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Abstract
The texture and mineralogy of solid phases resulting from biogeochemical metal reduction of
U(VI)-FeOOH slurries was investigated over a period of four years. Solid-phase reaction products
were analyzed with EXAFS, TEM, and XRD following fermentative reduction of uranium-loaded
ferric hydroxide precursors with 0.01 and 0.05 cation mole fraction (CMF) U by cultures of Thermoanaerobacter sp. strain TOR-39. Only minor changes could be distinguished between 3 and 51 months
for most slurries. Magnetite, goethite, uraninite, and minor akaganéite were present after 3 months at
both U-CMFs. Akaganéite was not detected by XRD after 3 months, but was still observed by TEM
after 50 months. Increasing uranium in the starting slurries led to a greater proportion of oxidized iron
in the solid-phase products. Euhedral goethite and subhedral to euhedral magnetite were observed at
all times. Uraninite was observed in clusters of <10 nm particles without any particular relationship
to the iron minerals. HRTEM imaging indicated that even the smallest uraninite particles were well
crystallized, with textures that remained consistent throughout the duration of experiments. X‑ray
absorption spectra after 3 months indicated 100% and 96.4% U(IV) in 0.01 and 0.05 CMF U slurries,
respectively. EXAFS spectra were consistent with uraninite at both uranium levels, plus additional
non-uraninite U(IV) for 0.05 CMF U. One 0.05 CMF U culture slurry was found to have a lower pH
and a more oxidized final iron mineral assemblage; in this case uraninite was not observed by XRD,
but large (101 nm average diameter) rounded uraninite grains were observed by TEM. These grains
were observed in chains or aggregates often connected by necks, in textures suggestive of biological influence. HRTEM demonstrated each grain was composed of poorly oriented, primary, 2–5 nm
uraninite crystallites. Uraninite crystal growth occurred by nanoparticle aggregation, but ripening was
not observed even though incubation temperatures were held at 65 °C for 20 days. Thus, previous
studies of biogenic nanoparticulate uraninite short-term reactivity are likely to be representative of
systems aged over a period of years.
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Introduction
The fate and transport of uranium is tied to iron in many
natural and engineered systems. Uranium is more soluble at
higher redox potentials when iron is insoluble, but their relative
solubilites are reversed under reducing conditions. As a result,
dynamic interactions between aqueous and mineral U/Fe species
occur. Uranium(VI) transport is typically retarded by adsorption
to iron oxide minerals (e.g., Bostick et al. 2002; Davis et al.
2004), and its release controlled by the level of complexation
with ligands such as carbonate and phosphate (Langmuir 1978).
Inputs of organic matter and nutrients into groundwater systems,
either through natural or engineered processes, stimulate microbial respiration and lead to a depletion of oxygen. In a simplified
sense, the system will decrease in redox potential through steps that
relate to a sequence of terminal electron accepting processes, includ* E-mail: amadden@ou.edu
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ing iron reduction (Chapelle 2000). Ferrous iron concentrations
increase, leading to the precipitation of new mineral phases such
as siderite, vivianite, and magnetite. Depending on the particular
chemical, mineralogical, and biological species present, the redox
potential for U(VI) reduction to U(IV) overlaps with that of iron
reduction (Ginder-Vogel et al. 2006). Thus, the solid-phase products
of biogeochemical metal reduction lead to the possibility of dynamic
reduction-oxidation reaction sequences.
Concerns based on the chemical toxicity of uranium in
groundwater depend on the EH-pH regime. When the redox potential of soils and sediments remains sufficiently high, uranyl
[U(VI)] ions and their complexes are stable, relatively soluble,
and can maintain aqueous concentrations in excess of standards
for public health. Sources of uranium include natural uranium
deposits, nuclear fuel cycle operations, nuclear weapons program
activities, and residual munitions from uranium-bearing weapons shells. Active remediation methods have been employed at
many of these sites.
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