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Under anaerobic conditions, uranium solubility is significantly
controlled by the microbially mediated reduction of relatively sol-
uble U(VI) to poorly soluble U(IV). However, the reaction mecha-
nism(s) for bioreduction are complex with prior sorption of U(VI)
to sediments significant in many systems, and both enzymatic
and abiotic U(VI) reduction pathways potentially possible. Here,
we describe results from sediment microcosm and Fe(II)-bearing
biomineral experiments designed to assess the relative importance
of enzymatic vs. abiotic U(VI) reduction mechanisms and the long-
term fate of U(IV). In oxic sediments representative of the UK Sell-
afield reprocessing site, U(VI) was rapidly and significantly sorbed
to surfaces and during microbially-mediated bioreduction, XAS
analysis showed that sorbed U(VI) was reduced to U(IV) commen-
surate with Fe(III)-reduction. Additional control experiments with
Fe(III)-reducing sediments that were sterilized after bioreduction
and then exposed to U(VI), indicated that U(VI) reduction was
inhibited, implying that enzymatic as opposed to abiotic mecha-
nisms dominated in these systems. Further experiments with model
Fe(II)-bearing biomineral phases (magnetite and vivianite) showed
that significant U(VI) reduction occurred in co-precipitation sys-
tems, where U(VI) was spiked into the biomineral precursor phases
prior to inoculation with Geobacter sulfurreducens. In contrast,
when U(VI) was exposed to pre-formed, washed biominerals, XAS
analysis indicated that U(VI) was recalcitrant to reduction. Re-
oxidation experiments examined the long-term fate of U(IV). In
sediments, air exposure resulted in Fe(II) oxidation and significant
UIV) oxidative remobilization. By contrast, only partial oxidation
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of U(IV) and no remobilization to solution occurred with nitrate
mediated bio-oxidation of sediments. Magnetite was resistant to
biooxidation with nitrate. On exposure to air, magnetite changed
from black to brown in colour, yet there was limited mobilization
of uranium to solution and XAS confirmed that U(IV) remained
dominant in the oxidized mineral phase. Overall these results high-
light the complexity of uranium biogeochemistry and highlight the
importance of mechanistic insights into these reactions if optimal
management of the global nuclear legacy is to occur.

Keywords uranium, sediment, bioreduction, biomineral, redox

INTRODUCTION

Uranium-238 is a long-lived (33U = 4.5 x 10° years) alpha-
emitting-radionuclide that is present as a subsurface contam-
inant at nuclear legacy sites (Morris et al. 2002; Istok et al.
2004). In oxic environments, U(VI) dominates as the uranyl
cation (UO%*), which displays a range of environmental behav-
iors, ranging from being highly soluble in acidic or carbonate
dominated environments (Lovley et al. 1992; Clark et al. 1995)
to being extensively sorbed to geomedia in the absence of com-
plexants (Sylwester et al. 2000; Barnett et al. 2002; Ortiz-Bernad
et al. 2004; Jeon et al. 2005; Dong et al. 2006; Begg et al. 2010).
Under anoxic conditions, highly insoluble U(IV)O, dominates
speciation (Lovley et al. 1991; Lloyd and Renshaw 2005).

In axenic culture, microcosm, and in situ studies, microbially-
mediated reduction has been shown to facilitate formation of
insoluble U(IV) from both soluble and sorbed U(VI) (e.g., Lov-
ley et al. 1991; Fredrickson et al. 2000; Finneran et al. 2002;
Istok et al. 2004; Wilkins et al. 2007; Begg et al. 2010). Here,
U(VI) is reduced to U(IV) commensurate with the develop-
ment of Fe(Ill)- and/or sulfate-reducing conditions, with reduc-
tion facilitated via enzymatic processes and/or abiotic reaction
with the reduced by-products of microbial metabolism (e.g.,
Fe(II)-biominerals). Indeed, in systems where U(VI) is partially
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soluble in groundwaters, ‘biostimulation’ of indigenous sedi-
ment bacteria to cause reduction of U(VI) has been suggested
as an in situ remediation strategy for nuclear legacy sites (Lovley
et al. 1991; Lloyd and Renshaw 2005).

However, as work prompted by an interest in U(VI) bioreduc-
tion has proceeded, the intricacy of uranium biogeochemistry
has become apparent. For example, U(VI) can be recalcitrant
to reduction in some systems (Ortiz-Bernad et al. 2004; Jeon
et al. 2005) and easily reducible in others (Istok et al. 2004;
Wilkins et al. 2007; Begg et al. 2010). Further, there is ongo-
ing debate regarding the relative importance of enzymatic vs.
abiotic reduction mechanisms in the environment (Fredrickson
etal. 2000; Finneran et al. 2002; Anderson et al. 2003; Lloyd and
Renshaw 2005; Liu et al. 2005; Behrends et al. 2005; Begg et al.
2010) and in this context there is also a paucity of information
concerning uranium interactions with environmentally relevant
Fe(II)-minerals, including biologically precipitated “biominer-
als” (Sharp et al. 2008; O’Loughlin et al. 2010).

The reoxidation behavior of U(IV) in environmental systems
is also poorly characterized, with work to date showing vari-
able rates of U(IV) oxidation and remobilization in the pres-
ence of the key oxidants air and nitrate (Moon et al. 2007; Wu
et al. 2007; Komlos et al. 2008; Stewart et al. 2009; Begg et al.
2010). These results clearly demonstrate the complexity of ura-
nium biogeochemistry in natural systems and highlight the im-
portance of understanding uranium interactions with sediment
and biomineral systems representative of the nuclear legacy.
Here we investigated uranium biogeochemistry in: (i) progres-
sively bioreduced and reoxidized sediments representative of
the UK Sellafield nuclear facility; and (ii) environmentally rele-
vant Fe(I)-bearing biominerals (magnetite (Fe;O,4) and vivian-
ite (Fe3(POy4), - 8(H,0))). Throughout, X-ray absorption spec-
troscopy (XAS) was used to characterize uranium solid-state
interactions.

MATERIALS AND METHODS

Sample Collection

Sediments from the Quaternary unconsolidated alluvial
flood-plain deposits known to underlie the Sellafield site (herein
called Sellafield sediment) were collected from the Calder Val-
ley, Cumbria, during September 2007. The sampling area was
located ~2 km from the Sellafield site (Lat 54°26'30 N, Long
03°28'09 W). After sampling, sediments were transferred di-
rectly into a sterile HDPE sample container, sealed, and stored
at 4°C in darkness. Experiments began within one month of
sampling.

Sediment Bioreduction Microcosms

Sediment microcosms were prepared using a sediment and
synthetic groundwater representative of the Sellafield region
(Wilkins et al. 2007; Law et al. 2010). Previous experiments
with these materials (Law et al. 2010) showed that the sediment
was unable to support significant bioreduction without addi-

tional electron donor, thus 10 mM sodium acetate was added to
the groundwater. The groundwater was sterilized by autoclav-
ing (1 h at 120°C), sparged with filtered 80/20 N,/CO,, and
pH adjusted to ~7.0 via addition of 0.01 M HCI. Sediments
and groundwaters were then added to sterile glass serum bottles
(Wheaton Scientific, USA) in a 1:20 ratio using aseptic tech-
nique, with the headspace purged with Ar prior to crimp sealing
with butyl rubber stoppers.

Microcosms were then spiked to 105 uM U(VI)O%Jr (as
uranyl chloride) via syringe addition. Sterile control experi-
ments were established by autoclaving (3 x 20 min at 120°C
over a one-week period) pre-prepared oxic microcosms and
spiking with U(VI) via syringe addition. Groundwater only
U(VI) amended microcosms were also established to monitor
U(V]) solubility in the absence of sediments. All microcosms
were incubated anaerobically at 21°C in the dark. Sediment
slurry/groundwater was aseptically and sacrificially sampled in
triplicate and both porewater and sediment samples were col-
lected via centrifugation under an anoxic environment (15,000 g,
10 min). At each time point, one microcosm was frozen and
stored at —80°C under argon for XAS analysis. Porewaters were
sampled for U(VI), NO5, NO;, Fe, Mn, pH, and Eh and sed-
iment samples were analyzed for 0.5 N HCI extractable Fe(II)
and total Fe to estimate percentage Fe(Ill) reduction during
anaerobic incubation. To further investigate U(VI) reduction
mechanisms, U(VI) was added to pre-reduced Fe(Ill)-reducing
sediments (>90% extractable Fe(Il)) that were sterilized. This
microcosm was then equilibrated for a further 10 days, geo-
chemically sampled (as described previously), and frozen at
—80°C under argon for XAS analysis.

Sediment Reoxidation Microcosms

Microbially active microcosms from the U(VI) bioreduc-
tion treatment that contained >90% extractable Fe(II) were un-
capped and exposed to air with gentle agitation (O, oxidation)
or injected with 25 mM NaNOj; (nitrate oxidation). For nitrate
reoxidation, a sterile control experiment was prepared by auto-
claving a parallel U(VI) bioreduction microcosm prior to nitrate
addition. Sampling of reoxidation microcosms followed biore-
duction procedures (see above) and selected microcosm were
frozen at —80°C under argon for XAS analysis (see next).

Biomineral Experiments

Interaction of U(VI) with biogenic magnetite and vivian-
ite was also examined. Two experimental treatments were pre-
pared for each mineral: (i) a co-precipitation treatment where
U(VI) was added to the biomineral precursors prior to micro-
bial inoculation; and (ii) a sorption treatment where U(VI)
was reacted with pre-formed biogenic magnetite and vivian-
ite. Geobacter sulfurreducens (strain ATCC 51573) was grown
at 30°C under anaerobic conditions in an appropriate medium
(Lovley and Phillips 1986) with acetate (20 mM) and fumerate
(40 mM) as the electron donor and the electron acceptor, respec-
tively, under an atmosphere of N,-CO, (80:20). Late-log-phase
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cultures were harvested by centrifugation at 4000 g for 10 min
and washed twice in carbonate buffer (NaHCO; at 30 mM,
pH 6.8) in N»-CO; (80:20).

To produce magnetite, aliquots of the washed cell sus-
pension (~1 ml, final ODggy of ~0.2) were added to anaer-
obic microcosms containing carbonate buffer (30 mM, pH
6.8), 50 mM ferric-gel (ferrihydrite) as the electron accep-
tor, and 20 mM acetate as an electron donor. For the co-
precipitation treatment, 120 uM U(VI) was spiked and then
incubated for ~2 weeks at 30°C until magnetite formed. For
the sorption treatment, the anaerobic microcosms containing
Geobacter cells, bicarbonate, ferric-gel, and acetate were in-
cubated for ~2 weeks at 30°C until magnetite formed. The
bio-precipitated magnetite (2.0 g) was sonicated, washed and
resuspended in sterile groundwater in a 1:20 ratio, spiked with
105 uM U(VI) and left to equilibrate for 10 days prior to
sampling. Biologically precipitated vivianite was prepared by
adding an inoculum of Geobacter sulfurreducens cell suspen-
sion (~1 ml to get a final ODgg of ~0.2) to anaerobic micro-
cosms containing an appropriate medium (Caccavo et al. 1994),
with 56 mM ferric citrate as the electron accepter and 20 mM
acetate as the electron donor.

For the co-precipitation treatment, 50 uM U(VI) was spiked
into the microcosms which were then incubated for ~4 weeks
at 30°C until vivianite formed. For the sorption treatment, the
bio-precipitated vivianite (1.0 g) was sonicated, washed, and re-
suspended in groundwater at a 1:20 ratio, spiked with 105 uM
U(VI]) and left to equilibrate for 10 days prior to sampling. Dur-
ing incubations, the aqueous phase (passed through a 0.22 uM
filter) was sampled and analyzed for U(VI).

To further explore uranium reoxidation behavior, uranium
amended magnetite from the co-precipitation treatment was re-
oxidized with air and nitrate. Here, the uranium labelled mineral
phase was exposed to air with gentle agitation for 20 days or in-
jected and incubated for 20 days with 25 mM nitrate and a 10%
(vol:vol) inoculum of a stable consortium of nitrate-reducing
Fe(I)-oxidizing bacteria (Morris et al. 2008). Selected samples
from the sorption, co-precipitation, and reoxidation treatments
were frozen at —80°C under argon for XAS analysis.

Geochemical Analyses

The mineral composition of the sediment and biomineral
samples was quantified by X-ray diffraction and the sedi-
ment element composition was measured by X-ray fluorescence
(Philips PW 1050 XRD, Thermo ARL 9400 XRF). The mor-
phology of the biologically precipitated mineral phases was
determined in analog experiments without added uranium by
ESEM (Philips XL30 ESEM-FEG) and TEM (Phillips/FEI
CM200). Total sediment organic content (TOC) was measured
on a Carbo Erba EA12. Sediment colour was described us-
ing the Munsell Sediment Color Chart System (Munsell Color
Company, USA) and sediment pH was determined according
to Thomas, (1996). U(VI) and total Fe, Mn(Il), and NO;
concentrations in porewaters were measured using UV-Vis

FIG. 1. Morphology of biominerals. (A) TEM image of magnetite; (B) ESEM
image of vivianite. Scale bars are included on each image.

spectroscopy methods on a Cecil CE 3021 spectrophotome-
ter (Stookey, 1970; Johnson and Florence 1971; Brewer and
Spencer 1971; Lovley and Phillips 1986; Viollier et al. 2000;
Harris and Mortimer 2002). Aqueous NO; and SO~ were mea-
sured by ion chromatography. Total bioavailable Fe(IIl) and the
proportion of extractable Fe(I) in the sediment was estimated
by a 60 minute digestion of sediment in 0.5 N HCI (Lovley and
Philips 1987). The pH and Eh were measured with an Orion
420A digital meter and calibrated electrodes. Standards were
used routinely to check the reliability of all methods and cali-
bration regressions had RZ > 0.99.

X-Ray Absorption Spectrometry

To obtain information about the oxidation state of solid-
phase associated uranium, key sediment and mineral treatments
were selected for X-ray Absorption Near Edge Structure
(XANES) analysis. Here, sediment or mineral phases that had
been stored under argon at —80°C were thawed, separated
by centrifugation (10 min; 4000 g) and the resultant solid
pellet (moisture content < 50%) was triple contained in XAS
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FIG. 2. Sediment microcosm bioreduction time-series data. (A) % U(VI) remaining in porewater (grey squares = microbially active sediments; black triangles =
sterile groundwater no sediment); and in microbially active microcosms (B) NO5' (grey squares) and NO, (black circles); (C) porewater Mn; (D) % extractable Fe

as Fe(II); (E) porewater SOi_; (F) porewater Eh (grey squares) and pH (black circles). Error bars represent 1 o experimental uncertainty from triplicate microcosms

(where not visible, error bars are within the symbol size).

sample cells in an anaerobic environment. Samples were then
stored under argon at —80°C until XANES data acquisition.
Both U(VI]) (synthetic uranium trioxide; Strem Chemicals) and
predominantly U(IV) (natural uraninite that contained minor
U(VID) (Burns and Finch 1999)) solid phase standards were also
prepared by dilution with boron nitride powder and transferred
into triple contained cells for analysis.

Uranium Ly-edge spectra were collected at ambient tem-
perature at the ultra-dilute spectroscopy line (16.5) at the UK

CLRC Daresbury SRS, operating at 2 GeV with a typical cur-
rent of 150 mA, using a Si(220) double crystal monochro-
mator and unfocused optics. The incident beam intensity was
detuned to 80% of maximum for harmonic rejection. Data
for sediment and mineral samples were collected in fluo-
rescence mode with a Canberra 30-element solid state Ge
detector. Data for the U(VI) standard and U(IV)-bearing
uraninite were collected in transmission mode using two ion
chambers.
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Natural uraninite
Sulfate-reducing
Bioreduction control
Sterile Fe(lll) reduced
Fe(ll)-reducing

Early metal-reducing
Nitrate-reducing

Oxic

uo
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T
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FIG. 3. Uranium Ly-edge XANES spectra for synthetic U(VI)O3 and pre-
dominantly U(IV) natural uraninite oxidation standards diluted in boron nitride
(grey lines) and corresponding linear combination fits (black lines) for uranium
amended sediments under different bio-reducing conditions. Arrows indicates
the position of diagnostic U(VI) post absorption edge spectral feature associated
with the uranyl axial oxygens and the position of the U(IV) post absorption edge
trough.

XANES Analysis

XANES spectra from all samples were calibrated, back-
ground subtracted, and normalised for drift to a standard-
ised Ey position. The XANES spectra from end-member
sediment redox states (oxic and sulfate reduced samples) and
end-member mineral samples (ferric gel and co-precipitated
magnetite and vivianite) were then compared to the U(VI)- and
uraninite-standard spectra (Figure 3) and literature examples
(e.g., O’Loughlin et al. 2003; Wu et al. 2010). This comparison
revealed that within the expected spectral differences apparent
between non-matrix matched systems, the oxic sediment and
ferric gel displayed U(VI)-like XANES, and the sulfate-reduced
sediment and co-precipitated magnetite and vivianite displayed
UV)-like XANES (Figures 3 and 4).

To gain insight into the extent and timing of U(VI) reduction
in these systems, the ATHENA linear combination fitting (LCF)
routine (Ravel and Newville 2005) was used to quantify the con-
tributions of the different end-member spectra to the remaining
sediment and mineral spectra. Specifically, linear combination
fitting was conducted for sediments using (i) oxic (U(VI)) and
(ii) sulfate-reduced (~U(IV)) sediment end-member spectra,
and for minerals (i) ferric gel (U(VI)) and (ii) co-precipitated
magnetite/vivianite (~U(IV)) end-member spectra.

Natural uraninite
Vivianite sorption
Vivianite co-precipitation
Magnetite air

Magnetite sorption

Magnetite co-precipitation

Ferric gel

uo,

ST

17120 17170 17220
X-ray Energy (eV)

FIG. 4. Uranium Ljj-edge XANES spectra for synthetic U(VI)O3 and pre-
dominantly U(IV) natural uraninite oxidation standards diluted in boron nitride
and spectra (grey lines) and corresponding linear combination fits (black lines)
for ferric gel and Fe(Il) biominerals from the co-precipitation and sorption
treatments.

RESULTS AND DISCUSSION

Sediment Characteristics

The sediment mineral content was dominated by quartz, sheet
silicates (muscovite and chlorite), and feldspars (albite and mi-
crocline). The elemental composition was dominated by Si (34.0
wt %), with significant concentrations of Al (5.8 wt %), Fe (3.1
wt %), Ca (0.2 wt %), Na (1.0 wt %), Mg (0.53 wt %), and
Mn (0.1 wt %) also present. The air-dried sediment was red in
colour (Munsell notation of 2.5YR 4/8) and the sediment had
an approximate particle composition of 53% sand, 42% silt, and
5% clay, a pH of 5.5, and a TOC content of 0.56 &+ 0.08 wt %.

Mineral Characteristics

Characterisation of minerals using XRD indicated that the
ferric gel was ferrihydrite and the Fe(II)-bearing biomin-
eral preparations were predominantly magnetite and vivianite.
Biomineral morphology was also examined in analog experi-
ments using ESEM and TEM (Figure 1). Black magnetite grains
(~30nmindiameter, Figure 1A) formed aggregates of ~40-200
nm diameter. White vivianite crystals (Figure 1B) formed radi-
ating rosettes with thin blades of ~20-40 pum in length and
~5-10 pum width.
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TABLE 1
Sediment microcosm characteristics during bioreduction (top) and reoxidation (bottom) with corresponding solid-phase uranium
Ly edge XANES linear combination fitting (LCF) results

XANES
% 0.5 N linear combination modelling
extractable

Sample Fe(II) % U(VD(aq) % spectrum 1 % spectrum 2
Sulfate-reducing (100 days) 96 2 - -
Sterile Fe(IIT) reduced (10 day exposure) 92 5 18 82
Fe(III)-reducing (45 days) 77 2 95 5
Early metal-reducing (21 days) 5 5 25 75
Nitrate-reducing (3 days) 3 24 3 97
Sterile oxic (bioreduction control) (100 days) 1 8 7 93
Oxic (1 hour) 2 40 - -
Air oxidized (1 day) 2 92 * *
Nitrate oxidized (20 days) 19 3 64 36
Nitrate oxidized (5 days) 70 3 73 27
Nitrate amended sterile control (20 days) 94 2 83 17

LCEF fitting errors were estimated to be = ~15%. End-member spectra used in linear combination modelling (denoted by (-) symbol) were
(spectrum 1) U(IV) sorbed to sulfate-reducing sediments, and (spectrum 2) U(VI) sorbed to oxic sediment. *XANES data not collected as

uranium concentration was too low.

Uranium Adsorption and Progressive Bioreduction
in Sediment Microcosms

To investigate uranium behavior in oxic groundwater and
Sellafield sediment/groundwater systems, U(VI) was added
to sterilized oxic groundwater, sterilized sediment slurry, and
microbially-active sediment slurry microcosms. In the sterile
groundwater system, U(VI) remained in solution throughout
the incubation and was undersaturated (Figure 2A). In the ster-
ile sediment system, U(VI) was significantly sorbed to surfaces,
with >90% of the U(VI) spike associated with the sediments
after 100 days (Table 1), presumably reflecting rapid reaction of
U(VI) with surface sites followed by structural rearrangement of
the UO%+ moiety on active surfaces (Barnett et al. 2002; Cheng
et al. 2006; Dong et al. 2006; Um et al. 2007; Begg et al. 2010).
There was no evidence for bioreduction in this sample.

In the microbially active sediment system, >60% of the
added U(VI) was sorbed to the sediments under oxic conditions
after 1 h (Figure 2A). Thereafter, bioreduction proceeded, with
terminal electron accepting processes (TEAPs) progressing via:
denitrification (indicated by removal of NO; and NO, between
days 0-21 (Figure 2B)); early metal reduction (indicated by
Mn(I) production to pore waters (Figure 2C) and <10%
Fe(l) in sediments (Figure 2D) between days 7-21); Fe(IIl)
reduction (indicated by Fe(Il) in sediments >10% after 21
days (Figure 2D)); and sulfate reduction (indicated by >75%
extractable Fe present as Fe(Il), black sediment, and removal
of porewater SOi_ after 45 days (Figure 2E)). Progression of
these TEAPs was largely complete by 100 days (Figure 2).
During bioreduction, porewater pH remained constant at ~7.0
(Figure 2F), Eh tracked the dominant TEAPs (Figure 2F),

and porewater U(VI) concentrations were <5% after 21 days
(Figure 2A).

Uranium Solid-Phase Interaction During
Progressive Bioreduction

As uranium was rapidly sorbed to the sediments, X-ray ab-
sorption spectroscopy was used to track uranium behavior dur-
ing TEAP development. XANES spectra of solid-phase oxida-
tion state standards (Figure 3) show that after the absorption
edge: (i) U(VI) is dominated by a “flat” post-edge feature, due
to the axial oxygen atoms in the uranyl moiety, and (ii) UIV) is
dominated by defined post-edge trough. In the sediment micro-
cosms, XANES spectra for the oxic and denitrifying sediments
had a similar shape to the U(VI) standard, indicating that sedi-
ment associated U(VI) dominates under these TEAPs (Figure 3).

By contrast, the early metal-reducing XANES spectrum was
intermediate between the U(VI) and U(IV) standard spectra,
whilst the Fe(IIl)- and sulfate-reducing spectra were similar in
shape to the predominantly U(IV) natural uraninite standard, in-
dicating bioreduction of sorbed U(VI) to U(IV) under prolonged
metal- and/or sulfate-reducing conditions. Linear combination
fitting between redox state end-member spectra (see methods for
detail) supported these interpretations, with a U(VI) dominated
spectrum in the nitrate-reducing system, and U(IV) becoming
increasingly dominant during early metal, Fe(Ill), and sulfate
reduction (Table 1).

Uranium Bioreduction Mechanisms
U(V]) reduction occurred during progressive anoxia, pre-
dominantly during microbially-mediated Fe(III) reduction
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TABLE 2
U(V]) in solution and solid-phase uranium Ly edge XANES linear combination fitting results for biomineral reduction and
reoxidation experiments

XANES linear combination modelling

Sample % U(VD(aq) % spectrum 1 % spectrum 2
Ferric gel ~0 - -
Magnetite co-precipitation ~0 - -
Magnetite co-precipitation air (20 days) 2 521 48t
Magnetite sorption (10 days exposure) ~0 10f 90f
Vivianite co-precipitation ~0 - -
Vivianite sorption (10 days exposure) ~0 5t 95+

Linear combination fitting (LCF) errors were estimated to be +/— ~15%. End-member spectra used in linear combination modelling (denoted
by (-) symbol) were (spectrum 1) U(IV) sorbed to “co-precipitated” magnetite! or vivianite?, and (spectrum 2) U(VI) sorbed to ferric gel.

(Figure 3, Table 1). To assess the mechanism of bioreduction
(i.e. enzymatic vs. abiotic), a control experiment was conducted.
Here, sterile Fe(Ill)-reduced sediment was spiked with U(VI)
and left to equilibrate for 10 days (Table 1). The XANES spectra
and linear combination fitting of the sample indicated a predom-
inantly U(VI)-like environment (Figure 3; Table 1), indicating
that U(VI) reduction in this system may be primarily facilitated
via enzymatic processes. Alternatively, changes in the physico-
chemical conditions of the sediments after autoclaving may have
altered the U(VI) reduction potential. Regardless, these results
are similar to findings for sediments from a range of nuclear
legacy sites and suggest that under certain environmental con-
ditions, U(VI) reduction is dominated by enzymatic pathways
(Liu et al. 2005; Fox et al. 2006; Wilkins et al. 2007; Begg et al.
2010).

Uranium Interaction with Fe(ll)-Bearing Biominerals

Whilst enzymatic reduction appears to dominate U(VI) re-
duction in Sellafield sediments, reduction in other systems has
been attributed to U(VI) reaction with Fe(II)-bearing mineral
phases and/or Fe(II) sorbed to surfaces (i.e., abiotic U(VI) re-
duction) (Moyes et al. 2000; Fredrickson et al. 2000; Misanna et
al. 2003; Scott et al. 2005; Behrends et al. 2005; Jeon et al. 2005;
O’Loughlin et al. 2003, 2010; Sharp et al. 2008; Ithurbide et al.
2009). This apparent inconsistency may reflect U(VI) specificity
for differing Fe(II) phases, variation in the reactivity of different
Fe(II) minerals, or differences in the reactivity of synthetic vs.
biogenic Fe(Il) minerals due to, for example, surface area or
pH/surface speciation effects (Boyanov et al. 2007).

To further assess whether environmentally relevant Fe(II)-
bearing biominerals can reduce U(VI), uranium interactions
with model biogenic Fe(II)-bearing biominerals (magnetite and
vivianite) were investigated. Two experimental treatments were
undertaken: (i) co-precipitation, where U(VI) was added to mag-
netite and vivianite precursors prior to inoculation with Geobac-
ter sulfurreducens and biomineral formation; and (ii) sorption,
where U(VI) was spiked into the preformed, washed biomineral
phases. In the co-precipitation treatments, uranium remained

soluble in the Fe(Ill)-citrate medium used to prepare vivianite,
but was completely sorbed to ferric gel (which was bioreduced
to magnetite) as U(VI) (Figure 4). After magnetite and vivianite
formation, all of the added uranium was sorbed to the mineral
phases, with uranium XANES spectra reflecting a predomi-
nantly U(IV)-like environment (Figure 4).

In the sorption treatments, U(VI) removal was also marked,
with ~90% of the added uranium sorbed to each mineral phase
after 1 h, and ~100% sorbed after 2 days (Table 2). However,
after 10 days equilibration, the XANES spectra were predom-
inantly U(VI), with linear combination fitting suggesting that
<10% of the uranium was present as U(IV) in the magnetite
and vivianite samples (Figure 4; Table 2). When considered
alongside the co-precipitation mineral and sediment data (Fig-
ures 3 and 4), these results highlight that U(VI) reduction is
dominated by enzymatic pathways in these systems and fur-
ther imply that biogenic magnetite and vivianite are ineffectual
U(V]) reductants under the conditions of study.

These results are similar to past work (Moyes et al. 2000;
Jeon et al. 2005; Ithurbide et al. 2009; O’Loughlin et al. 2010;
Finneran et al. 2002) but contrast with the observations of several
workers who have reported significant U(VI) reduction on ex-
posure to synthetic and biogenic Fe(II)-bearing mineral phases
(Misanna et al. 2003; Scott et al. 2005; Behrends et al. 2005;
Boyanov et al. 2007; O’Loughlin et al. 2003, 2010; Sharp et
al. 2008). Overall, it is clear that the key factors that control
whether electron transfer to U(VI) can occur in the presence of
Fe(I)-bearing mineral phases are highly specific to the condi-
tions of study, and that under the ambient conditions studied
here in both sediments and model mineral phases, enzymatic
processes appear to enhance the extent of U(VI) reduction.

Uranium Reoxidation Behavior in Sediment Systems

To understand the long-term fate of bioreduced U(IV), we
examined uranium behavior during air and nitrate reoxidation
of Fe(Ill)-reducing, U(IV) labelled sediments. Air reoxidation
resulted in rapid Fe(IT) oxidation and almost complete uranium
remobilization to solution as U(VI) within 24 hours (Table 1).
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FIG. 5. Uranium Lyj-edge XANES spectra for synthetic U(VI)O3 and pre-
dominantly U(IV) natural uraninite oxidation standards diluted in boron nitride
and spectra (grey lines) and corresponding linear combination fits (black lines)
for sediments undergoing nitrate reoxidation.

This represents a profound change in the geochemistry of
uranium in the system: initially, U(VI) was extensively sorbed to
oxic sediments; during bioreduction, sorbed U(VI) was reduced
to highly insoluble U(IV) under Fe(Ill)-reducing conditions;
upon air reoxidation U(IV) was reoxidized and significantly
remobilized to solution.

Similar results have been presented in other sediment systems
(Moon 2007; Komlos et al. 2008) and the fast and complete ox-
idative remobilization of U(IV) indicates that either the Fe(III)
phases formed during the oxidation of reduced sediments do not
necessarily provide significant or suitable surfaces for U(VI)
sorption or that U(VI) solubility increases due to changes in so-
lution chemistry during reoxidation. Upon nitrate reoxidation,
oxidation to Fe(III), significant gas production (presumably N),
and transient NO; production (data not shown) all indicated that
Fe(II) oxidation was coupled to microbially mediated NO5 re-
duction (Table 1; Geissler et al. 2011, this issue).

However, in contrast to the air reoxidation system, U(IV)
oxidation and remobilization was not as marked in this system,
and after 20 days XANES analysis and linear combination fit-
ting highlighted that ~64% of U(IV) remained in the sediment
despite >80% of extractable Fe being present as Fe(IIl) (Figure
5, Table 1). These results contrast with other studies that have
found that nitrate and the by-products of nitrate reduction (e.g.,
NO; , N,O) are efficient U(IV) oxidants (e.g., Senko et al. 2002;
Moon et al. 2007). Ultimately, these observations highlight that
the long-term fate of U(IV) is intimately linked to sediment Fe
mineralogy, oxidant type, and solution chemistry, with the fac-
tors controlling the redox biogeochemistry of U(IV) in complex
environments warranting further study.

Uranium Reoxidation Behavior in Mineral Systems

To further explore uranium behavior in model mineral sys-
tems undergoing reoxidation, co-precipitated magnetite was
treated with air and nitrate. Monitoring the reoxidation biogeo-

chemistry of these systems proved to be challenging as 0.5 N
HCI1 was an ineffectual lixivant for the mineral phase. Regard-
less, there was a clear colour change on air reoxidation, with the
black magnetite forming a dark brown mineral phase. In this sys-
tem, uranium remained sorbed to the reoxidized solid phase and
XANES analysis with linear combination fitting between ferric-
gel (U(VI)) and co-precipitated magnetite(~U(IV)) showed that
uranium speciation in the reoxidized phase was mixed (Figure 4,
Table 2). Similar results have been presented for other
Fe(Il)/Fe(IlI)-bearing phases undergoing redox cycling (Stew-
art et al. 2009). Interestingly, microbially-mediated nitrate reox-
idation of magnetite proved to be ineffectual and there was no
visual evidence for Fe(IIl) formation with time. Overall, these
results highlight that air can partially reoxidize U(IV) sorbed
to magnetite, with the resultant Fe(Ill)-bearing mineral phase
remaining as an effective sorbent for resulting U(VI).

Summary

These data provide evidence that enzymatic processes domi-
nate U(VI) bioreduction in heterogeneous sediment systems and
select model mineral systems under the conditions and time-
frames of study. The results also emphasise the complexity of
the redox cycling processes and their effects on bioreduced ura-
nium, with U(IV) displaying variable rates of oxidation upon
exposure to air or nitrate, and mineralogical changes in the sed-
iment potentially affecting U(VI) sorption potential. These ob-
servations have significant implications for contaminated land
and geological disposal scenarios where bioreduction may en-
hance uranium retention within the geosphere and highlight the
need for the site specific evaluation and optimisation of any
biostimulation strategy.
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