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ABSTRACT  
 
Generating stations are making significant capital outlays for source control.  Those 
costs often dwarf potential groundwater remedial costs.  Monitored natural attenuation 
(MNA) is a viable and cost-effective approach for groundwater corrective measures at 
many of these sites.  To justify an MNA groundwater remedy, it is critical to expand the 
initial Conceptual Site Model (CSM) to include more detailed information on the 
groundwater geochemical environment, attenuation mechanisms, and their longevity to 
permanently sequester constituents.  An MNA remedy is potentially subject to public 
opposition or remedy failure without these components. 
 
Important site geochemical characteristics include groundwater composition, the nature 
of the aquifer solids, and mass discharge from the source.  Other geochemical factors 
include mass balance constraints, pH dependence of sorption reactions, the prevalence 
of redox disequilibrium, and kinetic constraints.  Understanding contaminant reactions 
with aquifer solids is critical, including how they might respond to source control 
measures and reversion to background conditions.  Many of the necessary tests to 
address these factors are not provided by standard commercial environmental 
monitoring laboratories.  Hence, an experienced and qualified team is needed to 
navigate the process with the support of specialty testing laboratories  
 
INTRODUCTION 
 
Generating stations are making significant capital outlays for source control of coal 
combustion residual (CCR) disposal units including closure in place, closure by 
removal, and installation of slurry walls, among other measures.  A potential benefit of 
these source control measures is that they are a pre-requisite for monitored natural 
attenuation (MNA) groundwater remedies [1].  Upon initial consideration, an MNA 
groundwater remedy might appear attractive as a low cost/low effort remedy.  However, 
the U.S. Environmental Protection Agency (USEPA) and other organizations have 
published policy and guidance documents over the past twelve years that indicate 
significant effort and resources will be necessary to successfully justify and defend an 
MNA groundwater remedy for inorganics.  This paper presents background for this 



topic, a summary of USEPA guidance and expectations, and geochemical concepts that 
may need to be addressed to evaluate whether a site is a candidate for an MNA 
remedy.  This paper does not address other important components of the MNA 
evaluation process, including hydrogeology, risk assessment, microbiology, and public 
relations.   
 
BACKGROUND 
 
Natural attenuation of constituents released from waste disposal units is not a new 
concept.  Early solid waste disposal regulations from the 1960s discuss the ‘natural 
renovation layer’ that was intended to reduce leachate concentrations between the 
bottom of waste and the groundwater table.  Early conceptual models developed in the 
1970s for a geologic repository for spent nuclear fuel rods included ‘geologic barriers’ to 
radionuclide transport as part of the overall disposal system performance assessment.  
Natural biodegradation of petroleum hydrocarbons was well-established in the 1980s 
and natural attenuation of chlorinated solvents received increasing attention during the 
1990s.  Natural attenuation policy and guidance for inorganics came into greater focus 
during the 2000s and 2010s. 
 
GUIDANCE AND EPA EXPECTATIONS 
 
USEPA’s Office of Solid Waste and Emergency Response (OSWER) published a policy 
document on MNA in 1999 that includes discussion of expectations for justifying MNA 
groundwater remedies for both organic and inorganic constituents [1].  It defines natural 
attenuation as the reliance on natural attenuation processes that act without human 
intervention to reduce mass, toxicity, mobility, volume or concentration…including 
dispersion, dilution, sorption, chemical stabilization, transformation…to achieve site-
specific remedial action objectives within a reasonable timeframe compared to other 
more active methods.  Note that the requirement is to reduce either mass, toxicity, 
mobility, volume, or concentration (not all of these).  This distinction has important 
consequences for the MNA demonstration and for the MNA monitoring plan.  Also note 
that the cleanup timeframe is to be compared to other more active methods when 
evaluating whether it is reasonable.  Therefore, it differs somewhat from USEPA 
guidance on reasonable timeframes given in the 1997 Rules of Thumb guidance [2]. 
 
USEPA’s Office of Research and Development (ORD) published a technical guidance 
document for natural attenuation of inorganics in 2007 [3].  That document highlighted 
the natural attenuation processes that are important for inorganics and the suggested 
scientific protocol for justifying selection of an MNA remedy.  The document applies to a 
wide range of sites including mining wastes, industrial special waste landfills, 
electroplating facilities, U.S. Department of Defense (DOD) and Department of Energy 
(DOE) radionuclide sites, and other waste release sites in addition to CCR sites.  
Therefore, there is the potential that some of the expectations in these documents are 
more stringent than might be appropriate for a CCR disposal unit. 
 



The International Technology & Research Council (ITRC) published its guidance in 
2010 that mirrors most of the geochemical concepts presented in the 2007 USEPA 
guidance [4].  The ITRC document is organized around a decision framework (a flow 
chart) to guide the user through a tiered decision process like that developed by USEPA 
[3].  Savannah River National Laboratory (SRNL) published guidance in 2011 focused 
upon inorganic constituents and protocol specific to DOE inorganic wastes, including 
radionuclides [5].  The SRNL document adopts a scenarios approach to evaluating a 
site’s candidacy for an MNA remedy.  The scenarios are defined based upon oxidation-
reduction potential (ORP; roughly equivalent to Eh and pe), cation exchange capacity, 
and iron content of aquifer solids.  The scenarios approach is viewed by some as a 
better-organized, checklist-driven approach to evaluating a site’s candidacy that the 
USEPA approach [1,3].  USEPA published a policy document specific to MNA 
groundwater remedies for inorganics in 2015 that is a companion to the 1999 policy 
document [6].  The Electric Power Research Institute (EPRI) published guidance 
documents for MNA groundwater remedies for inorganics in 2015 and 2018 that are 
specific to CCR disposal units [7,8].  The EPRI documents adopt an approach like the 
ITRC document. 
 
The various policy and guidance documents have many common themes and 
expectations for groundwater MNA remedies for inorganics including: 
 

• Effective source control; 
 

• A stable or shrinking plume that is fully delineated; 
 

• Multiple lines of evidence, including testing of site samples, to demonstrate active 
contaminant removal from groundwater, contributing to a more robust 
Conceptual Site Model; 

 

• Determination of the attenuation mechanism and rate; 
 

• Determination of the aquifer attenuation capacity, as well as the stability/longevity 
of the immobilized contaminant forms with respect to future changes in 
groundwater conditions; and 

 

• A monitoring program with triggers for declaring MNA remedy failure, and a 
contingency plan for such a situation. 

 
Note that a ‘shrinking’ plume has a slightly different meaning for inorganics compared to 
organics.  It can be conceptualized as a decrease in total mass (or mass discharge, or 
toxicity) within the plume, and for a detached slug, a decrease in areal footprint and/or 
total mass while it continues to migrate further downgradient to previously 
uncontaminated areas before fully attenuating.  Most of the documents advocate for a 
phased (tiered) approach wherein the initial tiers are used to screen sites using existing 
data and information and upon successfully completing each tier the site moves to the 



next more rigorous (and costly) stage of the MNA demonstration.  For example, 
USEPA’s 2007 document includes: 
 
Tier 1 – Initial Site Screening; 
Tier 2 – Attenuation Mechanism and Rate; 
Tier 3 – Attenuation Capacity and Longevity; and 
Tier 4 – Monitoring and Contingency Plans. 
 
The site geochemical conditions that are conducive to a successful MNA demonstration 
for inorganics are described in the following sections organized around these tiers. 
 
GEOCHEMICAL CONCEPTS FOR MNA CANDIDACY 
 
Tier 1 Initial Site Screening 
 
USEPA’s stated purpose for Tier 1 screening is to evaluate if the plume is stable or 
shrinking and to eliminate clearly inappropriate sites.  According to USEPA [3], their 
MNA guidance is not appropriate for use at fractured rock sites and karst sites.  
USEPA’s rationale is not geochemical in nature but is based upon the presumption that 
there is an unacceptably greater level of uncertainty in the groundwater monitoring 
system’s ability to characterize a release in these geologic terrains, presumably 
compared to a disposal unit over unconsolidated soil/sediment materials.  As is often 
the case, there are exceptions to this initial screening criteria.   
 
Some fractured rock sites have predictable groundwater flow systems and can be 
monitored to the same level of certainty as sites with unconsolidated materials that have 
frequent facies1 variations.  Unconsolidated aquifer heterogeneity in the form of facies 
can create preferential flow pathways and local variations in natural attenuation 
processes.2  In fractured rock, if the fracture spacing is small and there are several sets 
of interconnected fracture sets, groundwater flow can be conceptualized as Darcy flow 
at an appropriate scale.  In addition, predictable bedding planes orientations sometimes 
control groundwater flow and they can also be monitored with a comparable level of 
certainty.   The Federal CCR Rule [10] requires that monitoring wells be placed as close 
as possible to the edge of waste, thus reducing the likelihood of detecting a narrow, 
localized plume compared to wells installed farther downgradient where lateral 
dispersion has increased the detection probability.  It is possible that even closely-
spaced monitoring wells at the edge of waste might miss a preferential flow pathway 
whether it arises from a major fracture/lineament in bedrock or from strong facies 
variations in unconsolidated sediments, particularly for a modern disposal unit where a 
release would be through a point or linear defect in the liner and not widespread as for 
an unlined disposal unit. 
 

                                                 
1 Facies are an areally restricted part of a designated stratigraphic unit that exhibits characters significantly different 

from those of other parts of the unit [9].  Silty clay lenses within a sand and gravel unit are an example. 
2 Geochemical conditions likely vary among facies and therefore the degree of facies heterogeneity might be a more 

important Tier 1 candidacy criterion than those identified by USEPA. 



Some karst systems can likewise be monitored to a similar degree of certainty as an 
unconsolidated material site with strong facies variations.  Springs are often the main 
discharge point for a karst system.  When the spring is located near a CCR unit that 
overlies the karst system, the spring can sometimes provide a comparable (or superior) 
level of certainty as a monitoring point.  Karst systems require unique site 
characterization methods to justify such an approach. 
 
Further discussion of these considerations is beyond the scope of this paper because 
they are not directly related to MNA geochemical processes.  Nevertheless, they are 
important to consider when evaluating whether a site should advance to Tier 2 where 
geochemical considerations do become the primary focus.   
 
Geochemical factors that should be examined during Tier 1, but are not highlighted by 
USEPA guidance, include the following: 
 

➢ Is cleanup required for non-reactive constituents such as lithium, boron, sulfate, 
and chloride? 

➢ Do both cations and anions exceed regulatory standards? 
➢ Can the mass discharge from the source to groundwater be quantified? 

 
The only natural attenuation processes that will address non-reactive constituents are 
dilution, dispersion, and radioactive decay.  Non-reactive constituents are good 
pathfinders for a CCR release and tend to be on the leading edge of a groundwater 
plume because they have high solubilities and they are not retarded by interaction with 
aquifer solids to the same degree as other constituents.  If the concentration of non-
reactive constituents is large relative to the cleanup standard, MNA might not be an 
easily-justified remedy for some sites.  Nevertheless, with effective source control and a 
long migration distance to the nearest receptor, dilution and dispersion might be 
adequate.  Dilution and dispersion can also be included as a distal plume remedy 
component together with a groundwater migration barrier component located upgradient 
in the higher concentration portions of the plume.  USEPA inorganics MNA policy [6] 
specifically lists this as an acceptable overall remedial approach in some cases. 
 
If both cations and anions exceed regulatory standards, and precipitation of new mineral 
solids is unlikely to occur, then adsorption is likely to be the primary attenuation 
mechanism.  Collective adsorption of both cations and anions only occurs under specific 
pH and redox conditions.  Therefore, if cations and anions both exceed regulatory 
standards, some additional screening of potential adsorption mechanisms might be 
appropriate before proceeding to Tier 2. 
 
If the current and future mass discharge from the source into the aquifer cannot be 
quantified, then it might not be possible to evaluate whether the available aquifer 
attenuation capacity is adequate in Tier 3.  In this case, additional evaluations to 
address this key data gap are appropriate prior to proceeding to Tier 2. 
 



Tier 2 – Attenuation Mechanism and Rate 
 
Tier 2 is focused upon demonstrating active removal of constituents from the 
groundwater into the aquifer solids, understanding the reaction mechanism(s), and the 
associated reaction rates.  This involves more detailed characterization of the 
geochemistry of both the groundwater and the aquifer solids.  USEPA guidance clearly 
expresses a preference for site-specific sample testing both inside and outside the 
plume to evaluate attenuation mechanisms. 
 
The predominant attenuation mechanisms are precipitation and co-precipitation of 
constituents as new aquifer solids, adsorption of constituents to the surfaces of aquifer 
solids, dilution, and dispersion.  Mineral precipitation and adsorption processes are 
strongly affected by aquifer geochemical conditions including pH, Eh (redox potential), 
and iron.  Accurate measurement of Eh is notoriously difficult and the high 
concentrations of sulfur at many CCR sites exacerbates this problem by poisoning the 
platinum electrode.  Redox disequilibrium is the general rule in low temperature near-
surface groundwater environments, so analysis of both species of a redox couple is 
often necessary (e.g. Se+4 vs. Se+6). 
 
Radioactive decay is also an important attenuation mechanism for radionuclides.  The 
Federal CCR Rule includes radium-226 and radium-228.  Radium-226 is formed by 
radioactive decay of uranium-238 and its half-life is 1600 years.  Therefore, radioactive 
decay of radium-226 is a slow and insignificant attenuation process.  Radium-228 forms 
by radioactive decay of thorium-232 and its half-life is 5.75 years.  Therefore, 
radioactive decay is a significant process for radium-228 and it decays quickly relative 
to typical groundwater flow velocities. 
 
Inspection of existing site characterization data for strong geochemical gradients can 
provide evidence for identifying the attenuation mechanisms and rates.  However, it will 
also be necessary to develop a more comprehensive characterization of the aquifer 
geochemistry including all the major cations and anions (the Federal CCR Rule 
Appendix III list does not include sodium, potassium, magnesium, and bicarbonate), 
minor constituents such as iron and manganese, dissolved organic matter, and redox 
speciation of select contaminants (e.g. As+3 vs. As+5).  These analyses will be useful for 
providing additional lines of evidence for contaminant mobility and attenuation 
mechanisms.  Geochemical models can also provide lines of evidence.   
 
Equally important, characterization of aquifer solids is necessary including mineralogy, 
distribution of contaminants among the minerals, evaluating the potential presence of 
grain coatings such as iron and manganese oxyhydroxides, macromolecular organic 
matter, etc.  These substances are very important adsorption media at many sites.  
Testing for some of these parameters requires special sample collection and handling 
procedures.   
 
X-ray diffraction (XRD) may have some utility.  It can be used to identify major minerals 
in the samples, but trace minerals can be difficult to detect.  XRD of clays requires 



specialized sample preparation methods.  XRD will also not identify the presence of 
non-crystalline iron, manganese, and aluminum oxyhydroxides that are primary 
adsorption media in aquifer solids.  However, sequential extraction procedures (SEP) 
are very useful in identifying the types of adsorptive solids present in the aquifer.  
Electron microprobe analysis and scanning electron microscopy backscatter radiation 
(EDXA) can be used to identify the locations of contaminants sequestered within aquifer 
solids (i.e. on grain coatings, as newly formed distinct minerals, etc.).  Column leaching 
tests using site-specific aquifer solids from inside and outside the plume, along with 
groundwater from those locations, can provide information on the attenuation 
mechanism, rates, capacity, and stability.  Many of these tests are not available at 
commercial groundwater analytical laboratories.  Therefore, connections with specialty 
laboratories and university programs are very important. 
 
Mineral precipitation requires a strong chemical gradient (pH, Eh, or chemical 
concentrations).  The solids that will form are naturally-occurring solids including oxides 
(of chromium), carbonates (of barium, lead, and manganese), sulfates (of barium and 
radium), and sulfides (of arsenic, cobalt, cadmium, mercury, lead, molybdenum, 
selenium, and antimony).  Boron and lithium tend not to form solid precipitates because 
their solubilities are very high.  Boron can form minerals in extreme conditions as 
evidenced from the boron mineral resources in Death Valley, but they won’t form in 
groundwater.  Lithium can be precipitated as a carbonate mineral, but the necessary 
groundwater carbonate concentrations are very high and not naturally-occurring.  
 
Adsorption is likely to be the dominant attenuation mechanism at many sites.  USEPA 
requires that it be demonstrated to be irreversible if relied upon.  The extent of 
adsorption is strongly related to the groundwater pH, Eh, ligand concentrations, and 
forms of iron.  Adsorption has traditionally been addressed using empirical distribution 
coefficients (Kd) that describe the partitioning of a constituent mass between the 
aqueous and solid phases in a test system (representing aquifer pore water and aquifer 
solids).  They are highly site-specific and the Kd value is only valid for the pH, Eh, 
mineral solids, and aqueous composition tested to derive a value.  Extrapolation of Kd 
values to other conditions that differ from the test conditions could lead to erroneous 
conclusions about the fate and mobility of contaminants.   
 
A more robust alternative to empirical distribution coefficients is surface complexation 
theory.  It is based upon an underlying theory of the physical and chemical forces 
involved in adsorption reactions and it explicitly accounts for chemical equilibria 
between dissolved aqueous species and charged mineral surfaces.  Therefore, it can be 
applied to a range of conditions. 
 
The neutrally-charged boric acid aqueous species, B(OH)3

o (aq) does not adsorb to 
aquifer solids at near-neutral and acidic pH because it has no net charge and hence no 
electrostatic attraction to charged surfaces of aquifer solids.   With an increase toward 
pH 9, boric acid is converted to the borate oxyanion, B(OH)4

 - that has an electrical 
charge leading to some adsorption of boron to clays.   
 



The radium detected at sites is sometimes mobilized from naturally-occurring radium in 
the aquifer solids and is not due to radium release from the CCR unit.  In these cases, 
the high dissolved solids concentrations in the CCR plume outcompete radium for 
sorption sites on iron oxide grain coatings.  This process might be viewed as an impact 
to groundwater quality related to the CCR disposal unit, but it is not a release of 
disposal unit contents. 
 
Microbes also have a direct, and indirect, influence on contaminant mobility.  They can 
have a positive contribution because they exploit redox disequilibrium in low 
temperature near-surface environments.  Their enzymes are catalysts that accelerate 
otherwise slow redox reactions to extract energy.  Those redox reactions can lead to 
incorporation of contaminants into aquifer solids.  Also, their cell walls and exudates can 
adsorb contaminants.  However, microbes can also have negative affects on 
contaminant mobility.  For example, they can promote reduction of the iron in 
oxyhydroxide grain coatings that provide significant adsorption capacity to the aquifer.  
Iron is more soluble under reducing conditions, so these reactions dissolve the coatings 
along with any adsorbed or co-precipitated contaminants such as arsenic.  Reductive 
dissolution of iron, and the associated arsenic, is a very commonly observed process at 
many waste disposal sites over terrestrial sands.  Microbes can also change the 
speciation of contaminants as part of their cellular mechanisms and produce more toxic 
and bioaccumulate forms such as methylmercury, methylarsenonic acid, and 
methylated selenium species. 
 
Tier 3 – Attenuation Capacity and Longevity 
 
The aquifer attenuation capacity for an unlined CCR site is likely to reside beyond the 
point of compliance (i.e. beyond the edge of the unit).  This is because the attenuation 
capacity of the aquifer beneath and adjacent to the unit has likely been completely 
consumed.  A mass balance calculation can be used to estimate where the necessary 
attenuation capacity resides.  The predicted cumulative future mass discharge from the 
source area can be compared to the attenuation capacity of a unit volume of aquifer and 
the necessary volume of aquifer to provide the total attenuation capacity can be 
estimated.  Eventually, the dissolved mass reacts with the aquifer solids to the extent 
that the cleanup criteria are reached in the downgradient area.  The protectiveness of 
this approach depends upon the proximity of receptors such as potable supply wells 
and groundwater discharge boundaries into aquatic habitats.   
 
The final part of the MNA justification is to show that the sequestered form of the 
contaminants in the aquifer solids is resistant to re-mobilization that might arise from 
changing geochemical environment in the future.  It is reasonable to expect that the 
groundwater geochemistry beneath and downgradient from the CCR unit will eventually 
return to background (upgradient) conditions.  For an unlined CCR unit, those 
conditions might be very different from the geochemical conditions that prevailed prior to 
source control, especially the Eh and pH.  It is possible that new aquifer minerals that 
formed by precipitation reactions, such as barium sulfate, might begin to dissolve under 
the new geochemical conditions.   



 
Increases in TDS are unlikely to occur with a return to background conditions, so 
displacement of adsorbed contaminants by major cations and anions is unlikely to 
occur.  However, changes in pH and Eh can have a strong effect on the stability of 
adsorbed constituents as well as the stability of the iron oxyhydroxide grain coatings.  It 
is possible that capping of CCR units might lead to lower redox conditions in the shallow 
aquifer near the CCR unit.  The lower redox could cause reductive dissolution of iron 
and manganese oxide grain coatings, liberation of contaminants that were adsorbed to 
them and loss of attenuation capacity. 
 
All these potential changes can be evaluated in the laboratory by column tests using 
site aquifer solids from the core of the plume and upgradient groundwater.  
Geochemical models can also be used to predict the behavior to future changes in 
groundwater geochemistry. 
 
Tier 4 – Monitoring and Contingency Plans 
 
Important parameters for a monitoring plan beside the constituents of interest include 
pH, redox potential, major cations and anions, TDS, and chelating agents.  Changes in 
these parameters have the potential to remobilize sequestered contaminants.  The 
monitoring plan should also include use of the data to track trends in total dissolved 
mass in the plume and trends in mass discharge.   
 
It might be appropriate to complete field reconnaissance for changing land use nearby 
the site that has the potential to effect on-site groundwater geochemical conditions.  For 
example, the recent appearance of a beaver dam upstream could raise water levels, 
change redox conditions, etc.  Installation of impervious structures can reduce the flux 
of dissolved oxygen into the aquifer and change redox conditions.  Monitoring of nearby 
potential receptors can provide assurance of protectiveness to third parties. 
 
MNA guidance often emphasizes tracking trends of decreasing concentration.  
However, this does not always fit the conceptual picture in the downgradient aquifer for 
a detached plume.  The appropriate parameter to track is total dissolved mass in the 
plume, not concentrations which might not decrease at some locations as the plume 
migrates downgradient as it attenuates. 
 
SUMMARY 
 
MNA is a potentially viable groundwater remedy for some sites.  The demonstrations 
that are recommended by USEPA guidance to justify MNA are rigorous, time 
consuming, and require the services of specialized laboratories.  Some of those 
requirements might not be appropriate for CCR sites.  MNA demonstration costs are not 
insignificant but are likely to be minor compared to source control and closure costs.  
Therefore, there is potential for MNA to be a cost-effective and protective remedy.  The 
MNA demonstrations require an experienced geochemist working within a multi-
disciplinary team to achieve a successful outcome.  Facilities need to decide whether a 



formal MNA groundwater remedy is necessary compared to a Source Control and 
Monitoring remedy. 
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