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Abstract In situ bioremediation of uranium-contaminated aquifers through microbially catalyzed reduction
of mobile U(VI) species can only be successful if the U(IV) products are immobilized over long time-scales.
Although uraninite is known for its low solubility and has been produced in nano-particulate form by several
species of metal- and sulfate-reducing bacteria in laboratory studies, little is known about the stability of biogenic U(IV) in the subsurface. Using an up-scaling approach, we investigated the chemical and environmental
stability of biogenic UO₂ nano-solids. Our results show that diffusive limitations due to aquifer porosity and
microstructure may retard uraninite corrosion. Corrosion was also retarded by adsorption or incorporation
of manganese. On the other hand, U(VI) bioreduction in ﬁeld sediments generated U(IV) that was more labile
than biogenic UO₂.
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Introduction
Bioremediation of aquifers contaminated with
uranium (U) from abandoned mining or milling
sites intends to immobilize dissolved U(VI) in situ
through stimulated microbial reduction to a sparingly soluble U(IV) solid. The rationale behind this
technique is the persistence of uraninite in lowtemperature sedimentary ore deposits formed
under reducing conditions. Recent research has
shown that microbial U(VI) reduction leads to
nano-sized (2—5 nm) particles suggesting enhanced solubility as a result of a proportionally
high surface area. Furthermore, detailed knowledge of the molecular structure of the U(IV)
phases and responses to varying geochemical conditions is needed. Unfortunately, the isolation of
suﬃcient U(IV) bioreduction products from the
ﬁeld to apply spectroscopic analyses and perform
chemical experiments remains a challenge.
We applied an up-scaling approach. First, we
characterized biomass-free nano-uraninite produced by Shewanella oneidensis MR-1 and determined the intrinsic solubility and dissolution
behavior of these products by controlled laboratory experiments (using stirred batch and continuous-ﬂow reactors). Mn(II)-doped biogenic
uraninite was studied for comparison because
structural incorporation of Mn(II) was expected to
reduce the susceptibility to corrosion. Uraninites
produced by a variety of different bacterial strains

were then compared to the product characterized
for S. oneidensis MR-1.
Second, column experiments tested whether
similar nano-uraninite accumulated if sediment
from a ﬁeld site (Old Riﬂe IFRC, Colorado) was augmented with biostimulated S. oneidensis cultures.
The stability of the formed product was then determined in the presence of artiﬁcial Riﬂe groundwater. In a third step, the reactivity of biogenic
nano-uraninite was tested in situ by extended exposure in two Riﬂe aquifer redox zones. A new encapsulation technology was applied to enable the
recapture of the nano-solids for further characterization. This conference paper gives an overview
of the major milestones of the collaborative work
from the past ﬁve years.

Methods
Methods to determine the stability of biogenic
UO₂ followed an up-scaling approach in terms of
biogeochemical complexity and instrumental
scale from simple bench experiments using
stirred batch (SBR) and continuous-ﬂow tank reactors (CFR) to continuous-ﬂow sediment columns
(CFC) to ﬁeld tests where UO₂ nano-solids were exposed in two aquifers by a new encapsulation
technology that enabled the recapture of the test
solids for further characterization. First, the solubility and dissolution kinetics of NaOH-treated,
biomass-free bio-UO₂ and chemogenic uraninite
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were compared in simple lab matrices, starting
with anoxic HEPES-buffered pure water, followed
by an addition of 1 mM NaHCO₃, followed by additional supply of ≈ 0.5 mg/L dissolved oxygen (DO),
ﬁnally switched to air-equilibrated water (≈
9 mg/L DO). The detailed protocols including the
synthesis of chemogenic and biogenic UO₂ and
the dissolution rate calculation are given in Ulrich
et al. (2008, 2009).
Second, the form and stability of uranium reduced under biostimulated conditions in sediment derived from a former U-processing site at
Old Riﬂe, CO, were investigated using two bioactive and one bio-suppressed CFC. The sediment
was initially augmented with Shewanella oneidensis MR-1 and continuously fed with 15 mM lactate
and 55 dissolution in the above-mentioned lab
matrices and in artiﬁcial Riﬂe groundwater using
the CFR technique. For further details refer to
Sharp et al. (2011).
Finally, NaOH-treated (biomass-free) bio-UO₂
and bio-UO₂ within an intact biomass matrix
were exposed in Riﬂe groundwater by testing two
encapsulation techniques, (i) permeable membrane cells constructed from 2 mL polyethylene
tubes loaded with uraninite-water suspensions,
and (ii) uraninite-doped polyacrylamide gel pucks
wrapped in dialysis membranes. The diffusion of
water and solutes through a gel puck is expected
to be on the order of hours for a 2—3 mm gel
(Campbell et al. 2007). The tubes were secured in
a plastic holder that was deployed at least 1 m
below the water table in two different wells, B-02
(a moderately oxic background well), and P-103 (located in a naturally anoxic zone). Two experi-

a) Anoxic / reducing
UV

ments were carried out that lasted 83 and 102 days.
Details on sample characterization and dissolution rate calculation are given in Campbell et al.
(2011).

Results and Discussion
Bench-scale Studies
Carbonate accelerates dissolution of biogenic UO2
more than of chemogenic UO2 Under anoxic condi-

tions, chemogenic UO₂ and cleaned bio-UO₂ (prepared at pH 6.3) showed similar equilibrium
solubility (≈ 10⁻⁸ M) and surface area-normalized
dissolution rate constants in pure water buffered
at around pH3.3—5.5 • 10⁻¹³ mol U m⁻² s⁻¹) (Ulrich
et al. 2008). This ﬁnding is consistent with the
structural homology of bio-UO₂ and stoichiometric UO₂.₀₀ (Schoﬁeld et al. 2008, Bargar et al. 2008).
However, in the presence of 1 mM NaHCO₃, the dissolution rates increased for both UO₂ materials,
and the biogenic nano-solids yielded higher dissolution rates (1.8 • 10⁻¹⁰ mol U m⁻² s⁻¹) than the
chemogenic UO₂ (2.7 • 10⁻¹¹ mol U m⁻² s⁻¹). While
in an anoxic system the presence of carbonate
should not signiﬁcantly alter the solubility of
UO₂₍am₎ (Guillaumont et al. 2003), the prompt increase of the dissolution rate in response to the
carbonate supply points to faster detachment of
oxidized uranium species presumed to have accumulated on the UO₂ surface.
Carbonate also promoted uraninite dissolution under moderately oxidizing conditions. X-ray
photoelectron spectroscopy (XPS) detected a
higher proportion of U(V) on the bio-UO₂ surface
(Ulrich et al. 2009). The observed increase of the
dissolution rates can be explained by carbonate

UVI
x CO32Ø

eØ

UO2.0

Ox Red

[UO2(CO3)3]5Ø
[UO2(CO3)x]-2x+2
Strongly oxidizing

b) Mildly oxidizing
UVI

UO2.0

Aachen, Germany

?

2eØ

UVI

2H+ + ½O2 H2O

UO3·2H 2O

U4O9

Figure 1 Schematic of UO₂ dissolution under (a) anoxic and (b) mildly to strongly oxidizing conditions.

Balls represent particles, white and grey pentagons U(V) and U(VI) ions attached to the UO₂ surface
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complexation of U(V) facilitating the detachment
of U(V) ions from the surface (Fig. ₂.₀ to UO₂₊x.
In equilibrium with air, combined spectroscopic results suggest the formation of a near-surface layer of approximate composition UO₂.₂₅
(U₄O₉) coated by an outer layer of U(VI). This result is in accordance with CFR experiments that
indicate control of the dissolution rate of surfaceoxidized bio-UO₂ by the solubility of the U(VI)
oxyhydroxide metaschoepite under the tested
condition. While in anoxic systems the dissolution rate will be controlled by the rate of surface
oxidation of any trace oxidants (e.g., non-measurable traces of oxygen or reaction products from αradiolysis), with increased DO supply the
detachment of U(VI) from the surface coating (ultimately oxidized to metaschoepite) will increasingly become the rate-limiting step in the
dissolution process (Fig. 1b).
Manganese incorporation makes biogenic UO2
more resistant to oxidation Mn(II), a common

groundwater cation, has an ionic radius comparable to that of U(IV) making it suitable for substitution reactions within metal oxides including UO₂.
Because sedimentary uraninites abundantly contain cation impurities that enhance their resistance to oxidation (Janeczek & Ewing 1992, Finch
& Ewing 1992), we tested the hypothesis that
Mn(II) incorporation into the lattice of bio-UO₂
would lower its solubility. The reduction of U(VI)
by S. oneidensis MR-1 was carried out in the presence of different concentrations of MnCl₂. Interestingly, high Mn²⁺ concentrations (up to 8effect
of Ca²⁺ (Brooks et al. 2003). Mn(II)-reacted, biomass-free bio-UO₂ had Mn(II) that was both adsorbed and incorporated.
Equilibrium solubility and dissolution kinetics
were determined for Mn-reacted bio-UO₂ and
compared with the results obtained for Mn-free
bio-UO₂ from SBR and CFR experiments. Under
anoxic conditions, the equilibrium uranium concentration was lower for the Mn-reacted bio-UO₂
(5.5 • 10⁻⁹ M) than for the Mn-free bio-UO₂ (9.5 •
10⁻⁹ M), which demonstrates a lower solubility for
the Mn-reacted nano-solid despite smaller particle size. For the same anaerobic conditions, both
materials (Mn-free and Mn-reacted bio-UO₂)
yielded average dissolution rates of 3.3 • 10⁻¹³ and
1.2 • 10⁻¹⁴ mol U m⁻² s⁻¹, versus 1.0 • 10⁻⁹ and 2.6 •
10⁻¹¹ mol U m⁻² s⁻¹ under aerobic conditions, in a
carbonate-buffered matrix (1 mM NaHCO₃). Thus,
the stability of Mn-reacted bio-UO₂ is higher than
that of Mn-free bio-UO₂ by a factor of 28 and 38
(Veeramani et al. 2009). The Mn and U analyses in
CFR eﬄuent showed that over the duration of the
experiment (90 residence times), only ≈ 18% of
the adsorbed Mn(II) was removed, while less than
1% of the total uraninite was dissolved during that
time. Hence sorbed or incorporated Mn(II) con-
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tributed to the stability of Mn-reacted bio-UO₂.
After removing the adsorbed fraction by repeated pH 5 washes, Mn(II) remained incorporated with 3.0—4.4 wt% (15—21 mol%) of uraninite
(Veeramani et al. 2009). The divalent oxidation
state of incorporated manganese was conﬁrmed
by Mn-XANES. Combined results from Mn K-edge
EXAFS and U LIII-edge EXAFS indicated that Mn(II)
and U(IV) shared a similar local coordination environment suggesting that Mn(II) occupied U(IV)
sites within the UO₂ crystal structure. HRTEM images showed that the average particle size decreased from 2.5 to 1.7 nm (±0.15) at the higher Mn
concentrations (Veeramani et al. 2009). Overall,
the results suggest that biogenic uraninite with
adsorbed and incorporated Mn(II) is more resistant to oxidation than Mn-free bio-UO₂ due to
greater thermodynamic stability and slower rates
of surface-mediated processes (Veeramani et al.
2009). An important constraint for this effect is
the absence of Mn(II) oxidizing bacteria or spores
that catalyze the oxidation of Mn²⁺ to MnO₂, because previous work has shown that biogenic
MnO₂ is an effective oxidant for biogenic uraninite (Chinni et al. 2008).
Diverse bacterial strains produce similar nanoparticulate uraninite Under similar lab conditions,

phylogenetically and metabolically diverse strains
of dissimilatory metal- and sulfate-reducing bacteria formed biogenic uraninite with particle diameters of 2—3 nm and lattice constants
consistent with UO₂.₀. Although U(VI) reduction
rates were different, structurally similar solids
have been obtained with different genera of Shewanella, Anaeromyxobacter, Geobacter, and
Desulfovibrio (Sharp et al. 2009). Given the structural similarities, it is likely that each of these biogenic uraninites have similar properties with
regard to stability and can be modeled using the
dissolution constants described earlier for biogenic UO₂ product from Shewanella sp.

Column-scale Study: Biostimulated U(VI) reduction formed U(IV) phases other than UO₂
Uranium(VI) continuously fed to columns
loaded with Riﬂe sediment was most effectively
retained near the inﬂow section (≈ 250g sediment). XAS analysis indicated tetravalent uranium lacking the spectroscopic signatures
representative of U-U associations within the crystalline UO₂ structure. Consistent with the biogeochemical conditions it is possible to explain the
spectra by uranium association with phosphoryl
moieties found in biomass, which would imply direct enzymatic U(VI) reduction (Bernier-Latmani
et al. 2010, Fletcher et al. 2010, Sharp et al. 2011).
Despite initial augmentation of the sediment
with S. oneidensis, indigenous bacteria of the phylum Firmicutes dominated the columns just after
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11 days and throughout the experiment. After the
uranium reduction phase, two months of in situ
exposure to oxic, 30₃ inﬂuent did not result in signiﬁcant uranium remobilization nor oxygen
breakthrough (Sharp et al. 2011).
Using the same inﬂuent composition, a CFR experiment was applied on the sediment from the
inﬂow section of the biostimulated column to investigate the stability of the unknown U(IV) phase
at a solids concentration of ≈ 8.5 g/L (substantially
lower than in the columns and during in situ exposure). The best match to the U-release curve was
obtained by calculations assuming two pools of
solid U phases releasing U simultaneously at two
different rates. A smaller pool of initially 29% of
total U showed a higher release rate of (5.5 ± 0.6) •
10⁻⁵ mol (g U)⁻¹ s⁻¹ whereas the other 71% of the
total U exhibited a lower release rate of (8.1 ± 0.9)
• 10⁻⁷ mol (g U)⁻¹ s⁻¹. Because complementary digestions and structural analyses showed that the
fraction of U(VI) in the sediment was very small,
and XAS data ruled out signiﬁcant UO₂ in the sediment, these ﬁndings suggest the presence of two
different forms of U(IV) in the sediment with different physical release mechanisms or oxidation
rates (Sharp et al. 2011).
The U release rate of the less labile, predominant U-phase in air-equilibrated water containing
30 mM NaHCO₃ was 4-times higher than for bioUO₂ under similar experimental conditions.
Under reducing and carbonate-free conditions,
the measured U release rate from the sediment of
1.4 • 10⁻⁸ mol (g U)⁻¹ s⁻¹ was 5 orders of magnitude
higher than for bio-UO₂ dissolution (5.3 • 10⁻¹³
mol (g U)⁻¹ s⁻¹). While these calculated rates include the effects of physical transport processes
such as diffusion of oxygen and carbonate into
micropores of the bulk sediment and diffusion of
desorbed U(IV) or oxidized U(VI) out of such pores,
they represent an upper bound for uranium mobility at a solids concentration of ≈ 8.5 g/L and verify that the U(IV) phases obtained are less stable
under both anoxic and oxic conditions than were
the investigated biomass-free bio-UO₂ solids (Ulrich et al 2009).

Field-scale Study: Diffusion-driven transport
lagged corrosion of incubated biogenic UO₂
During the 102-day incubation period in the moderately oxic well B-02, 55% of the initial mass of
NaOH-treated bio-UO₂ was lost by dissolution as
compared to 11% mass loss for the biomass-associated UO₂. Because the biomass should not provide a signiﬁcant redox buffer nor was it
metabolically active, the difference in stability is
more likely due to retarded diffusion of DO to the
uraninite surface and of desorbed U(VI) into the
aquifer (Campbell et al. 2011).
XAS analyses showed that U(VI) minerals did
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not accumulate during in-well deployment, and
the uraninite unit cell structure was not substantially altered by interaction with groundwater.
Thus, a faster oxidation of surface U(IV) atoms relative to the detachment of the oxidized surface
species, leading to accumulation of U(VI) solids
(Fig. 1b), can be ruled out. In contrast, the relative
abundance of bicarbonate (2—3 mM) in combination with <2 mg/L DO may enable oxidized surface
U(VI) atoms to be removed more rapidly than they
accumulate (Fig. 1a), suggesting that oxidation of
the uraninite surface is the rate-limiting step in
the dissolution process. Because the overall rate of
UO₂ dissolution was approximately two orders of
magnitude lower than predicted based on CFR results, a reactive transport model was applied to estimate the effect of transmembrane diffusion of
DO and U(VI) on the overall loss rates under the
given groundwater conditions of well B-02.
While the observed loss of 3—5 mg of cleaned
bio-UO₂ from the gel pucks is consistent with the
model prediction (≈ 3 mg loss over the 102-day incubation period), an additional sensitivity analysis indicated that diffusion is a key control on the
rate of uraninite dissolution in the system. Although natural bio-UO₂ would not be secured by
diffusion-limiting membranes or gels, a spectrum
of other diffusion limiting conditions can be expected in aquifers, including pore size and shape,
particle size, porosity, and diffusivity, in particular
in low conductivity ﬂow regimes. In ﬁne-grained
sediments (such as those common in naturally
bioreduced zones), the presence of diffusive barriers should be expected to profoundly impact U oxidation. Precipitation of iron sulﬁdes and calcite
and accumulation of biomass during biostimulation are expected to decrease sediment permeability, which would augment the redox buffering
capacity of iron sulﬁdes with a diffusive effect
(Campbell et al. 2011).

Conclusions
It has been hypothesized that the oxidation of bioUO₂ in aquifers would proceed faster than that of
bulk uraninite because of its nanoparticulate nature (Wall & Krumholz 2006). Although we found
similar intrinsic solubility and dissolution rates
of bio-UO₂ nano-solids and bulk UO₂ in pure
anoxic water, groundwater solutes can also affect
the stability of bio-UO₂. While carbonate and protons (Ulrich et al. 2008) accelerated the dissolution of bio-UO₂ even more than of chemogenic
UO₂, Mn²⁺ impeded these reactions by surface adsorption and / or structural incorporation.
Through up-scaling from simple lab systems to
complex ﬁeld substrates, we learned that microbial communities can rapidly shift and produce
other forms of bioreduced U(IV) that are less stable than bio-UO₂. Moreover, the microstructure of
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soils and sediments as well as association of U(IV)
with biomass can limit diffusion of DO and
groundwater solutes. Hence, physical transport
can become rate-limiting for the oxidation and
dissolution of biogenic UO₂ nano-solids in the
subsurface. Collectively, results presented here
and elsewhere (Bernier-Latmani et al. 2010,
Fletcher et al. 2010, Sivaswamy et al. 2011, Ulrich et
al. 2011, Veeramani et al. 2011) emphasize the role
of the geochemical environment in both formation and intrinsic stability of biogenic U(IV) products.
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