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Abstract 

In situ bioremediation of uranium holds significant promise for effective stabilization of U(VI) 
from groundwater at reduced cost compared to conventional pump and treat.  This promise is 
unlikely to be realized unless researchers and practitioners successfully predict and 
demonstrate the long-term effectiveness of uranium bioremediation protocols.  Field research to 
date has focused on both proof of principle and a mechanistic level of understanding.  Current 
practice typically involves an engineering approach using proprietary amendments that focuses 
mainly on monitoring U(VI) concentration for a limited time period.  Given the complexity of 
uranium biogeochemistry and uranium secondary minerals, and the lack of documented case 
studies, a systematic monitoring approach using multiple performance indicators is needed.  
This document provides an overview of uranium bioremediation, summarizes design 
considerations, and identifies and prioritizes field performance indicators for the application of 
uranium bioremediation.  The performance indicators provided as part of this document are 
based on current biogeochemical understanding of uranium and will enable practitioners to 
monitor the performance of their system and make a strong case to clients, regulators, and the 
public that the future performance of the system can be assured and changes in performance 
addressed as needed.  The performance indicators established by this document and the 
information gained by using these indicators do add to the cost of uranium bioremediation.  
However, they are vital to the long-term success of the application of uranium bioremediation 
and provide a significant assurance that regulatory goals will be met.  The document also 
emphasizes the need for systematic development of key information from bench scale tests and 
pilot scales tests prior to full-scale implementation. 
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Foreword 
 
Several licensees are considering the use of bioremediation to generate reducing 
conditions and precipitate uranium from groundwater.  Decommissioning plans 
discussing the use of bioremediation of uranium have been received by NRC for two 
types of sites:  shallow uranium groundwater plumes and in situ leaching uranium mines.  
While in situ bioremediation of uranium has been extensively examined in the laboratory, 
only a few field trials have been conducted, and no full-scale remediation has been 
done.  In order to review these applications, the U.S. Nuclear Regulatory Commission 
(NRC) staff must thoroughly evaluate the processes involved.   
 
In situ bioremediation removes uranium from the aqueous phase but leaves it as a solid 
in the subsurface.  Consequently, important issues are (1) the long-term behavior of the 
precipitated uranium and other minerals evolved by the remediation process and (2) 
monitoring approaches used to assess short- and long-term effectiveness of the 
remediation.  Uranium that has been reduced during the bioremediation process can be 
reoxidized if oxidizing conditions develop in the treated zone.  This possibility could 
remobilize the uranium and therefore needs to be carefully examined. 
 
This report presents the fundamental science of uranium bioremediation, summarizes 
design considerations, and identifies and prioritizes field performance indicators for the 
application of uranium bioremediation.  It also presents detailed information on 
pre-remediation characterization, the remedial action itself, and post-remediation 
monitoring, allowing better understanding of the benefits and shortcomings of this 
technology.  This report lists mandatory and optional parameters that help define the 
characterization and monitoring needed to evaluate in situ bioremediation.  With this 
information, the NRC staff will be better equipped to evaluate bioremediation of uranium 
by in situ stimulation of bacteria.  
 
 
 
       
      
      Christiana Lui, Director 
      Division of Risk Analysis 
      Office of Nuclear Regulatory Research 
      U.S. Nuclear Regulatory Commission 
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1.1 

1.0 Introduction 

1.1 Purpose 

Uranium in groundwater above the U.S. Environmental Protection Agency (EPA) drinking 
water standard is considered to be potentially toxic and carcinogenic (Kurttio et al. 2002).  The 
U.S. Nuclear Regulatory Commission (NRC) and other regulatory agencies are tasked with 
negotiating remedies to bring contaminated sites into compliance with the relevant 
environmental standards.  In situ remediation is typically preferred over excavation and pump-
and-treat systems because of considerations of generated waste, worker safety, and cost.  
Ongoing bioremediation research, including field studies, has shown that uranium 
immobilization can be achieved in situ through in situ stimulation of indigenous microorganisms 
by amendment with an electron donor such as acetate, (equivalent to dilute vinegar).  A key 
issue in this process is the rate at which uranium is remobilized. Because of the potential low 
cost of electron donor amendment and in spite of the potential for uranium remobilization, there 
has been interest from sites with uranium-contaminated groundwater, including applications 
from NRC-regulated licensees, to use in situ bioremediation technology.  The purpose of this 
report is to describe the basic principles of uranium bioremediation, summarize site-specific 
design issues, and provide guidance on assessing bioremediation performance in the field. 

1.1.1 Regulatory Perspective  
In this work we are concerned primarily with uranium concentrations in groundwater.  Sites 

regulated by the NRC for uranium contamination include 1) sites being decommissioned from a 
range of nuclear energy production related activities, and 2) sites licensed for in situ leach (ISL) 
uranium extraction. For sites being decommissioned, the information provided in this section is 
taken from NUREG/CR-6805.  For such sites, it is necessary to demonstrate meeting dose 
limits given in 10 CFR Part 20 Subpart E “Radiological Criteria for License Termination.”  
Groundwater protection standards are either: (1) Commission approved background 
concentrations of a constituent in the groundwater, (2) respective values given in 10 CFR Part 
40, Appendix A, paragraph 5C [maximum concentration limits] if the constituent is listed in the 
table (5C) and if the background level of the constituent is below the value listed, or (3) an 
alternate concentration limit established by the Commission. Alternate concentration limits may 
be approved by the Commission if they do not present a significant hazard to human health or 
the environment, and are as low as reasonably achievable, after considering practicable 
corrective actions. Groundwater sampling and analysis programs are used to demonstrate 
compliance. If groundwater protection standards are exceeded, a corrective action program 
must be put into operation pursuant to 10 CFR Part 40, Appendix A, Criterion 5D.  The objective 
of the program is to return the hazardous constituent concentration levels in groundwater to the 
standards. 
 

Guidance for demonstrating compliance for in situ leach (ISL) uranium extraction license 
applications is provided in NUREG-1569. This guidance explicitly addresses the groundwater 
information and analysis that is specified in Regulatory Guide 3.46, "Standard Format and 
Content of License Applications, Including Environmental Report, for In Situ Uranium Solution 
Mining. NUREG-1569 identifies the NRC reviewer's proposed activities in reviewing a licensee 
submittal, specifically the areas of review, review procedures, acceptance criteria, evaluation 
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findings and references.  The groundwater issues in NUREG-1569 relate to groundwater quality 
restoration.  The acceptance criteria for the groundwater quality are established based upon the 
background water quality prior to ISL mining.  NUREG-1569 states that restoration goals are 
established in the application for each of the monitored constituents. The applicant has the 
option of determining restoration goals for each constituent on a well-by-well basis, or on a well 
field average basis. Restoration goals should be established for the ore zone and for any 
overlying or underlying aquifer that remains affected by ISL solutions. Performance measures 
for ISL sites can be classified into two groups: primary restoration goals, and secondary 
restoration goals. For primary restoration standards, the primary goal for a restoration program 
is to return the water quality of the ore zone and affected aquifers to preoperational (baseline) 
water quality. It is unlikely that after restoration activities the groundwater quality will be returned 
to the exact water quality that existed at every location in the aquifer before ISL operations. 
Therefore, it is acceptable to use standard statistical methods to set the primary restoration goal 
and to determine compliance with it. It is also acceptable for the applicant to propose that 
baseline conditions for each chemical species be represented by a range of concentrations. 

1.2 Overview of Uranium Bioremediation 
 

This report focuses on in situ treatment of uranium-contaminated groundwater or vadose 
zone pore water via biostimulation of extant microbial populations (see http://www-
esd.lbl.gov/ERSP/generalinfo/primersguides.html for background information on bioremediation 
of metals and radionuclides).  The treatment process involves amendment of the subsurface 
with an electron donor such as acetate, lactate, ethanol, or another organic compound such that 
indigenous microorganisms mediate the reduction of uranium from the mobile +6 [U(VI)] to the 
relatively immobile +4 [U(IV)] oxidation state.  The result of this process is the decrease of total 
dissolved uranium via the precipitation of sparingly soluble U(IV) minerals such as uraninite 
(UO2).  There are a number of ways to amend the subsurface ranging from forced gradient 
emplacement of electron donor to introduction of dilute concentrations in a natural groundwater 
gradient (Table 1.1).  Amendment of electron donor under natural gradient conditions refers to 
introducing the fluid containing the electron donor at a slow enough rate that the natural 
groundwater hydraulic gradient is not significantly changed. Amendment under forced gradient 
refers to the intentional creation of a gradient between two or more wells by pumping or injecting 
into two or more wells.  Forced gradient approaches allow the control of flow direction or rate 
but may have the disadvantage of disrupting natural flow paths or modifying site geochemistry 
(e.g., Ronen et al. (1991)). 
 

The term “displacive” amendment in Table 1.1 refers to introduction of the electron donor as 
a slug that displaces in situ pore water with fluid of the composition of the injected fluid. “Non-
displacive” amendments are performed either at very low injection rates or as dilute solutions or 
both. The non-displacive approach does not directly replace in situ pore water, nor does it dilute 
pore water such that the groundwater geochemistry (including contaminant concentrations) are 
modified by the injection alone. Non-displacive amendments are commonly accomplished in 
part by making up the injectate fluid using groundwater from the site with similar geochemistry 
to the extant pore fluid in the site undergoing amendment. This is a crucial distinction. 
Interpretation of displacive experiments can be difficult and must include an understanding of 
groundwater geochemical impacts of the injectate as well as microbially mediated processes. In 



 

1.3 

contrast, non-displacive amendments create changes in pore water chemistry by modifying the 
microbial community which in turn modifies the pore water geochemisty. 

Most experiments and applications have been focused on treatment of the saturated zone, 
but treatment of the vadose zone in this manner is feasible and may actually be crucial to the 
remediation of saturated zone plumes that are sustained by vadose zone inventories of U(VI).  
Key design issues for the bioremediation of uranium include maintaining active uranium 
bioreduction and preventing reoxidation of the remediated environment, which would cause 
remobilization of the uranium that had been immobilized by the bioreduction process.  Related 
documents that may be of interest are EPA guidance documents on monitored natural 
attenuation of metals (Wilkin and Ford 2007b, a), which were released as this document was 
being prepared.  While these documents do not cover uranium (a document that does is 
scheduled to be released later this year), the concepts presented represent the far end of the 
spectrum shown in Table 1.1. 

Table 1.1.  Context for In Situ Bioremediation of Uranium in the Saturated Zone 

 



 

The in situ uranium bioremediation concept was first proposed as a possible field-scale 
remediation process by Lovely et al. (1991).  Additional background on uranium 
biogeochemistry can be found in the report edited by Burns and Finch (1999)) with the chapters 
on geomicrobiology (Suzuki and Banfield 1999) and in situ remediation (Abdelouas et al. 1999b) 
of particular relevance.  Processes related to in situ uranium bioremediation include augmenting 
the extant subsurface microbial populations (bioaugmentation) and introducing chemically 
reducing materials such as zero-valent iron (Fe).  Bioaugmentation involves issues of bacterial 
transport, survival of exogenous microbial populations, and public acceptance of the 
introduction of non-native microbial species, making this approach significantly more complex 
than biostimulation.  While metrics for such processes may be similar to those for in situ 
biostimulation, these related processes are not directly in the scope of this report.  However, the 
use of in situ biostimulation to address uranium groundwater contamination in deep fracture-
dominated or porous media systems may be entirely feasible and subject to the metrics 
discussed in this report.  Of particular interest is remediation of residual uranium in groundwater 
associated with uranium mining using in situ leaching (ISL), because the NRC is responsible for 
the regulation of such sites, including their final clean up and closure. Mudd (2001) provides an 
extensive discussion of groundwater contamination and cleanup issues associated with ISL). 

1.2.1 Uranium Field Research Programs 

Uranium contaminant plumes in groundwater have been recognized as a human health risk 
for some time.  This risk, combined with the persistence of the plumes, has motivated extensive 
field and laboratory research on uranium behavior in the environment.  As a redox-sensitive 
dissolved metal, uranium also serves as a model contaminant for other redox-sensitive metal 
contaminants in the subsurface such as chromium (Cr) or technetium (Tc).  The U.S. 
Department of Energy (DOE) is responsible for cleanup and/or management of numerous 
uranium plumes and thus has sponsored uranium research projects, including field-scale 
studies on surface and subsurface uranium contamination.  As the understanding of 
bioremediation processes has increased, consulting firms have developed methodologies for 
the application of uranium bioremediation technologies.  While these applied methodologies are 
commonly proprietary and not often published, they should form an important part of the 
developing body of knowledge on bioremediation of uranium. 

DOE uranium field research efforts have focused on three sites:  the Hanford Site 300 Area 
near Richland, Washington; the Oak Ridge, Tennessee Bear Valley site; and the Old Rifle 
uranium mill tailings site in Rifle, Colorado.  All three of these sites are currently DOE Office of 
Science (SC) Integrated Field Challenge (IFC) sites with established field and laboratory 
research ongoing to address specific scientific issues and uncertainties (see IFC web sites:  
http://ifcrifle.pnl.gov/; http://ifchanford.pnl.gov/; http://www.esd.ornl.gov/orifrc/).  Prior to 
establishing the IFCs, field research was conducted at all of these sites, especially at the Bear 
Valley site, which was funded by DOE SC as a Field Research Center (FRC) for several years 
prior to 2006 (http://public.ornl.gov/orifc/orfrc4_pastresearch.cfm).  All three IFCs started their 
second year of funding October 1, 2007, and research is expected to continue for a total of 5 
years at each site.  New research results are expected on a regular basis from these projects.  
Project results so far are summarized below and additional results will be summarized on the 
IFC websites and details published in the peer-reviewed literature.  More detailed information is 
available from the project web sites. 

1.4 
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Research at the Hanford 300 Area IFC has focused on abiotic uranium mass transfer and 
sorption processes in the context of high permeability sandy gravel sediments.  In this semi-arid 
environment, a key feature is the influence of the changing water level in the Columbia River on 
the site hydrology (Serne et al. 2002; Bond et al. 2005; Brown 2005; Zachara et al. 2005; 
Catalano et al. 2006; Zachara et al. 2007).  Microbial impacts on uranium are typically thought to 
be restricted to the area directly adjacent to the Columbia River.  Previous research on Cr(VI) 
bioreduction has shown that Hanford sediments can be biostimulated in situ by addition of an 
electron donor (Hazen et al. 2004).  However, some microcosm studies on uranium-
contaminated samples from the 300 Area at Hanford have suggested that biostimulation of 
Hanford sediments requires long time frames (a few months) (Gihring et al. 2002).  This raises 
the important question of the heterogeneity (abundance and activity) of microorganisms in the 
subsurface of the Hanford Site, a topic that will be addressed by research at PNNL over the next 
few years. 

Even with the focus on abiotic processes, the results from the Hanford 300 Area IFC will be 
significant to bioremediation of uranium because of the processes identified that control the 
mass transfer of uranium (Arai et al. 2007).  Examples previously identified at Hanford include 
the occurrence of uranium-bearing minerals in fractures within quartz grains (Catalano et al. 
2005) and other microscale controls (McKinley et al. 2006).  We anticipate that processes 
limiting transport of uranium will be further refined as part of Hanford 300 Area IFC research, 
providing important data for comparison with sorption models under conditions of bioreduction. 

The Oak Ridge Bear Valley IFC consists largely of fractured saprolite, a clay-rich rock that is 
a weathering product of sedimentary bedrock formations.  The subsurface at this site is 
contaminated with very high concentrations of U(VI) from the S-3 process ponds with 
concentrations in groundwater as high as ~60 mg/l (Luo et al. 2007).  Research at the site has 
produced a great deal of information on biostimulation in the fractured saprolite for uranium 
reduction, achieved typically by injecting ethanol as the electron donor.  A range of techniques 
has been deployed, including large-scale outdoor constructed flow cells (Michalsen et al. 2006), 
push pull tests (Michalsen et al. 2007; Spain et al. 2007), simple in situ injection systems 
(Scheibe et al. 2006b), and sophisticated groundwater treatment and hydraulic control systems 
(Wu et al. 2007).  Results show successful decreases in dissolved U(VI) concentrations from 
groundwater via bioreduction but stress the importance of diffusive release from fine grain 
materials and the challenge of up-gradient influx of uranium from outside the treatment zone 
(Roden and Scheibe 2005; Scheibe et al. 2006b).  Research conducted at the site also 
demonstrates the importance of understanding the underlying groundwater geochemistry, 
especially in highly contaminated systems.  The high concentration of U(VI) and the low pH of 
the system necessitated above-ground pre-treatment to avoid, among other things, extensive 
pore clogging due to precipitation of aluminum hydroxide, Al(OH)3 (Wu et al. 2007).  In addition, 
a number of studies using materials from the Oak Ridge site have been conducted, including 
studies addressing the issue of the effect of reducing conditions on U(VI) sorption (Liu et al. 
2005). 

The Rifle IFC site in Colorado is located within a thin alluvial aquifer with sediments 
dominated by sandy gravel including lenses of medium sand and clay.  Field-scale experiments 
have focused on biostimulation by non-displacive injection of low-concentration acetate solution 
into the aquifer to enable microbially mediated reduction of U(VI) to U(IV).  Results show that 
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bioreduction can substantially decrease the dissolved concentrations of U(VI) in the 
contaminated groundwater (Anderson et al. 2003) and that under certain circumstances, it is 
possible to continue to decrease the U(VI) concentrations from influent groundwater for as much 
as 2 years after addition of electron donor has ceased.  It is hypothesized that this is due to 
biosorption by a microbial population that succeeds iron and sulfate reducers (N'Guessan et al. 
2008).  The current IFC project is focused on 1) controlling the duration of iron-reducing 
conditions, 2) determining the impact of reducing conditions on uranium sorption in an alluvial 
sedimentary system, 3) assessing the origin of ongoing removal of U(VI) post-biostimulation, 
and 4) determining the rate of natural removal of U(VI) from groundwater by bioreduction.  The 
Rifle IFC is addressing these issues using a number of advanced techniques, including 
proteomic assessment of microbiological biogeochemical pathways.  Protein analysis of 
microbial communities during biostimulation promises to provide key information on microbial 
reductive mechanisms that will enable optimization of bioremediation strategies in uranium-
contaminated aquifers. 

All three DOE IFCs offer the opportunity to obtain natural materials that contain uranium 
contamination for performing lab-scale experiments.  The sites also provide access to field-
scale testbeds to test hypotheses that may apply to other sites with uranium contamination or 
other redox-sensitive dissolved metals.  Such hypothesis testing can be conducted as part of 
planned field experiments or, in some cases, it may be possible to propose specific new field 
experiments.  IFC web sites provide contact information for individuals interested in obtaining 
samples or participating in field experiments (http://ifcrifle.pnl.gov/; http://ifchanford.pnl.gov/; 
http://www.esd.ornl.gov/orifrc/). 

Uranium bioremediation is currently applied on a limited basis by a few environmental firms.  
A Google search on “uranium bioremediation” produced about 1060 hits on 16 January 2008.  
Only about 218 of these hits are not obvious replicates.  Inspection of the 218 hits shows that a 
large fraction of them are multiple references to the same paper or web site.  Furthermore, the 
vast majority of the hits are recognizable as research results from DOE programs with only 
three papers given at national conferences representing application of uranium bioremediation 
at non-government sites.  Internet search engines are not necessarily the best measure of 
cleanup activities or scientific results.  However, a search of the Web of Science using the same 
term “uranium bioremediation” produces 167 scientific papers going back to 1990 (32.5 million 
papers were searched).  None of the 167 papers from the web of science appeared to 
document the results of a commercial application of uranium bioremediation.  Thus, while in situ 
bioremediation has been used extensively for chlorinated solvents for some time (Aulenta et al. 
2006; McGuire et al. 2006), its application for uranium and other redox-sensitive dissolved 
contaminants is still in its infancy. 

Other metal bioreduction sites may produce useful results even if they address remediation 
of redox-sensitive dissolved metals other than uranium.  For example, bioremediation field-scale 
pilot studies for Cr(VI) using molasses as an electron donor are underway at the Hanford 100-D 
Area.  The focus of these efforts is on removal of oxygen and nitrate from groundwater to 
enhance the function of a chemical barrier for Cr(VI).  The geochemical and microbiological 
parameters measured in these experiments could be useful in assessing whether U(VI) might 
also have been reduced in the Hanford subsurface under these conditions.  
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1.2.2 Uranium Bioremediation Technology Status 

Details of the biogeochemical processes governing uranium bioremediation are described 
later in this document.  In this section we summarize the overall status of the technology for 
bioremediation of U(VI) as follows. 

• The fundamental processes of microbially mediated reduction of soluble U(VI) to U(IV) are 
reasonably well understood and a key issue is the potential for reoxidation of bioreduced 
U(IV). 

• The behavior of sorbed U(VI) under bioreduction is poorly understood. 

• Use of Fe(III) as the principal terminal electron accepting process (TEAP) in model pure 
mineral systems can be quantified.  However, in real sediment systems, the exact source of 
Fe(III) is commonly not known nor is the extent and location of sorption of Fe(II), making 
detailed modeling and prediction difficult.  The role of Fe(III) in silicates is just becoming 
known and this will likely change conceptual process models. 

• The origin of post-biostimulation U(VI) removal in subsurface treatmentment zone is 
attributed to biosorption, but the possibility of the direct involvement of sulfide minerals as 
redox buffers has not been ruled out. 

• Minimally invasive geophysical monitoring can be used to determine the location and 
intensity of bioreduction in the subsurface, aiding practitioners in documenting treatment 
effectiveness and status. 

Given the heterogeneous nature of the subsurface, precise prediction of bioremediation 
outcomes will likely always be challenging.  However, the ability to monitor microbial function 
and activity (what processes microbes are carrying out in the subsurface and at what rate) is 
becoming less expensive and more readily available (e.g., such information will make it possible 
to assess the pathways and products of microbial activity).  This in turn will enable prediction 
and manipulation of subsurface properties, including sequential precipitation of stable mineral 
phases, which could be used to isolate bioprecipitated U(IV) from reoxidiation.  So far, tailoring 
of mineral precipitates in this fashion has not been exploited. Until such processes are 
developed and validated, long-term monitoring of uranium bioremediation sites must be 
conducted and re-amendment with electron donor may be required.  Another significant 
opportunity for optimizing uranium bioremediation is exploitation of ongoing removal of U(VI) 
from groundwater long after cessation of electron donor amendment (N'Guessan et al. 2008).  
Such long-term removal appears to depend on microbial communities that succeed iron 
reducers and sulfate reducers and may be linked to the occurrence of significant sulfate 
reduction during electron donor amendment.  Documentation and maintenance of such 
communities may be crucial to ensuring that bioreduced or biosorbed uranium remains 
immobile. 

1.3 Report Scope 

The field of subsurface bioremediation has many facets, with a rapidly growing body of 
published research.  The intent of our document is to provide a general resource to the NRC for 
discussions of the deployment of in situ uranium bioremediation at sites that they regulate.  
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While some research will be cited to illustrate concepts and identify where additional information 
can be found, no attempt is made to comprehensively review the breadth of past and ongoing 
studies.  Consistent with this scope, the objectives of this report are to concisely 

• describe the biogeochemistry principles underlying uranium bioremediation 

• provide a status of ongoing uranium bioremediation field and laboratory research 

• summarize potential field-scale bioremediation design issues 

• recommend a strategy using monitoring and computer modeling to assess the performance 
of uranium bioremediation in the field. 

The chapters of this report are organized in the order that one would go through to 
understand, predict, control, and assess uranium bioremediation in the field.  The first chapter 
reviews the fundamentals of uranium bioremediation, focusing on the terminal electron 
accepting processes that accomplish uranium immobilization.  The second chapter addresses 
the characterization of the uranium problem leading to a conceptual model of expected uranium 
mobility without any remedial mitigation.  The third chapter discusses how changes in the site-
specific environmental system may be engineered to accomplish the bioremediation and how 
the system is expected to respond to these changes.  The fourth chapter describes a staged 
approach to full-scale field deployment that begins with bench-scale proof-of-principle 
experiments, proceeds to pilot-scale testing in the field for confirmation and optimization, and 
finishes with the final design.  The fifth chapter discusses the assessment of bioremediation 
performance in the field setting, including monitoring strategies for performance indicators, 
modeling and uncertainty.  The sixth chapter presents a prioritization of performance indicators 
for implementation of in situ bioremediation for uranium-contaminated aquifers.  The document 
draws a number of examples from previous and in-progress research at the Rifle IFC.  The Rifle 
site is used because of the biostimulation experiments that have been performed there and 
because of its applicability to saturated porous media sites which are thought to be the most 
common host for uranium-contaminated aquifers.  The bibliography for this document, however, 
includes peer-reviewed publications relevant to uranium bioremedation from a range of sources. 



 

2.0 Bioremediation Fundamentals 

2.1 Microbially Mediated Processes 

General descriptions of fundamental microbial processes are addressed in this section.  
These include microbial metabolism, requirements for energy and growth in the subsurface, 
anaerobic oxidation of electron donors, sequential electron accepting processes, and the 
microbial community structure. 

2.1.1 Microbial Metabolism 

A typical bacterial cell is composed of approximately 50% carbon, 20% oxygen, 14% 
nitrogen, 8% hydrogen, 3% phosphorus, and 5% other elements such as sulfur, potassium, 
sodium, etc. (Tchobanoglous and Burton 1991).  To be able to reproduce and function properly, 
microbes must have 1) a source of energy, 2) carbon for the synthesis of new cellular material, 
and 3) inorganic elements, also referred to as nutrients, such as nitrogen, phosphorus, sulfur, 
potassium, calcium, and magnesium.  The most common natural sources of carbon for 
microorganisms are organic carbon and carbon dioxide, usually as dissolved species in 
groundwater.  In uranium bioremediation, a source of carbon, such as acetate, ethanol, or 
glucose, is usually added to the subsurface to stimulate the microbial population indigenous to 
that environment.  With an available source of carbon, bacteria are able to get the energy 
needed for cell synthesis from light or by a chemical oxidation reaction.  In the subsurface 
environment, where light is not available, most bacteria derive their energy from the oxidation of 
organic compounds or reduced inorganic compounds such as ammonia, nitrite, and sulfide.  
The microbial oxidation process results in the production of electrons that are released in a 
systematic and controlled manner onto an electron acceptor.  The amount of energy generated 
from the oxidation of an electron donor depends on the bacteria-electron acceptor couple.  
Table 2.1 lists half-reactions and associated Gibbs free energy values for the anaerobic 
oxidation of selected electron donors (Thauer et al. 1977).  At the molecular level, electrons 
from the oxidation process enter an electron transport chain that ends with a terminal electron 
acceptor (TEA) being reduced.  This process is essential to bacterial respiration.  Without the 
transfer of the electron to a TEA, bacteria cannot function. Figure 2.1 is a schematic diagram of 
this process with an acetate-oxidizing dissimilatory metal-reducing bacterium that is transferring 
electrons to an Fe(III) mineral resulting in reduction to Fe(II), which is soluble (Lovley et al. 
1993).  During this process, U(VI) is also reduced to U(IV), as it may also serve as a TEA 
(Lovley et al. 1991).  However, this process is not yet well understood.  Laboratory studies have 
suggested that certain Geobacter sp. may not be able to sustain growth with U(VI) as their sole 
TEA.  This is not necessarily of practical importance because iron is usually much more 
abundant than uranium even in contaminated systems such that microorganisms sustain growth 
on the reduction of Fe(III) and coincidentally reduced U(VI). 

2.1.2 Sequential Electron Accepting Processes 

Bacteria can use a number of different electron acceptors.  They may be organic or 
inorganic, and include oxygen, nitrate, manganese, iron, and sulfate.  The sequence of the 
various terminal electron accepting processes (TEAPs) is related to the energy yield from 
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particular microorganism-electron donor-electron acceptor combinations.  For typical microbial 
consortia, this sequence is similar to the thermodynamic “ladder” of redox couples in aquatic 
chemistry (Table 2.2):  O2/H2O, NO3

-/NO2
-, MnO2/Mn++, FeO(OH)/Fe++, SO4

--/HS-, CO2/CH4 
(Bohn et al. 1985); (Di Bonito 2005). 

Table 2.1.  Anaerobic Oxidation Reactions for Selected Electron Donors and Associated Gibbs 
Free Energy Values (Thauer et al. 1977). 

 
 
 

H3C-COO- + 4 H2O 2 HCO3
- + 9 H+

8 e-

Organic electron donor

Electron transport chain

Fe(III)
Fe(II)

[U(VI)]
[U(IV)]

Inorganic electron acceptor

Energy

 
Figure 2.1. Microbial Mediation of Fe(III) Reduction.  U(VI) is the mobile valence state of 

uranium, whereas reduced uranium, U(IV), is sparingly soluble as uraninite under 
reducing conditions. Reduction of U(VI) to U(IV) within aquifers precipitates and 
immobilizes uranium per laboratory studies that suggest a simple strategy to 
promote U(VI) reduction in contaminated aquifers is to add acetate as an electron 
donor to stimulate dissimilatory metal-reducing microorganisms.  U(VI) is reduced 
concurrently with Fe(III).  (Original concept from (Lovley et al. 1991).  Field 
implementation by (Anderson et al. 2003). 
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Table 2.2.  Redox Ladder for Principal Electron Acceptors in Soils, Eh at pH 7 (from Bohn et al. 
1985 – as modified by DiBonito 2005); pe calculated by DiBonito (2005). 

Microbially 
Mediated 
Process 

Observed Chemical Change/ 
Representative Reaction Eh (V) pe (15 deg. C)  

Aerobic 
Respiration 

O2 disappearance 
1/2 O2 (aq) + 2e- + 2H+ = H2O 0.82 14.34 

Denitrification NO3
-disappearance 

NO3
-+ 2e- + 2H+ = NO2

- + H2O 0.54 9.45 

Reduction of Mn Mn2+ formation 
MnO2 + 2e- + 4H+ = Mn2+ + H2O 0.40 7.0 

Reduction of 
Fe+3 

Fe2+ formation 
FeOOH + e- + 3H+ = Fe2+ + 2H2O 0.17 2.97 

Reduction of 
Sulfate 

HS- formation 
SO4

2- + 6e- + 9H+ = HS- + 4H2O -0.16 -2.80 

Methanogenesis CH4 formation 
(CH2O)n = n/2 CO2 + n/2 CH4 -0.24* (not 

calculated) 
Hydrogen 
Production 

H2 formation 
H+ + e- = 1/2 H2 -0.41 -7.17 

Decreasing 
Energy Yield 

*From Craig Tobias, http://people.uncw.edu/tobiasc/GLY%20472%20572/gly_472.htm 
At 25ºC, pe° = 16.9Ehº (in volts) 

Uranium, in this context, is typically present in trace quantities when compared to the 
dominant biogeochemical conditions maintained by the background microbial consortia, major 
ion chemistry, and primary reactive surfaces.  At these trace concentrations, uranium 
bioreduction is not easily differentiated from the concomitant dominant TEAP.  At the Rifle site, 
for example, acetate-oxidizing dissimilatory iron-reducing bacteria (i.e., Geobacter sp.) are 
mediating uranium bioreduction (Anderson et al. 2003).  Conversely, ethanol-oxidizing sulfate-
reducing bacteria appear to be responsible for the primary uranium bioreduction observed at the 
Oak Ridge FRC (Scheibe et al. 2006a).  Thus, the fate of uranium at these sites is controlled by 
the principal TEAP, which is specific to a particular electron donor-microorganism-electron 
acceptor combination. 

As one TEA gets reduced and therefore depleted, the TEAP shifts to the next available TEA.  
At the Rifle site, as Fe(III) gets depleted in the subsurface, the system gradually shifts to sulfate 
reduction, which is the next most thermodynamically favorable TEAP (Anderson et al. 2003; 
Vrionis et al. 2005).  At the Oak Ridge site, however, nitrate is one of the predominant TEAs, 
and therefore the system first transitions from aerobic respiration into nitrate reduction.  
Laboratory and field studies have suggested that TEAPs also may overlap depending on the 
availability of TEAs.  At the Rifle site, for example, it is usually not unlikely to detect small 
amounts of sulfate reduction even when iron reduction is the dominant TEAP (Anderson et al. 
2003; Vrionis et al. 2005), while at the Oak Ridge site, nitrate and sulfate reduction may be 
taking place simultaneously (Gu et al. 2002; Wu et al. 2005; Hwang et al. 2006).  Figure 2.2 
illustrates the sequence of TEAPs in the subsurface.  The duration of a given TEAP is related to 
the bioavailability of the TEA, the electron donor provided, and the microbial community 
composition. 

While it may be important to maintain Fe(III) or sulfate reducing conditions to achieve 
efficient U(VI) reduction, it may also be desirable not to drive the system into methanogenesis.  
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The production of methane in the subsurface will typically increase the rate of electron donor 
consumption based on stoichiometric considerations (Table 2.2) and on observations from 
column experiments (Komlos et al. 2008). While uranium reduction may occur under these 
conditions, the rate of uranium reduction will likely not be optimal. 
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Figure 2.2. Relative Evolution of TEAPs in a Subsurface Environment as a Function of Time.  

(At the Rifle site, iron and sulfate are the two dominant electron acceptors, while 
nitrate dominates at the Oak Ridge Bear Valley site.) 

2.1.3 Microorganisms 

The microbial community structure in the subsurface is governed by many factors, which 
include 1) the availability and type of electron donors and acceptors, 2) contaminant 
concentration, 3) nutrient (i.e., phosphorus and nitrogen) availability, 4) site pH, and 5) site 
temperature.  In a uranium bioremediation setting where an electron donor, such as acetate, 
glucose, or ethanol, is added to the subsurface, certain groups of bacteria are stimulated over 
others.  Addition of acetate to the subsurface at the Rifle IFC site stimulates primarily Geobacter 
sp. (Anderson et al. 2003).  Geobacter remains the predominant bacteria in the groundwater 
until their primary TEA, Fe(III), is depleted.  At the Oak Ridge FRC however, addition of ethanol 
to the subsurface results in the stimulation of a variety of ethanol-oxidizing, denitrifying sulfate 
reducing bacteria (Wu et al. 2005).  While certain bacteria may become predominant in the 
subsurface upon addition of an electron donor, small changes in electron donor/acceptor 
concentration or nutrient availability may cause the community structure to change.  A good 
example is the change of community structure observed at the Rifle IFC.  As Fe(III) becomes 
less available, sulfate-reducers become the predominant microbial population to the detriment 
of uranium removal.  Laboratory studies have suggested that addition of ammonium as a source 
of nitrogen to the subsurface may be more beneficial to organisms other than Geobacter sp.  
Studies of nutrient limitation are currently underway to find new approaches to diagnose and to 
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alleviate possible nutrient limitation scenarios that may be detrimental to the uranium 
bioremediation strategy. 

A good approach to uranium bioremediation would therefore be to have an in-depth 
understanding of the microbial community structure and how electron donor and/or nutrient 
amendments would transform the microbial community composition.  It would also be very 
helpful to be able to predict the geochemical changes that result from the stimulation of certain 
microbial populations and determine if the concomitant bacterial community shift is beneficial to 
the uranium bioremediation scheme.  It should also be noted that, under certain conditions, 
stopping electron donor amendments may cause the microbial community to shift back to its 
“original” composition as the system returns to its initial hydrogeochemical state.  However, 
once the electron donor is reintroduced into the system, microbial community shifts previously 
observed may be repeated.  In fact, at the Rifle IFC, repeated amendments of acetate resulted 
in an extended period of uranium removal in the absence of electron donor addition (Anderson 
et al. 2003; Vrionis et al. 2005; N'Guessan et al. 2008). 

2.2 Bioremediation Design Considerations 

In addition to the general issues associated with the design of any subsurface remediation 
technology (e.g., inventory, characterization, placement), specific issues of redox-based 
technologies include 1) the sequence of chemical components that must be reduced before 
uranium bioreduction can take place, 2) bioavailability of terminal electron acceptors, 3) 
selection of electron donors, 4) reoxidation and remobilization of reduced contaminant species, 
and 5) evolving reactivity, e.g., changes in the nature of mineral surfaces with time such that 
more or less contaminant is adsorbed.  Overall, selection of a bioremediation approach that is 
best suited to the attributes of the uranium inventory and the environmental system is crucial to 
the eventual success of a uranium bioremediation design and should be the focus of design 
considerations. 

2.2.1 Sequential Removal of Oxidizers 

In addition to oxygen, there are several potential oxidizing agents present in natural 
systems.  Depending on pH, nitrate and minerals containing Mn(IV) and/or Fe(III) may be the 
dominant oxidizers after dissolved oxygen.  At circumneutral pH, the thermodynamically favored 
sequence would follow the redox ladder in Table 2.2:  oxygen, nitrate, Mn(IV), Fe(III), sulfate, 
carbon dioxide.  Unless there are kinetic limitations, stronger oxidizers must be depleted prior to 
the availability of weaker oxidizers for reduction.  Thus, it may be necessary to include the 
removal of dissolved oxygen and nitrate in the bioremediation methodology.  While this may not 
be a significant issue at low nitrate, suboxic sites like the Rifle site, many sites have high nitrate 
concentrations (e.g., Hanford, Oak Ridge) that could drastically increase the cost and 
complexity of bioremediation, especially where there is a continuous influx of oxygen, nitrate, 
and U(VI) into the treatment zone.  Vadose zone sources of these oxidized components could 
be important if enhanced through high recharge and/or water table fluctuation. 
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2.2.2 Bioavailability of Electron Acceptors 

As mentioned in Section 2.2, bacteria cannot function properly in the absence of a terminal 
electron acceptor.  In fact, uranium bioreduction efficiency is often affected by the most 
favorable TEAP in a given system.  At the Rifle IFC, the majority of uranium bioreduction is 
achieved when iron reduction is the dominant TEAP (Anderson et al. 2003).  Once the system 
transitions into sulfate reduction, the efficiency of uranium removal is negatively affected.  
Although iron reduction may still be ongoing when sulfate reduction becomes the predominant 
TEAP, the change in microbial community composition as well as changes in the site 
geochemistry results in reduced uranium efficiency.  At the Oak Ridge site however, the majority 
of uranium removal is achieved during nitrate and sulfate reduction (Wu et al. 2005).  In fact, it 
was suggested that the activity of sulfate-reducers positively affected uranium reduction.  
Therefore, while it may be beneficial to maintain iron-reducing conditions at the Rifle IFC, sulfate 
reduction conditions may have a more positive outcome at the Oak Ridge FRC.  These case 
studies demonstrate the import ance of understanding community structure and electron 
acceptor availability when considering a uranium bioremediation design. 

2.2.3 Selection of Electron Donor 

Just as with electron acceptors, the type of electron donor selected may have varying 
impacts on the uranium bioremediation scheme.  Some of the factors to consider when 
selecting the type of electron donor include 1) the target microbiological community, 2) the type 
and availability of electron acceptors, and 3) the resulting geochemical changes.  For example, 
the addition of acetate to the groundwater at the Rifle site results in 1) the stimulation of 
Geobacter sp., which are the primary uranium reducers at the site; 2) the gradual depletion of 
the TEAP most favorable for uranium reduction, Fe(III); and 3) the shift of TEAPs into sulfate 
reduction as well as the accumulation of reactive mineral species.  Each of the steps must be 
carefully evaluated and a control method should be developed.  For example, the stimulation of 
bacteria by addition of an electron donor could result in pore clogging and therefore change the 
hydrology of the site.  The formation of new minerals, such as the precipitation of carbonate 
minerals, may not only change site hydrology but also site geochemistry, especially pH and 
redox conditions.  If an electron donor such as glucose is selected, care should be taken to 
address changes resulting from its fermentation and the mineralization of its by-products such 
as extracellular polymers.  The type of electron donor selected could significantly affect the 
microbial population stimulated and therefore the outcome of the bioremediation strategy 
(Finneran et al. 2002).  Therefore, a donor appropriate to the site geochemistry and hydrology 
should be carefully selected and tested at the bench scale prior to its implementation in the field. 

2.2.4 Reoxidation and Remobilization  

Effective, uranium bioreduction has been demonstrated in field experiments in the presence 
of electron donor; however the longevity of uranium immoblization differs from experiment to 
experiment depending on a number of factors.  One of the main concerns for the post-
biostimulation system performance is the reoxidation of the affected aquifer environment and 
subsequent kinetically-controlled remobilization of the previously bioreduced uranium.  Post-
biostimulation reoxidation and remobilization of uranium, which have been observed in 
laboratory settings (Moon et al. 2007) may also be accelerated in the field by the influx of 
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oxidizers such as dissolved oxygen or nitrate and/or the presence of existing minerals 
containing oxidized manganese or iron.  Remobilization of sorbed, precipitated, or co-
precipitated uranium may also depend on the dissolution rates of the secondary minerals that 
incorporated or coated the sequestered uranium when these minerals precipitated during the 
stimulation of reducing conditions.  However, secondary minerals can contribute to the long-
term stability of biogenic uraninite by slowing the reoxidation process.  Abdelouas et al. (1999a) 
found that when oxidizing background conditions returned after biostimulation ended, 
mackinawite (FeS) that precipitated during biotransformation of U(VI) to uraninite provided an 
oxygen sink that slowed the oxidation of uraninite.  In the field experiments at Rifle where 
extensive sulfate reduction occurred, no reoxidation or remobilization of uranium was observed 
post-biostimulation.  The uranium concentration in the groundwater instead went back to original 
up-gradient concentrations over a period of >18 months without significant rebound above those 
levels that would indicate reoxidation of uranium reduced during biostimulation (N'Guessan et 
al. 2008).  Novel approaches to minimize reoxidation and remobilization allowing essentially 
permanent sequestration of bioreduced uranium are currently being investigated. 

2.2.5 Evolving Reactivity 

Changes in the structure and function of microbial community dynamics, mineral dissolution 
and precipitation, and biomass production at bioremediation sites are indicative of the evolving 
reactivity of the subsurface system and should be monitored in the context of long-term uranium 
mobility.  It is also possible that precipitation of stable secondary phases may isolate previously 
precipitated sorbed or reduced uranium, thus removing it from direct contact with pore waters.  
An example of evolving reactivity is the precipitation of calcite and FeS with the onset of sulfate 
reduction in high sulfate systems.  Given the appropriate pH and bicarbonate concentrations, 
calcite can be a stable mineral phase.  However, FeS, is highly reactive (Rickard 2006) and 
eventually transitions to pyrite (FeS2) through a complex series of phase changes (Rickard and 
Luther 2007).  The relationship of iron sulfide to uranium precipitation from groundwater is 
poorly known, but it is likely that uranium is adsorbed or incorporated by FeS (Moyes et al. 
2000) and likely retained during transition to pyrite.  Clearly, specific rates of precipitation of 
such phases and other processes that impact uranium sorption or precipitation must be 
understood to appropriately evaluate U(VI) concentration trends in groundwater during and after 
biostimulation.  In this context, it is important to note that the goal for remediation 
methodologies, such as in situ biomrediation, is to maintain a sufficiently low rate of 
remobilization such that groundwater standards are continuously satisfied. 

2.3 Performance 

A key consideration is the maintenance of the desired TEAP.  At the Rifle site, the principal 
uranium bioreduction occurs during the Fe(III) TEAP, which has been attributed to the iron-
reducing Geobacter sp. (Anderson et al. 2003).  As bioavailable Fe(III) minerals were depleted 
near the point of acetate injection at the Rifle site, acetate-oxidizing sulfate-reducers succeeded 
the iron-reducers.  The transition to sulfate-reducing conditions was accompanied by less 
effective removal of U(VI) from the groundwater.  The inefficiency of U(VI) removal when 
acetate-oxidizing sulfate-reducers became dominant was identified by Anderson et al. (2003) as 
an important consideration in the optimization of a bioremediation strategy based on this 
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approach.  The observed sequence of TEAPs during the 2002 and 2003 biostimulation field 
experiments at the Rifle site were modeled by Yabusaki et al. (2007) with three biologically 
mediated reduction reactions (Equations 2.1 to 2.3 for the Fe(III), U(VI), and sulfate TEAs) and 
two distinct populations of microorganisms (dissimilatory metal reducers and sulfur reducers).   
 
0.125 CH3COO− + 0.6 FeOOH(s) + 1.155 H+ + 0.02 NH4

+ = 0.02 BM_iron + 0.6 Fe++  
 + 0.96 H2O + 0.15 HCO3

−          (2.1) 
 
0.125 CH3COO− + 0.775 UO2

++ + 0.354 H2O + 0.011 NH4
+ = 0.011 BM_iron + 0.775 UO2(s)  

 + 0.855 H+ + 0.194 HCO3
−            (2.2) 

 
0.125 CH3COO− + 0.116 SO4

−− + 0.006 H+ + 0.004NH4
+ = 0.004 BM_sulfate + 0.116 HS−  

 + 0.114 H2O + 0.231 HCO3
−          (2.3) 

 
The stoichiometry in these irreversible reactions, which include the yield of an immobile 

biomass, are energetics-based (Rittmann and McCarty 2001) under the assumption of a 
biomass molecular formula of C5H7O2N and an energy-transfer efficiency value of 0.6.  In these 
TEAP reactions, the biomass is nominally attributed to iron-reducing organisms (BM_iron in 
Equations 2.1 and 2.2) dominated by Geobacter sp. and sulfate-reducing organisms 
(BM_sulfate in Equation 2.3).  In this case, goethite was used as a nominal Fe(III) terminal 
electron acceptor and sulfate-reduction was triggered by the depletion of a threshold amount of 
bioavailable Fe(III).   

In contrast, Scheibe et al. (2006) found more effective uranium sequestration in saprolite 
after the onset of sulfate reduction.  Clearly, the selection and implementation of a successful 
bioremediation strategy requires a reasonably good understanding of the site-specific 
geochemical conditions and the maintenance of specific microbial populations appropriate to the 
site geochemistry.  At this point, our predictive capability is limited; bench-scale and pilot-scale 
experiments are needed to ensure that system performance has the best chance to meet 
regulatory requirements. 



 

3.0 Assessing Unmitigated Uranium Behavior 

To support the selection of a remediation strategy, uranium contamination must be 
sufficiently characterized in terms of identifying the sources and associated release processes, 
the mobility of the uranium in the subsurface, and compliance with environmental regulations.  
Furthermore and more importantly, this characterization of uranium contamination must be 
reasonably well understood in the context of the environmental transport processes to identify 
bioremediation as a cost-effective remedy that will satisfy compliance requirements.  The site-
specific integration of this knowledge on the uranium sources, geochemistry, and environmental 
transport can then form the basis of a conceptual model of future uranium behavior.     

3.1.1 Uranium Inventory and Sources 

The expectation is that the complete uranium inventory is well-characterized in the sense 
that the contamination history and characterization activities have identified both current and 
potential future sources.  The spatial extent, concentration, form, and mobility of the uranium 
sources are critical considerations for the baseline risk assessment as well as the design of a 
bioremediation deployment strategy.  In our experience, many groundwater uranium 
contamination problems are associated with primary sources and/or secondary accumulations 
in the vadose zone.  In such cases, the vadose zone sources may be active only during certain 
conditions (e.g., episodic infiltration events and diurnal, seasonal, and episodic water table 
fluctuations).  Low recharge rates in western arid environments in conjunction with uranium 
retardation may preclude significant contribution from recharge-driven vadose zone uranium 
transport.  Moreover, cyclical water level fluctuations of repeating magnitude from regular 
events (e.g., scheduled irrigation, diurnal tides, and seasonal river stage) would be expected to 
deplete a stable subsurface uranium source in the lower vadose zone over time frames of 
decades or more.  However, episodic events of extended duration and/or extreme magnitude 
can liberate uranium from relatively unleached contaminated sediments in the vadose zone.  
For this reason, it might be necessary to consider augmenting bioremediation with technologies 
(e.g., surface barriers) that limit longer-term, recharge-driven vadose zone uranium transport. 

3.1.2 Uranium Form, Concentration, and Mobility 

3.1.2.1 Sorption Reactions 

Uranium has a broad range of mobility that is dependent on the redox state of the dissolved 
uranium, ambient water chemistry, and the surface reactivity of the subsurface sediments.  We 
assume here that the hexavalent (+6) oxidation state of uranium [U(VI)] is the nominal valence 
for the bulk of the aqueous uranium species.  While dissolved U(VI) is considered to have the 
most potential for transport, sorption processes for U(VI), which are particularly sensitive to pH, 
carbonate complexation, and aqueous uranium concentration (Davis and Kent 1990; Curtis et 
al. 2004; Davis et al. 2004; Davis et al. 2006b) can attentuate U(VI) to some degree in saturated 
and unsaturated sediments.  Figure 3.1 (taken from Morrison et al. (1995)) shows that the 
changes in aqueous uranium concentrations due to adsorption on amorphous ferric 
oxyhydroxide are a function of pH and concentrations of dissolved inorganic carbon (i.e., 
bicarbonate/carbonate), sulfate [S(VI)], nitrate, and U(VI).  Particularly noteworthy is the 
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minimum in dissolved uranium concentrations (i.e., maximum in uranium adsorption by ferric 
oxyhydroxide) at circumneutral pH conditions. 

 

Figure 3.1.  Dissolved Uranium Concentrations as a Function of pH, Carbonate, Nitrate and 
Sulfate in Response to Adsorption on Amorphous Ferric Oxyhydroxide (Morrison et 
al. 1995).  Used with permission. 

At the Hanford Site 300 Area, the saturated aquifer has considerable exchange with the 
Columbia River, resulting in a wide range of carbonate concentrations in the uranium-
contaminated groundwater.  This is significant because uranium surface complexation for that 
system is extremely sensitive to carbonate variations (Figure 3.2). 
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Figure 3.2. Comparison of U(VI) Adsorption Predicted by Surface Complexation Models to 

Uranium Content for the Hanford 300 Area North and South Process Pond 
Sediment Samples (Bond et al. 2007).  Used with permission.

Typically, the characterization of uranium content and geochemical form in field samples is 
done in laboratory studies with contaminated and uncontaminated site sediments.  Extraction 
procedures attempt to classify the uranium pools on sediments in terms of leachability with 
different extractants (e.g., labile versus nonlabile using carbonate and acid extraction 
procedures (Kaplan and Serkiz 2001; Davis et al. 2006a).  A critical issue is to identify the labile 
uranium—the portion of the total uranium pool that is available to desorb or dissolve into pore or 
groundwater—and differentiate it from the rest of the sediment-associated uranium.  For 
example, total uranium in the <2 mm size fractions of most Rifle sediments is ~3 ppm as 
measured by x-ray fluorescence spectroscopy, whereas the labile uranium as measured by 
carbonate extraction (Kohler et al. 2004) is ~1 ppm.  Similar ratios with greater variability in the 
absolute uranium concentrations on the Hanford 300 Area sediments have been observed 
(Peterson et al. 2008).  This is because a large fraction of uranium resides in the crystal 
structure of minerals that is not easily dissolved or is otherwise recalcitrant to desorption and/or 
dissolution under in situ ambient or engineered geochemical conditions.  Barnett et al. (Barnett 
et al. 2002) examined adsorption of U(VI) onto three subsurface sediments from DOE sites at 
Hanford, Oak Ridge, and Savannah River and found generally similar behavior with three orders 
of magnitude of variability in Kd over the range of pH tested.  The geochemistry and ranges of 
observed Kd values have been reviewed by the EPA (EPA 1999).  More mechanistically detailed 
sorption models are necessary in cases where the temporal and/or spatial variability of the 
geochemical environment is significant with respect to uranium mobility.  In the absence of 
electrostatic information on mineral surfaces, non-electrostatic surface complexation models 
have been used to address situations where uranium sorption is controlled by the sorption site 
density and/or solution chemistry cf.(Davis et al. 2004; Zachara et al. 2007). 
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The significance of the uranium concentration is also important from a compliance 
perspective.  The drinking water maximum contaminant level (MCL) of 30 μg/L may not be the 
regulatory compliance criterion for sites that are not drinking water sources.  For example, the 
Old Rifle, Colorado Uranium Mill Tailings Remedial Action (UMTRA) site cleanup criterion is 44 
μg/L, which is based on the EPA standard for inactive uranium mill tailings sites (EPA 1998).  In 
any case, negotiated compliance standards relative to the existing contamination levels should 
play a role in the level of cleanup required and thus, the remediation technology selection. 

For most natural systems, the dominant abiotic uranium attenuation mechanism is sorption.  
Uranium partitions between the aqueous and solid phases as a function of the redox state of 
uranium, reactivity of surface minerals, and water chemistry.  Reactivity is typically measured in 
experimental studies over a range of aqueous chemical conditions with sediments from the field.  
Because laboratory analyses are typically limited to sediments of sand size (e.g., 2 mm) and 
smaller, particle size distributions and mineralogical analyses [e.g., abundance of clays, Fe(III) 
minerals] can be useful, especially when there is significant variability in the sorption behavior.  
Sorption site density (e.g., surface complexation sites) is an input parameter to mechanistic 
sorption models that is often related to mineral surface area (Davis and Kent 1990).  A large 
body of work is focused on Fe(III) minerals as the principal surface complexation site for U(VI) 
[cf. (Waite et al. 1994; Payne et al. 1996)].  Other researchers,[cf., (Arai et al. 2006)] have 
identified poorly crystalline aluminosilicate minerals as potential primary sorption surfaces. 

3.1.2.2 Mineral Reactions 

In addition to sorption, transported uranium can potentially be attenuated through 
incorporation within the structures of existing or newly precipitated solid phases of the porous or 
fractured geologic media.  This can occur through 1) precipitation of discrete uranium 
mineral(s), or 2) coprecipitation of uranium during formation of other secondary minerals such 
as calcite.  For the current, relatively low uranium groundwater concentrations and natural 
background geochemical conditions encountered at the Hanford 300 Area and the Rifle site, the 
precipitation of uranium minerals is generally thermodynamically unfavorable.  Increased 
uranium concentrations near exotic waste sources (e.g., chemical waste streams), modified 
geochemical conditions due to engineered manipulation (e.g., polyphosphate injection and 
resulting precipitation of autunite [uranyl phosphate mineralization]), or naturally occurring but 
isolated zones of very low redox potential are generally required for the precipitation of uranium 
minerals.   

Uranium, however, may be coprecipitated during the formation of other secondary minerals 
such as carbonates and iron oxides (Duff et al. 2002).  Coprecipitated uranium may be 
incorporated as an “impurity” or substituted directly into the crystal lattice as these minerals are 
formed. Abdelouas et al. (Abdelouas et al. 1998) identified 0.4 g uranium/kg sediment 
coprecipitated with an aragonite and calcite mixture during microbially catalyzed reduction of 
nitrate.  Experimental studies (Reeder et al. 2000; Reeder et al. 2001) have observed 
preferential uptake of U(VI) by aragonite relative to calcite and more stable coordination until it 
inverts to calcite.  Kelly et al. (Kelly et al. 2003) have shown that uranyl can have a stable lattice 
position in natural calcite, indicating that it may be reliably sequestered in calcite over long time 
scales. 
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3.1.2.3 Redox Reactions 

The redox potential, Eh, is a measure (in volts) of the electronegativity or affinity of a 
chemical component for electrons compared with hydrogen, which is set by convention to zero.  
Strongly electronegative components have positive redox potentials (e.g., the dissolved 
oxygen/water redox couple has an Eh = 0.82 volts at pH 7 and 25°C) and are capable of 
oxidizing components with lower redox potentials.  Conversely, weakly electronegative 
components have negative redox potentials (e.g., carbon has an Eh = - 0.42 volts) and are 
capable of reducing chemical components with higher redox potentials.  Electrons will 
spontaneously flow from the less positive to the more positive redox potentials.  The Gibbs free 
energy (ΔGr) released by this kind of redox reaction can be determined using the difference in 
redox potentials, the reaction stoichiometry and the standard energy released when one mole of 
electrons passes through a 1-volt potential drop 

ΔGr = − n 23.062 kcal/(volt equivalent)] (ΔE) 

where n is the number of moles of electrons transferred, 23.062 kcal is the standard energy 
released per mole of electrons per volt, and ∆E is the potential drop in volts (Kimball 2006).  

The half-cell reactions representing the major redox couples in Table 2.2 are arranged in 
order of decreasing energy yield under conditions of pH 7 and 15°C.  This “redox ladder” 
demonstrates that as the system Eh drops (i.e., becomes more reducing), there is a sequence 
of dominant redox couples.  Dissolved oxygen (DO) is a key indicator of redox status and is 
often the principal oxidant present in groundwater systems.  Under oxic conditions (~ >0.5 mg/L 
of DO), the dominant oxidants are DO and nitrate.  Under suboxic conditions (~ 0.5 mg/L > DO 
> 0.1 mg/L), the dominant oxidants are the Mn(IV) and Fe(III) minerals.  Under anoxic 
conditions (~<0.1 mg/L DO), the dominant oxidants are dissolved sulfate and CO2.  The 
significance of these regimes is that chemical species whose oxidation state is out of equilibrium 
with the redox potential will be thermodynamically driven to the ambient condition.  For example, 
the reduced iron species Fe2+ under oxic conditions will be driven to the Fe(III) oxidation state.  
However, kinetic limitations may affect the reversibility of these redox reactions allowing 
disequilibrium to persist. 

Uranium Reduction 

As mentioned previously, uranium in the +6 oxidation state [U(VI)] is typically considered to 
be the mobile form of uranium in groundwater systems.  At circumneutral and more basic pH 
values and calcite-buffered alkalinity, the principal aqueous U(VI) species involve the uranyl ion 
(UO2

2+) complexed with calcium and carbonate, such as Ca2UO2(CO3)3°(aq) and CaUO2(CO3)3
2-

(Brooks et al. 2003; Dong and Brooks 2006; Kelly et al. 2007).  At lower concentrations of 
dissolved calcium, speciation of dissolved U(VI) at circumneutral to basic pH values is 
dominated by a series of strong neutral and anionic uranyl carbonate complexes [e.g., 
UO2CO3°(aq), UO2(CO3)2

2-, and UO2(CO3)3
4-].  Figure 3.3 shows the pH-dependent uranium 

speciation for the Hanford 300 Area under three different solution compositions with variations 
in the concentrations of dissolved magnesium and phosphorous.  The uranium speciation 
reactions are found in Table 3.1.  Thermodynamic databases for uranium speciation reactions 
are reported by Grenthe et al. and Guillaumont et al. (Grenthe et al. 1992; Guillaumont et al. 
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2003).  The Ca2UO2(CO3)3°(aq) complex is predicted to be the dominant aqueous uranium 
species for the Hanford 300 Area (Peterson et al. 2008).  

The uranium pH-Eh diagram in Figure 3.4 shows that if the redox potential is sufficiently 
lowered over the relevant pH range of most natural systems, not only is the +4 oxidation state of 
uranium thermodynamically favored in groundwater, but the form in a solution initially containing 
1 uM dissolved uranium and 4.5 mM dissolved carbonate at 25°C will be the mineral uraninite. 
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Figure 3.3. Aqueous U(VI) Speciation in the Presence of Ca (top panel), Ca and Mg (middle 

panel), and Ca and Phosphate (bottom panel) in Hanford Sediment Pore Water.  
The total concentration of Ca was 10 mM, including both aqueous and solid phases 
in equilibrium (Peterson et al. 2008).  
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Table 3.1.  U(VI) Aqueous Speciation Reactions 

Speciation Reaction Log K (I=0) Source 

UO2
2+ + H2O = UO2 OH+ + H+ -2.25 1 

UO2
2+ + 2H2O = UO2 (OH)2(aq) + 2H+ -12.15 1 

UO2
2+ + 3H2O = UO2 (OH)3

- + 3H+  -20.25 1 

UO2
2+ + 4H2O = UO2 (OH)4

2- + 4H+  -32.40 1 

2UO2
2+ + H2O = (UO2)2 OH3+ + H+  -2.70 1 

2UO2
2+ + 2H2O = (UO2)2 (OH)2

2+ + 2H+  -5.62 1 

3UO2
2+ + 4H2O = (UO2)3 (OH)4

2+ + 4H+ -11.90 1 

3UO2
2+ + 5H2O = (UO2)3 (OH)5

+ + 5H+ -15.55 1 

3UO2
2+ + 7H2O = (UO2)3 (OH)7

- + 7H+ -32.20 1 

4UO2
2+ + 7H2O = (UO2)4 (OH)7

+ + 7H+ -21.90 1 

UO2
2+ + CO3

2- = UO2CO3(aq) 9.94 1 

UO2
2+ + 2CO3

2- = UO2(CO3) 2
2- 16.61 1 

UO2
2+ + 3CO3

2- = UO2(CO3) 3
4- 21.84 1 

3UO2
2+ + 6CO3

2- = (UO2)3(CO3)6
6- 54.00 1 

2UO2
2+ + CO3

2- + 3H2O = (UO2)2CO3(OH)3
- +3H+ -0.86 1 

3UO2
2+ + CO3

2- + 3H2O = (UO2)3O(OH)2(HCO3)+ +3H+ 0.66 1 

11UO2
2+ + 6CO3

2- + 12H2O = (UO2)11(CO3)6(OH)12
- +12H+  36.43 1 

2Ca2+ + UO2
2+ + 3CO3

2- = Ca2UO2(CO3)3(aq) 30.70 1 

Ca2+ + UO2
2+ + 3CO3

2- = CaUO2(CO3)3
2-  27.18 2 

Mg2+ + UO2
2+ + 3CO3

2- = MgUO2(CO3)3
2-  26.11 2 

UO2
2+ + PO4

3- = UO2PO4
-  13.23 1 

UO2
2+ + H+ + PO4

3- = UO2HPO4(aq) 19.59 1 

UO2
2+ + 2H+ + PO4

3- = UO2H2PO4
+  22.82 1 

UO2
2++ 3H+ + PO4

3- = UO2H3PO4
2+  22.46 1 

UO2
2+ + 4H+ + 2PO4

3- = UO2(H2PO4)2(aq) 44.04 1 

UO2
2+ + 5H+ + 2PO4

3- = UO2(H2PO4H3PO4)+ 44.05 1 
Sources:  1 = Grenthe et al. (1992) and 2 =  Guillaumont et al. (2003) 
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Figure 3.4. Eh-pH Diagram Showing Thermodynamically Favored Forms of Uranium, Including 

Uraninite Formation (tan colored region).  (Diagram was calculated at 25°C for a 
total activity of 1.0 µM dissolved uranium, 4.5 mM dissolved calcium, and CO2 
fugacity arbitrarily set at 10 times that of CO2 in air.) 

Thus, the reduction of U(VI) to U(IV) effectively removes U(VI) from solution, which is the 
general remediation principle underlying the in situ bioremediation and other redox-manipulation 
remediation technologies for uranium.  Figure 3.5 focuses on a small Eh range on the redox 
ladder where uranium reduction occurs (Ginder-Vogel et al. 2006).  The figure shows that 
depending on the particular uranium species the U(VI)/U(IV) redox couple can precede or occur 
simultaneously with iron reduction.  Abiotic reduction of uranium is thermodynamically favorable 
under sufficiently low redox potential and has been demonstrated in the presence of Fe(II) 
(Behrends and Van Cappellen 2005).  However, there is evidence that this may not be 
particularly effective in natural sediments without the addition of an electron shuttle (Jeon et al. 
2005). 

It is important to note that the precipitation of uraninite via abiotic or biotic stimulation of 
reducing conditions has been shown to be reversible.  If the redox potential returns to oxidizing 
conditions favoring the U(VI) species, uraninite will dissolve and the uranium will be remobilized 
as U(VI) aqueous species (Moon et al. 2007).  The specific process and rate of dissolution of 
U(IV) are clearly important if concentrations are to be maintained below applicable standards.  
Thus, an important consideration for remediation approaches based on the immobilization of 
uranium via reduction is to explicitly account for a mechanism that will address the process and 
rate of reoxidation. 
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Figure 3.5. Representative Fe(III)/Fe(II) and U(VI)/U(IV) Redox Couples at pH 7; 
Concentrations of 3 mM HCO3-, 1 uM U(VI), 1 mM Ca2+, and Either 0.5 or 10 uM 
Fe(II) Are Portrayed (Ginder-Vogel et al. 2006).  Used with permission.

Iron Bioreduction 

Many of the earlier investigations of dissimilatory metal-reducing bacteria (DMRB) focused 
on poorly crystalline iron oxides as the principal source of the Fe(III) terminal electron acceptor.  
In this case, the biologically mediated reductive dissolution of Fe(III) oxides and oxyhydroxides 
releases Fe(II) and any trace metals that are sorbed on or co-precipitated in the mineral crystal 
structure.  U(VI) sorbed to Fe(III) minerals that are bioreduced and dissolved can presumably be 
potentially remobilized, although this has not been generally observed (Ortiz-Bernad et al. 
2004a).  More recently, (Komlos et al. 2008) has identified iron-containing layer silicate minerals 
(phyllosilicates) as an important source of the Fe(III) terminal electron acceptor.  Thus, biogenic 
Fe(II) is thought to be in multiple forms:  present in the octahedral interlayer of the 
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phyllosilicates, dissolved in the groundwater as a result of the reductive dissolution of iron 
oxides, sorbed onto iron oxides, and precipitated within the structures of secondary minerals.  In 
the presence of sulfide, significant amounts of Fe(II) can be taken up in the formation of iron 
sulfides (e.g., amorphous FeS).  As noted previously, the presence of these reduced chemical 
components sorbed or precipitated in the solid phase (e.g., mackinawite, FeS0.9) may play a 
significant role in maintaining the reduced form of the uranium (i.e., uraninite), which effectively 
prevents remobilization(Abdelouas et al. 1999a).  Precipitation of stable secondary phases may 
also armor previously precipitated, sorbed, or reduced uranium, isolating it from direct contact 
with pore waters. 

3.2 Characterization of Relevant Transport Processes and Properties  

In addition to the characterization of the uranium source term and geochemistry, an equally 
important prerequisite to the selection and design of a remediation technology is the 
characterization of the relevant transport processes and properties that are operative at the site 
for uranium.  The objective here is to develop an understanding of the environmental properties 
and process dynamics on the site that will control/influence uranium fate. 

3.2.1 Hydrologic System Dynamics 

Focusing site characterization and assessments on the groundwater system alone may 
ignore a significant and persistent long-term source from the vadose zone.  Even if the vadose 
zone does not need to be explicitly addressed, hydrologic impacts from natural processes and 
land-use activities should be considered with respect to recharge and water table fluctuations.  
A critical issue is the dynamics of the principal transport pathway to compliance points/surfaces, 
especially in the case of directional changes in the regional and local groundwater flow field. 

3.2.1.1 Boundary Conditions 

The driving forces for the hydrologic system must be identified and their magnitudes known 
to be able to identify the various transport pathways and timescales. 

Recharge.  Spatially and temporally variable recharge (Gee et al. 2002) may be an 
important hydrologic component for some aquifer systems but must definitely be addressed for 
the case of uranium mobilization from contaminated vadose zone sediments.  This is especially 
important when a uranium front has already reached the groundwater.  If the surface sites for 
uranium sorption are fully loaded in the system at this point, aqueous uranium will essentially 
travel through the vadose zone with the infiltrating water. 

Recharge is the net result from a competing set of processes (e.g., precipitation, runoff, 
evaporation, transpiration) that vary with sediment properties, climate, and land use.  An 
inexpensive technique for an integrated estimate of recharge is chloride mass balance (Joshi 
and Maule 2000; O'geen et al. 2003) (Scanlon 2000; Scanlon et al. 2003; Scanlon et al. 2006), 
which is based on concentrations of chloride dissolved in meteoric and pore water and the 
volume of meteoric water.  For point estimates, water fluxmeters work well for sands, while for 
silts and clays, the operational recharge range is above a few hundred mm/yr (Gee et al. 2002).  
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Water Table Fluctuation.  Water table fluctuations are important for transferring uranium 
between the vadose zone and aquifer.  Where uranium-contaminated sediments are present in 
the vadose zone just above the average or nominal water table, leaching of uranium by 
seasonally and/or episodically rising water levels can result in a source to groundwater that can 
be significantly larger than recharge-driven uranium transport.  Furthermore, water table 
fluctuation combined with groundwater uranium transport can displace uranium in the lower 
vadose zone and transport it to down-gradient locations.  This can result in a distributed source 
of vadose zone uranium that is activated by seasonally and/or episodically high water tables.  
Figure 3.6 illustrates how peak U(VI) and DO concentrations are correlated with the spring 
water table peak in the Old Rifle alluvial aquifer.  

 
Figure 3.6.  Changes in Dissolved Oxygen and U(VI) Concentration with Water Table Rise 

Another potential consideration for any remedial action based on manipulating the 
subsurface oxidation-reduction potential (e.g., creating/maintaining chemically reducing 
conditions) is the presence of a vadose zone oxygen source.  This can occur when the gas 
phase of the vadose zone is in direct communication with atmospheric oxygen at the ground 
surface.  Reoxidation from oxygen diffusing through the water table can inhibit the effectiveness 
of engineered reducing conditions.  This effect can be exacerbated by gas entrapment during 
water table rise that provides an enhanced pathway for oxygen to dissolve into the aqueous 
phase.  This can be problematic if a significant part of the subsurface uranium inventory is near 
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or above the water table.  Figure 3.7A shows the situation in the Old Rifle alluvial aquifer, where 
a relatively thin layer of elevated DO just below the water table exists in otherwise low-oxygen 
groundwater.  Figure 3.7B shows that the observation is consistent with a dynamic balance of 
oxygen depletion by microbial activity in the groundwater and diffusion of oxygen into the aquifer 
through the water table coupled with regional groundwater flow.   

Recharge from seasonal and/or episodic flooding can result in changes to the water table, 
which may have major impacts on uranium fate and transport including impacts on bioreduction.  
One example is the Gunnison UMTRA site (DOE 2001) where flood irrigation is practiced on 
pastures overlying part of the uranium plume at the site.  Flood irrigation appears to have 
created a downward flux of dissolved organic carbon that provided a substrate for the resident 
microbial consortia to accelerate natural bioreduction of uranium.  Depending on the interaction 
of floodwater with vadose zone and soil materials and the resulting geochemical or 
microbiological changes, flooding events could either decrease or increase uranium 
concentrations in a plume.  If flooding is expected to occur at a site, it is particularly important to 
understand in advance its likely impact to the subsurface geochemistry, flow field, and microbial 
communities and devise a strategy for assessing and mitigating any anticipated increases in 
uranium concentration. 

Piezometric Heads.  Understanding the driving forces for the groundwater flow field, 
especially when they are transient in time and spatially complex, is important for predictive 
purposes.  Time series of piezometric heads from an adequate distribution of monitoring wells 
will usually be necessary to drive a flow model.  If such a data collection network does not exist 
from earlier monitoring, it is relatively easy to equip existing wells with hourly reading, self-
contained water level monitors.  In addition, new injection or monitoring wells installed for 
bioremediation provide opportunities to directly test prior flow models. 

3.2.1.2 Vadose Zone Flow and Transport 

If the vadose zone is important as a uranium source, characterization must address the 
material properties controlling flow rates and directions.  Characterized parameters include 
porosity and constants for relationships between capillary pressure, saturation, and hydraulic 
conductivity (e.g., van Genuchten, Brooks-Corey).  Variably saturated flow modeling with these 
parameters, in the context of pressure head and recharge boundary conditions, will provide the 
flow and transport framework for analyzing and predicting the vadose zone component of 
uranium migration.  Unsaturated permeability anisotropy created by bedded layers of fine and 
coarse-grained sediments are particularly important in creating lateral flow in the vadose zone.  
This anisotropy may cause uranium contamination to appear in the groundwater laterally offset 
from its location of highest concentration in the vadose zone. 
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A. 

Figure 3.7. Oxygen Stratification Observations and Modeling.  A. Examples of DO stratification 
showing overall differences of DO at different distances from the point of electron 
donor; M-02 is ~4 m down-gradient and M-16 is ~12 m down-gradient.  M-16 also 
reflects seasonal increase in DO during water table rise.  B. Vertical cross-section of 
DO distribution under different conceptual models: influent DO stratification alone, 
addition of DO diffusion through water table, and addition of microbial reduction of 
DO.  Only the case that incorporates continuous microbial consumption of oxygen 
over time can match field observations. 

3.2.1.3 Saturated Flow Field 

The saturated flow field will probably be the principal pathway for uranium transport to a 
compliance point or surface.  Thus, the characterization of hydraulic conductivity and porosity in 
the context of accurate boundary conditions is critical to the prediction of long-term transport.  
Key saturated hydrogeologic parameters include hydraulic conductivity, porosity, and 
dispersivity.  Because characterization of these point properties is challenging using 
conventional wellbore samples, several approaches have been used to extend this information 
to field-relevant scales.  Crosshole geophysical methods have been used to characterize 
hydrological (e.g., (Hubbard et al. 2001); (Hyndman et al. 1994)) and sediment geochemical 
properties (Chen et al. 2004) between boreholes, and hydrofacies concepts have been used to 
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delineate the spatial distribution of geological units that have distinct hydrological property 
distributions.   

3.2.1.4 Water Chemistry 

Spatial and temporal variability in the groundwater chemistry targeted for in situ 
bioremediation is crucial a priori information to guide the bioremediation design.  For uranium 
sorption, important aqueous measurements besides redox chemistry include in situ pH and the 
concentrations of dissolved uranium, inorganic carbon (alkalinity), calcium, and other potential 
complexing ligands such as dissolved sulfate and phosphate.  For redox chemistry, the list 
includes oxidation-reduction potential (ORP), DO, and redox couples for nitrogen, iron, 
manganese, and sulfur species.  Dissolved organic carbon concentrations are also useful as an 
indicator of background electron donor support for natural bioreduction of U(VI).  These 
measurements provide the basis for the characterization of the field water chemistry but must 
be augmented by analyses for reagents (e.g., acetate, lactate, glucose, ethanol) used and by-
products formed (e.g., carbonate, ammonium, Fe2+, sulfide, methane) during biostimulation.  It 
should be noted that some of these measurements require special sampling and handling 
techniques to preserve the in situ geochemical conditions of the water samples taken at depth.  

3.3 Pre-Remediation Monitoring 

Pre-remediation monitoring of groundwater parameters and characterization of site uranium 
contamination are critical prerequisites for a mechanistically systematic understanding of site-
specific uranium behavior.  Targeted data for hydrology and water chemistry should include 
recharge, hydraulic head (transient water level data), dissolved total uranium and U(VI), 
nitrogen species (nitrate, ammonium), total Fe and Fe(II), Mn species, sulfur species (sulfate 
and sulfide), alkalinity, DO, pH, and ORP.  These measurements will be most useful if they are 
made using event-based sampling (e.g., low and high water table, after major storm events) and 
if they are made with more regular frequency.  Once key behaviors and the presence or 
absence of constituents (e.g., sulfate) are established, the analyte list can be shortened and 
sampling frequency reduced to capture known trends and event responses.  The monitoring list 
in Section 6 presumes the fundamental information for hydraulic properties, boundary 
conditions, uranium sorption, etc. are known. 

3.4 Conceptual Model of Future Uranium Behavior 

The prerequisite characterization of uranium contamination along with relevant transport 
processes and properties will form the basis of a conceptual model for evaluating future uranium 
behavior.  The extension of this conceptual model to a systematic and quantitative coupled 
process prediction of unmitigated uranium fate can then be used in a baseline risk assessment.  
The risk assessment usually drives the decision-making for engineering intervention, regulatory 
compliance, and rationale for selecting specific remedial technologies.   

Understanding uranium fate and transport, in terms of the uranium extent, magnitude, form, 
and mobility, and the environmental process dynamics, is critically important to the reliability of 
the risk assessment.  Attenuation mechanisms, such as sorption, precipitation, and dilution, 
need to be understood in terms of known variability in hydrologic, geochemical, and biological 
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conditions.  Thus, it is important that the monitoring of performance indicators includes 
confirmation of the processes and conditions that form the basis of the conceptual model of 
future uranium fate.   

3.5 Conceptual Model Uncertainty 

To improve the credibility of an assessment of uranium bioremediation performance, a 
comprehensive assessment of uncertainties affecting the conceptual model of uranium behavior 
should be integrated into the process of site conceptual model development.  Potential sources 
of uncertainty that may be important include: 

• incomplete knowledge of the system being analyzed;  

• measurement or sampling error in characterizing the system’s features, events, and 
processes;  

• temporal and spatial variability in the system’s properties;  

• disparity among the sampling, simulation, and actual scales of the system’s features, 
events, and processes; and  

• randomness in the system’s stresses, particularly transient external stresses.  

These sources of uncertainty include those that can be reduced by collecting additional data 
(sometimes referred to as subjective or epistemic uncertainty) and uncertainty that is an 
irreducible characteristic of the system (sometimes referred to as stochastic or aleatory 
uncertainty).  An example of the former is uncertainty about the continuity (thickness) of a low 
permeability hydrostratigraphic unit.  Examples of the latter are the future stage of a river 
hydraulically connected to a groundwater system and the small-scale saturated hydraulic 
conductivity.  While the hydraulic conductivity is theoretically measurable everywhere at a site, a 
spatially-variable statistical description is likely the best practical characterization.  In either 
case, the impact of the uncertainty on predictions of performance cannot be assessed unless 
the sources of uncertainty are characterized.  This can be done using literature or large-scale 
(e.g., state or national) databases,  site-specific data and information, subjective expert opinion, 
or some combination of these (e.g., (Morgan and Henrion 1990; Meyer and Gee 1999)).  Well 
thought out monitoring schemes that match the time and space scales of the sampled field 
processes and properties can be used to reduce uncertainty, especially when there is sufficient 
flexibility to address episodic or extreme events. 

The sources of uncertainty listed above may be associated with the properties of the site 
(e.g., uranium inventory, saturated hydraulic conductivity, pH, reaction rates), with the external 
forces acting on the site (e.g., precipitation, surface-ground water interactions), and with the 
structural representation of the site (e.g., the degree of heterogeneity in site characteristics, the 
physical, chemical, and biological processes active at the site).  In other words, there may be 
significant uncertainties associated with any aspect of the site conceptual model.  It has been 
common practice in the past to limit uncertainty assessment to those components of a 
conceptual model associated with the parameters of a mathematical model.  These parameters 
typically represent the properties of the site (e.g., saturated hydraulic conductivity and 
adsorption coefficients) and often the external forces acting on the site (e.g., recharge).  The 
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NRC has recognized for some time, however, the potential importance of uncertainty in the 
structural representation of the site (Mosleh et al. 1994).  This is often referred to as model 
uncertainty to distinguish it from parameter uncertainty.  In hydrogeological analyses, it has 
been increasingly recognized that uncertainties in the structural representation of a site are 
frequently dominant (e.g.,  (Bredehoeft 2005).  Thus to be comprehensive, an assessment of 
uncertainty must evaluate the potential uncertainties associated not only with the properties of a 
site and the external forces acting on the site, but also with the structural representation of the 
site. 

Neuman and Wierenga (Neuman and Wierenga 2003) present a comprehensive strategy for 
hydrogeologic modeling that integrates uncertainty assessment throughout the process and 
emphasizes the importance of assessing uncertainty in the structural components of the site 
conceptual model.  Their strategy is directly applicable to analyses of bioremediation 
performance.  They state that site conceptualization is not complete without a clear articulation 
of ambiguities and uncertainties.  They suggest that these ambiguities and uncertainties should 
be the basis of explicit formulation of multiple site conceptual models.  Since hydrogeologic 
systems are open and complex and the available knowledge about a particular site is invariably 
incomplete and imprecise, Neuman and Wierenga (2003) argue that it is almost always possible 
to postulate multiple plausible conceptualizations or alternative hypotheses of site behavior.  
This argument would seem to apply especially well to sites where biological processes are of 
significant importance.  They provide some general principles on how to formulate alternative 
conceptualizations and an extended example comparing several alternative conceptualizations 
for a specific site on the basis of logical consistency and coherence, the extent to which each 
alternative is supported or contradicted by available observations, and the principle of 
parsimony.  Additional monitoring and site characterization can reduce structural uncertainty by 
targeting key data related to differences between alternative conceptualizations. 





 

4.0 Design Approach for Site-Specific Uranium 
Bioremediation 

Once the decision is made for engineering intervention to achieve compliance goals, the 
evaluation of remediation alternatives should be based on a credible conceptual model for 
future uranium behavior developed through the characterization of processes controlling 
uranium mobility and transport.  Immobilization is currently the most feasible in situ approach for 
uranium remediation in environmental systems.  To implement immobilization approaches, 
biological and/or chemical conditions are manipulated to drive reactions that result in the 
conversion of mobile aqueous U(VI), typically complexed with hydroxyl, carbonate, or other 
anions, to immobile forms.  Bioremediation typically accomplishes this through the microbially 
mediated reduction of aqueous U(VI) [+6 oxidation state] in pore water to U(IV) [+4 oxidation 
state], resulting in precipitation of U(IV)-containing minerals.  The most common U(IV) target 
form is the mineral uraninite (UO2), although a number of other minerals can occur (Burns 
1999).  In laboratory settings, bioprecipitated uraninite has been shown to precipitate as 
nanoparticles (Suzuki et al. 2002), and recent column studies (Komlos et al. 2008) suggest that 
uraninite precipitates may be transported as originally suggested by Suzuki et al. (Suzuki et al. 
2002).  However, results from the previously described field studies suggest that, in the field 
situation, bioprecipitation succeeds in immobilizing U(VI) likely by a combination of aggregation 
of nanoparticles and attachment to mineral surfaces. 

Bench-scale studies are used to establish the proof-of-principle viability of uranium 
bioremediation and support the design of a field deployment strategy (Lovley et al. 1993; 
Komlos and Jaffe 2004; Long et al. 2005).  A pilot-scale implementation of the uranium 
bioremediation strategy is designed to test understanding and address uncertainties in the field 
conditions and behaviors that cannot adequately be addressed by bench-scale studies 
(Anderson et al. 2003; Vrionis et al. 2005; Yabusaki et al. 2007).  The elements of the approach 
are summarized in Figure 4.1. 

4.1 Bench-Scale Testing for Proof of Principle 

The sensitivity of bioremediation efficacy to field attributes (e.g., uranium inventory, 
properties of vadose zone and aquifer materials, biogeochemistry, hydrology) is sufficiently high 
that engineered solutions must be appropriately tailored.  From this perspective, a set of bench-
scale tests using site materials (e.g., uncontaminated and uranium-contaminated sediments, 
groundwater) is necessary to address proof of principle as well as methodology optimization 
(e.g., electron donor selection and delivery).    

4.1.1 Bench-Scale Testing Objectives 
1. Characterize the current state of the uranium in the contaminated subsurface.  The objective 

is to describe unmitigated uranium behavior in terms of variable 
a. geologic materials 
b. water chemistry 
c. geochemistry 
This can be accomplished largely through batch studies, followed by column studies to 
investigate the impact of variable flow rates. 
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2. Select electron donor.  The objective is to identify an effective concentration range for a 
particular electron donor to achieve onset of principal TEAPs associated with uranium 
bioreduction.  Microcosm studies can be used primarily to accomplish this.   

3. Maintain bioreduction efficacy. The objective is to identify potential limitations to long-term 
uranium immobilization and stabilization.  Column experiments will be necessary to 
approximate groundwater flow rates, continuous uranium loading, bioavailable terminal 
electron acceptors, and post-biostimulation conditions. 

 

Conceptual Model of Future Uranium Behavior 
Baseline Risk Assessment for Unmitigated U Fate 

Characterization Prerequisites 
• U distribution, form, mobility, compliance 
• Hydrologic processes controlling U transport 
• Geochemistry controlling U mobility 

Uranium Bioremediation Bench-Scale Studies 
• Sequence and abundance of electron 

acceptors prior to onset of U reduction 
• Microbial community structure /  function wrt 

electron donor and terminal electron acceptor 
• Bioavailability of terminal electron acceptors 

needed for U bioreduction  
• Processes and kinetics controlling reoxidation 

and remobilization of bioreduced U 
• Impact of biogeochemical reaction products 

on U bioreduction and subsequent reoxidation 

Uranium Bioremediation Conceptual Model / Strategy 
• Identify target microorganisms, TEAPs, electron donor 
• Design electron donor concentration and delivery in context of 

site-specific hydrology, geochemistry, and biology 
• Use simulation to assess design and long-term performance  

Uranium Bioremediation Pilot-Scale Studies 
• Pre-biostimulation baseline characterization 
• Simulation-based monitoring/sampling scheme 
• Assessment of in situ performance 

Full-Scale Field Deployment 
• Optimized approach 
• Optimized monitoring

 
Figure 4.1. Summary of Activities Leading to Full-Scale Bioremediation Deployment in the Field.  

Hexagons represent characterization steps.  Rectangles represent analysis and 
design steps. 
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A significant range of bench-scale tests has already been completed and published starting 
with Lovley’s original bottle incubations showing microbial reduction of U(VI) (Lovley et al. 1991) 
and numerous others since (see Section 9.0, Bibliography).  These earlier studies make it 
possible to perform a more targeted set of new tests with site materials to achieve the objectives 
noted above.  Knowledge from bench-scale testing in closed thermodynamic systems with fixed 
amounts of TEAs in microcosms should be used to design open system (e.g., column 
experiments) studies that are more representative of the field-scale process dynamics. 

Assessment of proof of principle needs to account for the impact of site complexity 
(geohydrologic, geochemical, and microbiological) on bioremediation performance.  For 
example, low-permeability zones (silt or clay) may not only constrain flow in a system but may 
also slowly release U(VI) from dead-end pores, maintaining a flux of U(VI) not anticipated from 
consideration of coarser-grained materials (LaBolle and Fogg 2001).  Appropriate design of an 
electron donor system can address these situations (Roden and Scheibe 2005).  

4.2 Pilot-Scale Testing 

Many aspects of field-scale bioremediation cannot be adequately addressed at the bench-
scale, including  1) > 2-mm sediment size fraction; 2) structured, multidimensional, multiscale 
physical and chemical heterogeneities; 3) microbial microenvironments; 4) density effects; and 
5) seasonal and episodic hydrologic transients.  The tradeoff with pilot-scale testing in the field 
is the diminished ability to control and observe the engineered reactions.  However, a properly 
monitored, small field implementation will provide invaluable information to the design analysis 
leading to a higher likelihood of successful, cost-effective bioremediation.  Such tests provide a 
bridge to the full-scale deployment of the bioremediation technology that increase 
understanding of the in situ behavior and allow optimization of the final approach.  Monitoring of 
performance indicators to confirm the field viability of the bioremediation approach is particularly 
important at the pilot scale, because the results can be used to select the necessary and 
sufficient performance indicators for full-scale deployment.  Again, this is likely to reduce cost of 
full-scale deployment.  

An example of a pilot-scale injection and monitoring well configurations is the layout of 
boreholes for the Rifle site field experiments (Figure 4.2).  The larger borehole array shows one 
row of 3 background monitoring wells (B-01 to B-03), one row of 20 injection wells (G-01 to G-
20), and three rows of 5 treatment-zone monitoring wells (M-01 to M-05, M-06 to M-10, M-11 to 
M-15).  The overall size of the plot is ~20 m on a side.  The smaller borehole array consists of 1 
background well (B-04), 5 injection wells (G-21 to G-25), and 4 treatment zone monitoring wells 
(M-16 to M-19).  This approach assumes that natural gradient pilot-scale experiments would be 
performed.  Alternative well designs are possible for both natural and forced gradient 
experiments. 

In many cases, the understanding of the site complexities is qualitative at best.  However, 
considering their potential impact is still key to effective design of the bioremediation system and 
helps avoid surprises during implementation.  Further, newly developed geophysical monitoring 
techniques, especially electrical methods (Williams et al. 2006), offer the promise of 
inexpensive, minimally invasive approaches that can be used to estimate initial geochemical 
heterogeneity and to monitor changes in the distribution of TEAPs during bioremediation. 
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A. 

 
B. 

 
Figure 4.2. Borehole Arrays for Pilot-Scale Testing at the Rifle Site.  A.  Layout of wells showing 

water table elevations.  General groundwater flow direction is to the southwest.  B.  
Photo of wells and sampling apparatus including flow cell for measurement of pH, 
Eh, DO, T, and conductivity during slow purge sampling.  Foreground shows 
injection manifold and stainless steel injection lines to injection wells. 
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4.3 Conceptual Model for Uranium Bioremediation  

Based on the success of the bench-scale and pilot-scale testing and the site baseline 
analysis, the conceptual model for the engineered bioremediation of a particular site can be 
updated and refined.  Typically, this knowledge will be incorporated into numerical modeling of 
the dominant processes operative on the site before, during, and after biostimulation.  
Laboratory-based parameters derived from the bench-scale studies will likely deviate from those 
in the pilot-scale testing.  Thus, modeling analyses are always subject to refinement based on 
new knowledge but even preliminary models can be used to bound the limits or determine the 
sensitivity of the geochemical processes to various system parameters.  The value of numerical 
modeling is being able to identify systematic responses to variations in design parameters.  This 
will allow the assessment of implementation issues and comparison of bioremediation options in 
the context of the uranium inventory, environmental transport processes, and the characterized 
biogeochemical reactions. 

4.3.1 Manipulation of In situ Conditions Favoring Bioremediation 

Some studies have shown that it is possible for microorganisms to accomplish uranium 
bioreduction in the presence of oxygen and/or nitrate (Madden et al. 2007).  However, unless 
there is a kinetic limitation to reoxidation, the reduction to U(IV) has been shown to be reversed 
in the presence of oxidants with higher redox potential (Wan et al. 2005; Komlos et al. 2008).  
For this reason, the bioremediation approach must address the presence of oxidants with higher 
redox potential than the uranium redox couple, such as dissolved oxygen, nitrate, Mn(IV) 
minerals and potentially Fe(III) minerals.  Thus, in many field situations, the dominant chemistry 
must be manipulated before the relevant biologically mediated transformations of trace 
metals/radionuclides can occur.  This is true for contaminated groundwaters that have high 
dissolved nitrate concentrations, a common occurrence at subsurface radionuclide and metal 
waste sites (e.g., Hanford, Oak Ridge, Savannah River) where nitric acid was used in the 
processing of U(VI) waste (Riley and Zachara 1992) or potential future land use that involves 
addition of nitrate from fertilizer application.  Dissolved nitrate must be removed before lower-
energy terminal electron accepting processes can occur.  Typically, nitrate is removed via 
microbial denitrification, producing nitrogen gas (N2), nitrous oxide gas (N2O), or ammonia.  
However, at many DOE sites, nitrate concentrations are sufficiently high that the approach must 
be carefully thought out because large amounts of electron donor may complicate delivery (e.g., 
density effects) and the resulting secondary minerals, biomass, and biogas may significantly 
reduce formation permeability (Wu et al. 2006a).   

The pH of the groundwater can be an important consideration as has been shown at the 
Oak Ridge Y-12 complex (North et al. 2004).  Low pH (ca. 3 to 4) was shown to limit the 
electron acceptor utilization as compared to neutralized conditions.  Furthermore, the 
biostimulations with glucose and ethanol resulted in 1 to 2 log unit increases in the pH.  While 
this behavior is in contrast to the generally stable pH observed during acetate biostimulation at 
the Rifle site (Anderson et al. 2003), large (~2 log unit) increases in pH at sites with high levels 
of co-contaminants have been shown to result in the precipitation of substantial amounts of 
secondary minerals (Gu et al. 2003).  
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In comparison to the dominant chemistry at most sites, uranium is a trace component that is 
operationally linked to specific microorganisms participating in the iron and/or sulfur TEAPs.  
Thus, the maintenance of these populations and their ability to continue to enzymatically reduce 
and immobilize uranium is dependent on the bioavailability of the iron and sulfate TEAs.  At the 
Rifle site uranium removal from groundwater appears to be more effective during iron reduction 
than sulfate reduction (Anderson et al. 2003).  Paradoxically, longer-term post-biostimulation 
uranium removal appears to be enhanced in field experiments that have experienced the most 
sulfate reduction (N'Guessan et al. 2008).  Sustained uranium removal will therefore rely on 
maintaining the principal bioavailable terminal electron acceptor for the microbial population 
responsible for uranium bioreduction. 

4.3.2 Implementation Strategy 

The strategy for bioremediation implementation needs to account for the nature of the 
uranium source.  It is not common to find the uranium inventory exclusively in the saturated 
aquifer.  More than likely there is a continuous, possibly seasonal influx, of uranium at or near 
the surface or in the vadose zone feeding the groundwater plume.  That means that the 
remediation design must not only maintain immobilized uranium, but it must continuously 
remove uranium from groundwater for the long term.  Once the targeted TEAPs, microbial 
populations, and electron donor have been identified, concentrations and injection rates for the 
electron donor need to be designed using the knowledge of the flow and transport processes to 
control dilution and delivery.  Electron donor concentrations that result in injectate specific 
gravities ~1% greater than the ambient groundwater may be susceptible to density-driven 
transport, which results in depth-dependent distribution.  Cross-well mixing has been shown to 
be quite effective in mixing the injectate between wells and allowing more uniform distribution of 
electron donor at target concentrations.   

A key component of the implementation strategy is maintaining long-term uranium removal 
from groundwater.  This is likely to require designs that consider the site-specific hydrologic and 
biogeochemical conditions as well as the alterations imparted by biostimulation.  Periodic 
treatments may be necessary to “refresh” the effectiveness of the in situ treatment capacity to 
prevent the remobilization associated with reoxidation of the bioreduced uranium.  This may 
entail continual amendments of electron donor and possibly terminal electron acceptors at 
multiple locations, and/or injection of reagents to promote mineral reactions that reduce the 
accessibility or oxidation of sequestered uranium while providing continuous removal from 
groundwater through biological and/or geochemical reactions.  Continued generation of 
biomass, biogas, and secondary minerals cannot be allowed to significantly impair the 
hydraulics (porosity and hydraulic conductivity) of the treatment zone.   

4.3.3 Biostimulation Impact 

Biostimulation is intended to sufficiently lower the redox potential to a point that is favorable 
for the microorganisms to efficiently and effectively use the electron donor and transfer 
electrons to U(VI) species resulting in the formation of the immobile reduced oxidation state 
mineral, uraninite.  Depending on the redox state, the abundance of higher redox potential 
oxidants, and the abundance of terminal electron acceptors, a sequence of TEAPs will take 
place, resulting in the potential consumption of oxygen, nitrate, Fe(III), U(VI), sulfate, and 
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possibly carbon dioxide; and the potential production of carbonate, water, 
nitrite/nitrogen/ammonia, Fe(II), U(IV), sulfide, and possibly methane.  There will be a 
corresponding transition to microbial communities specific to the electron donor amendment 
being oxidized that sequence through the dominant microorganisms responsible for each TEAP 
(e.g., aerobes, denitrifiers, metal reducers, sulfate reducers, and methanogens).  In previously 
unamended sediments at the Old Rifle UMTRA site, biostimulation is seen to quickly result in 
iron reduction with the first arrivals of acetate.  After ~30 days, there is a transition to sulfate 
reduction marked by decreases in sulfate and Fe(II) from the water column (Wu et al. 2006b). 
Sulfate reduction then continues for the duration of the biostimulation.  pH changes during 
biostimulation are generally linked to solid-phase reactions and are specific to the aquifer 
conditions at a particular site, with typically small increases in pH that are fractions of a log unit 
at the Rifle site (Yabusaki et al. 2007).  Alkalinity is likely to increase (e.g., maximum 600 mg/L 
as CaCO3 at the Rifle site) because inorganic carbon is the principal oxidation product for most 
electron donors.  The redox potential, Eh, should noticeably decrease with every step down the 
redox ladder (e.g., ~-50 mV maximum at the Rifle site).  A generally open question during the 
decrease in redox potential is the uranium sorption and desorption behavior.  Some 
experiments have shown that solid-associated U(VI) is largely unaffected by the biostimulation 
(Ortiz-Bernad et al. 2004a).   

The Fe(III) pools for the iron TEAP include both oxides/oxyhydroxides and phyllosilicates 
(Kukkadapu et al. 2006a).  A recent column study using sediments from the Rifle site (Komlos et 
al. 2008) identified Fe(III) contained in phyllosilicate as the principal terminal electron acceptor 
during the initial stage of iron reduction.  In this case, Fe(III) in the layer silicate structure is 
reduced in place to Fe(II) without significant dissolution (Kukkadapu et al. 2006a) and thus, with 
minimal release of Fe(II) into solution.  This is in contrast to the reductive dissolution of Fe(III) 
oxides (e.g., goethite, ferrihydrite) that liberates Fe(II), making it available for reactions such as 
sorption on oxide surfaces (Wellman et al. 2005).  Some studies (Urrutia et al. 1999; Liu et al. 
2001) have linked Fe(II) occupation of sorption sites on Fe(III) oxides to a decrease in 
bioavailable Fe(III) for metal-reducing bacteria.   

Sulfide produced during sulfate reduction (see Equation 3 in section 2.3) is highly reactive 
and groundwater concentrations are typically considerably smaller than the sulfate removed cf. 
(Wu et al. 2006b).  This is consistent with iron sulfide precipitation, which has been confirmed in 
biostimulated sediments from the Rifle and Oak Ridge sites using acid volatile sulfide (AVS) 
measurements and elemental analysis of secondary minerals.  Stoichiometrically, the Fe(II) 
produced during the biostimulation is not sufficient to react all the sulfide (Yabusaki et al. 2007).   
Thus, other Fe(II) pools are necessary to account for the large amount of iron sulfide 
mineralization.     

The ultimate product of acetate oxidation is carbonate.  Furthermore, the lowered redox 
potential and calcite-buffered groundwater chemistry thermodynamically favors the formation of 
calcite/aragonite (Yabusaki et al. 2001).  Although siderite (FeCO3) is also thermodynamically 
favored, it has not been observed in significant abundance (Kukkadapu et al. 2006b). 

The formation of secondary minerals during the biotic reduction process can alter the 
reactivity of the solid phases by armoring previously accessible reactive surfaces and making 
available new reactive surfaces.  Furthermore, continuous production of secondary minerals 
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over the long term has the potential to reduce the porosity and hydraulic conductivity, thereby 
significantly altering the efficiency and effectiveness of acetate delivery and bioremediation 
performance (Li et al. 2007).    

Anderson et al. (2003) describe evolution of the groundwater microbial community at the 
Rifle site.  Prior to biostimulation, the community is dominated by beta-Proteobacteria.  Under 
acetate biostimulation, iron and uranium reduction is marked by an enrichment of 
Geobacteraceae.  Acetate consumption during the iron-reducing phase appears to be rate-
limited given the general availability of Fe(III) terminal electron acceptor and the large fraction of 
unreacted acetate during iron reduction.  During sulfate reduction, the microbial community 
transitions to one dominated by organisms known for acetate oxidation coupled to sulfate 
reduction.  In this TEAP, acetate can be rapidly depleted in the presence of millimolar sulfate 
concentrations, in part, because the stoichiometric conversion of TEA per mole of acetate is 
more than five time less efficient than iron reduction (Rittmann and McCarty 2001).    

An open issue is the impact of biomass production on the reactivity and hydraulics of the 
porous media in much the same fashion that secondary minerals might have an effect.  Seifert 
and Engesgaard (Seifert and Engesgaard 2007) identified changes in hydraulics as well as rate-
limited mass transfer through an immobile biomass that resulted in longer tails for tracer 
breakthrough. 

4.3.4 Post-Biostimulation Changes 

Once mechanical addition of electron donor ceases, the microbial community must rely on 
the available electron donors in the subsurface to remain active.  Possible electron donors that 
may support continued uranium bioreduction include biomass generated during biostimulation, 
background organic carbon, and reduced iron associated with the solid phases (e.g., FeS, 
sorbed Fe(II)). In the absence of amendment, the continued inflow of uranium-contaminated 
groundwater from up-gradient provides an impetus for a return to the unamended 
biogeochemical environment in terms of uranium concentration and speciation, pH, alkalinity, 
redox potential and major ion chemistry.  Alterations to the reactive surfaces during 
biostimulation such as the presence of reduced iron in sorbed or mineral forms (e.g., FeS), 
however, can potentially buffer and slow the return to ambient conditions (Abdelouas et al. 
1999a).  The effectiveness and longevity of these buffers is dependent on many factors 
including the ambient water quality, the amount and form of the reduced solid phase 
components, and the status of the evolving microbial community.  At the Rifle site, post-
amendment conditions resulted in the transition to microorganisms in the phylum Firmicutes, of 
which a bacterial species lacking an intact cell wall, Mollicutes, dominated (N'Guessan et al. 
2008).  These species are thought to be responsible for the long-term post-amendment removal 
of uranium from groundwater via biologically mediated sorption without bioreduction.  
Reoxidation is a concern because uraninite can be remobilized when contacted by dissolved 
oxygen (Yanase et al. 1995; Moon et al. 2007).  However, reoxidation can also result in the 
formation of “fresh” Fe(III) oxides, which may armor sorbed U(VI) and/or U(IV) minerals while 
providing reactive surfaces for additional U(VI) sorption. Clearly, biostimulation and reoxidation 
significantly impact mineral precipitation and dissolution in ways that must be considered in the 
context of long-term uranium mobility.     



 

5.0 Assessing Bioremediation Performance 

5.1 Modeling Framework 

Uranium contaminated groundwater is often a chronic waste management issue that 
requires stewardship decisions that protect human health and the environment in the long term.  
For these decisions to be scientifically defensible, there is a need for a quantitatively predictive 
understanding of field-scale uranium behavior that systematically and mechanistically 
incorporates the dominant biological, chemical, and physical processes.  To this end, 
mathematical formulations that quantitatively and mechanistically describe key processes need 
to be identified and tested against experimental observations.  The approach relies on the use 
of subsurface simulators that couple transient flow, transport, and biogeochemistry in physically, 
chemically, and biologically heterogeneous systems.  Coupled-process simulations of laboratory 
and field-scale experiments then provide a framework to evaluate the scale-up of the 
fundamental mechanisms, test alternative conceptual process models and numerical 
parameterizations, and identify data and knowledge gaps to be closed in subsequent 
experimental data collection.       

Modeling provides a framework to systematically develop, test, and integrate these 
quantitative representations into a holistic, coupled process simulation.  The development of this 
simulation framework typically begins with the formulation of a conceptual model that is based 
on the bench-scale testing of the bioremediation process and the site baseline analysis.  This 
knowledge can be incorporated into a numerical model of the dominant processes operative on 
the site before, during, and after biostimulation.  Laboratory-derived parameters will likely 
deviate from those in the field; thus, the initial simulations are considered preliminary with 
anticipated refinement during pilot-scale studies in the field.  The value of numerical modeling is 
the ability to identify systematic responses to variations in design parameters.  This will allow for 
the assessment of implementation issues and comparison of bioremediation options in the 
context of the uranium inventory, environmental transport processes, and the characterized 
biogeochemical reactions. 

A key issue is for the simulation capability to be an appropriate representation of the field-
scale processes.  The pilot-scale testing described in Section 4 can provide an opportunity to 
test the preliminary design and build sufficient understanding of the field system to refine the 
conceptual and numerical process models.  Critical components of the field scale simulation are 
1) accurate characterization of the saturated and vadose zone uranium source(s), 2) spatial and 
temporal resolution to account for the controlling features (e.g., transport pathways, seasonal 
transients), 3) hydrologic process models and parameterizations that are demonstrated to 
describe site behavior (e.g., tracer tests), and 4) uranium biogeochemistry that is robust for all of 
the anticipated conditions of a particular bioremediation implementation at a particular site (e.g., 
pilot-scale testing).   
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5.2 Role of Modeling in Monitoring and Interpretation 

A quantitatively predictive understanding that leads to a reliable field-scale uranium 
bioremediation design can also provide a simulation-driven organizing principle for 
characterizing processes and properties, identifying data needs to satisfy knowledge gaps, 
designing monitoring schemes, confirming the conceptual model(s), and assessing 
performance.  This is particularly useful to in situ uranium bioremediation in which monitoring 
requirements can be expected to be more comprehensive (spatially and long-term) than for 
other remediation technologies that destroy (e.g., trichloroethylene biodegradation) or 
permanently sequester [e.g., formation of Cr(OH)3 mineral] contaminants.  Performance 
monitoring, as a supplement to compliance monitoring, can provide important information at 
early stages of the bioremediation to assess consistency with the conceptual model.  Modeling 
can then be used to build a systematic interpretation from various scales of hydrologic, 
geochemical, and microbiological information.   

An important component of the modeling is the representation of the flow and transport 
processes that dictate the delivery of the electron donor and the influent flux of aqueous 
chemical components, presumably including uranium.  The hydrologic model should be based 
on the baseline characterization of model parameters described earlier.  While the STOMP 
simulator (White and Oostrom 2000, 2006) has been used at the Hanford Site and Old Rifle 
UMTRA site for its variably saturated flow model and treatment of boundary conditions, there 
are a number of other simulators that can be appropriate for uranium bioremediation 
applications (cf. MODFLOW (Harbaugh et al. 2000), TOUGH (Pruess 2005), 
HYDROGEOCHEM (Yeh et al. 2004)).  Ideally, history matching of monitored hydrologic 
transients and tracer tests should provide a reasonable level of confidence in the modeled 
hydrologic system.  The unmitigated labile uranium behavior, principally sorption, should be 
captured by the geochemical model, consistent with observed groundwater uranium 
concentrations and labile uranium extractions.  In this case, the multicomponent reactive 
transport versions of the previously identified simulators (STOMP-ECKEChem, MODFLOW-
RT3D, TOUGH-REACT (Xu et al. 2004), HYDROGEOCHEM/BIOGEOCHEM) can be used as 
well as coupling the hydrologic simulators to standalone reactive transport simulators such as 
RT3D(Clement et al. 1998), and BIOGEOCHEM (Fang et al. 2003; Fang et al. 2006).  The 
baseline risk assessment should be based on the characterized uranium source and the 
coupling of hydrological, transport, and geochemical process models.   

For the bioremediation performance assessment simulation, biologically mediated reactions 
(e.g., Equations 2.1 to 2.3) and rate laws are added to the other process models to link the 
consumption of electron donor to the conversion of TEAs.  The dual Monod equation is 
commonly used to represent the kinetics of the microbially-mediated redox reactions 
(Widdowson et al. 1988; Semprini and Mccarty 1992; Smith and Jaffe 1998).  In this case, the 
Monod terms describe the electron donor consumption rate, , as a function of the electron 
donor and electron acceptor concentrations.    
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where NeA is the number of terminal electron acceptors, Cc is acetate concentration, CeA is the 
terminal electron acceptor concentration, µm,eA is the acetate oxidation rate for the terminal 
electron acceptor, Ks,C is half-saturation coefficient for acetate, and Ks,eA is half-saturation 
coefficient for the terminal electron acceptor.  χea is equal to 1 when the electron acceptor in the 
redox reaction is being utilized and equal to 0 when a redox reaction involving a more 
energetically favorable electron acceptor still dominates.  In other words, the utilization of a less 
favorable terminal electron acceptor does not proceed until the concentration of the more 
favorable electron acceptor drops below a specified threshold level (Kindred and Celia 1989; 
Rabouille and Gaillard 1991; Park and Jaffe 1996).  
 

More recently, a thermodynamic term, 1 – exp[(ΔGr- ΔGmin)/RT, has been included by some 
researchers e.g., (Noguera et al., 1998; Liu et al., 2001; Curtis, 2003; Jin and Bethke, 2003) into 
the rate law in Equation 5.1 in a manner similar to the transition state theory approach for 
mineral reaction kinetics.  In this case, ΔGr is the free energy of the corresponding TEAP 
reaction, ΔGmin is the minimum energy required to drive ATP synthesis, R is the gas constant, 
and T is the absolute temperature. The inclusion of the thermodynamic control term is based on 
the findings that the Monod kinetics formulation alone will predict consumption of electron donor 
and acceptor even when the free energy of the corresponding TEAP reaction reaches zero or a 
minimum energy required by bacteria to drive adenosine triphosphate (ATP) synthesis.   

The coupled models of flow and biogeochemical reactive transport should be capable of 
representing the delivery of electron donor to the target zone, sequential onset of TEAPs, 
consumption of electron donor, and conversion of bioavailable TEAs, including U(VI) in space 
and time.  The refinement of model parameters (e.g., stoichiometry, reaction rates, energy 
transfer efficiency, etc.) using monitoring data from the pilot-scale testing gives the performance 
assessment simulation the best chance of generating valid predictions.   

During the bioremediation, the simulation capability can use monitoring data to test the 
conceptual model of uranium bioremediation.  In this case, the timing and location of acetate 
consumption, TEA conversion, generation of carbonate, and reduced oxidizers during 
biostimulation can be interpreted based on monitoring of electron donor and acceptors, solution 
chemistry, and reduction products. 

5.3 Data Interpretation and Modeling Uncertainty 

Consideration of uncertainties at the conceptual model development stage, as described in 
Section 3.5, is important. Assessing the impact of uncertainties on the modeling results requires 
the application of quantitative tools. Determination of the parameters that are most important to 
model predictive uncertainty is generally carried out through the implementation of sensitivity 
analysis (Helton et al. 1993; Saltelli et al. 2000; Saltelli et al. 2004; Helton et al. 2006). Due to 
the complexity of bioremediation models, screening methods such as the method of Morris 
(Morris 1991; Saltelli et al. 2000) and the method of Andres and Hajas (Andres and Hajas 1993; 
Saltelli et al. 2000) may be particularly helpful. Sensitivity results can also be derived from 
Monte Carlo simulation as described by Helton et al.(Helton et al. 2006) and as part of a formal 
calibration procedure (Hill and Tiedeman 2007). These methods are more computationally 
demanding than the screening methods identified above. Global sensitivity methods (McKay 
1995; Saltelli et al. 2000; Borgonovo et al. 2003) partition the total prediction variance according 
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to the contribution of each parameter and also determine the contribution to prediction variance 
due to interactions between parameters. These methods of sensitivity analysis are also likely to 
be computationally demanding for bioremediation modeling.   

A variety of methods for propagating parameter uncertainty through bioremediation models 
are available. These include Monte Carlo simulation (Helton et al. 2006), the first-order, second-
moment method (Kunstmann et al. 2002), the stochastic response surface method (Isukapalli et 
al. 1998), and stochastic moment methods (Rubin 2003). Of these methods, Monte Carlo 
simulation is the easiest to implement and the most generally applicable. For bioremediation 
models, Monte Carlo simulation is likely to be computationally demanding. 

Methods for quantifying the impact of conceptual model uncertainty are much less well 
established than those addressing parameter uncertainty. Neuman and Wierenga (Neuman and 
Wierenga 2003) discuss a wide variety of issues related to hydrogeologic conceptual model 
uncertainty, including many instances of its practical importance. While it is generally possible to 
specify a reasonable probability distribution representing the complete set of possibilities for the 
value of a parameter, it is not generally possible to specify the complete set of possible 
conceptual model alternatives. As a result, conceptual model uncertainty has generally been 
represented using a small number of alternative models. The options for addressing conceptual 
model uncertainty then include the following.   First, evaluate each alternative and select the 
best model. This may be carried out through an informal comparison (James and Oldenburg 
1997; Cole et al. 2001)or through evaluation of a formal model selection criterion (Burnham and 
Anderson 2002; Ye et al. 2008).  Next, evaluate each alternative model and combine the results 
using some weighting scheme, such as the likelihood-based weighting of Beven and Freer 
(Beven and Freer 2001), the multimodel ensemble approach of Krishnamurti et al. (Krishnamurti 
et al. 2000), the model likelihood weighting of Burnham and Anderson (Burnham and Anderson 
2002), and the model probability weighting of Draper (Draper 1995). Neuman (Neuman 2003) 
reviews these and other approaches that have been used to address conceptual model 
uncertainty. Ye et al. ((Ye et al. 2004); see also (Meyer et al. 2004)) describe the application of 
a method to jointly assess parameter and conceptual model uncertainty. Meyer et al. (Meyer et 
al. 2007) include the impact of uncertainty in future scenarios and demonstrate the method 
using a groundwater flow and uranium transport application.  

5.4 General Sampling/Monitoring Principles 

Sampling design and monitoring issues arise in several facets of the assessment of uranium 
bioremediation performance.  These include  

• identification of baseline conditions 

• verification of conceptual models 

• short-term monitoring during and shortly after remediation 

• long-term monitoring to evaluate long-term effectiveness of uranium removal. 

During the early stages of the project, it may be useful to apply the DQOs (Data Quality 
Objectives) process, developed by EPA, for systematic planning of the collection of 
environmental data (1988).  The process consists of several steps that are meant to ensure that 
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environmental data meet the specific needs of the project, especially when this involves 
decision making (e.g., that remediation of a site has reduced groundwater concentrations below 
compliance levels), or for estimation (e.g., estimation of mean concentrations at a waste site).  

The baseline conditions are primarily associated with characterization of the site, and will 
include assessment of the uranium inventory in the groundwater and possibly the vadose zone 
(see Section 3.1.1).  The baseline may also include assessment of the plume footprint, i.e., the 
area where the uranium concentrations exceed regulatory standards.  Baseline mapping of 
uranium may be performed using geostatistical methods, which provide estimates that 
incorporate assessment of spatial uncertainty (Goovaerts 1997).  Geostatistical estimation and 
simulation methods are based on modeling the spatial continuity of geologic properties using 
variogram analysis.  The variogram models are then used as input parameters for geostatistical 
estimation and simulation programs to interpolate between point measurements.  For example, 
Murray et al. (2004) used geostatistical simulation methods to map the probability that uranium 
concentrations exceeded the drinking water standard (DWS) for several plumes at the Hanford 
Site, and also provided estimates of the total area that exceeded the DWS as well as the 
uncertainty in the estimates.  They also used a combination of geostatistical simulation and 
Monte Carlo sampling to provide uncertainty estimates of the uranium inventory in groundwater 
at the same sites (Murray et al. 2004).  Baseline estimates of the uranium inventory and area 
above the DWS could later be compared with estimates generated after bioremediation using 
the same procedures.   

Several methods can be used to ensure that well locations provide sufficient spatial 
coverage for characterization and monitoring.  One useful approach when designing the first 
monitoring program at a site is to use a combination of a regular grid with a nested approach, to 
ensure that all scales of geologic phenomena are adequately sampled, while at the same time 
providing uniform coverage for map generation (Goovaerts 1997).  However, in most cases 
uranium bioremediation will be conducted at sites where monitoring locations already exist.  In 
this case, methods will be needed to evaluate the suitability of the existing monitoring locations.  
Approaches that can be used for this evaluation include geostatistical methods (Cameron and 
Hunter 2002) and Delaunay triangulation methods (Ling et al. 2004).  Geostatistical methods 
are often used for reduction of the number of wells to be sampled based on identification of 
those wells providing redundant information (Cameron and Hunter 2002).  Rouhani and Hall 
(1988) provide a method for identification of additional monitoring locations based on identifying 
locations with high uncertainty that also have a high probability of having high concentrations.  
Delaunay triangulation methods for evaluation of monitoring locations are incorporated within 
the MAROS (Monitoring and Remediation Optimization System) software, and can be used for 
both reduction of redundant wells and identification of additional monitoring locations (Ling et al. 
2004). 

In addition to determining the locations for monitoring wells, it is necessary to determine the 
frequency with which monitoring locations need to be sampled.  For short-term monitoring 
during pilot studies, and during the periods during and shortly after remediation, preliminary 
modeling studies can be used to identify a reasonable sampling interval.  For example, Scheibe 
et al. (2001) used transport models at several scales to determine the best temporal sampling 
plan for a microbial transport experiment.   
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For long-term monitoring of a groundwater plume, several methods are available for 
identification of a reasonable monitoring frequency (Minsker 2003).  These include variogram 
methods and trend-detection methods.  Cameron and Hunter (2002) used two methods for 
selection of temporal monitoring frequencies.  They used a composite temporal variogram to 
identify a global optimum sampling frequency, based on the temporal autocorrelation of sample 
data across all wells (Cameron and Hunter 2002).  They also used an “iterative thinning” 
approach to modify the sampling interval at individual wells; the iterative thinning approach 
analyzes trends in the data at each well and determines if the trend can still be identified after 
removal of a randomly selected fraction of the measurements.  An example of a simpler trend-
detection method for optimization of temporal monitoring frequencies is CES (Cost-Effective 
Sampling), which bases the monitoring schedule for individual wells at a contaminated site on 
the magnitude of the most recent changes in concentration, so that wells exhibiting large 
increases or decreases in concentration are subject to more frequent sampling (Johnson et al. 
1996).  The CES approach is incorporated as the temporal sampling optimization method in the 
MAROS software (Ling et al. 2004). 

The spatial and temporal monitoring design methods discussed above make the assumption 
that the plume is relatively stable (i.e., stationary), so that historical concentration data, possibly 
including information on concentration trends, can be used to optimize the spatial and temporal 
monitoring of a contaminated site.  In many long-term monitoring studies, especially in those 
where the goal of the study is to characterize the shrinkage of the plume, the plume is transient 
in nature and probabilistic methods are often used (Minsker 2003).  In most of these methods, 
flow and transport models of the site are coupled with geostatistical or other probabilistic 
approaches and used to minimize the probability that a plume is not detected or that some 
statistical summary of the plume (e.g., the total mass in the plume) is not captured by the 
monitoring network.  Kim and Lee (2007) and Bierkens (2006) provide examples of the use of 
dynamic flow and transport modeling results in monitoring network design. 

For the purposes of this document, performance indicators are measured or calculated 
parameters that provide an estimate of an important aspect of uranium bioremediation system 
function.  The concept of the performance indicators is that a limited number of specific 
parameters can be used to systematically assess the effectiveness of a bioremediation process.  
Furthermore, performance indicators are prioritized to achieve optimal uncertainty reduction 
versus cost depending on specific site characteristics and uncertainties.  The performance 
indicators are based on issues and processes that introduce significant questions about the 
effectiveness of uranium bioreduction.  Theses issues include uranium sources, electron donor 
delivery, electron donor consumption, maintaining conditions for effective uranium bioreduction, 
post-biostimulation behavior including reoxidation of U(IV), and desorption.  Other concerns 
include evolving biogeochemistry/time scales of observation and overall priorities for monitoring 
parameters. 

The performance indicators are discussed in the following four sections: pre-biostimulation 
baseline characterization, uranium removal effectiveness, the conceptual model of uranium 
transport and fate, and the microbiological conceptual model.  Individual performance indicators 
are then presented in tabular form organized by performance indicator priority.  
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5.4.1 Pre-Biostimulation Baseline Characterization  

A key aspect of the performance monitoring program should be the pre-biostimulation 
baseline characterization that will be necessary for comparisons with monitoring performed 
during and after bioremediation or pilot-scale tests.  It is possible that much of this baseline 
characterization may have already been a part of earlier characterization performed in support 
of the risk assessment.  One particularly useful approach is a transport experiment with multiple 
tracers that have different diffusion characteristics.  This experiment will provide important 
information regarding transport (e.g., effective porosity, preferential flow, transport time scales, 
multiregion behavior) that will have direct implications for the design of amendment delivery.  
Key baseline data required include groundwater geochemistry, sediment geochemistry, and 
hydrogeology (see discussion above and Table 3.2 for details).   

As noted above, an important part of the baseline characterization is collecting sufficient 
information to understand the persistence of the uranium plume.  We assume here, that if 
uranium plumes were attenuating naturally at a reasonable rate for the observed contamination 
levels, engineered bioremediation would be unnecessary.  In some cases, numerical 
simulations have predicted natural uranium plume attenuation in time periods of years to 
decades only to discover that uranium concentrations were largely unchanged or in some cases 
higher during the predicted time frame.  At the Hanford 300 Area, this occurred in spite of 
source removal.  Possible mechanisms include 1) an undiscovered concentrated uranium 
source in the vadose zone, 2) a sparingly soluble mineral phase in the saturated zone with 
uranium at either major or minor concentrations, or 3) diffusion limited flux of uranium from 
dead-end pores in fine-grained sediments such as clay lenses.  In the first case, a rising water 
table from periodic runoff or recharge events may encounter concentrated uranium in the 
vadose zone in either sorbed or soluble form.  The uranium is taken into solution in the pore 
water and reaches the upper part of the water table, sustaining the plume.  In the case of low-
solubility mineral phases, slow dissolution via oxidation of a reduced uranium-bearing phase 
such as uraninite may contribute to maintaining plume concentrations.  If sufficient abundance 
exists, a similar argument could be made for minerals with trace concentrations of uranium such 
as pyrite.  While it may be challenging to define exact mechanisms, it is also difficult to design 
an effective in situ uranium bioremediation system without a significant level of understanding of 
the underlying source of the uranium plume. For example, if diffusion out of fine-grained 
materials is an important source, it will be crucial to ensure that electron donor is delivered to 
the areas containing the fine-grained materials, including coating of less permeable materials 
such that U(VI) is reduced as it diffuses from the fine grain clasts or peds (Scheibe et al. 2006b). 

Point samples from groundwater and sediment may be augmented by geophysical data 
collection to provide a geophysical baseline prior to conducting pilot-scale testing or full-scale 
bioremediation. Geophysical measurements (complex resistivity, self potential, cross-well radar, 
and cross-well seismic) can then be collected over time at the same locations, and the changes 
in geophysical attributes relative to the baseline data sets can be used to detect the 
transformations associated with the biostimulation treatment.  With this approach, time-lapse 
geophysical data have been used during biostimulation experiments to indirectly monitor the 
spatiotemporal distribution of injected amendments, evolution of gases associated with 
denitrification, development of iron sulfides associated with sulfate reduction, and the changes 
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in total dissolved solids associated with nitrate and sulfate reduction (e.g., (Lane et al. 2006); 
(Williams et al. 2006)).  Time-lapse complex resistivity and self-potential data sets collected at 
the Rifle site during different biostimulation experiments, indicate the utility of those data for 
distinguishing between iron-reducing and sulfate-reducing conditions and for identifying the 
spatial extent of electrochemical responses, respectively (Williams et al. 2006).  Estimation 
frameworks, currently in development, will permit the use of the time-lapse geophysical attribute 
information for quantitative estimation of biostimulation transformations.  Although the use of 
geophysical methods for monitoring biostimulation processes is a current topic of research, 
these studies highlight the potential that they hold for understanding complex transformations at 
the field scale and in the presence of natural heterogeneity.  

In this section, we describe monitoring of performance indicators that will address the 
potential issues related to uranium bioremediation.  In this report, a performance indicator is a 
measurable quantity that contributes to the confirmation and/or assessment of a site conceptual 
model for engineered processes.  We divide the monitoring approach into three broad groups to 
assess and confirm:  1) uranium removal effectiveness, 2) environmental transport conceptual 
model, and 3) microbiological conceptual model.  In Section 6.0, we provide our best estimate of 
the priority of the performance indicators. 

A general consideration for all three groups is to provide performance indicators with regard 
to principal issues with engineering uranium behavior.  The first is the identification of potentially 
uncharacterized sources (e.g., vadose zone uranium leached during water table fluctuation).  At 
the Hanford Site 300 Area for example, the largest uranium plume is associated with the most 
recently used surface disposal facility that operated until 1994.  Recent groundwater 
measurements, however, have identified a uranium hot spot near a small disposal trench that 
was decommissioned in 1963.  The site conceptual model is also being revised to reflect a 
chronic source of uranium in the lower part of the vadose zone that is activated during periods 
of high water table.  

A second performance issue revealed through groundwater monitoring during 
bioremediation is the presence of U(VI) in the treatment zone that is not immobilized.  While this 
could be the result of an uncharacterized uranium source, the interest here is for zones that are 
not sufficiently exposed to electron donor (and associated tracer such as bromide).  In early 
experiments at the Rifle site, a lack of mixing in injection gallery wells resulted in the delivery of 
electron donor that bypassed the uppermost part of the saturated zone as defined by the 
absence of both Br and acetate in multilevel samplers. This resulted in high, unmitigated U(VI) 
concentrations near the water table (Figure 5.1).  Injectate density effects apparently played a 
key role, but preferential flow paths were also evident as the highest acetate and tracer 
concentrations were found in the second row of monitoring wells down-gradient from the 
injection.  This situation could be further complicated by the presence of enhanced DO and 
U(VI) near the water table.  A key monitoring consideration that revealed the vertical variability 
and stratification during biostimulation at the Rifle site was depth-specific sampling for both 
groundwater (multilevel water sampling in and around the treatment zone, Figure 5.2) and 
sediments (core samples, Figure 5.3). 

The example of differential delivery of electron donor provided by the Rifle site illustrates the 
importance both of a conservative tracer associated with the electron donor and the ability to at 
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least selectively monitor vertical differences in tracer and electron donor as well as horizontal 
spatial delivery.  The use of Br as a conservative tracer is commonplace including the use of 
ion-specific electrodes for field measurements (e.g., (Levy and Chambers 1987)). Conservative 
tracers are particularly valuable for in situ amendment of electron donor in that the ratio of the 
electron donor to the conservative tracer provides an indicator of the rate of utilization of the 
electron donor by the in situ microbial community.   

Ion-specific electrodes are provide for high-temporal frequency in situ or ex situ Br analyses, 
producing detailed Br arrival curves. The ion specific electrodes work well in situ as long as 
sulfate reduction does not occur. Unfortunately sulfate reduction results in precipitation of FeS 
on the electrode surfaces, destroying their ion-specific response. Other conservative tracers are 
also available, e.g. deuterium (Becker and Coplen 2001).  

Measurement of the vertical distribution of tracers, electron donor can be accomplished in a 
number of ways including the passive multilevel samplers shown in Figure 5.2 (Ronen et al. 
1991). Other methods include multiple completions of individual wells to different depths at a 
single location, individual sampling ports on single wells (Smith et al. 1987; CL:AIRE 2002), and 
specialized samplers for collecting water at specific depths within a well screened across the 
entire aquifer. While it may not be practical to conduct multilevel samples at all locations in a 
treatment zone, selective use of multilevel sampling to document vertical differences in electron 
donor delivery and response are highly desirable (Elci et al. 2001). 

A third performance issue is the potential for changing bioremediation effectiveness.  The 
transition from iron to sulfate reduction described earlier at the Rifle site was shown to 
significantly decrease the efficacy of U(VI) removal from groundwater.  However, the post-
biostimulation uranium behavior showed a subsequent evolution to another biogeochemical 
state where enhanced uranium removal took place only in the zones that experienced 
significant sulfate reduction.  Thus, a key issue in monitoring these biogeochemical transitions is 
sampling frequency.  The sampling scheme design should be based on the time scales of the 
process dynamics, which may be diurnal, seasonal, and/or episodic.  Even the seasonal 
sampling during the spring runoff should be viewed as event-driven because the specific timing 
can vary from year to year.  
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Figure 5.1. Distribution of U(VI) as a Function of Depth During a Biostimulation Experiment.  
Injection of acetate started on 22 June 2002 and ended on 23 October 2002.  
Uranium concentration decreased through 21 Aug 2002 except in the upper part of 
the aquifer where acetate was not entrained in groundwater due to the delivery 
system.  The increase in U(VI) concentration near water table on 30 July 2002 
reflects the absence of acetate and possibly a slight increase in water level.  Data 
were obtained using passive multilevel samplers (see Figure 5.2). 
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Figure 5.2. Passive Multilevel Samplers.  A. Cell on support rod being lowered into monitoring 

well.  Cells are initially installed with distilled and deionized water and equilibrate in a 
few days with in situ groundwater at a given depth.  B. MLS cells from a background 
well (note rust- colored coating indicative of iron oxide stability).  C. MLS cells from a 
treatment zone well undergoing sulfate reduction (note black coating from 
precipitation of FeS). 
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Figure 5.3. Example of Heterogeneity in Alluvial Sediment.  The wide range of grain size and 

mineralogy exerts significant control on permeability, porosity, uranium sorption, and 
overall reactivity of the sediments. 

5.4.2 Characterization of Biostimulation Effectiveness 
 

5.4.2.1 Group 1:  Uranium Removal Effectiveness 

The uranium removal effectiveness group (Group 1) provides a general perspective of the 
uranium distribution in the subsurface.  It does not provide sufficient confirmatory information for 
the baseline conceptual model of uranium transport and fate addressed in Group 2, or the 
uranium bioremediation conceptual model addressed in Group 3.   

Compliance standards are typically based on the aqueous uranium concentrations.  Thus, 
the most direct indication of compliance status will be through monitoring of groundwater for 
uranium concentrations.  Key components of the Group 1 groundwater monitoring indicators are 
to establish the initial uranium (i.e., pre-biostimulation) for both the background and 
contaminated aquifer zones while capturing the transient aqueous uranium entering the 
treatment zone.  This will provide a basis for comparing uranium concentrations monitored 
during and after the biostimulation and linking observed changes with the biostimulation.  In 
some cases (e.g., Rifle site), the treatment zone may be small compared to the extent of 
uranium contamination such that an uncontaminated upgradient zone is not sufficiently close to 
the treatment zone to reasonably compare changes.  In these cases, the unmitigated 
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contaminated zone upgradient of the treatment zone should be monitored to identify the 
transient water chemistry and the background geochemical condition of the sediments.  See 
Figure 5.4 for a depiction of the spatial distribution of U(VI) before and during biostiumulation at 
the Rifle site. 

 
Figure 5.4. Plot of U(VI) Concentration Spatially (A) Before and (B) During Biostimulation.  Note 

spatial and temporal variability of U(VI) concentration. 

Two key facets of U(VI) concentrations are 1) the vertical distribution in the aquifer and 2) 
the temporal changes associated with water table fluctuations as discussed earlier in this 
document.  In most cases, the amount of data that can be collected in both space and time is 
constrained by available funds.  However, it is important to note that information on the spatial 
and temporal distribution of U(VI) may actually save remediation costs if it is discovered that 
U(VI) concentrations are restricted to the upper part of an aquifer, for example.  Furthermore, 
we have used passive multilevel samplers that only require a single well bore (Vrionis et al. 
2005) (see Figure 5.2) to obtain data on the depth distribution of U(VI) as well as other 
dissolved constituents in groundwater. 

Sampling frequency is a crucial parameter that needs to be adaptively established based on 
events suspected of impacting U(VI) (e.g., water table rise) or on time frames previously 
observed for response of U(VI) concentrations to biostimulation (7 to 10 days).  We typically 
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conduct sampling at frequencies ranging from two times per week at the outset of electron 
donor amendment to monthly during post-amendment monitoring.  After event impacts are well 
established, monitoring could occur less frequently.  It should also be possible to link sampling 
to near-continuous geophysical monitoring, where real-time changes in calibrated geophysical 
responses (e.g., a decrease in self-potential voltage) indicate the onset of a system 
transformation that requires sampling. 

Concentrations of U(VI) in groundwater should be complemented by uranium extractions 
performed on sediments sampled before and after primary biostimulation.  These are typically 
carbonate extractions designed to identify the labile uranium component.  In our experience at 
the Rifle site, spatial variability in the extractions performed on cored sediments can be 
considerable.  In this case, the spatial resolution of the sampling scheme should be guided by 
knowledge gained from the pilot study and cost considerations.  We are currently researching 
in-well sediment incubators as possible surrogates for in situ sediment samples.  Initial results 
suggest that it may be possible to use such incubators to inexpensively characterize both 
sorbed uranium and in situ microbial response under background and locally biostimulated 
conditions. 

A key piece of information is the amount of U(VI) in groundwater that has been reduced to 
U(IV) and become associated with the sediments.  In this case, preparation and maintenance of 
reduced uranium in cored sediments for subsequent analysis is a critically important task.  A 
specialized laboratory experiment (Komlos et al. 2006) was recently performed in which an 
entire column of sediment was brought intact to a nearby x-ray synchrotron for analysis of the 
uranium oxidation states in a biostimulated column.  When compared to standard handling 
approaches in which sediment was removed from columns and shipped offsite, this approach 
resulted in considerably higher measurements of reduced uranium in sediments. Analysis of 
such samples are typically conducted either by bicarbonate extraction under oxic or anoxic 
conditions or by spectroscopic methods using one of several sychrotron light sources around 
the globe (see http://www-als.lbl.gov/als/synchrotron_sources.html, for a complete list of light 
sources). The most common method for spectroscopic determination of uranium redox state is 
X-ray Absorption Near Edge Structure (XANES, see Kemner (Kemner 2008) for a recent article 
summarizing the use of hard X-rays for geobiology studies). While XANES and related X-ray 
spectroscopic techniques require on the order of 50 ug/g of sediment, detection limits continue 
to decrease with technology advancements. The most significant advantage is that minimal 
sample processes and handling is required compared to traditional extraction techniques, thus 
decreasing the chance of inadvertent modification of the uranium redox status. 

5.4.2.2 Group 2:  Conceptual Model of Uranium Transport and Fate  

We take the view that monitoring uranium levels in groundwater is a necessary but not 
sufficient performance indicator.  The expectation of the Group 2 performance indicators is the 
assessment and confirmation of the conceptual model for uranium transport and fate.  System 
complexity may affect the delivery of amendments to the subsurface as well as long-term 
effectiveness.  This would include bypass from preferential flow paths, spatially variable 
depletion of bioavailable terminal electron acceptors that are critical to the maintenance of 
effective uranium bioremediation, changes in the geochemical environment (e.g., mineral 
precipitation) that affect uranium availability and reactivity, and the impact of hydrologic events 
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(e.g., elevated water table, intense rainfall/recharge) on the reoxidation of reduced sediments.  
Evolving reactivity may also occur over longer time scales needed for permeability reduction 
due to formation of secondary minerals and post-biostimulation re-equilibration to ambient 
conditions. 

It should be mentioned that the microbially mediated creation of low ORP conditions (e.g., 
through Fe(II) and sulfide formation) that thermodynamically favor abiotic uranium reduction 
have been shown to be quite limited kinetically in natural sediments (Jeon et al. 2005).  Thus, 
the general concern with the maintenance of reducing conditions is with regard to preventing 
reoxidation of bioreduced uranium, not necessarily the continued production of U(IV).  However, 
we also note that post-amendment removal of U(VI) at the Rifle site may result from biosorption 
of U(VI).  The longevity of such immobilization is not yet known but appears to last at least 2 
years, depending on the abundance of sulfide precipitation during sulfate reduction. 

Key monitoring quantities are summarized in Table 6.1.  Aqueous conditions that can be 
automatically and continuously logged with an in situ sonde include water depth, pH, ORP, 
alkalinity, specific conductivity, and temperature.  At the Rifle site, we have four sondes that are 
continuously operated with bimonthly downloading of these data.  An attractive alternative is to 
set up these systems with telemetry that will allow the data to be downloaded remotely.  Water 
levels can be particularly important to the regional flow field as well as chemical conditions near 
the water table.  Standard multilevel samplers are very useful but it may not be feasible to 
deploy them in every well.  We have supplemented our multilevel samplers with various passive 
samplers that can be used to economically collect depth-dependent distributions of aqueous 
and particulate components (Figure 5.2).  In many cases, we can visually identify depth-
dependent behavior by examining the sequence of the sampling cells.   

Standard aqueous sampling should be directed at the transport of the injectate (e.g., tracer, 
electron donor, possibly electron acceptors), consumption of electron donors (e.g., ethanol, 
acetate, lactate) and electron acceptors (e.g., oxygen, nitrate, sulfate), and biostimulation 
reaction products [carbonate, ammonium, sulfide, reduced metals such as Fe(II), Mn(II)] .  Most 
recently, a technique using tubing and syringes suspended in wells (Spalding and Watson 2006) 
has been used to provide the most accurate measurements of dissolved gases such as 
hydrogen, oxygen, carbon dioxide, and nitrogen.  The adaptation of this technique to a passive 
depth-dependent sampling of the water column promises to provide key feedback on 
bioremediation progress (e.g., hydrogen and carbon dioxide byproduct) and reoxidation (e.g., 
DO and nitrogen).    

Where possible, sediment extractions or spectroscopic methods should be used to identify 
the uranium form [e.g., U(IV), U(VI) as mineral, surface complex], iron form [Fe(II), Fe(III) as 
mineral and surface complex], and other secondary minerals (e.g., carbonate, sulfide). At the 
Naturita uranium mill tailing site (Naturita, Colorado), sediments were suspended directly in 
wells to provide cheaper and easier access to reacted sediments as a means of monitoring 
uranium redox status (Curtis et al. 2004). Once appropriate sediment samples are in hand and 
properly preserved to maintain redox status of redox sensitive metals, there are a variety of 
spectroscopic methods available for solids analysis. These methods have the advantage of 
avoiding chemical extractions with attendant opportunities for inadvertant modification of redox 
status during analysis. Common spectroscopic techniques include XANES (see discussion in 
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section 5.3.2), Extended X-Ray Absorption Fine Structure (EXAFS, see 
http://gbxafs.iit.edu/training/tutorials.html), Fourier transform infrared spectroscopy (FTIR, 
http://mmrc.caltech.edu/FTIR/FTIR.html), Raman spectroscopy, Micro-X-Ray Fluorescence 
(micro XRF), Micro-X-Ray Diffraction (micro-XRD), and X-ray Photoelectron Spectroscopy 
(XPS, see Grant and Briggs (Grant and Briggs 2003)) 

5.4.2.3 Group 3:  Microbiological Conceptual Model 

The Group 3 performance indicators are designed to assess and confirm the microbiological 
conceptual model underlying the engineered bioremediation.  A key issue is the ability to 
differentiate, where necessary, the dominant microbial populations associated with major 
TEAPs in the bioremediation scheme.  Although there is a sequential nature to these TEAPs, 
there is growing evidence from the field that multiple TEAPs (e.g., iron and sulfate reduction) 
can be operating simultaneously in the same aquifer sediments, although likely in different 
microniches.  Succession to a new dominant TEAP ostensibly occurs when the preceding 
dominant terminal electron acceptor is depleted, no longer bioavailable, or reduced in 
concentration to a point where it no longer impacts the system.  This is significant only if the 
succeeding microorganisms are less effective at uranium bioreduction than their predecessors, 
which appears to be the case with the acetate-oxidizing microbial consortia at Rifle.   

Specialized sampling procedures (e.g., (Colwell et al. 1992), (Holmes et al. 2005a), (Long 
2002), (Peacock et al. 2004), (Vrionis et al. 2005)) are necessary to identify the microbial 
community structure and measure the abundance and activity of the dominant microorganisms.  
Sampling techniques typically are focused on groundwater, sediments, or in-well coupons or 
sediment incubators.  For sampling groundwater, concentration of the planktonic microbial 
community by filtration is typical.  The volume of sample that is filtered depends on the specific 
microbial analysis.  16S DNA sampling, for example, can be done by filtering relatively small 
volumes (1 to 3 liters), but more sophisticated techniques such as rRNA require larger volumes 
(~20 liters and more care in sample handling).  Sediment sampling is the most challenging 
because drilling is usually required.  Sample volumes again depend on the proposed analysis, 
ranging from 25 grams to 0.5 kg or more.  In-well coupons such as Bio-Sep beads (see below) 
are attractive because no drilling is involved, but may be problematic if the well-bore 
environment is not representative of the surrounding formation and groundwater conditions.  
Recently, efforts have been made to develop an in-well sediment incubator that eliminates this 
issue by fully occupying part of the well bore with sediment from the site (Peacock, personal 
communication).  This approach makes it possible to track in situ sediment microbial population 
changes without drilling. 

Microbial Analysis Techniques.  Phospholipid fatty acid (PLFA) profiles provide a broad but 
reliable picture of microbial community structure with relatively small groundwater or sediment 
samples required.  Furthermore, PLFA analyses are commercially available.  Standard 
molecular biology techniques, such as 16-S clone libraries, can also be routinely performed.  
However, molecular biology techniques are evolving rapidly, and it is now possible to track both 
gene expression and mRNA during the course of biostimulation (Holmes et al. 2004); (Holmes 
et al. 2005b).  DNA chip arrays and bead arrays make it possible to screen samples for both 
microbial metabolic function and genetic identity.  Many of these tools are used primarily for 
research but are quickly becoming available to meet the needs of applied bioremediation.  
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Sediment analyses include the use of similar tools but require extraction of DNA prior to 
analysis.  

A novel bio-trap technique that captures microbial community structure in the subsurface is 
Bio-Sep® Beads (Peacock et al. 2004).  The beads are 2 to 3 mm in diameter, with high 
porosity and surface area.  Biofilms form rapidly in the Bio-Sep® Beads and the biofilm 
community structure on the beads is more indicative of in situ microbial ecology than samples of 
planktonic organisms.  Standard PLFA and denaturing gradient gel electrophoresis (DGGE) 
analysis of DNA are performed on extracts from the samplers.  The beads serve as an excellent 
technique for assessing the effects of biostimulation on microbial biomass, community 
composition, and metabolic state.  Microbial analyses of these beads are commercially 
available. 

A recent workshop on molecular biological tools (SERDP and ESTCP 2005)  produced a 
summary of the current state of techniques for field applications.  This document identifies 
currently available tools and tabulates their relative frequency of use, advantages, 
disadvantages, and current applications. 

Iron-reduction and sulfate-reduction TEAPs are also amenable to indirect assessment using 
geophysical monitoring via electrical methods (Williams et al. 2006).  Recent unpublished 
results from the Rifle site using electrical resistivity tomography indicate that iron- and sulfate-
reducing conditions are readily distinguished in adjacent electron donor amendment plots, one 
of which was driven to sulfate reduction and the other maintained in iron reduction.  Although 
these results are preliminary, they indicate the potential value of geophysical methods for 
monitoring microbial processes in the subsurface in a minimally invasive manner and over field-
relevant scales. 

5.5 Long Term Removal and Immobilization of Uranium 

While biostimulated reduction of U(VI) to uraninite has been demonstrated to lower 
groundwater concentrations in the field (e.g., (Anderson et al. 2003; Vrionis et al. 2005; Wu et 
al. 2006b)), a key deployment issue is how to maintain these concentrations below target 
compliance levels into the foreseeable future.  In the case of uranium, the bioremediation 
principle is based on immobilization rather than destruction.  As a consequence, remobilization 
of sequestered uranium must be prevented or sufficiently minimized.  Furthermore, if there is a 
continuous influx of uranium-contaminated groundwater into the treatment zone, removal also 
must continue as needed to maintain compliance.   

Because the uranium redox cycle is reversible, assuring in advance that conversion of UVI) 
to U(IV) and its precipitation and stabilization as a mineral phase is permanent is likely to be 
challenging. Some level of post-amendment monitoring with the option to re-amend the system 
with electron donor may be needed until monitoring shows that uranium rebound in groundwater 
is within acceptable limits. While current regulatory requirements for the time of compliance vary 
among the types of sites described above, it is incumbent on the licensee to demonstrate that 
the intent of concentration limits are appropriately met. The nature of the uranium redox cycle 
must be considered in designing and testing bioremediation strategies for uranium. 
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The concern with a post-biostimulation return to ambient water chemistry is that it will result 
not only in the resumption of uranium-contaminated groundwater entering the treatment zone, 
but also the remobilization of previously bioreduced uranium.  Uraninite oxidation and 
remobilization has been observed in the presence of dissolved oxygen (e.g., (Abdelouas et al. 
1999a; Moon et al. 2007)), nitrate (e.g., (Suzuki and Suko 2006)), Mn(IV) minerals (e.g., (Suzuki 
and Suko 2006)), Fe(III) minerals (e.g., (Sani et al. 2005a, b; Ginder-Vogel et al. 2006)) and 
promoted by elevated bicarbonate from oxidation of carbon electron donor (e.g., (Wan et al. 
2005; Ginder-Vogel et al. 2006)).  

Various strategies can be invoked to prolong the treatment capacity of the system:  1) 
periodic amendments with electron donor, 2) periodic amendments with the target TEA, 3) 
enhancement of uranium sorption, and/or 4) co-precipitation of uranium into secondary 
minerals. Remobilization of sorbed, precipitated, and co-precipitated uranium will be dependent 
on the dissolution rates of the secondary minerals that incorporate or overlie the sequestered 
contaminants.  Furthermore, secondary minerals can contribute to the long-term stability of 
biogenic uraninite by slowing the reoxidation process.   Abdelouas (1999) found that when 
oxidizing background conditions returned after biostimulation ended, mackinawite that 
precipitated during biotransformation of U(VI) to uraninite, provided an oxygen sink that 
prevented the oxidation of uraninite.  This suggests two approaches to stabilize the immobilized 
uranium:  1) maintain sufficiently low redox potential to prevent oxidation of uraninite, and/or 2) 
armor the solid associated uranium to prevent release to solution.   

Periodic amendments of electron donor presupposes the bioavailablity of the targeted 
electron acceptor.  Depending on the groundwater chemistry and site-specific conditions, there 
may be limits to maintaining the principal TEAPs that support the microorganisms responsible 
for U(VI) bioreduction.  For example, the dissimilatory metal reducing bacteria (i.e., Geobacter 
sp.) thought to be responsible for the bioreduction of U(VI) at the Rifle site is dependent on the 
bioavailable Fe(III) TEA.  If this TEA is exhausted, the removal of U(VI) from groundwater will be 
inhibited.  In this case, prolonging the Fe(III) TEAP may require periodic iron amendments to the 
subsurface.   

U(VI) can sorb onto biopolymers (cells synthesized by microorganisms) and reactive mineral 
surfaces.  Biosorption of uranium has been observed in experiments and is thought to contribute 
to post-biostimulation removal of uranium from groundwater at the Rifle site (cf. (N'Guessan et 
al. 2008)).  The specific attributes that increase the affinity of one biopolymer (e.g., Firmicutes) 
over another is not completely understood and neither is long-term biosorption.  Uranium 
sorption on mineral phases has a considerably larger body of research, although investigations 
performed under conditions of biostimulation are limited.  In this case, there is evidence that 
U(VI) desorption may be inhibited during biostimulation (e.g., (Jeon et al. 2004; Ortiz-Bernad et 
al. 2004b)).  This would tend to contradict the general expectation for U(VI) to desorb when 
aqueous U(VI) concentrations decline during active bioreduction and the additional bicarbonate 
produced during the oxidation of the carbon source forms uranyl complexes with less affinity for 
the surface complexation  sites.  If U(VI) desorption during biostimulation were to occur, then 
there should be enhanced post-biostimulation capacitance for U(VI) sorption.    

Based on the stoichiometry of iron bioreduction (see Equation 2.1), millimolar equivalent 
concentrations of Fe(II) can be produced during biostimulation with the acetate concentrations 
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used at the Rifle site.  With only a small fraction of this Fe(II) detected in the groundwater, the 
bulk of the biogenic Fe(II) is presumed to be associated with the solid phases.  The reoxidation 
of this solid-associated Fe(II) has the potential to form “fresh” amorphous Fe(III) oxide surfaces 
with potentially high affinity for U(VI).  Sorption of U(VI) on these iron oxide minerals (such as 
hematite [alpha-Fe2O3] and goethite [alpha-FeOOH]) and occlusion of the sorbed U(VI) by Fe-
oxide coatings are processes that can retard U transport. 

The formation of iron oxides as well as other secondary minerals (e.g., calcite, magnesite, 
iron sulfide) provides several potential mechanisms for stabilizing immobilized uranium.  
Epitaxial formation of these minerals may prevent underlying solid-associated uranium [U(VI) or 
U(IV)] from being directly exposed to aqueous oxidants.  Another possibility is that uranium may 
be coprecipitated as these minerals form.  The fact that natural calcite crystals contain U(VI) in a 
comparatively less distorted structural environment may indicate that U(VI) can be stabilized 
over long time scales (Kelly et al. 2003).  

It should be mentioned that U(VI) minerals are typically undersaturated in the presence of 
micromolar U(VI) concentrations in most natural aquifer systems.  Only at more highly 
contaminated waste sites where uranium process wastes have interacted with sediments and 
other co-contaminants are uranium minerals, such as uranophane, boltwoodite, autunite,  
observed (e.g., (McKinley et al. 2007; Ilton et al. 2008)).  



 

6.0 Prioritization of Performance Indicators 

Table 6.1 summarizes the performance indicators.  Priorities are designated in three 
categories: mandatory, desirable, and optional.  In addition, the temporal dimension of the 
monitoring regime is provided as a guideline for monitoring frequency.  Mandatory performance 
indicators are those indicators judged to be the minimum set of data needed to validate a 
uranium bioremediation project.  Desirable performance indicators are those, which, if included, 
could be used to make a stronger case for the success and effectiveness of uranium 
bioremediation.  Optional performance indicators are the lowest priority but may provide 
valuable information in selected cases or enhance the understanding of system processes.  
This prioritization scheme was developed to minimize the cost of system assessment by 
focusing on low-cost measurements in the mandatory category while still ensuring that critical 
data are obtained.  Site-specific conceptual or numerical models may indicate different priorities 
or the need for emphasis on specific measurements. 

Table 6.1. Prioritized Information and Monitoring Parameters for Assessment of Bioremediation 
of U(VI) in Groundwater 

Mandatory Site Information:  Uranium Distribution, Magnitude, Form, and Mobility  
Information area/parameter Desired 

Range* 
Comments 

Site conceptual model for 
uranium source term 

NA  Consideration of alternative conceptual models critical 

Spatial extent of 
contamination zone (plume 
geometry) 

 ±20% of 
estimate 

Differentiate between vadose zone and aquifer 
concentrations; aqueous and sediment associated 
uranium; geometry drives layout of bioremediation 
system 

Form and mobility/lability  ± 30% of 
estimate 

Experiments and sediment extractions to identify 
uranium form and potential for future mobility based 
on labile fraction.  Evidence for insoluble uranium 
phase or vadose zone sources of uranium are 
particularly important. 

Mandatory Site Information: Hydrologic and Geologic Data  
Information area/parameter Desired 

Range* 
Comments 

Site conceptual model for 
subsurface (vadose zone and 
groundwater) flow and 
contaminant transport 

NA Consideration of alternative conceptual models critical 

Temporal recharge ±20% Seasonal and episodic impact to unsaturated flow, 
extreme recharge event, and impact must be 
considered if flooding probable at the site 

Vadose zone hydrogeology: 
porosity, water retention 
function parameters 

 ±20% of 
estimate 

Seasonal and episodic impact to flow direction critical 
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Groundwater flow velocity 
(Darcy flux) and direction 

 ±30% of 
estimate 

Seasonal and episodic impact critical 

Water table dynamics (use 
hourly data as event-based 
geochemical sampling driver) 

NA Relationship between water table and U concentration 
critical 

 

Table 6.1.  (contd) 

Site hydrogeology:  hydraulic 
conductivity, porosity, 
dispersivity, hydrofacies 

NA Fundamental to both site and process conceptual 
model 

Remediation process 
conceptual model 

NA Fundamental to prioritization of monitoring parameters

Particle size characteristics NA Reactive surface area, clays, upscaling lab to field 

Mandatory Geochemical and Microbiological Performance Monitoring Parameters 
Parameter Desired 

Range* 
Comments 

Background U(VI) 
concentration, monthly or bi-
monthly and event-base (e.g., 
high water table) 

NA Number of sampling points based on plume and 
treatment zone complexity and size (including depth) 

Treatment zone and down-
gradient U(VI) concentration 

Below MCL at 
facility 
boundary 

Number of sampling points based on plume and 
treatment zone complexity and size.  Credit taken for 
attenuation to facility boundary based on observation 
wells adjacent to boundary or modeling prediction 
(with uncertainty included). 

DO, ORP, specific 
conductivity, and pH 
measured hourly to 4 times 
daily in background and 
treatment zone (autonomous 
multiparameter probes) 

DO<0.5, 
ORP<0, 
conductivity 
initial increase, 
pH ~ steady 

Values used as overall dynamic indicator of impact of 
bioremediation on subsurface geochemistry 

DO, ORP, specific 
conductivity, and pH 
measured at time of 
groundwater sampling in 
background and treatment 
zone using flow-cell with 
multiparameter probe 

See above Linkage of U(VI) concentrations with parameter 
change evidence for bioremediation process 
conceptual model 

Aqueous electron acceptors 
and reduction byproducts in 
background and treatment 
zone:  nitrate, nitrite, 
ammonium, Mn(IV/II), sulfate, 
sulfide  

NA Significant concentrations of oxygen and/or other 
electron acceptors above the U TEAP on the redox 
ladder must be addressed by the bioremediation 
strategy and their reduction products monitored.  
Sulfur isotopic analyses may provide supplemental 
information. 

Fe(III) mineral abundance NA Fe(III) minerals provide sorption sites for Fe(II) & 
U(VI),  terminal electron acceptor for iron-reducing 
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Table 6.1.  (contd) 

bacteria, dissolved Fe(II) source   
Fe(II), sulfide measured in 
field at time of sampling for 
U(VI) (up- gradient, treatment 
zone, and down-gradient) 

Increasing 
Fe(II); sulfide 
indicator of 
sulfate 
reduction 

Maintaining metal reduction may optimize U(VI) 
removal from groundwater; sulfate reduction may 
enhance long-term immobilization in sulfate-rich 
systems 

Electron donor concentration 
in treatment zone 

>0 Evidence of delivery and treatment zone distribution; 
consumption calculation based on tracer data 

Tracer for electron donor >0 in treatment 
zone 

Typically Br is used for conservative tracer, accurate 
indication of donor distribution 

Alkalinity (measured in the 
field) 

NA Indicator of carbonate geochemistry, dissolved 
carbonate/bicarbonate forms strong anionic 
complexes with U(VI) to decrease its adsorption and 
increase its solubility and mobility 

Desirable Performance Monitoring Parameters 

Parameter/Method 

Desired 
Range or 

Response* Comments 
Depth discrete U(VI) data 
(upper/mid/lower part of 
contaminated zone) 

Regulatory 
Compliance 
Criteria 

Decreased effectiveness of treatment in the 
uppermost part of the saturated zone may be 
problematic 

Major cations and anions NA Provides additional evidence for dominant 
geochemical aqueous complexation and mineral 
solubility reactions 

Impact of treatment process 
on groundwater flow directions 
(hourly water level at minimum 
4 points) 

Dependent on 
background 
flow 

Helps to provide assurance that groundwater is not 
rerouted around treatment zone 

In situ redox status of U using 
in situ sediment incubators 
(ISIs) 

Significant 
U(IV) present 

Evidence that precipitation of U(IV) is occurring in situ 
obtained via differential U extraction. 

Microbiological assessment 
using coupons or in situ 
incubators  

Shift to metal 
and/or sulfate 
reduction 

Evidence for desired in situ microbial respiration 
obtained from deploying coupons or in situ incubators 
in well bores and periodically measuring microbial 
parameters (see text for additional discussion) 

Depth-discrete sediment 
sampling/extraction for U, Fe, 
AVS 

NA Evidence for conversion of terminal electron 
acceptors 

Major dissolved gas 
components in groundwater 

NA Evidence for key TEAPs and microbial metabolism 

Time-lapse GPR cross-well or 
electrical measurements 

Shift in 
geophysical 
attributes in 
zone of 
electron donor 

Indicates two-dimensional distribution of electron 
donor, although impact of other transformations on 
geophysical signatures must be assessed and errors 
associated with tomographic inversion procedures 
can ‘smear’ amendment boundary. 
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Table 6.1.  (contd) 

Optional Performance Monitoring Parameters 

Parameter/Method 

Desired 
Range or 

Response* Comments 
Depth-discrete data for 
mandatory geochemical 
parameters 

NA Characterizes spatial distribution of fundamental 
biogeochemistry in aquifer 

Depth-discrete data for 
desirable monitoring 
parameters 

NA Characterizes spatial distribution of desired 
biogeochemical reactions in aquifer 

Impact of treatment process 
on hydraulic properties 

<15% change Documents possible system clogging of pores 

Organic and inorganic carbon 
analyses 

NA More accurate documentation of natural organic 
carbon sources carbonate geochemistry 

Microbiological assessment 
performed directly on 
sampling of treatment zone 
materials  

Shift to metal 
and/or sulfate 
reduction 

Measurements directly on groundwater filtrates or 
sediment cores provide "gold standard" assessment 
of microbial community structure (e.g., PLFA, 16S, 
DNA/RNA chip arrays, or functional chip arrays) 

In situ redox status of U by 
direct sampling of in situ 
materials 

  U(IV)/U(VI) measurements on in situ sediments 
provide "ground truth" for U bioreduction 

Time-lapse electrical resistivity 
and self potential tomography 

NA Can indicate the 3-D distribution of dominant TEAPs 

Time-lapse seismic 
tomography 

NA Sensitive to gas evolution and secondary mineral 
precipitation 

Temporal Dimension of Monitoring Regime (see also flow chart in text) 
Information area/parameter Desired 

Range 
Comments 

1st year:  monthly or bi-
monthly sampling 

NA Sampling during early stage of treatment increases 
chance of capturing metal reduction phase 

2nd and 3rd year:  bi-monthly 
sampling 

NA Adjustments to sampling frequency needed based on 
expected life of electron donor or other facets of 
treatment system  

3rd through 10th year:  
quarterly sampling conditioned 
on water table behavior 

NA Seasonal and water table fluctuations should drive 
sampling schedule 

Beyond 10 years, adaptive 
sampling based on prior year 
results 

NA If a high level of confidence can be demonstrated 
based on sampling over fewer than 10 years, adaptive 
sampling strategies could start earlier 

NA = not applicable 
*Based on expected values judge to have an impact on MCL. 

It is recognized that uranium contamination in groundwater occurs in a variety of 
hydrogeologic settings and that some settings may be amenable to different priorities.  For 
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example, reclamation and cleanup of sites where uranium has been mined by in situ leaching 
(ISL) may have a different set of issues and drivers than alluvial aquifers contaminated during 
uranium milling operations.  ISL sites are commonly deeper than milling tailings sites, but have 
the advantage that existing wells and infrastructure can be used for cleanup and monitoring 
using geophysical techniques.  ISL cleanup is commonly done abiotically by sweeping clean 
water through the system to dilute uranium concentrations followed by reduction by H2S and 
additional pumping to remove residuals.  Bioremediation could decrease cost and increase the 
effectiveness of treatment.  Geophysical and biogeochemical monitoring is likely critical in such 
cases to demonstrate effective spatial distribution of treatment and achievement of desired 
results over appropriate time periods. 

The most complete set of performance indicators will not be useful unless it is effectively 
analyzed and communicated to problem holders, regulators, and stakeholders.  Visualization of 
the spatial and temporal changes in performance indicators is a particularly useful analysis and 
communication tool.  Such visualization can be as simple as performance indicator versus time 
plots posted on a borehole map.  Figure 5.4 shows the concentration of U(VI) in space at two 
differenct times for the Rifle site.  A sequence of such plots could be used to animate the visual 
evidence for U(VI) removal over a 3-month period for the 2002 Rifle field experiment.  Such 
animations can be used to illustrates key points about the change in U(VI) reduction at the onset 
of sulfate reduction. 

Performance indicators are typically also used to update numerical modeling of the system.  
For example, if groundwater elevations indicate that permeability of the treatment zone is 
changing, different values of permeability can be input to the numerical model to assess the 
extent of change that is consistent with water table elevations.  The updated model can then be 
used to assess the effectiveness of treatment and degree of rerouting of groundwater flow that 
may be occurring. Changes in permeability can also be dynamically updated by reactive flow 
and transport models that include precipitation of secondary minerals induced by bioremediation 
(Li et al. 2007).  Such assessments can also be used to estimate the value of additional 
monitoring points or to indicate that some monitoring point may no longer be cost effective to 
sample. 



 

7.1 

7.0 Conclusions 

In situ bioremediation of uranium holds significant promise for effective sequestration of 
U(VI) from groundwater at a reduced cost compared to conventional pump and treat.  This 
promise is unlikely to be realized unless researchers and practitioners successfully predict and 
demonstrate the long-term effectiveness of uranium bioremediation protocols.  Field research to 
date has focused on both proof of principle and a mechanistic level of understanding.  Current 
practice typically involves an engineering approach using proprietary amendments that focuses 
mainly on monitoring U(VI) concentration for a limited time period.  Given the complexity of 
uranium biogeochemistry and uranium secondary minerals, and the lack of documented case 
studies, a systematic monitoring approach using multiple performance indicators is needed.  
The performance indicators provided here are based on current biogeochemical understanding 
of uranium and enable practitioners to understand the performance of their system and make a 
strong case to clients, regulators, and the public that the future performance of the system can 
be assured and changes in performance addressed as needed.  The performance indicators 
established by this document and the information gained by using these indicators do add to the 
cost of uranium bioremediation.  However, they are vital to the long-term success of the 
application of uranium bioremediation and provide a significant assurance that regulatory goals 
will be met. 
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