminant attenuation.  Redox reactions in shallow ground 
water rarely attain a state of equilibrium (e.g., Lindberg and 
Runnells, 1984), which limits the utility of analytical models that 
describe the distribution of chemical species in ground water 
based on a single parameter such as dissolved oxygen (DO) 
concentration or Eh (e.g., as measured using a DO or platinum 
electrode, respectively).  Geochemical models that describe 
redox in terms of a single parameter may be limited in their 
accuracy and/or flexibility in describing the redox characteristics 
of the ground-water system.  An alternative approach to the 
model design would be to employ a flexible description of 
redox in a state of chemical disequilibrium (e.g., as discussed 
in Bethke, 1996, Chapter 6.).  This type of modeling approach 
allows the user to specify for each element the mass found 
in the various possible redox states and reports the energy 
(i.e., the Nernst Eh) associated with the half reaction for each 
pairing of the element’s oxidized and reduced states.

ID.2.4	 Reaction Models

Reaction models are similar to speciation models in that they 
consider the distribution of chemical mass, but have the addi-
tional ability of modeling the chemical evolution of the system.  
Like speciation models, it is commonly necessary to use a 
reaction model with a flexible description of redox disequilib-
rium, as well as suitable models to describe adsorption and 
precipitation reactions.  Where appropriate, the model should 
be able to account for the kinetics of species sorption, redox 
reactions, mineral precipitation and dissolution, or microbial 
metabolism.   Examples of the application of reaction models 
in an MNA application include:

•	 Sequestration of contaminants onto a mineral surface as 
the mineral forms, such as the complexation of heavy 
metals in mine drainage onto ferrihydrite.

•	 Precipitation of contaminant-bearing minerals, according 
to a kinetic rate law appropriate for the chemical condi-
tions at the site.

•	 Immobilization of a contaminant by oxidation or reduc-
tion, according to a kinetic rate law.

•	 Biotransformation of a contaminant by microbial life, us-
ing a rate equation for fermentation or cellular respiration 
appropriate for conditions at the site.

ID.2.5	Reactive Transport Models

Reactive transport models, as the name suggests, are the 
coupling of reaction models to transport models.  Unlike a 
reaction model, a reactive transport model predicts not only 
the reactions that occur in the ground-water flow, but the dis-
tribution of those reactions across the site through time.  A 
reactive transport model of a site may have several advantages 
over a simple reaction model, including:

•	 The ability to account for heterogeneity at the site, such as 
an uneven distribution of a sorbing mineral, variation in 
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pH conditions, or the differential development of microbial 
populations.

•	 The ability to describe evolution of a contaminant plume 
through space and time.

Reactive transport modeling is a relatively complex and time-
consuming undertaking, since it combines the data needs 
and uncertainties inherent in modeling reaction as well as 
transport, and because the calculation procedure may require 
a significant amount of computing time.  It may be the cap-
stone of the modeling effort, but is seldom the best tool for 
initial scoping of the attenuation capabilities at a site.  Such 
modeling, on the other hand, may play an important role in the 
site characterization effort, because it represents the integration 
of all of the components of the conceptual model.

ID.3	 Modeling and the Tiered Analysis 
Approach

As described in Section IC of this document, a tiered analy-
sis approach is recommended for organizing the collection 
of site-specific data and providing a means for screening 
out sites inappropriate for selection of MNA as part of the 
ground-water remedy.  Previously, possible applications of 
models of varying complexity throughout the tiered analysis 
process were provided in Table 1.1.  The following discus-
sion provides additional context for evaluating the potential 
role of model applications during the site characterization 
process. 

ID.3.1	Tier I – Demonstration of Contaminant 
Removal from Ground Water

The application of models under Tier I pertains primar-
ily to initial characterization of hydrology and evaluating 
whether measured ground-water characteristics may sup-
port immobilization processes.  Assessment of hydrology 
may include calculation of horizontal or vertical gradients 
to assess the predominant direction(s) of ground-water 
flow.  This information could be used to guide installation 
of monitoring points within the aquifer for collection of 
ground-water and aquifer solids samples.  Evaluation of 
contaminant immobilization potential may involve use of 
chemical data collected from ground-water and/or aquifer 
solids samples as input into a speciation model to assess 
the potential for contaminant precipitation or adsorption 
onto aquifer solids.  For example, speciation calculations 
based on measurements of alkalinity and dissolved lead 
within the ground-water plume may indicate saturation or 
oversaturation with respect to precipitation of lead carbon-
ate.  Conversely, measurements of ground-water chemistry 
and extractable iron concentrations in aquifer solids could 
serve as parameter inputs into a speciation model with the 
capability of describing contaminant adsorption onto iron 
oxides.  It is recommended that these latter calculations 
be used as secondary lines of evidence in support of site-
specific measurements that demonstrate active sorption of 
the contaminant onto aquifer solids within the plume.

ID.3.2	Tier II – Determine Mechanism and Rate of 
Attenuation

Modeling at this stage in the evaluation process should be 
closely integrated with observational study.  In studying the 
mechanism of contaminant removal from ground water, care-
ful attention should be paid to assuring collection of sufficient 
data to fully define the components of the conceptual model.  
For example:

•	 If a precipitating phase is identified by x-ray diffraction, 
spectroscopy, or electron microscopy, it will be necessary 
to characterize the phase’s solubility.

•	 If reaction with solid surfaces is identified as an important 
attenuation process, it will be necessary to collect suf-
ficient data to properly parameterize an adsorption model 
that describes the specific mechanism of adsorption, as 
described in Section IIIB.

•	 It may be necessary to establish a kinetic rate law describ-
ing precipitation of the contaminant into solid phases, or 
its adsorption onto solid surfaces, where these reactions 
may occur at different rates throughout the plume due to 
the concentrations of aqueous or solid reactants. 

In determining the rate of the attenuation process, modeling 
may be used to describe chemical fluxes in the system and 
rate of species uptake or production during chemical reaction.  
Modeling might be specifically employed to estimate the time 
frame required to sequester the contamination sufficiently to 
meet cleanup objectives, where the attenuation reactions are 
kinetically controlled.

ID.3.3	Tier III – Demonstrate Capacity and 
Stability of Removal Mechanism

Model applications under Tier III would be directed toward 
assessment of the capacity of the aquifer to attenuate the 
mass of contaminant within the ground-water plume and the 
long-term stability of an immobilized contaminant.  Reaction 
models and/or reactive transport models might be employed 
to evaluate the extent of contaminant removal throughout 
the plume.  Use of these model types allows assessment of 
rate-dependent reactions and/or the influence of decreases 
in the flux of reactants due to changes in concentration or 
ground-water flow that might occur over time.  These same 
models may be employed to evaluate ground-water conditions 
that may remobilize contaminants sorbed to aquifer solids.  
These evaluations may prove most useful for situations in 
which laboratory testing may be less practical.  For example, 
model simulations may be employed to examine the stability 
of the attenuated contaminant for hypothetical situations not 
reflected in existing ambient ground water.  For example, mod-
eling might be applied for a number of specific purposes:

•	 To test the chemical feasibility of specific remobilization 
scenarios, such as infiltration of pristine groundwater, a 
shift in oxidation state (perhaps due to waterlogging), or 
a change in pH (due to soil acidification, for example).
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•	 To figure reactant fluxes required to remobilize the con-
taminant.

•	 To evaluate the possible effects of chelating agents, such 
as organic acids, in the groundwater.

These model applications provide a means to project 
system behavior under conditions that do not currently 
exist, but could feasibly develop.  They provide a source of 
information that further reduces the uncertainty of reliance 
on MNA as a permanent remedy.

ID.3.4	Tier IV – Long-Term Performance 
Monitoring 

Under Tier IV of the analysis process, modeling provides a 
tool for designing a long-term monitoring plan, as well as a 
contingency remedy for cases where unanticipated changes 
in site conditions leads to failure of the MNA remedy.  Modeling 
tasks that might be performed at this stage include:

•	 Optimizing the location of monitoring wells for long-term 
observation.

•	 Optimizing the frequency of sample collection events 
based on knowledge of ground-water flow dynamics at 
the site.

•	 Identifying critical chemical parameters to monitor based 
on model simulations to examine the sensitivity of attenu-
ation process rate or capacity to changes in ground-water 
composition.

•	 Identifying critical parameters to monitor based on model 
simulations to evaluate conditions leading to contaminant 
re-mobilization.

These model applications provide a means for designing the 
monitoring program to best evaluate remedy performance 
and provide site managers with a context for evaluating 
possible decreases in the efficiency of the attenuation 
process.

ID.4	 Choosing Modeling Software

Once a modeling strategy has been developed and a con-
ceptual model defined, a computer software package (or 
packages) will be needed to compute the modeling results.  
A number of software packages exist for modeling physical, 
chemical, and biological processes in natural systems.  No 
single package is best for all problems; one seeks the pack-
age or packages that best satisfies the objectives of the site 
characterization process.  Significantly, software packages 
designed for analyzing problems of the MNA of organic con-
taminants (e.g., Bioplume III; USEPA, 1997) are generally not 
suitable for studying the fate of inorganic contaminants.  The 
first step in selecting software involves identification of pack-
ages incorporating features needed to evaluate the conceptual 
model.  The selection process should amount to more than 
compiling a checklist of features.  It is important to determine 
if the features work well for the situation in question.

It is critical to consider the efficiency of the software, not only 
in computing time, but the time required to configure each 
run and render the modeling results in a suitable graphical 

form.  One should, therefore, inspect carefully the documen-
tation from potentially suitable packages, and run test cases.  
In evaluating a commercial package, insist on inspecting 
the documentation before buying.  Avoid licensing software 
without being allowed a trial period, or a period during which 
the software may be returned for a full refund.

ID.4.1	Public Domain vs. Commercial Software

Modeling software falls into two categories, public domain 
and commercial.  Public domain codes can generally be down-
loaded over the internet or purchased for a minimal charge; 
some codes are obtained by personal request addressed to the 
developer.  A public domain code has a number of potential 
advantages: there is little or no up-front cost; the source code 
is in many cases available, allowing the modeler to correct 
bugs and add features; and there may be a body of experi-
enced users available for consultation or troubleshooting at 
minimal or no charge.  A commercial code also has potential 
advantages: it may be written by a group of professional pro-
grammers; there may be people assigned to support users, 
offer training, and fix bugs; documentation may be superior; 
there is more likely to be an intuitive user interface; the code 
may be easier to use than public domain alternatives; and it 
may offer superior graphics for rendering results.  In general, 
distributors of commercial codes hope they can convince 
customers that the up-front costs of their product will be offset 
in the long run by quality and savings, principally by improv-
ing the productivity of the people involved in the modeling 
process, and by speeding project completion.

ID.4.2	Sources of Software

A considerable number of software packages that can be ap-
plied to the analysis of inorganic contaminant attenuation in 
ground water are available in the public domain and from com-
mercial sources. Tables 1.2–1.4 list examples of various types 
of commonly applied packages and their sources.  Additional 
packages may be found by searching the internet, and from 
software retailers such as Rockware, Inc. (www.rockware.
com) and Scientific Software Group (www.scisoftware.com). 
New software packages appear frequently, others fall into 
disuse or are no longer supported and updated, and new 
releases of the various packages add features and fix bugs. 
As such, no attempt is made in this document to provide 
exhaustive listings of software packages applicable to 
MNA assessments, nor to judge the suitability or compile 
the features of various packages. In evaluating software, the 
reader will be well served by considering in light of his or her 
own needs only the most recent available information.  The 
following discussion provides some issues to consider dur-
ing selection of a software package.

Issues to consider during selection of a mass transport 
model and a representative list of commonly applied models 
(Table 1.2):

•	 Whether the model operates in two or three dimensions, 
or both.

•	 Whether the model can account for dispersion in the 
manner chosen.
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•	 If the model accounts for saturated flow (flow below the 
water table), unsaturated flow (above the water table), 
or both.

•	 The deterministic or stochastic method or methods the 
model can use to represent heterogeneity in the proper-
ties of the medium (hydraulic conductivity, dispersivity, 
and so on) across the modeling domain.

Issues to consider during selection of a geochemical speciation 
model and a representative list of commonly applied models 
(Table 1.3):

•	 A flexible description of redox state. A disequilibrium 
scheme in which each redox couple can be set to its 
own redox potential is commonly required. 

•	 The ability to account for sorption or surface complex-
ation in a manner appropriate for the site.

Issues to consider during selection of a reaction model, in 
addition to those relevant for a speciation model, and a repre-
sentative list of commonly applied models (Table 1.3):

•	 An accounting for the kinetics of redox reactions, 
whether occurring in the fluid phase, catalytically on 
mineral surfaces, or promoted by enzymes.

•	 The ability to account for the kinetics of mineral pre-
cipitation and dissolution reactions invoked as an at-
tenuation mechanism, using appropriate rate laws.

•	 A model of microbial metabolism based on valid chemi-
cal principles. The metabolic model should treat the 

Table 1.2	 Example software packages for modeling groundwater flow and mass transport.

Software Source

FEFLOW Groundwater Modeling, Inc.  www.ssg-int.com/

GMS Environmental Modeling Systems, Inc. www.ems-i.com/GMS/gms.html

Modflow-2000 U. S. Geological Survey water.usgs.gov/nrp/gwsoftware/modflow.html

Visual Modflow Waterloo Hydrogeology   www.visual-modflow.com

GroundWater Vistas www.groundwater-vistas.com

Table 1.3	 Example software packages for speciation in inorganic geochemical systems. Each of these packages 
except Wateq4F also has at least some capability for modeling reaction processes.

Software Source

Chess Ecole des Mines de Paris    chess.ensmp.fr/

Eq3/6 Lawrence Livermore National Laboratory  
www.llnl.gov/IPandC/technology/software/softwaretitles/eq36.php

Mineql+ Environmental Research Software       http://www.mineql.com/

MinteqA2 U.S. EPA     http://www.epa.gov/ceampubl/mmedia/minteq/

Phreeq-C U.S. Geological Survey  wwwbrr.cr.usgs.gov/projects/GWC coupled/phreeqc/index.html

The Geochemist’s 
Workbench® University of Illinois     www.geology.uiuc.edu/Hydrogeology

Visual Minteq KTH (Sweden)     www.lwr.kth.se/english/OurSoftware/Vminteq/index.htm

Wateq4F U.S. Geological Survey       water.usgs.gov/software/wateq4f.html
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metabolism as a balanced chemical reaction, account-
ing for not only consumption of substrate species, but 
generation of product species. The software should 
also account for how the amount of energy available 
in the environment affects metabolic rate, and for the 
growth and decay of biomass.

Issues to consider during selection of a reactive transport 
model, in addition to the points raised above about mass 
transport, speciation, and reaction models, and a representa-
tive list of commonly applied models (Table 1.4):

•	 Whether the model can work in one, two, or three 
dimensions.

•	 Compatibility of the model with the mass transport and 
reaction models chosen. For example, can the reactive 
transport model import a flow field predicted by the 
mass transport model?

•	 Time to solution, since reactive transport modeling can 
require considerable amounts of computing time.

ID.4.3	Thermodynamic Data

Most software packages are confıgured to accept any ex-
ternal database, provided that it is presented in the proper 
format. A number of databases have been compiled for 
various purposes, and many of these are available already 
formatted to be read directly into one or more of the widely 
distributed geochemical models.  A list of various internet 
sites from which thermodynamic data can be downloaded 
in various formats is provided in Table 1.5. Additional data-
bases might be located by consulting web pages and the 
latest documentation for the various geochemical modeling 
packages, and by searching the internet. Since updates to 
posted databases may be conducted infrequently, it may 
be worthwhile to verify the database incorporates currently 
accepted thermodynamic data based on a review of the 
technical literature. 

Table 1.4 	 Example software packages for modeling reactive transport in inorganic geochemical systems.

Software Source

Crunch Lawrence Livermore Laboratory     www.csteefel.com/

HYTEC Ecole des Mines de Paris    www.cig.ensmp.fr/~vanderlee/hytec/index.html

PHAST U. S. Geological Survey 
wwwbrr.cr.usgs.gov/projects/GWC coupled/phast/index.html

Phreeq-C U.S. Geological Survey 
wwwbrr.cr.usgs.gov/projects/GWC coupled/phreeqc/index.html

The Geochemist’s 
Workbench® 
Professional1

University of Illinois     www.geology.uiuc.edu/Hydrogeology

1	 The “Xt” package in previous releases.

Table 1.5	 Example internet sources of thermodynamic data useful in constructing geochemical models.

Source URL

Ecole des Mines de Paris ctdp.ensmp.fr/

Japan Nuclear Cycle Development Institute migrationdb.inc.go.ip/

Murdoch University (Australia) Íess.murdoch.edu.au/iess/iess_home.htm

National Institute of Standards and Technology webbook.nist.gov/

Nuclear Energy Agency (France) www.nea.fr/html/dbtdb/

University of Illinois www.geology.uiuc.edu/Hydrogeology/hydro thermo.htm

University of Illinois at Chicago tigger.uic.edu/~mansoori/TRL html
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ID.5	 Accounting for Uncertainty

For a model constructed in support of an MNA application, 
there are a number of sources of uncertainty, including:

•	 Error in chemical analyses.  The accuracy and com-
pleteness of chemical analyses vary widely.  Routine 
chemical analyses performed by commercial laborato-
ries are in many cases of insuffıcient quality to support 
geochemical and reactive transport modeling.  Several 
useful checks for internal consistency are available 
in the American Water Works Association “Standard 
Methods” volume (Clesceri et al., 1998), and computer 
programs (e.g., Aq•QA, www.aqqa.com) are available 
for performing these tests automatically.  Geochemi-
cal modeling applications require complete chemical 
analyses, including not only the contaminants of inter-
est, but the major ion chemistry, pH, and distribution 
of metals among their mobile redox states.

•	 Error in determining hydrologic parameters.  Measuring 
representative values of hydrologic parameters such as 
hydraulic conductivity and dispersivity can be difficult, be-
cause these values may change with the scale on which 
they are observed.  Laboratory measurements, therefore, 
may give different results than well tests (e.g., slug and 
bail tests, pumping tests), which may in turn differ from 
values representative of the site as a whole.  Measured 
hydrologic parameters are important, but may need to 
be calibrated to observations from the site, including 
perhaps the rate of plume advance or the migration of a 
tracer injected into the subsurface.

•	 Sample choice and dataset size.  Significant error can 
be introduced by sampling bias, although this bias 
is not always obvious or even avoidable.  Laboratory 
measurements of hydrologic properties, for example, 
are commonly made on samples that can be recovered 
intact, even though the fractured or poorly consolidated 
portions of the medium, left unsampled, control flow.  
Fluid samples may be taken from monitoring wells 
completed in highly conductive layers, where they can 
be extracted rapidly, leaving unaccounted significant 
quantities of residual contamination in slightly less con-
ductive layers.  Finally, the number of samples available 
or monitoring wells constructed is in some cases too 
small to comprise a statistically significant dataset.

•	 Incompleteness and inaccuracy of the thermodynamic 
database.  To provide meaningful results, a geochemical 
or reactive transport model has to include each of the 
aqueous species, minerals, gases, and adsorbed species 
important at the site, and the data for these species need 
to be accurate.  The thermodynamic databases available 
for geochemical study vary widely in breadth and accu-
racy.

•	 Error in model components.  Each of the components 
of which the model is constructed is a potential source 
of error.  Components likely to contribute to error include 
kinetic rate laws, surface complexation (sorption) models, 
and descriptions of the effects of microbial metabolism.

•	 Conceptual errors.  Perhaps most significantly, model 
results can be affected by failure to conceptualize the 
problem completely and accurately.  If an important 
process is not accounted for, or accounted for in an inac-
curate fashion, the modeling results will likely be rendered 
useless.

The modeler accounts for uncertainty by experimenting with 
the model to discover which sources of uncertainty affect 
the results significantly.  This uncertainty can subsequently 
be reduced, for example, by making new measurements or 
refining critical observations.  Another source of uncertainty 
is the limited possibility to obtain measured site-specific values 
for some of the model parameters due to the complexity of 
the geochemical model. It is recommended that the results 
of uncertainty analysis be provided for the purpose of site 
decisions.  This information would include the sources and 
potential ranges of all input data along with the origin of input 
data (i.e., review of technical literature, model calibration, field 
testing, or estimation).

ID.6	 Model Calibration and Verification

Developing a quantitative model of contaminant attenua-
tion in the subsurface may entail considerable uncertainty. 
Parameters needed to constrain the model are seldom 
known precisely, parameter inputs may not be available and 
require estimation, and the conceptual model itself may need 
refinement.  Due to these uncertainties, it is necessary to 
calibrate the model to observations, and to verify that the 
model behaves in a manner that adequately describes the 
natural system. The processes of calibration and verification 
are closely related, since calibration brings the model into 
alignment with observed data. A model that (1) utilizes to the 
greatest extent possible parameter values specific to the site, 
and (2) is calibrated to the observed evolution and distribution 
of the contaminant plume, therefore, is most likely to be readily 
verified.  It is recommended that steps taken to calibrate the 
model application be documented and provided for review in 
order to build confidence in the use of this assessment tool.

Model verification requires that the model predict an inde-
pendent set of observations, i.e., a set separate from those 
used for calibration. For example, a model that predicts the 
attenuation of chromate by chemical reduction might be “fit” 
on the basis of a plume or section thereof, and subsequently 
used to predict the behavior of another plume at the same 
site.  The initial fitting would presumably involve arriving at 
reasonably precise estimates of the most uncertain inputs – in 
this case reduction rates, electron donor loads, and so on.  If 
the subsequent independent prediction accurately reflects field 
observations, this result would lend credence to the model. 
Here, “accurate reflection” of field predictions probably means 
predicting correctly the speed at which the plume is retreating 
and estimating the rate of overall contaminant mass reduction 
to within a factor no greater than five. Predictions that do not 
achieve this level of accuracy should prompt further refine-
ment of the model.

This discussion has been intended to point out that models 
may serve as a useful tool that can be employed as part of 
the evaluation process for selection of MNA as a remedy.  
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However, the complexity of the modeling effort and the 
potential level of uncertainty associated with model predic-
tions indicate that pursuit of more direct lines of evidence 
is critical to the tiered analysis process.  The acquisition of 
these data will depend on establishing a network of moni-
toring locations throughout the aquifer.  The site-specific 
data collected from these monitoring locations provide 
the means to identify the attenuation process and assess 
the performance characteristics of the MNA remedy.  As 
with any technology used as part of a cleanup remedy, 
continued assessment of remedy performance is critical 
for ensuring attainment of cleanup goals.  The following 
discussion provides context for the eventual design of the 
performance monitoring program leading to site closure for 
situations in which MNA provides a viable component to 
the ground-water remedy.

IE.	 Long-Term Performance Monitoring and 
Site Closure

The performance of the MNA remedy must be monitored to 
determine compliance with site-specific remedial objectives 
identified in remedy decisions.  This long-term monitoring 
is often the largest expenditure incurred in the course of 
cleanup and, for this reason alone, should be considered 
at the earliest stages of remedial investigation.  Because 
the time horizons for successful implementation of an 
MNA remedy are often expected to be long, it is critical 
that particular attention is paid to long-term monitoring 
plans.  Detailed discussions of the performance monitoring 
framework and monitoring plan development have recently 
been published (USEPA, 2003).  Although that discussion 
focuses on attenuation of common organic contaminants, 
the framework and many of the principles governing plan 
development are also applicable to inorganic constituents.  
However, there are conceptual differences with respect to 
the outcome of the MNA remedy for inorganic contami-
nants.  With the exception of situations where degradation 
reactions transform harmful contaminants (e.g., nitrate 
or perchlorate) into innocuous constituents, contaminant 
mass is not reduced during MNA for inorganic contami-
nants.  The MNA process results in relocation, dispersion, 
and ultimately chemical conversion of the original source 
zone.  Therefore, the purposes of performance monitoring 

are to demonstrate degradation to innocuous materials 
and immobilization of contaminants.  It is recommended 
that site closure be considered only after degradation and 
immobilization within the risk level specified in the remedy 
decision are demonstrated and shown to have long term 
stability.

Development of a performance monitoring plan is site 
specific in nature.  Monitoring objectives and quantifiable 
performance criteria are developed to evaluate temporal 
and spatial remedy performance with respect to the site-
specific remedial action objectives.  Much of the monitoring 
to demonstrate performance of the MNA remedy will fall 
into three basic categories: 1) ambient monitoring to assess 
background contaminant levels and the status of relevant 
ambient geochemical indicators (e.g., EH, pH); 2) process 
monitoring to assure the progress of chemical attenuation; 
and 3) monitoring to detect plume expansion. 

Within this framework, the OSWER Directive 9200.4-17P 
(USEPA, 1999c) provides eight specific objectives to be met 
by the performance monitoring program of an MNA remedy 
(Table 1.6).  The objectives usually will be met by imple-
menting a performance monitoring program that measures 
contaminant concentrations, geochemical parameters, and 
hydrologic parameters (e.g., hydraulic gradients).  Much of 
the monitoring will be focussed on ground water.  However, 
periodic monitoring of aquifer solids, through soil coring, will 
be warranted in most situations.  These data will be used 
to evaluate the chemical behaviour of the contaminant in 
the subsurface over time, including:

•	 Changes in three-dimensional plume boundaries,

•	 Changes in the redox state that may indicate changes 
in the rate and extent of natural attenuation, 

•	 Reduction in the capacity of aquifer materials for con-
taminant immobilization, and

•	 Mobile contaminant mass and concentration reductions 
indicative of progress toward contaminant removal 
objectives. 

Contaminant behavior can then be evaluated to judge the 
effectiveness of the MNA remedy and the adequacy of the 
monitoring program.  

Table 1.6	 Objectives for performance monitoring of MNA (USEPA, 1999c).

1) Demonstrate that natural attenuation is occurring according to expectations,

2) Detect changes in environmental conditions (e.g., hydrogeologic, geochemical, microbiological, or other 
changes) that may reduce the efficacy of any of the natural attenuation processes,

3) Identify any potentially toxic and/or mobile transformation products,

4) Verify that the plume(s) is not expanding down gradient, laterally or vertically,

5) Verify no unacceptable impact to down gradient receptors,

6) Detect new releases of contaminants to the environment that could impact the effectiveness of the natural 
attenuation remedy,

7) Demonstrate the efficacy of institutional controls that were put in place to protect potential receptors, and 

8) Verify attainment of remediation objectives.



19

IE.1	 Duration and Monitoring Frequency

As stated in the OSWER Directive (USEPA, 1999c), per-
formance monitoring should continue until remediation 
objectives have been achieved, and longer if necessary to 
verify that the site no longer poses a threat to human health 
or the environment.  Typically, monitoring is continued for 
a specified period after remediation objectives have been 
achieved to ensure that concentration levels are stable and 
remain below target levels.  In order to demonstrate stability, 
verification of the achievement of target levels under con-
ditions where the aquifer geochemistry has reestablished 
a chemical steady state with respect to ambient ground-
water geochemistry will be needed.  The magnitude of the 
chemical gradient between the impacted and non-impacted 
portions of the aquifer provides a reference point for evaluat-
ing establishment of steady-state conditions.  A monitoring 
strategy to verify the attainment of remedial objectives and 
provide for termination of monitoring and site closure gen-
erally should be formulated during the development of the 
performance monitoring plan and updated, as necessary, 
prior to implementation.  

Monitoring frequency should be specified in the perfor-
mance monitoring plan.  In addition, the plan may specify 
an approach and technical criteria that could be used to 
increase or reduce the frequency as conditions change.  
Such criteria would scale monitoring frequency to match 
MNA performance and the level of understanding and 
confidence in the conditions that control attenuation at a 
given site.  The most appropriate frequency for ground-
water sampling is site specific and depends on several 
factors including:

•	 The rate at which contaminant concentrations may 
change due to ground-water flow and natural attenua-
tion processes,

•	 The degree to which the causes of this variability are 
known,  

•	 The types of evaluations to be performed and the im-
portance of the type of data in question, and 

•	 The location(s) of possible receptors relative to the 
plume.

In addition, the most appropriate frequency may vary in 
different areas of the site based on site-specific conditions 
and the intended use of the data.  Similar principles are 
applied in determining the most appropriate frequency for 
sampling of aquifer solids.  

With respect to the initial frequency of ground-water sam-
pling under the performance monitoring program, quarterly 
monitoring may often be an appropriate frequency to es-
tablish baseline conditions over a period of time sufficient 
to observe seasonal trends, responses to recharge, and 
to confirm attenuation rates for key contaminants.  Quar-
terly monitoring for several years provides baseline data 
to determine trends at new monitoring points and test key 
hypotheses of the conceptual site model. 

More frequent monitoring of ground-water elevations may 
be warranted, particularly during the establishment of base-
line conditions, to improve the characterization of ground-
water flow patterns.  In addition, more frequent monitoring 
may be needed to observe changes in ground-water flow 
patterns in response to other site activities, such as the 
start or cessation of ground-water extraction in off-site water 
supply wells, source control activities, and other significant 
changes in the hydrologic system.

IE.2	 Monitoring of Aquifer Solids

The aquifer material may serve as the reactive media to 
which many inorganic contaminants become partitioned 
and immobilized.  Therefore, periodic re-assessment of the 
capacity of aquifer materials for contaminant immobilization, 
including immobilization of radioactive contaminants and 
any harmful products of radioactive decay, often is a critical 
step in performance monitoring.  There are three aspects to 
this solid-phase characterization to be addressed through 
collection of field data and laboratory testing: 

•	 Determination of the chemical process(es) resulting in 
contaminant immobilization, 

•	 Determination of the capacity of the un-reacted aquifer 
material for contaminant immobilization, and 

•	 Determination of the stability of the reacted aquifer 
material with respect to contaminant release.  

Characterization of aquifer material requires collection of 
core material within the existing contaminant plume and 
down gradient and side gradient to the plume.  Charac-
terization within the existing plume is used to identify the 
immobilization process(es) and capacity, while down gradi-
ent and side gradient characterization is used to re-assess 
the potential and capacity for immobilization in the event 
of plume expansion.  In general, this characterization in-
volves identification of the aquifer mineralogy to determine 
the abundance and spatial distribution of reactive solid 
component(s) and the distribution of the contaminant among 
the identified components. 

The spatial extent and density of sampling points will be 
dictated by the degree of heterogeneity of the aquifer 
material both within and outside of the existing plume 
boundary.  The frequency of sampling will be dictated by 
the rate of the immobilization process with respect to fluid 
transport and the dynamics of fluid flow and chemistry.  In 
general, sampling frequency will be greater within the plume 
boundary where immobilization is active.  The frequency 
of sampling outside of the plume boundary will be dictated 
by the proximity of receptors and the time frame for reach-
ing remedial objectives relative to the rate of weathering 
processes that may change the composition or mineralogy 
of the aquifer material.

IE.3	 Monitoring Types

The majority of the monitoring performed to determine the 
effectiveness of the MNA remedy may be classified under 
three general headings: 
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•	 Monitoring of conditions outside of the plume boundar-
ies (ambient monitoring),

•	 Monitoring of natural attenuation processes (process 
monitoring), and 

•	 Monitoring to detect plume expansion and verify the 
lack of impact to receptors (migration monitoring).

Other types of monitoring include periodic evaluations of 
the effectiveness of any institutional controls specified in 
the remedy decision documents and, ultimately, verification 
of the attainment of all remedial objectives.

Ambient monitoring should be performed outside of the 
boundaries (e.g., hydraulically up gradient, side gradient, 
and down gradient) of the contaminant plume.  The purpose 
of this monitoring is to establish background conditions and 
to provide an indication of the potential for additional plume 
migration in situations where redox state and the capac-
ity of aquifer materials for contaminant immobilization are 
dominant controls on migration. The extent and duration of 
ambient monitoring will be influenced by the sensitivity of 
aquifer chemistry to changes in recharge water quality and 
processes that may change its composition.

Process monitoring is used to verify that attenuation is 
occurring according to prediction.  If process monitoring 
indicates that attenuation is not occurring as expected, a 
change in cleanup approach may be warranted. Process 
monitoring is contaminant-specific and might include, 
for example, measurement of ground-water redox state 
or pH to assure the existence of conditions favorable for 
natural attenuation via reduction-oxidation processes or 
pH-dependent sorption as well as the monitoring of con-
taminants.  Process monitoring parameters are discussed 
in the contaminant-specific sections in Volumes 2 and 3 of 
this document.  Process monitoring should also take into 
account any impacts of ongoing or prior active treatment on 
subsequent ambient attenuation processes.  For example, 
such impacts may include gradual shifts in system redox as 
water levels and/or electron donor/acceptor levels change 
after, respectively, pump and treat or in situ bioremediation 
have been halted.  

Monitoring to detect plume expansion (migration monitoring) 
and any impacts to receptors is another important aspect 
of the performance monitoring program. This monitor-
ing objective may be met through multi-level monitoring 
performed at or near the side gradient and down gradient 
plume boundaries, beneath the plume, and near any other 
compliance boundaries specified in remedy decision docu-
ments in conjunction with monitoring of possible receptor 
locations (e.g., potable water wells or locations of ecological 
receptors) to directly verify the lack of impacts.  Monitoring 
locations between the plume and compliance boundaries 
or possible receptors should be close enough to the plume 
that a contingency plan can be implemented before the con-
taminant can move past the point of compliance or impact 
receptors.  Identifying locations for monitoring wells de-
signed to detect migration ultimately relies on a site-specific 
assessment of contaminant migration and fate.  Additional 

insight may be obtained from site-specific transport model 
predictions, where model use is conducted iteratively with 
the site characterization process so that model predictions 
are both tested and influence future data collection.

IE.4	 Monitoring Locations

At many sites, the performance monitoring program will 
be three-dimensional in nature due in large measure to 
the effects of site-specific hydrogeology on contaminant 
migration. Typical target zones for monitoring a contaminant 
plume (Figure 1.3) include:

•	 Original source areas - within and immediately down 
gradient of source areas (Process Monitoring)

The monitoring objectives include the detection of any 
further contaminant releases to ground water that may 
occur and demonstration of reductions in contaminant con-
centrations in ground water over time.  In situations where 
the original source is contained, increased contamination 
or new contaminants could be indicative of containment 
system failure.

•	 Transmissive zones with highest contaminant concen-
trations or hydraulic conductivity (Process Monitor-
ing)

A change in conditions in these zones, such as an increase 
in contaminant mass, change in redox state, increased 
ground-water velocity, or exceedance of the aquifer capac-
ity for immobilization, may lead to relatively rapid plume 
expansion.

•	 Distal or fringe portions within the plume (Process and 
Migration Monitoring)

These are areas where reduction of contaminant concentra-
tions in ground water to levels required by remedial action 
objectives may be attained most rapidly or where plume 
expansion may be observed most readily.

•	 Outside the plume, including areas near plume bound-
aries and other compliance boundaries (Migration 
Monitoring)

Multi-level monitoring points, reflecting vertical differences 
in subsurface conditions, generally will be warranted at the 
side gradient, down gradient, and vertical plume boundaries; 
between these boundaries and possible receptors; and at 
any other compliance boundaries specified in remedy deci-
sion documents.  Monitoring of receptor locations should 
also be included to directly verify that no impacts occur.

•	 Zones in which contaminant reductions in ground water 
appear to be less than predicted (Process Monitor-
ing)

These are the areas where attaining cleanup standards 
within time frames specified in the remedy decision docu-
ments may be impeded due to site conditions (e.g., higher 
than anticipated concentrations of residual source materials, 
redox conditions, or exceedance of the capacity for immobi-
lization).  Such areas, if present, will be delineated through 
evaluation of data obtained throughout the performance 
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monitoring period.  These areas may require additional 
characterization to determine if additional remedial actions 
are necessary to reduce contaminant concentrations to 
desired levels.

•	 Areas representative of uncontaminated settings (Ambi-
ent Monitoring)

Sampling locations for monitoring the redox state and im-
mobilization capacity of aquifer materials include points that 

are adjacent to but outside the plume.  Data from these 
monitoring locations will often be needed to assess the 
continuation of favorable conditions for attenuation.  Since 
assumptions concerning the redox state and attenuation 
capacity affect interpretation of data from the plume, such 
assumptions should be periodically evaluated like other 
aspects of the conceptual site model.  Therefore, multiple 
monitoring points generally should be used to determine 
the variability of these parameters outside the plume.

Figure 1.3	 Example of a network design for performance monitoring, including target zones for monitoring effective-
ness with respect to specific remedial objectives.
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•	 Areas supporting the monitoring of site hydrology

At some sites, monitoring of ground-water elevations 
at locations additional to those used for the monitoring 
of chemical parameters may be needed to determine if 
changes in ground-water flow rates and directions are oc-
curring.  Appropriate locations for placing piezometers will 
often include positions that are up gradient, side gradient, 
and down gradient of the contaminant plume, as well as 
in zones above and below the plume and near surface 
water bodies.  

IE.5	 Modification of the Performance 
Monitoring Plan

The monitoring plan should be a dynamic document that is 
modified as conditions change or the conceptual site model 
is revised to reflect new information.  Decisions regarding 
remedy effectiveness and the adequacy of the monitoring 
program will generally result in either:

•	 Continuation of the monitoring program without modi-
fication;

•	 Modification of the monitoring program; 

•	 Implementation of a contingency or alternative remedy; 
or

•	 Verification that remedial objectives have been met with 
subsequent termination of the monitoring program. 

Continuation of the program without modification would be 
supported by contaminant concentrations behaving accord-
ing to remedial expectations while ground-water flow and 
geochemical parameters remain within ranges indicative of 
continued contaminant immobilization.  Modification of the 
program, including increases or decreases in monitoring 
parameters, frequency, or locations, may be warranted to 
reflect changing conditions or improved understanding of 
natural attenuation processes at the site.  In addition, modi-
fication generally would be warranted whenever remedy 
modifications are implemented, such as implementation 
of additional source removal or hydraulic control for plume 
migration.  

In situations where hydrologic and geochemical parameters 
are stable and the contaminant concentrations in ground 
water are decreasing as predicted, reductions in sampling 
frequency (e.g., semi-annual, annual, or less frequent) will 
often be warranted for process monitoring. For example, 
five years of quarterly monitoring showing predictable 
decreases in mobile contaminant concentrations might be 
the basis for decreasing the frequency to a semi-annual 
or annual basis at some sites.  Ten years of semi-annual 
or annual monitoring that shows predictable decreases in 
mobile contaminant mass might likewise be the basis for 
additional decreases in frequency, depending on site condi-
tions. Conversely, unexpected increases or lack of predicted 
decreases in contaminant concentrations may trigger ad-
ditional characterization to determine the reasons for the 
behavior, increased monitoring of pertinent parameters, 
re-evaluation of the conceptual site model, and, potentially, 
the implementation of a contingent or alternative remedy.  

Changes in the frequency of monitoring to detect plume 
expansion may also be warranted as process monitoring is 
modified.  However, the frequency of such monitoring should 
not be decreased to the point where insufficient time would 
be available for implementation of an effective contingency 
plan in the event of MNA remedy failure. 

Criteria for modifying the monitoring program, including the 
type and amount of data needed to support the evaluation, 
should be discussed and agreed to by stakeholders.  Site-
specific criteria should be developed to define conditions 
that indicate the appropriateness of increased or decreased 
monitoring, additional characterization, re-evaluation of the 
conceptual site model, implementation of a contingency 
or alternative remedy, and termination of performance 
monitoring.

Another reason for altering the monitoring program is the 
development of more advanced monitoring technologies.  
Because long-term monitoring costs are substantial, every 
advantage of technological advances in monitoring ef-
ficiencies should be considered.  This might best be done 
by assessing monitoring technology every 3 to 5 years to 
identify “off-the-shelf” monitoring approaches/equipment 
that can improve accuracy and lower costs.  National 
technology verification programs are often a good source 
of such information. 

IE.6	 Periodic Reassessment of Contaminant 
Removal Technologies

In addition to the routine monitoring of MNA remedy per-
formance, it is recommended that periodic consideration 
be given to any technological advances in the efficiencies 
of source removal for inorganic contaminants.  Implemen-
tation of more efficient technologies may result in reduc-
tions in the time frames for performance monitoring with 
associated reductions in cost as well as improvements 
in performance.  Many sites may benefit from a Periodic 
Remedial Technology Assessment (PRTA) conducted at 
regular intervals (e.g., 5 years) throughout the performance 
monitoring program.  The PRTA should consist of a rigorous 
literature search and engineering assessment of the field 
implementation of new technologies.  It should involve a 
survey of cleanup efficiencies achieved by new technologies 
at sites similar to the one under consideration.  The survey 
should rely on the results of national or state technology 
verification programs (e.g., USEPA Environmental Tech-
nology Verification Program, www.epa.gov/etv/; Interstate 
Technology & Regulatory Council, www.itrcweb.org).  The 
PRTA should either indicate the absence of more suitable 
alternatives or suggest a faster path to site closure.  The 
criteria for technology selection should be clearly stated 
during the development of the evaluation plan.  The goal 
of this review should be identification of technologies that 
have a very high probability of achieving at least order-of-
magnitude reductions in contaminant mass and/or achieve-
ment of MCLs in ground water by means acceptable to 
stakeholders.  A reasonable metric should be successful 
implementation of the technology as judged by impartial 
bench marking criteria at several sites where site closure 
has been achieved.
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