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Abstract

In situ bioremediation of uranium holds significant promise for effective stabilization of U(V!1)
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 uranijum 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 ieaves 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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1.0 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 leve! 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-15689 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 immaobile +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
(UO,). 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 microbiatly mediated processes. In
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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

~ € Increasing cost ~ Increasing technical uncertainty—>
€ Active remediation Passive remediation =
. Chemical V : o .\
Physical removal i | “No action™
remediation | '
£ Excavation |Pump and |Abiotic Forced ] Monitored
» and treat treatment i | natural
1 removal zones or {attenuation
s walls
Usually May Issues with | May require
¢ highest cost | require pore clogging i ai in dilution ¢ | extended
¢ Rand worker |extended  |and rerouting |gradient. y o | period of
:: risk operation  |of flow or ¢s  |Conwolon | m | monitonng
I period with | breakthrough ¢ diree . - 2 ith risk that
;‘ limited and predicted | flow dires Al ; { outcome may
S results hifetime ispl ent 4 . | not meet
) n: ' | regulatory
| requirements
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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.
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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 biostimuiation 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); (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. gnl aov/;
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 chiorinated 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 eiectron 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 couid 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.

e The fundamental processes of microbially mediated reduction of soluble U(V1) to U(IV) are
reasonably well understood and a key issue is the potential for reoxidation of bioreduced
u(Iv). '

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

o Use of Fe(lll) 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(lll) is commonly not known nor is the extent and location of sorption of Fe(ll), making
detailed modeling and prediction difficult. The role of Fe(lil) 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.

+ Minimalily 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(lV) 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
e provide a status of ongoing uranium bioremediation field and laboratory research
¢ summarize potential field-scale bioremediation design issues

e 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.
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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 resuits 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(lll) mineral resulting in reduction to Fe(ll), 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(lll) and coincidentally reduced U(VI).

212 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

2.1



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): O,/H,0, NO3/NO,, MnO,/Mn**, FeO(OH)/Fe™, SO, /HS", CO,/CH,4
(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).

E::’t";or" Oxidation Reaction (kJ Irl:‘::ion)
Acetate C,H,0, + 4 H,0= 2HCO," + 4 H, + H* +104.6
Ethanol C,HgO +H,0 = C,H,0,  + 2 Hy+ H* +9.6
Lactate C;HgO; +2 H,O0 = CH,0, + HCO, + 2 H, + H? 4.2
Glucose CgH,,0¢ + 4 H,0 = 2 C,H,0," + 2 HCO, + 4 H, + 4 H* -206.3
- —

Organic electron donor

H3C‘COO- + 4 Hzo 4 2 HCOa- + 9 H+

Fe(l I) Inorganic electron acceptor
[U(V)] Fe(lll)

uvnl

Figure 2.1. Microbial Mediation of Fe(lll) Reduction. U(VI) is the mobile valence state of
uranium, whereas reduced uranium, U(lV), 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(lll). (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 Observed Chemical Change/
Process Representative Reaction Eh (V) pe (15 deg. C)
Aerobic 0, disappearancie 0.82 14.34 Decreasing
Respiration 12 0, (aq) + 2e’+ 2H = H,0 ) ' Energy Yield
o . NOj disappearance
Denitrification NOy+ 26"+ 2H" = NO, + H,0 0.54 9.45
. Mn*" formation
Reduction of Mn MnO, + 2¢"+ 4H" = Mn* + H,0 0.40 7.0
Reduction of Fe*” formation
Fe FeOOH + ¢ + 3H" = Fe?’ + 2H,0 0.17 2.97
Reduction of HS formation
Sulfate SO + 6e + 9H' = HS + 4H,0 -0.16 -2.80
. CH, formation . (not
Methanogenesis (CH,0), = n/2 CO, + n/2 CH, -0.24 calculated)
Hydrogen H; formation
Production H'+e'=1/2 H, -0.41 717 v

*From Craig Tobias, http://people.uncw.edu/tobiasc/GLY %20472%20572/gly 472.htm
At 25°C, pe°® = 16.9Eh® (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(lll) 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 aiso 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 ptace simultaneously (Gu et al. 2002; Wu et al. 2005; Hwang et al. 2006). Figure 2.2
illustrates the sequence of TEAPSs 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(lll) 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.

Aerobic
Respiration Manganese
’ Reduction
£ Nitrate [' Fe(lll) Sulfate )
y Reduction ’, Reduc?tton Reduction Methanogenesis

increasing TEAP DOMINance  emmg»

Time  —>

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.)

2.13 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(lll), 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(lll) 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(lll) 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(lll), 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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222 | 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.

223 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(lll); and 3) the shift of TEAPSs 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
hydroiogy 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.

224 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 fieid 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(V!) 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 (FeS;) 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 afte