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ABSTRACT: Although there is consensus that microorganisms signiﬁcantly
inﬂuence uranium speciation and mobility in the subsurface under
circumneutral conditions, microbiologically mediated U(VI) redox cycling
under alkaline conditions relevant to the geological disposal of cementitious
intermediate level radioactive waste, remains unexplored. Here, we describe
microcosm experiments that investigate the biogeochemical fate of U(VI) at
pH 10−10.5, using sediments from a legacy lime working site, stimulated with
an added electron donor, and incubated in the presence and absence of added
Fe(III) as ferrihydrite. In systems without added Fe(III), partial U(VI)
reduction occurred, forming a U(IV)-bearing non-uraninite phase which
underwent reoxidation in the presence of air (O2) and to some extent nitrate.
By contrast, in the presence of added Fe(III), U(VI) was ﬁrst removed from
solution by sorption to the Fe(III) mineral, followed by bioreduction and (bio)magnetite formation coupled to formation of a
complex U(IV)-bearing phase with uraninite present, which also underwent air (O2) and partial nitrate reoxidation. 16S rRNA
gene pyrosequencing showed that Gram-positive bacteria aﬃliated with the Firmicutes and Bacteroidetes dominated in the postreduction sediments. These data provide the ﬁrst insights into uranium biogeochemistry at high pH and have signiﬁcant
implications for the long-term fate of uranium in geological disposal in both engineered barrier systems and the alkaline,
chemically disturbed geosphere.

■

INTRODUCTION
Over the last 50+ years, civilian and military nuclear programs
have led to a substantial legacy of intermediate level radioactive
wastes, which typically will contain uranium as the most
signiﬁcant radionuclide by mass. In the U.K., Government
policy is that these materials will be disposed of in a deep
Geological Disposal Facility (GDF), and this position is
comparable in many other countries.1 The environmental
behavior of uranium at circumneutral pH is controlled by a
combination of complexation, precipitation, redox, and
adsorption processes. Under oxidizing conditions, U(VI)
predominates as the uranyl ion (UO22+), which is relatively
soluble as anionic U(VI) carbonate species (e.g.,
[UO2(CO3)2]2− (aq)).2 It is important to note that U(VI) is
also able to interact with sediments and minerals such as
ferrihydrite via sorption and/or incorporation and controlled by
groundwater chemistry and sediment mineralogy. Under
reducing conditions, poorly soluble U(IV) species dominate.
The diﬀerences in solubility between relatively soluble U(VI)
and poorly soluble U(IV) have led to a substantial body of
work examining the behavior of U(VI) when microbially
mediated reduction is promoted using biostimulation approaches.3−5 Biostimulation involves the addition of an electron
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donor such as acetate to the subsurface, which promotes the
development of anoxia and precipitation of U(IV). Under
biostimulation conditions at neutral pH, both microbially
mediated and abiotic U(VI) reduction mechanisms are
reported.6−8 Here, the development of metal- and sulfatereducing conditions is important, with enzymatic reduction of
U(VI) likely to dominate, and both soluble and sorbed U(VI)
susceptible to bioreduction.3,5 Most studies have focused on
systems where U(IV) forms uraninite-like phases,4,5 although
more recent work suggests that “non-uraninite” U(IV)
bioreduction end products can also form in selected pure
culture experiments and natural and engineered sediment
systems.8,9 The non-uraninite U(IV) is thought to be polymeric
and coordinated to carboxyl and/or phosphoryl groups on
biomass.8−10 The reoxidation behavior of U(IV) species has
also been reasonably well studied under circumneutral
conditions, with microcosm experiments showing fast reoxidation, but with column and ﬁeld observations suggesting
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slower reoxidation rates,11,12 and with Ca(II) and Mn(II) also
thought to inﬂuence long-term stability of U(IV).13,14
Understanding the biogeochemical cycling of uranium is key
to predicting its speciation and fate in the shallow subsurface;
however, there have been few studies focused on radionuclide
biogeochemistry under alkaline conditions relevant to geological disposal where cementitious materials will be used. For
example, in many geodisposal concepts, intermediate level
wastes (ILW) will be grouted in steel drums and cement will be
used for engineering or backﬁll purposes.1,15 After ILW
disposal, groundwater ingress through the engineered facility
is expected. This will result in both an alkaline environment
within the engineered barrier system and an alkaline groundwater plume that will move into the surrounding host rock.
This will form a persistent, high pH (pH >13−10), chemically
disturbed zone that will evolve over geological time scales.16
The potential for microbial processes stimulated by electron
donors (e.g., a variety of organics including, for example,
cellulose in the ILW, and cellulose degradation products
including organic acids) released into the deep subsurface from
the GDF, and associated biogeochemical processes, including
metal reduction, is being increasingly recognized.17−20 This
work addresses the paucity of data surrounding such potential
processes, focusing on uranium redox cycling in a high pH,
biogeochemically active system where U(VI) is predicted to
have signiﬁcant thermodynamic stability.21 We have used
model sediments from an alkaline legacy lime workings site in
Buxton, U.K., to characterize the impact of microbial processes
on the biogeochemistry of uranium and associated mineralogical phases at pH 10−10.5. Two model systems have been
used. In the ﬁrst, a waste-margin sediment was used to explore
the biogeochemical fate of U(VI) in carbonate dominated,
alkaline systems, representative of those which are expected to
form in the deep disposal of cementitious intermediate waste.
In the second, the same sediment was enriched with Fe(III) (as
ferrihydrite) to address the impact of stimulated microbial
Fe(III) reduction on the behavior of uranium under these
conditions. This is important, as iron will be a signiﬁcant
component of ILW (within the waste itself and as engineering
components such as rock bolts and steel and their corrosion
products) and the wider GDF environment, and Fe(III)
reduction is a potential control on uranium solubility.
Anthraquinone-2,6- disulfonate (AQDS), an extracellular
electron shuttle and humic analogue, was also added to key
bioreduction experiments to further explore the mechanisms of
U(VI)- and Fe(III)-reduction in these high pH systems where
metal solubility is expected to be low. Subsequent experiments
examined reoxidation scenarios to assess the potential impact of
reaction with oxidants such as nitrate in the waste forms,22 and
the potential for ingress of oxygenated groundwater.23

microcosms were prepared in triplicate; sediments were slurried
with 100 g dry sediment L−1 of pH 11.8 surface waters, with the
initial pH adjusted to 10−10.5 with 1 M HCl. In these model
systems, anaerobic microbial processes were stimulated with
the addition of 10 mM sodium lactate and 1 g L−1 yeast extract
similar to recent work.17,18 Two systems were established: a
Buxton sediment and surface water incubation with no added
Fe(III), and an experiment with added Fe(III). Here, a 30 mM
suspension of nanoscale ferrihydrite,24 which is well-known to
be biologically available,25 was added. Two additional experiments were established with a soluble electron shuttle added to
explore the role of extracellular Fe(III) and U(VI)
bioreduction. Here, 100 μM of AQDS was added to
microcosms with and without added Fe(III). Uranium from a
42 mM U(VI) in 0.001 M HCl stock was then spiked into all
microcosms and experimental controls to a ﬁnal concentration
of 0.42 mM. The bottles were then crimp sealed with thick
butyl rubber stoppers and incubated at 20 °C in the dark at pH
10−10.5. Sample manipulations were performed using aseptic
technique under anoxic conditions as appropriate. During
incubation, the pH of the microcosms dropped during the ﬁrst
fortnight of the experiment, and the pH was then readjusted to
pH 10−10.5 using deoxygenated, sterile 2 M NaOH as
necessary. Bioreduction experiments were sampled periodically
to monitor for biogeochemical changes, and after 210 days
samples were removed and stored under anoxic conditions at
−80 °C for microbiological (DNA) and X-ray Absorption
Spectroscopy (XAS) analysis.
Uranium Reoxidation Experiments. For air (O2)
reoxidation experiments, microbially reduced sediments were
transferred into sterile, conical ﬂasks (solid/solution ratio of
1:10) on an orbital shaker at 125 rpm at 20 °C. For nitrate
reoxidation experiments, microbially reduced sediment microcosms were amended with NaNO3 to a ﬁnal concentration of
30 mM nitrate. Reoxidation experiments were sampled
periodically to monitor for biogeochemical changes and after
14 days, samples were removed and stored under anoxic
conditions at −80 °C for microbiological (DNA) and XAS
analysis.
Geochemical Analyses. Sample slurries were analyzed for
pH and Eh using a calibrated Denver Instrument Digital Meter
and electrodes. To assess the bulk Fe-content of the sediment,
aqua-regia digests were performed (Supporting Information,
SI). Biogenic Fe(II) and total bioavailable Fe were assessed by
0.5 N HCl extraction via the ferrozine colorimetric assay on a
subsample of sediment slurry.25 Samples were then centrifuged
(5 min at 10 500g) and the supernatant was analyzed for total
U using an ICP-MS (Agilent 7500cx). In addition, in selected
samples, a colorimetric assay for U(VI) was used to assess U
speciation in solution.26,27 Inorganic anions (NO3−, NO2−, and
SO42−) were analyzed using a Dionex DX120 ion chromatograph. Colorimetric assays were performed on a Jenway 6715
spectrometer and calibrations typically had R2 > 0.99.
Uranium LIII-edge XAS Analysis. At the end of the
bioreduction and reoxidation experiments, moist sediment
pellets were obtained by centrifugation for XAS analysis. The
resulting wet pastes (typically 0.5 g of sediment with <50%
water content) were individually mounted under appropriate
atmospheric conditions in airtight XAS sample cells. The
samples were then stored under Ar at -80 °C until XAS analysis
which was conducted at the Diamond Lightsource, U.K. Here,
U LIII-edge spectra were collected at room temperature on
beamline B18 in ﬂuorescence mode using a 9-element Ge

■

MATERIALS AND METHODS
Sediment Collection and Storage. Near surface sediment
was collected at the waste margins of the legacy lime workings
ponds of an old lime working site in Buxton, U.K. to
approximately 10 cm depth.18 This is an alkaline impacted
site where CaO has been weathered over several decades, so
that the indigenous microbial population is well developed.18
Sediments and surface waters (pH 11.8) were transferred into
sterile containers and stored at 4 °C in darkness prior to use.
Experiments were started within one month of sampling.
Uranium Bioreduction Microcosm Experiments. To
determine the fate of U(VI) under anoxic, alkaline conditions,
13550
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Figure 1. The 0.5 N HCl extractable Fe(II) concentration (mM) (●) and total U(aq) (expressed as % of the added U(VI)) (○). Systems: (A) no
added Fe(III) reduction with air reoxidation after 210 days; (B) with added Fe(III) reduction and air reoxidation after 210 days; (C) no added
Fe(III) reduction + AQDS; (D) with added Fe(III) reduction + AQDS; (E) with added Fe(III) reduction and nitrate reoxidation after 210 days; and
(F) with added Fe(III) reduction and air reoxidation after 210 days. Error bars are 1σ of triplicate results (where not shown, errors are within the size
of the symbol). Dashed lines indicate the start of reoxidation experiments; red for air and green for nitrate treatments (nitrate reoxidations were run
as single experiments).

detector.28 Standard spectra were also collected in transmission
mode for U(VI) (as schoepite) and U(IV) (as uraninite).
Energy calibration was completed by parallel measurement of a
Y foil. Spectra were merged using ATHENA29 and linear
combination ﬁtting between an oxic, U(VI) bearing sample
(the oxic with added Fe(III) XANES spectrum) and a reduced,
predominantly U(IV) bearing sample (the with added Fe(III) +
AQDS reduced XANES spectrum) was undertaken to gain
insight into the relative extent of reduction of U(VI) to U(IV)
and using ATHENA29,30 (SI). Latterly, background subtraction,
data normalization, and ﬁtting of the EXAFS spectra were
performed using ATHENA and ARTEMIS29 and comparison
with spectra from the relevant literature. Shells were only
included in the ﬁnal ﬁt if they improved the goodness of ﬁt (R)
by >5% and were statistically signiﬁcant as assessed by the
reduced X2 test.
16S rRNA Gene Amplicon Pyrosequencing and Data
Analysis. Bacterial community structure was examined in the
bulk Buxton sediment and also in the no added Fe(III), and with
added Fe(III) microcosms at incubation end points. Samples
from the subsequent nitrate reoxidation experiments were also
characterized after 14 days of reoxidation. DNA was isolated
from ca. 0.2 g of sediment using the MoBio PowerSoil DNA
Isolation Kit (MoBio Laboratories, Inc., Carlsbad, CA, U.S.A.).
PCR for amplicon pyrosequencing was performed using tagged
fusion bacterial primers 27F31 and 338R,32 targeting the V1−
V2 hypervariable region of the bacterial 16S rRNA gene (SI).
The pyrosequencing run was performed at The University of
Manchester sequencing facility, using a Roche 454 Life Sciences

GS Junior system. The 454 pyrosequencing reads were
analyzed using Qiime 1.6.0 release,33 and denoising and
chimera removal was performed in Qiime during Operational
Taxonomic Unit (OTU) picking (at 97% sequence similarity)
with usearch.34 Taxonomic classiﬁcation of all reads was
performed in Qiime using the Ribosomal Database Project
(RDP) at 80% conﬁdence threshold,35 while the closest
GenBank match for the OTUs that contained the highest
number of reads (the representative sequence for each OTU
was used) was identiﬁed by Blastn nucleotide search. In
addition, rarefaction curves were computed by Qiime. The raw
38 623 pyrosequencing reads of this study have been deposited
in the NCBI Sequence Read Archive (SRA) under accession
number SRP036830 (BioProject ID: PRJNA236650).

■

RESULTS AND DISCUSSION
Sediment Bioreduction Experiments. To explore the
biogeochemistry of uranium under anoxic conditions at pH
10−10.5, microcosms were established using calcite dominated
sediment and groundwater (SI Table S1 and ref 18 for
mineralogical information) from a high pH lime workings site
in the U.K. and similar to past work.18 There was a progression
of microbial redox processes in both the no added Fe(III) and
with added Fe(III) microcosms which were maintained at pH
10−10.5 (Figure 1A,B). For the no added Fe(III) system,
nitrate, which was present at low but measurable concentrations
(53 μM), dropped rapidly after incubation, and was below the
limit of detection after 3 days. This was followed by the
subsequent ingrowth of 0.5 N HCl extractable Fe(II) from day
13551
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best ﬁt of approximately 35% U(VI) and 65% U(IV) (0.7 Oax at
1.75 Å, 8 Oeq at 2.34 Å; Figure 2, SI Table S3). Interestingly, in

3 onward due to microbially mediated Fe(III) reduction. In
addition, the Eh fell from +69 ± 10 mV at the start of the
experiment, to −193 ± 7 mV after 28 days (SI Figure S1). Over
longer-term 210 day incubations, the sulfate concentration
remained constant (74 ± 1 μM), conﬁrming that signiﬁcant
microbial sulfate reduction did not occur at pH 10−10.5,
similar to observations in other alkaline, anoxic experiments.17,18 In the with added Fe(III) experiments, rapid
development of reducing conditions also occurred, with nitrate
removal and Fe(II) ingrowth occurring by day 3 and a drop in
Eh from +60 ± 6 mV at t = 0 to −170 ± 17 mV observed by 28
days (SI Figure S1). This was accompanied by signiﬁcant levels
of Fe(III) reduction with development of black sediment
coloration and with 0.5 N HCl extractable Fe(II) at 7.3 ± 1.2
mM (Figure 1B). By 210 days, there was a decrease in 0.5 N
extractable Fe(II) and clear formation of a black magnetic
mineral phase consistent with the formation of (bio)magnetite
as previously documented under parallel high pH conditions.18
Again, sulfate concentrations remained constant throughout
incubation, conﬁrming that no sulfate reduction occurred at pH
10−10.5. In the no added Fe(III) + AQDS experiment, AQDS
addition had little overall impact on the rate of Fe(III)reduction (Figure 1C) while for the with added Fe(III) + AQDS
experiment, there was an increased rate of Fe(III)-reduction
compared to the system without the electron shuttle. The total
extent of Fe(III) reduction was however essentially the same
(within error) in these systems (Figure 1B,D).
Uranium Fate during BioreductionNo Added Fe(III).
To investigate uranium behavior in the Buxton sediment
microcosms, U(VI) was incubated with a range of sediment
treatments and controls. In the no added Fe(III) microcosms,
45.5 ± 2.8% of the added U(VI) remained in solution after 1 h
(Figure 1A). The concentration of uranium in solution then
ﬂuctuated over the ﬁrst fortnight and thereafter trended
downward to a ﬁnal value of 35.1 ± 1.3% of the original
added concentration by day 210 (Figure 1A). In addition, a
spectrophotometric U(VI) assay was run on early-, mid-, and
end-time point samples, and this indicated that soluble uranium
in these experiments was predominantly U(VI). In order to
explore the solid-phase speciation and behavior of uranium
further in these heterogeneous systems, uranium LIII-edge
XANES and EXAFS spectra were collected on selected samples.
The reduced no added Fe(III) sample at 210 days showed a
XANES spectrum intermediate between the oxic and reduced
end-members which suggested that partial reduction of
sediment-associated U(VI) had occurred (SI Figure S3). Linear
combination ﬁtting of the XANES spectra between the oxic and
reduced end-members suggested an approximate 50:50%
contribution from the oxic and reduced end-member spectra,
respectively (SI Table S2). The corresponding EXAFS spectra
for this sample were broadly consistent with this interpretation
and could be best ﬁt with approximately 60% U(VI) and 40%
U(IV) content (deﬁned by a model consisting of 1.2 Oax at 1.82
Å and 4.8 Oeq at 2.42 Å; SI Table S3). In the no added Fe(III) +
AQDS system, U(VI) removal from solution was similar to the
experiment without AQDS, but with only 16.4 ± 1.3% of the
added uranium remaining in solution after 210 days, modestly
lower than in the parallel experiment without an added electron
shuttle (Figure 1C). Linear combination ﬁtting of the XANES
spectra with the oxic and reduced end-members suggested an
approximate 25% U(VI): 75% U(IV) mix in the sample (SI
Table S2). Again, the EXAFS data were broadly consistent with
this interpretation, and the spectra could be modeled with a

Figure 2. The k3 weighted 238U L(III) edge EXAFS spectra (left) and
corresponding phase corrected k3 Fourier transform (right) for
bioreduction systems at experimental end-points: (A) no added
Fe(III) oxic sediment; (B) no added Fe(III) reduction; (C) no added
Fe(III) + AQDS reduction; (D) with added Fe(III) reduction; (E)
with added Fe(III) + AQDS reduction; (F) no added Fe(III) and
subsequent nitrate reoxidation; and (G) with added Fe(III) and
subsequent nitrate reoxidation. Black lines are the experimental data
and red lines are the best-ﬁt models (SI Table S3).

both the no added Fe(III), and no added Fe(III) + AQDS
experiments, the U(IV) component of the spectrum did not
display evidence for the characteristic uraninite, UOU
backscatter at 3.8 Å (Figure 2B,C). The absence of this
distinctive feature suggests that a non-uraninite U(IV) phase
may dominate in this high carbonate, pH 10−10.5 system.
Uranium Fate during Bioreductionwith Added
Fe(III). In the microbially active with added Fe(III) microcosms,
almost complete (95.1 ± 0.2%) sorption of U(VI) to the
sediment occurred by 1 h. Thereafter, during bioreduction, the
uranium concentrations in solution were variable for the ﬁrst
fortnight and then remained low over the remainder of the
experiment, with the biogeochemical changes in the system
having little eﬀect on the U-solubility (Figure 1B). Initial
sorption at pH 10−10.5 was enhanced compared to the no
added Fe(III) system and was likely dominated by reaction of
U(VI) with ferrihydrite.36 In the with added Fe(III) + AQDS
system, the addition of the soluble electron shuttle had little
eﬀect on uranium solubility which showed again showed strong
sorption (again presumably to ferrihydrite) in the ﬁrst hour
(Figure 1D). Again, solid phase U-speciation was examined
using XAS on select samples. In the with added Fe(III) system
at 210 days, the XANES spectra showed reduction to U(IV) (SI
Figure S3) with linear combination ﬁtting suggesting that
U(IV) was dominant in the sample (85% U(IV); SI Table S2).
The corresponding EXAFS spectrum was consistent with this,
and was dominated by a U(IV) like coordination environment
with the model ﬁtting 7 O backscatterers at 2.32 Å. In addition,
ﬁtting of an additional shell of 1.2 U backscatters at 3.83 Å
(reﬂecting a potential contribution from the UOU
coordination at 3.87 Å seen in nanoparticulate uraninite10,37)
improved the ﬁt and suggested a possible uraninite like
13552
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than the original material. Interestingly, the nitrate reoxidation
experiments showed less remobilization of uranium to solution
compared to the parallel air reoxidation experiments and XAS
analysis on the sediments was possible. In the no added Fe(III)
nitrate reoxidized system, the XANES showed essentially
complete reoxidation to U(VI) (SI Table S2 and Figure S4)
and the EXAFS data could be modeled as a U(VI) carbonate
like species,40 with 2 Oax at 1.79 Å, 6 Oeq at 2.44 Å and 3 C at
2.96 Å, conﬁrming essentially complete reoxidation of the
sample (Figure 2; SI Table S3). In the with added Fe(III)
system, the nitrate reoxidation XANES spectrum was a very
poor ﬁt to the U(IV) and U(VI) models, suggesting complex
speciation (SI Table S2). Comparison with relevant literature
showed that both the XANES and EXAFS data had similarities
to a study showing uranium associations with partially
reoxidized magnetite.41 This is clearly relevant as (bio)magnetite has been microbially reoxidized in our experiments.
Assuming the work of Huber et al., 201241 allows sensible
identiﬁcation of the U-speciation in our experiments, the broad
asymmetric XANES spectrum with white line broadening is
taken to indicate a mixture of oxidation states in the sample41
(SI Figure S4). Furthermore, the EXAFS spectrum for this
sample was equally complex requiring several shells of
backscatterers to achieve a good ﬁt. In this complex system,
we used the model of Huber et al. 2012,41 as a framework for
ﬁtting. Reﬁnement of this model with inclusion of only
statistically signiﬁcant shells showed a best ﬁt of 0.5 Oax at 1.78
Å, 3 Oeq at 2.22 Å, and 1 Oeq at 2.48 Å, and with the axial
oxygen occupancy, implying an approximate 25% U(VI)
contribution (Figure 2, SI Table S3). In addition, the strong
signal in the EXAFS at 3.21 Å was best ﬁt with 3 Fe
backscatterers suggesting that the uranium was in an iron rich,
possibly incorporated environment in this reoxidized sediment.
Overall, this sample showed a clearly diﬀerent coordination
environment to the other samples (Figure 2), and the ﬁt we
applied suggests a potential for U(IV), U(V) and U(VI) in a
range of (distorted) coordination geometries, and with both
uranyl and uranate components, in agreement with recent work
on U reaction with iron oxide phases.41−43 The fate of U in this
sample was very complex and, coupled to the observation that
U may become incorporated into iron oxides on biocycling, is
clearly of relevance to the fate of U in intermediate level waste
disposal.
Bacterial Diversity Assessed by 16S rRNA Gene
Amplicon Pyrosequencing. Pyrosequencing of the unamended Buxton sediment revealed a diverse community
with 10028 reads (after denoising and removal of short
chimeric reads) grouped to 768 OTUs (at 97% sequence ID
similarity) aﬃliated to 22 bacterial phyla. These were
dominated by Bacteroidetes (44.2%), β-Proteobacteria
(25.5%), and Firmicutes (16.6%) (Figure 3; SI Table S5).
After 210 days incubation of the no added Fe(III) sediment, a
far less diverse community was seen with 6358 reads and 239
OTUs (SI Table S5). This interpretation was supported by
rarefaction curves (SI Figure S5). Sequence analyses showed
that there was a clear enrichment in Firmicutes (47.1%) and
Bacteriodetes (41.3%) (Figure 3). A similar streamlining of
diversity was observed in the with added Fe(III) system after
210 days incubation, with 7504 reads and 217 OTUs, again
with Firmicutes (48.8%) and Bacteriodetes (34.2%) dominating
(Figure 3; SI Table S5). These community shifts may indicate
that alkaline metal reduction is driven by these Gram-positive
Firmicutes and Bacteriodetes bacteria. Interestingly, to date all

contribution within this complex sample (Figure 2; SI Table
S3). Interestingly, in this sample the addition of C backscatterers at 2.96 Å signiﬁcantly improved the ﬁt (SI Table 3).
This is consistent with this carbonate rich sample also
containing a signiﬁcant component of a nonuraninite U(IV)
carbonate like phase.10 In the with added Fe(III) + AQDS
system the XANES spectrum again showed signiﬁcant
reduction to U(IV) and this sample was used as the reduced
end member for linear combination ﬁtting. Interestingly, the
EXAFS spectrum could again be best ﬁt with a contribution
from both uraninite and non-uraninite U(IV) carbonate like
phases similar to the parallel sample without AQDS addition
(Figure 2, SI Table S3). Finally, a sterilized (autoclaved) with
added Fe(III) sediment which had previously undergone
signiﬁcant Fe(III)-reduction producing (bio)magnetite (36%
Fe(II)/Fetot) as the dominant end product,18 was reacted with
U(VI) under anoxic conditions for 7 days to explore pathways
of abiotic versus enzymatic reduction. Here, the sterile, reduced
sediment showed only modest reactivity to U(VI) with 24 ±
2% of U(VI) removed to the solid phase. Analysis of a XANES
spectrum for this sample showed a U(VI) like spectrum and
linear combination ﬁtting between U(VI) and U(IV) standards
showed, within error, that all of the sorbed uranium was present
as U(VI) (SI Table S2). This suggested that pathways for
abiotic reduction of U(VI) in these high pH, calcium
carbonate/(bio)magnetite dominated systems were minimal
and similar to work at ambient pH.3,5,8 This may be due to the
nature of the (bio)magnetite formed in this system, which has
been shown in the absence of AQDS to have a nonstoichiometric Fe(II)/Fe(III) ratio with reduced Fe(II)
compared to stoichiometric magnetite,18 and further work on
the balance between abiotic and enzymatic reduction of U(VI)
at high pH is clearly warranted.
Reoxidation Experiments. A range of nitrate and air
reoxidation experiments were performed to investigate the
stability of uranium in the bioreduced sediments. Air
reoxidation of the no added Fe(III) experiment showed
signiﬁcant reoxidation of Fe(II) to Fe(III) by 14 days with
complete remobilization of uranium to solution as U(VI)
(Figure 1A). Interestingly, the reoxidized sediment showed less
aﬃnity for U(VI) than the original material. This is presumably
because of gross changes in solution chemistry and mineralogy
brought on by bioreduction similar to previous observations.11,38,39 For the air reoxidation of the with added Fe(III)
sediments, again there was signiﬁcant Fe(II) reoxidation and
complete U(VI) remobilization by 14 days, with the reoxidized
sediment showing little aﬃnity for U(VI) in stark contrast to
the original experiment where >95% removal was seen by 1 h.
For these samples, oxidative remobilization of uranium was
essentially complete such that XAS was not possible on the
reoxidized materials.
With nitrate reoxidation, the no added Fe(III) system showed
signiﬁcant denitriﬁcation after 14 days (SI Figure S2). At this
point, essentially complete Fe(II) oxidation had occurred
coupled to a rise in Eh and soluble U(VI) increased from 151
μM at the start of the reoxidation to 270 μM at the end point
(Figure 1E). In the with added Fe(III) experiment signiﬁcant
(93%) denitriﬁcation of the 30 mM nitrate occurred (SI Figure
S2) coupled to a rise in Eh. Complete reoxidation of 0.5 N HCl
extractable Fe(II) had occurred by 14 days. Remobilization of
uranium to solution was signiﬁcant with ca. 50% present in
solution as U(VI) at 14 days, again highlighting that the
reoxidized sediment had a signiﬁcantly lower aﬃnity for U(VI)
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uraninite U(IV) phase while in ferrihydrite amended systems,
the U(IV) speciation was complex with both uraninite and nonuraninite components potentially present. Interestingly, pyrosequencing revealed that the microbial ecology of the
bioreducing systems was dominated by Gram-positive species,
in contrast to studies examining U(VI) reduction at neutral pH
where Gram-negative species often dominate.5 Furthermore,
when U(VI) was added to a pre-reduced Fe(III)-reducing
sediment that had been sterilized under anoxic conditions,
there was low uranium sorption and XAS conﬁrmed that only
U(VI) was present in the sediment, suggesting that enzymatic
pathways for U(VI) reduction were dominant in these systems.
Experiments with the addition of AQDS as an extracellular
electron shuttle showed modestly enhanced U(VI)-reduction in
both no added Fe(III) and with added Fe(III) experiments, again
suggesting a role for extracellular electron transport in metal
reduction at high pH (pH 10−10.5). Sediment reoxidation
experiments showed essentially complete U(VI) remobilization
after 14 days of air reoxidation in both systems. In the nitrate
reoxidation experiments, less remobilization was observed, and
XAS analysis revealed a complex fate for the uranium in the
nitrate reoxidized sample with added Fe(III) with potentially
U(IV), U(V) and U(VI) components in the spectrum and with
a suggestion that some incorporation into this reoxidized iron
oxide rich sample may be possible. In conclusion, these data
highlight the importance and complexity of biogeochemical
processes in controlling the long-term fate of uranium in
conditions directly relevant to the geological disposal of
intermediate level radioactive wastes in both the engineered
barrier and the chemically disturbed, alkaline host rock
environment.

Figure 3. Bacterial phylogenetic diversity at the Phylum level for (A)
bulk unamended sediment; (B) no added Fe(III) reduction; (C) with
added Fe(III) reduction; (D) no added Fe(III) and subsequent nitrate
reoxidation; and (E) with added Fe(III) and subsequent nitrate
reoxidation. Only the phyla with more than 1% of the total number of
reads are shown. Abundance at the class level is shown for Firmicutes
(blue hues) and Proteobacteria (green hues).

anoxic cultures of bacteria that have been reported to reduce
Fe(III) at alkaline pH also belong to the Gram-positive
Firmicutes phylum and more speciﬁcally the Bacilli44,45 and
Clostridia classes.46−50 It is noteworthy that the mechanisms of
Fe(III)- and U(VI)-reduction are poorly understood in Grampositive species that lack an outer membrane with c-type
cytochromes that are implicated in Fe(III) and U(VI)
reduction in Gram-negative cells, for example, Geobacter and
Shewanella species.51 Nevertheless, many of the dominant
identiﬁed OTUs of this study were not closely aﬃliated to any
cultured microorganisms (showing less than 90% ID similarity),
but in most cases they were related closely to environmental
sequences previously found in highly alkaline environments (SI
Table S6). Moreover, 2−10.8% of the sequences in these three
bacterial communities were closely related (99% ID similarity)
to not only sequences previously detected in samples from the
same site,18 but also to uncultured bacterium clone D0488D12
(accession number GU559506) from a uranium contaminated
aquifer52 (SI Table S6).
Following the 14 day reoxidation incubation with nitrate, the
microbial community of the no added Fe(III) treatment was
further enriched in Firmicutes related sequences. Further
community analysis revealed that 17.6% of the reads were
aﬃliated (100% ID similarity) to an uncultured Erysipelotrichaceae bacterium clone 8GT0-42 (JX417293), previously
detected at the same experimental site,18 and 16.1% of the reads
had 94% sequence similarity to an alkaliphilic nitrate-reducing
Bacillus sp. JAEA No. 3-2 (AB437410) (SI Table S5). In
contrast, the microbial community of the with added Fe(III)
nitrate reoxidized sediment appeared to favor the dominance
(66.1% of the population) of reads that were closely related
(98% ID similarity) to Pseudomonas peli strain: R-20805,53
(NR_042451) (SI Table S6), consistent with the ability to
respire nitrate.
Signiﬁcance. In this study, we demonstrate for the ﬁrst
time that an indigenous microbial community can mediate
signiﬁcant U(VI) reduction at pH 10−10.5 in sediments from a
lime workings site despite the reported stability of U(VI) at
elevated pH and mildly reducing conditions. The U(IV) which
formed on bioreduction showed diﬀerences in its speciation:
the no added Fe(III) EXAFS spectra were indicative of a non-
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