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ABSTRACT: Uranium (U) in situ bioremediation has been investigated as a cost-effective
strategy to tackle U contamination in the subsurface. While uraninite was believed to be the only
product of bioreduction, numerous studies have revealed that noncrystalline U(IV) species
(NCU(IV)) are dominant. This finding brings into question the effectiveness of bioremediation
because NCU(IV) species are expected to be labile and susceptible to oxidation. Thus,
understanding the stability of NCU(IV) in the environment is of crucial importance. Fe(II)
minerals (such as FeS) are often associated with U(IV) in bioremediated or naturally reduced sediments. Their impact on the
stability of NCU(IV) is not well understood. Here, we show that, at high dissolved oxygen concentrations, FeS accelerates NCU(IV)
reoxidation. We hypothesize that either highly reactive ferric minerals or radical S species produced by the oxidation of FeS drive this
rapid reoxidation of NCU(IV). Furthermore, we found evidence for the contribution of reactive oxygen species to NCU(IV)
reoxidation. This work refines our understanding of the role of iron sulfide minerals in the stability of tetravalent uranium in the
presence of oxygen in a field setting such as contaminated sites or uranium-bearing naturally reduced zones.

■ INTRODUCTION
Uranium (U) contamination in the subsurface is a concern in
former and present uranium mining, milling, and processing
sites. When an elevated concentration of U is found in aquifers,
health risks may require remediation. U mobility depends on
its speciation and redox state with reducing species being, in
general, relatively insoluble and immobile. Thus, reduction of
U(VI) to U(IV), either through biological activity1 or abiotic
processes,2 results in the net immobilization of U. In recent
years, the stimulation of microbial activity, leading to U
immobilization (bioremediation), has drawn significant inter-
est, and it has been recognized as a potentially cost-effective
alternative3 to more invasive remediation techniques, such as
excavation.
However, while uraninite (UO2, a crystalline tetravalent

uranium oxide) was initially believed to be the dominant
species of bioreduced U(IV), laboratory and field studies have
revealed that noncrystalline tetravalent species (NCU(IV))
prevail after biotic reduction4−6 and in naturally reduced
zones.7,8 Relative to UO2, NCU(IV) appears to be more
sensitive to reoxidation by oxygen9−11 and to form soluble
U(IV) carbonate complexes more readily.12 The effectiveness
of bioremediation is dependent on the resistance of U(IV) to
reoxidation. Therefore, it is crucial to understand the stability
of NCU(IV) in the environment and its resistance to
reoxidation and remobilization upon contact with O2-bearing
water. The reduced U could come into contact with oxygen as
a result of the seepage of rainfall through the soil or the
seasonal change in the water table level, exposing the reduced
zone to atmospheric O2.
The sediment that has undergone bioremediation typically

harbors reduced minerals such as Fe(II)-bearing minerals. In

sulfur-containing systems, iron sulfide phases (such as
mackinawite, FeS) are often found in association with U.5,13

The presence of such reduced phases was hypothesized to
provide a redox buffer, consuming O2 and resulting in the
retardation of U(IV) oxidation. Indeed, this redox-protective
effect was demonstrated in laboratory experiments in which
FeS was reacted with UO2 in the presence of O2.

11 However,
the impact of FeS appears to depend greatly on the speciation
of U(IV). A similar experiment considering NCU(IV) instead
of UO2 was carried out and evidenced the enhanced oxidative
dissolution of U(IV) by FeS under oxic conditions via an
undefined oxidative pathway.10 The production of highly
reactive Fe(III) species was proposed as a mechanism for FeS-
enhanced NCU(IV) oxidation.10 The abovementioned work
was conducted in simple mixtures of synthetic FeS and either
synthetic UO2 or biologically produced NCU(IV), amended
with O2. Thus, the role of FeS in the oxidation of U(IV) by O2
remains ill-defined in environmentally relevant conditions that
include complex mixtures of minerals and the presence of
microorganisms.
Finally, reactive oxygen species (ROS) represent chemically

reactive species that contain oxygen and are produced through
a variety of mechanisms, including in the absence of light.14−16

ROS have been proposed as strong oxidants for metals that
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naturally occur in the subsurface, such as iron,14,17 copper,18

manganese,19 and arsenic.20 The presence of ROS has been
evidenced in a shallow uranium-contaminated groundwater at
the Old Rifle site (CO, USA), particularly at the oxic−anoxic
interface,21 making them potentially relevant for the
investigation of U(IV) oxidation in aquifers.
This work aims to investigate the impact of FeS on the

oxygen-dependent oxidation of NCU(IV) in sediments and to
explore whether ROS production contributes to NCU(IV)
oxidation and remobilization. To do so, sediments from the
Old Rifle site (CO, USA) were biostimulated with anoxic
artificial groundwater amended with U and multiple electron
donors under (i) sulfate-reducing conditions to favor the
formation of FeS and (ii) iron-reducing conditions as a control
system lacking FeS. The oxygen-mediated oxidation of
NCU(IV) that accumulated in these sediments was tested
under batch and flow-through conditions using artificial
groundwater with a composition mimicking the aquifer at
Old Rifle.

■ MATERIALS AND METHODS
Sediments. The sediment used in this study was collected

in the background area of a former U milling processing site in
Rifle (CO, USA) and stored in the dark until use. It is known
in the literature as the Rifle area background sediment
(RABS).22−24 Columns were packed with RABS and
biostimulated using artificial groundwater (Rifle artificial
groundwater; GW) (Table S1) amended with a mixture of
electron donors (i.e., molasses, glycerol, and yeast extract) and
uranyl acetate to favor the precipitation of NCU(IV). The
bioreduction phase in columns continued with incrementally
higher U concentrations until an amount of U(IV) sufficient
for spectroscopic investigation was accumulated in the
sediments. More details about the design and operation of
the columns are provided in a separate publication.25 Two
distinct influents were used for these columns: the first was
Rifle artificial GW, which includes high sulfate (14 mM) to
promote the proliferation of sulfate-reducing bacteria produc-
ing sulfide and thus establishing sulfate-reducing conditions
(SRC); the second was a modified Rifle artificial GW lacking
sulfate. Hence, in the latter case, bioavailable Fe(III), which
naturally occurs in RABS at a concentration of ∼7 μmol/g,23

was the primary electron acceptor and iron-reducing
conditions (IRC) were established within the column. The
IRC column thus was designed to provide sediments serving as
a control to investigate the role of iron sulfides species during
the reoxidation of NCU(IV).
Batch Oxidation Experiments. Batch experiments were

performed using 3 g/L SRC or IRC sediments with oxic and
suboxic Rifle artificial GW amended with 10 mM NaHCO3
(final concentration) in glass bottles that were hermetically
sealed with a butyl rubber stopper and an aluminum crimp and
incubated under shaking conditions. The bottles had a total
volume of 240 mL and the suspension represented a volume of
30 mL. Experiments were run in triplicate, but entire bottles
were sacrificed at specific time points (3, 6, and 15 h) for
characterization of the U solid phase. Prior to being used in
these experiments, SRC and IRC sediments were washed with
anoxic 50 mM NaHCO3 to remove unreacted U(VI) adsorbed
onto the solids. GW contained dissolved oxygen (DO) at a
concentration of 8.56 mg/L and an oxic (21% O2 by volume)
headspace for experiments under oxic conditions and 2.14 mg/
L and a suboxic headspace (5% O2) for experiments under

suboxic conditions. The suspensions of GW and sediments
were continuously shaken in the dark, and the supernatant was
routinely sampled and filtered through a 0.22 μm PTFE filter
(Thermo Fisher, USA) for quantification of total dissolved U.
Furthermore, to assess the contribution of ROS to U(IV)
reoxidation, ROS production was quenched by the addition of
50 kU/L superoxide dismutase (SOD) and 100 kU/L catalase
(CAT) (Sigma-Aldrich, USA) in control experiments.15 This
combination of enzymes rapidly degrades ROS due to the
disproportionation of superoxide (HO2) into water and
peroxide by superoxide dismutase and the decomposition of
H2O2 into H2O and O2 by catalase. To counter CAT instability
and degradation, 150 μL of aliquots of CAT stock solution
(200kU/L) was added to GW every 2 h for the entire duration
of the experiment. At the end of the experiment, solid samples
were collected for sediment characterization.

Flow-Through Oxidation Experiments. Oxic and
suboxic flow-through oxidation experiments were conducted
in custom-built Plexiglas continuously stirred tank reactors
(CSTR) (volume of 12.5 mL) with no gas phase and an
influent composed of Rifle artificial GW or Rifle artificial GW
amended with 10 mM NaHCO3 (final concentration). The
sediment was maintained in the reactor by a 0.22 μm PTFE
filter at the effluent end of the CSTR. Oxic experiments were
run in triplicate, but an entire reactor was sacrificed at each
specific time point (i.e., 21, 68, and 296 h). Suboxic
experiments were run in duplicate. The influent was stored
in a Tedlar bag to avoid gas exchange with the atmosphere and
to maintain constant pH, DO, and bicarbonate concentration
for the duration of the experiments. The suboxic experiments
were conducted inside an anaerobic chamber (Coy Laboratory
Products Inc., USA) with an atmosphere of 3%:97% H2:N2,
but the influent DO content was carefully controlled. Each
reactor was loaded with 1 g of SRC or IRC sediment, thus
giving a solid-to-liquid ratio of 80 g/L. The flow rate was
maintained between 0.9 and 1.1 mL/h by a peristaltic pump
(Ismatec IP, Switzerland) and gravimetrically monitored
during sampling. The resulting hydraulic residence time was
∼12.5 h. The entire effluent volume from the CSTRs was
continuously collected. The pH values were occasionally
measured in the effluents to ensure that they remained stable
through the entire duration of the experiments. At 21 or 68 h
and at the end of the experiment, an entire reactor was
sacrificed to collect the solid samples for sediment character-
ization.

Wet Chemistry. Samples from batch and flow-through
experiments were filtered through a 0.22 μm PTFE filter
(ThermoFisher, USA), diluted and preserved in 0.1 M HNO3
at 4 °C until analysis. Total dissolved uranium and sulfur (S)
were determined by inductively coupled plasma mass
spectrometry (ICP-MS; PerkinElmer ELAN DRC II) and
inductively coupled plasma optical emission spectrometry
(ICP-OES; Multitype ICP emission spectrometer, ICPE-9000,
Shimadzu), respectively. The content of hydrogen peroxide
(H2O2) was quantified in the effluent using a chemilumines-
cent method with acridinium ester, as shown by Cooper et al.26

H2O2 is the most stable ROS, and its net production is
typically interpreted as evidence for the presence of ROS;21 a
detailed description of the method is presented in the
Supporting Information.

Sediment Characterization. Pristine RABS, bioreduced
RABS prior to oxidation (i.e., SRC and IRC sediments), and
oxidized sediments from select experiments were measured
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using X-ray absorption spectroscopy (XAS) at the U LIII-edge,
the Fe K-edge and the S K-edge, and Mössbauer spectroscopy
for Fe speciation and characterized by chemical extraction
following a modified version of the method of Alessi et al.12 for
U speciation. Detailed descriptions of the techniques are
presented in the Supporting Information.

■ RESULTS AND DISCUSSION
U, Fe, and S Speciation in Bioreduced Sediments. The

bioreduced sediments, one produced under sulfate-reducing
conditions (SRC) and the other under iron-reducing
conditions (IRC), were characterized using chemical extraction
and XAS. Regardless of the biogeochemical conditions, we
report that the biostimulation of RABS results in the formation
of NCU(IV) as the dominant product both in SRC and IRC
sediments (Table S2). The dominant occurrence of NCU(IV)
in SRC and IRC was confirmed by the solid-phase speciation
of U in the two sediments using LIII X-ray near edge
spectroscopy (XANES) LCF (Table S3 and Figure S1) and the
extended X-ray absorption fine structure (EXAFS) shell-by-
shell fit (Table S4 and Figure S2). The detailed modeling of
the shell-by-shell fit is discussed in the Supporting Information.
The two sediment types exhibit U speciation that is
indistinguishable by XAS with >90% NCU(IV) and shell-by-
shell fits that invoke the same components and similar
coordination environments (Table S4).
In contrast, IRC, and SRC sediments exhibit distinct Fe

speciation (Table 1). While the reduction of RABS in the
presence of sulfate generates iron sulfide phases in the likely
form of mackinawite, there is no detectable contribution from
iron sulfides in IRC. Furthermore, iron oxides represent a
greater contribution to total iron in IRC than in SRC
sediments. This determination was made using a combination
of Fe K-edge EXAFS and Mössbauer spectroscopy (Table 1).
While EXAFS and Mössbauer provide clear evidence for the
occurrence of FeS, there is a discrepancy in the quantification
of the relative contributions of FeS and the other Fe phases in
SRC. For instance, Mössbauer identified the presence of an
FeSx phase, which has been previously described as a poorly
defined metastable phase that does not correspond to either
FeS-, FeS2-, or Fe3S4-type species.

27,28 This phase could not be
identified using EXAFS; however, that is potentially due to the

absence of an appropriate FeSx reference. In contrast, the
quantification of the Fe phases for IRC and pristine sediments
are in good agreement within the uncertainties of each
method. An exhaustive description of the Fe speciation in
RABS, SRC, and IRC is provided in the Supporting
Information. Thus, the results of the characterization of iron
speciation in SRC and IRC underscore our hypothesis and
what had been previously reported:5,29 FeS forms upon
bioreduction of RABS. In addition, we were able to verify
that the control sediment, IRC, did not harbor detectable
amounts of FeS. Due to their difference in Fe and S speciation,
SRC and IRC also have distinct total electron equivalents
contents: SRC contains 316 μmol total electron equivalent that
results from the sum of total Fe(II) (68 μmol) and S(−II) (31
μmol), while IRC contains 26 μmol Fe(II), corresponding to
only 26 μmol total electron equivalent. These calculations do
not include the role of a natural organic matter, which surely
contributes to the total electron equivalents. Overall, this
dataset indicates that the speciation of U accumulating in the
sediments during the bioreduction phase is independent from
the biological reduction mechanism (i.e., sulfate vs iron
reduction) and thus from the final speciation of iron in the
sediment. The major difference in Fe speciation between these
two conditions sets the stage for an investigation of the role of
FeS in NCU(IV) oxidation by O2 in sediment.

Batch Sediment Oxidation. The next step of the
investigation was to compare the O2-mediated oxidation of
uranium in SRC and IRC sediments and probe whether the
presence of FeS could impact the rate of U(IV) oxidation.
Results show that, regardless of the type of sediment (i.e., SRC
or IRC), U is released into solution upon exposure to oxygen
where, under batch conditions, it accumulates (Figure 1). U is
released more rapidly from SRC than IRC, both under oxic
and suboxic conditions. As it was shown that SRC includes
iron sulfide while IRC does not, we hypothesized that
NCU(IV) reoxidation was faster when FeS occurred in
bioreduced sediments exposed to O2. This is consistent with
the work of Bi et al.,10 who observed an increase in the rate of
oxidation of NCU(IV) in the presence of synthetic FeS. This
finding is further supported by U speciation in the solid phase,
which shows that, under oxic conditions, NCU(IV) is
consumed more rapidly in SRC with only 75 ± 29 nmol out

Table 1. Comparison of Relative Proportion of Iron Species in the Pristine Sediments before Bioreduction (RABS) and after
Reduction (SRC and IRC), According to Mössbauer and Iron K-edge LCF EXAFSa

(%) (%) (%)

Mössbauer* EXAFS Mössbauer EXAFS Mössbauer EXAFS

model compound RABS SRC IRC

Fe in clays Fe(II)_clays 28 45 ± 2 22 ± 7 71 ± 5 25 ± 0.3 59 ± 2
Fe(III)_clays 28 5 ± 12 21 ± 0.3

mackinawite Fe(II)S 2 ± 2 4 ± 16 25 ± 2
FeSx 40 ± 13

Fe in oxides goethite 28 53 ± 3 13 ± 14 4 ± 4 18 ± 0.2 38 ± 3
hematiteAF 9 16 ± 13 12 ± 0.2
hematiteWF 24 ± 0.1
magnetite 7
siderite 2 ± 1

χ2/R-factor 0.015 0.6142 0.021 0.6988 0.016
aFe(II)S, potentially mackinawite; FeSx, undefined Fe and S containing phase, potentially mackinawite; hematiteAF, hematite (antiferromagnetic);
hematiteWF, weakly ferromagnetic. χ2, reduced chi square (goodness of fit). Hyperfine parameters obtained by fitting Mössbauer data are reported
in Table S9 and Figure S4; *, data reported from Komlos et al.15 Numbers presented in italics are below the 10% operational cutoff expected to
represent a detectable contribution for XAS. The full EXAFS dataset is presented in Table S15 and the reference spectra in Figure S8.
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of the initial 459 ± 26 nmol remaining after 3 h of oxidation
and only negligible amount of NCU(IV) remaining after 15 h
(Figure 2a and Table S5), while in IRC, 210 ± 31 nmol (of the

initial 368 ± 23 nmol) remain after 3 h and 100 ± 25 nmol
remain after 15 h (Figure 2b and Table S6). As expected, the
oxidation rate of NCU(IV) is lower under suboxic conditions
than oxic conditions for both SRC and IRC sediments (Figure
2c,d and Tables S7 and S8). By comparison, we show that the
contribution of recalcitrant U(IV), presumed to be UO2, does
not change during the entire duration of the oxidation
experiment for all conditions (Figure 2). Thus, it is quite
clear that NCU(IV) is the labile form of U(IV) and is the most
susceptible to reoxidation in the presence of O2.

At the same time, as U(IV) is oxidized, we observe the rapid
oxidation of S species using S K-edge XANES (Table 2 and

Figure S3). After 3 h of incubation, FeS, which represented 91
± 1% of S in SRC is no longer detectable with a concomitant
increase in elemental sulfur (0) (from 1 ± 1 to 61 ± 2%),
sulfate (+VI) (from 3 ± 1 to 13 ± 1%), and organic S(−I)
(from 5 ± 1 to 27 ± 1%) (Table 2). The rapid consumption of
FeS in SRC is also confirmed by Mössbauer, which could not
detect any evidence for the presence of FeS after 3 h of
oxidation (Table S9 and Figure S4).
The oxidation of FeS by O2 at neutral pH has been reported

to occur via two processes: nonoxidative dissolution releasing
Fe(II) and HS− followed by homogeneous oxidation or surface
mediation oxidation. Both processes ultimately form Fe(OH)3,
S0, and SO4

2−.30 Consistent with these processes, we observe
the formation of S0 (Table 2) and an increase in the
contribution of hematite and goethite by Mössbauer (Table
S9) upon the oxidation of SRC sediments.
In contrast, the oxidation of IRC does not result in as

extensive a shift in the overall Fe speciation. The main
observation is a redistribution of Fe(III) among the existing
pools of hematite (antiferromagnetic and weakly ferromag-
netic) and goethite (Table S9). Surprisingly, we also observe
an increase in the relative abundance of solid-phase Fe(II).
We observe that the reduction of NCU(IV) is accelerated by

the oxidation of FeS and propose that a highly reactive
Fe(OH)3 phase could be produced that, in turn, oxidizes
NCU(IV). Furthermore, the aerobic oxidation of sulfide
generates intermediate valence sulfur species, including
polysulfides, thiosulfate, and sulfite (SO3

2−).31 Among these,
SO3

2− represents a reactive species that is capable of oxidizing
a range of transition metals (Fe(II), Mn(II), Ni(II), and
Co(II)32−35) through a series of reaction steps that generate a
number of strongly oxidizing radicals (i.e., SO3

•, SO5
•−, SO4

•−,
and HO•).36 Thus, we propose that the oxidation of FeS by
oxygen generates species (whether Fe(III) or S bearing) that
are highly reactive and that could contribute to the rapid
oxidation of NCU(IV). Although reactive Fe(III) species are
likely to form also in IRC, there is more Fe in SRC. Therefore,
we expect that a larger pool of oxidants is generated upon
exposure to oxygen, and these are responsible, along with
reactive sulfur species, for the enhanced oxidation and
remobilization of NCU(IV) in SRC.
Because the initial amount of U is not the same for SRC and

IRC, it is not meaningful to compare percent NCU(IV)

Figure 1. Uranium aqueous content over time during exposure to
oxygen in a batch reactor for SRC and IRC sediments with and
without SOD and CAT under (a) oxic and (b) suboxic conditions.
Solid lines represent the experiment with no amendment, and dotted
lines represent the amendment of SOD and CAT.

Figure 2. U speciation for sediments suspension (including soluble
U) over time during the batch oxidation experiment under oxic
conditions for (a) SRC and (b) IRC sediments and under suboxic
conditions for (c) SRC and (d) IRC sediments. Solid lines represent
the experiment with no amendment, and dotted lines represent the
amendment of SOD and CAT. Blue represents aqueous and solid-
associated U(VI), black represents total U, yellow represents UO2,
and orange represents NCU(IV). Data reported are results from the
chemical extraction method modified from Alessi et al. The fraction of
U(VI) is calculated as the sum of solution and solid-associated U(VI).
Data for this figure are available in Tables S5 to S8.

Table 2. LCF of S K-Edge XANES of SRC Sediments before
and after Oxidation in Batch Experiments under Oxic
Conditionsa

oxic

model compound initial (SRC)(%) 3 h(%) 6 h(%) 15 h(%)

mackinawite 91 ± 1
elemental sulfur 1 ± 1 61 ± 2 58 ± 1 53 ± 1
S in organics 5 ± 1 27 ± 1 32 ± 2 35 ± 2
sulfate 3 ± 1 13 ± 1 10 ± 1 11 ± 1
R-factor 0.018 0.041 0.024 0.009

aThe uncertainties of the fit are given in parenthesis for the last
significant figure. The data are presented in Figure S3a and the
references in Figure S9. Numbers presented in italics are below the
10% operational cutoff expected to represent a detectable
contribution for XAS.
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oxidized for the two conditions. Instead, we calculate that, after
15 h, 455 nmol NCU(IV) were consumed for SRC (Table S5)
and 268 nmol for IRC (Table S6). Thus, ∼40% less amount of
NCU(IV) was oxidized in IRC than in SRC under oxic
conditions.
Similarly, we observe that 300 nmol NCU(IV) were

oxidized in SRC under suboxic batch conditions (at 15 h),
but only 226 nmol were oxidized in IRC (Tables S7 and S8).
Thus, comparing the amount of NCU(IV) consumed, we
calculate that 25% less NCU(IV) is oxidized in IRC as
compared to SRC in the suboxic setting. This suggests that the
greater the dissolved oxygen (DO) concentration, the more
the presence of FeS accelerates NCU(IV) oxidation, or
conversely, the lower the DO concentration, the smaller the
difference in NCU(IV) oxidation rate between SRC and IRC.
Role of ROS. Peroxide is a ROS, and because it is the most

readily measurable, it is often taken as an indicator of overall
ROS production. Fieldwork at the Rifle site has demonstrated
the presence of peroxide, particularly at the oxic−anoxic
interface, suggesting a potential role for O2 interaction with
reduced species in the production of ROS.21 Given that the
system being studied here represents the oxic−anoxic interface,
peroxide concentrations were probed upon exposure of SRC
and IRC to oxygen. A net production of H2O2 was detected
and interpreted as evidence for the generation of ROS (Figure
S5). While it is out of the scope of this work to unravel the
mechanism of ROS production in these systems, we observe
that DO concentration and mineralogy both affect ROS
production under the conditions investigated (Figure 1). ROS
have been shown to oxidize reduced transition metals.19,37

Thus, to gauge the potential role of ROS in NCU(IV)
oxidation, we compare quenched experiments (i.e., those
where SOD and CAT were added to quench ROS production)
with unamended experiments (Figure 1). We observe that the
rate of release of U and the amount of aqueous U were
systematically lower in the quenched sediments than in the
untreated sediments under oxic conditions for both SRC and
IRC (Figure 1a). This finding indicates that the presence of
ROS affects the rate of U(IV) oxidation and the mobilization
of U(VI) into the aqueous phase. The change in the extent of
oxidation may reflect the depletion of the substrate for ROS
formation (perhaps Fe(II)). Further, we consider the solid-
phase speciation as a function of time (Figure 2a,b), and we
interpret the difference in the number of moles of NCU(IV)
remaining after 15 h of oxidation in the systems with and
without SOD/CAT as the total contribution of ROS to U(IV)
reoxidation. We report that ROS contributes to 13 and 8% of
the total oxidation of NCU(IV) in SRC and IRC under oxic
conditions, respectively (Table S10). Furthermore, as the
production of ROS depends on the DO concentration (Figure
S5), we expected that their contribution to U(IV) reoxidation
is greater under oxic conditions than under suboxic conditions.
Indeed, we report that the contribution of ROS in SRC and
IRC decreases to 5 and 3%, respectively, under suboxic
conditions (Figures 1 and 2 and Table S10).
We have demonstrated that ROS contribute to the

reoxidation of NCU(IV) with a more significant contribution
when the DO concentration is higher. However, a comparison
of the rate of NCU(IV) oxidation in SRC and IRC in the
presence of SOD and CAT (Figure 2) also evidences the fact
that, even in the absence of ROS, NCU(IV) is still oxidized
more rapidly in SRC than in IRC. This is evidenced by
comparing the dotted lines in Figure 2a,b, representing the

SOD- and CAT-reacted SRC (Figure 2a) and IRC (Figure 2b)
sediments and showing more rapid oxidation in the former
case. Thus, we conclude that, while the reaction with ROS is a
contributing mechanism to the overall oxidation of NCU(IV),
it cannot entirely account for the differences between the rates
of NCU(IV) oxidation in SRC and IRC sediments.

Flow-Through Sediment Oxidation. When SRC is
oxidized in flow-through reactors at a low flow rate (i.e., 0.8
m/d as at the Old Rifle site), U(IV) oxidation (followed by U
mobilization to the aqueous phase) as well as the oxidation of
the reduced species of Fe and S in the solid phase proceed at a
slower rate than in batch systems. Indeed, in the SRC
sediment, a 7% contribution of FeS remains after 21 h of
oxidation based on S K-edge XANES (Table S11 and Figure
S3b) and 8% based on Fe K-edge EXAFS (Table S14 and
Figure S6); when in the batch system, no FeS remained after 3
h (Table 2 and Figure S3a) and only 68% of NCU(IV) was
oxidized after 21 h in the CSTR (Table S12) when ∼83% was
oxidized after 3 h in the batch system (Table S5).
Moreover, the differences between the SRC and IRC system

are much more muted (practically nonexistent) under flow-
through than under batch conditions but still show slightly
faster release of aqueous U in the presence of FeS than in its
absence, particularly from ∼70 to 200 h (Figure 3). We

attribute this muted effect to the specific experimental
conditions. Indeed, while the headspace of the batch system,
containing excess O2, constantly equilibrates with the aqueous
phase, establishing a steady DO concentration throughout the
entire period of the experiment, the influx of DO in the flow-
through reactor is controlled by the flow rate (i.e., 8.56 μgO2/

Figure 3. Oxidation of SRC and IRC sediments under oxic conditions
in the flow-through system in the presence of 10 mM bicarbonate. (a)
Cumulative uranium released over time with SRC (blue markers) and
IRC (yellow markers) sediments under oxic conditions. (b) Solid-
phase NCU(IV) concentration over time in SRC (blue markers) and
IRC (yellow markers). Data reported in panel (b) are results from the
chemical extraction method modified from Alessi et al. (c) Sulfur
speciation expressed as a percentage based on the initial S content
(determined by XRF), on S K-edge LCF XANES speciation, and
SO4

2− measured in solution (SO4
2−

aq) (Figure S11) and in the solid
phase (SO4 2-sol). Note that the percent contribution of each species
does not reflect the values in Table 2 because of the contribution from
the aqueous phase.
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h). In essence, DO is a limiting factor in the flow-through
system, whereas it is not in the batch system. We hypothesize
that the formation of highly reactive iron oxide minerals or
sulfur species may be oxygen-limited in the flow-through
system, resulting in a lesser impact of FeS on U(VI) oxidation.
Continuing along the same line as earlier with the batch

experiments, we estimate that 0.99 μmol NCU(IV) are
oxidized at 21 h for SRC and 0.81 μmol for IRC. Thus, we
calculate the ratio of the amount of NCU(IV) oxidized at 21 h
for IRC to that for SRC in the oxic CSTR experiment (Table
S12). In this case, we obtain a value of 82%. Furthermore, the
suboxic flow-through experiment exhibits a ratio of the amount
of NCU(IV) oxidized in IRC relative to that in SRC of 88%
after 296 h (Table S13 and Figure S7).
Thus, as the availability of DO decreases (in the order oxic

batch > suboxic batch > oxic flow-through > suboxic flow-
through), the ratio of the initial rate of NCU(IV) oxidation in
IRC to that in SRC increases (59, 75, 82, and 88%). This trend
suggests that the oxidation of FeS impacts the oxidation of
NCU(IV) in a DO-dependent manner. Thus, at high DO
values, FeS oxidation by O2 will have the greatest impact on
NCU(IV) oxidation.
Overall, we confirm the results obtained in the previous

study that was based on pure NCU(IV) and synthetic FeS.10

We conclude that FeS oxidation accelerates the oxidation of
NCU(IV) in sediments either via the formation of reactive
ferric minerals or sulfur-bearing radicals in an oxygen-
dependent manner and through an unknown mechanism.
Additionally, there is no evidence that FeS can provide a redox
buffer, actually slowing the rate of oxidation of NCU(IV), as it
appears to occur with UO2.

11

Environmental Implications. FeS has primarily been
investigated for its capacity to reduce contaminants in the
environment. Indeed, iron sulfide phases are ubiquitous and an
essential part of the biogeochemical cycle of Fe and S.
Furthermore, during in situ bioreduction, when sulfate-
reducing conditions are established, FeS rapidly immobilizes
U(VI), and it is commonly reported in association with U(IV).
The overall picture that emerges from considering the role of
FeS in oxidative processes in this study is that FeS can also
significantly accelerate the oxidation of NCU(IV) in oxygen-
rich locations. We hypothesize that this enhanced rate of
NCU(IV) reoxidation may involve transient reactive S species
or highly reactive ferric oxide phases. To a lesser extent, ROS
will play a role in NCU(IV) oxidation, depending on the
amount of O2 available in the system.
The conditions that favor a role for FeS in U(IV) oxidation

are a high amount of oxygen and abundant FeS in proximity to
U(IV) hotspots. Thus, an ideal scenario would be one in which
there is a significant influx of O2 into a low-permeability,
anoxic sediment where sulfate-reducing conditions prevail.
Because oxidation of NCU(IV) is likely catalyzed by solid
phases (i.e., Fe(III) and perhaps S0) as well as, to a lesser
extent, reactive oxygen species, the relative localization of U
and Fe is of critical importance.
We expect that such conditions are unlikely to be observed

in a site such as Old Rifle. Even though conditions are
favorable for the formation of FeS and to the colocalization of
U and FeS, the characteristics of the aquifer (i.e., slow
groundwater velocity and low permeability) limit oxygen
diffusion, which is the essential condition triggering the
cascade of reactions forming reactive species that oxidize
U(IV). Therefore, while the conditions investigated in this

study represent an extreme scenario at Rifle, it may be more
relevant in sites characterized by coarser-grained sediments
such as the sites of Grand Junction or Naturita (Colorado,
USA) where conditions are also favorable for the formation of
iron sulfides species and O2 is rapidly transported through the
sediments.
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