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ABSTRACT: This study presents field experiments conducted in a contaminated aquifer in
Rifle, CO, to determine the speciation and accumulation of uranium in sediments during in
situ bioreduction. We applied synchrotron-based X-ray spectroscopy and imaging techniques
as well as aqueous chemistry measurements to identify changes in U speciation in water and
sediment in the first days follwing electron donor amendment. Limited changes in U solid
speciation were observed throughout the duration of this study, and non-crystalline U(IV)
was identified in all samples obtained. However, U accumulation rates strongly increased
during in situ bioreduction, when the dominant microbial regime transitioned from iron- to
sulfate-reducing conditions. Results suggest that uranium is enzymatically reduced during Fe
reduction, as expected. Mineral grain coatings newly formed during sulfate reduction act as
reduction hotspots, where numerous reductants can act as electron donors [Fe(II), S(II), and
microbial extracellular polymeric substances] that bind and reduce U. The results have
implications for identifying how changes in the dominant reducing mechanism, such as Fe
versus sulfate reduction, affect trace metal speciation and accumulation. The outcomes from this study provide additional insights
into uranium accumulation mechanisms in sediments that could be useful for the refinement of quantitative models describing redox
processes and contaminant dynamics in floodplain aquifers.
KEYWORDS: bioreduction, sulfate, reducing conditions, uranium, metal, groundwater, X-ray spectroscopy

■ INTRODUCTION
Uranium (U) is a radioactive element that can occur naturally
in soils, minerals, and waters. Following the discovery of
nuclear fission in the 1940s, its economic importance increased
greatly and mining, energy, and military industries became
anthropogenic sources of U in natural waters.1 Existing
remediation strategies include physical barriers or covers,
plant uptake of radioelements, constructed wetlands, and
abiotic or biotic strategies based on U reduction.2,3 Indeed,
reduced, tetravalent U [U(IV)] is considerably less soluble
than the oxidized, hexavalent state [U(VI)], and consequently,
reduction of aqueous U(VI) to insoluble U(IV) species is
known to decrease its aqueous concentration.1,4,5 Reduction of
U(VI) to U(IV) can happen through biotic (e.g., bacteria
enzymatically reducing uranium)6,7 and abiotic [e.g., through
Fe(II) species, that can be produced via microbial metabolism]
processes.8−10 Thus, to initiate reduction, contaminated
groundwater can be amended with abiotic reductants, such
as sulfide reagents or hydrogen gas, or with an electron donor
(acetate, lactate) that stimulates microbial growth. The
objective is to reduce U directly, enzymatically by the native
microbial communities, or indirectly, by the formation of
reduced compounds that reduce U abiotically, such as Fe(II)
or sulfide species.2 Initial expectations were the precipitation of

U(IV) as crystalline uraninite (UO2), which is a relatively
stable product within the aquifer. However, laboratory and
field experiments have shown the existence of non-crystalline
U(IV) species,9,11−14 which present less resistance to oxidation
and mobilization than crystalline species.15−17

Research over past decades has greatly improved our
understanding of biogeochemical processes governing U
behavior in contaminated aquifers, thanks to interdisciplinary
studies such as the studies conducted at the Rifle Integrated
Field Research Challenge (IFRC) site in Colorado, U.S.A. At
this site and others through the United States (e.g., Oak Ridge,
TN, and Shiprock, NM), bioremediation approaches through
electron donor amendment have been investigated at the field
scale.5,18−21 First, in situ bioremediation experiments at the
Rifle site have shown that the addition of an electron donor to
groundwater stimulates the growth of Fe(III) reducers (FRB),

Special Issue: Environmental Redox Processes and
Contaminant and Nutrient Dynamics

Received: September 21, 2023
Revised: January 4, 2024
Accepted: January 4, 2024
Published: January 26, 2024

Articlehttp://pubs.acs.org/journal/aesccq

© 2024 American Chemical Society
148

https://doi.org/10.1021/acsearthspacechem.3c00271
ACS Earth Space Chem. 2024, 8, 148−158

D
ow

nl
oa

de
d 

vi
a 

E
C

O
L

E
 P

O
L

Y
T

E
C

H
N

IC
 F

E
D

 L
A

U
SA

N
N

E
 o

n 
M

ar
ch

 8
, 2

02
4 

at
 1

0:
48

:1
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Noe%CC%81mie+Janot"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarrah+M.+Dunham-Cheatham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+S.+Lezama+Pacheco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+M.+Cerrato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+S.+Alessi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+S.+Alessi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vincent+Noe%CC%88l"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eunmin+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Don+Q.+Pham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elena+Suvorova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rizlan+Bernier-Latmani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenneth+H.+Williams"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenneth+H.+Williams"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philip+E.+Long"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+R.+Bargar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsearthspacechem.3c00271&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00271?ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00271?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00271?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00271?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.3c00271?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aesccq/8/2?ref=pdf
https://pubs.acs.org/toc/aesccq/8/2?ref=pdf
https://pubs.acs.org/toc/aesccq/8/2?ref=pdf
https://pubs.acs.org/toc/aesccq/8/2?ref=pdf
https://pubs.acs.org/toc/aesccq/8/2?ref=pdf
https://pubs.acs.org/toc/aesccq/8/2?ref=pdf
https://pubs.acs.org/toc/aesccq/8/2?ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsearthspacechem.3c00271?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/aesccq?ref=pdf
https://http://pubs.acs.org/journal/aesccq?ref=pdf


such as Geobacter, establishing iron-reducing conditions and
removing U(VI) from solution. With time, sulfate-reducing
communities (SRB) become predominant, creating reduced
Fe−S phases that can also reduce U(VI).5,19,22 The latest
conceptual model of U bioreduction under dominant sulfate-
reducing conditions suggests that U(VI) is reduced dominantly
via a mixed abiotic−biotic pathway involving mackinawite
(FeS) and aqueous sulfide (HS−) as electron donors, and
biomass [i.e., bacterial cells and extracellular polymeric
substances (EPS)] as U-binding substrate.28 Overall, it has
been shown that biostimulation leads to substantial changes in
aqueous chemistry, microbial community composition, and
mineralogical changes, all of which impact the fate of U.23,24

To delineate the contributions of these various control
factors and design a sustainable remediation strategy trans-
ferable to similar sites, it is necessary to develop numerical
models describing the controlling reactions, their rates, and the
associated reduced products. Initially, reactive transport
models (RTMs) of bioremediation processes assumed only
metabolic reduction by Fe-reducing bacteria, thus providing a
lower absolute rate of U(VI) bioreduction under sulfate-
reducing conditions than under Fe-reducing conditions.23,25,26

More recently, abiotic reduction of U(VI) by FeS has been
included in a RTM to describe the variation of U isotopic
ratios measured during a bioremediation experiment at Rifle.27

These numerical models have been parametrized and/or
validated using aqueous measurements [primarily, Fe(II),
sulfate, and U(VI) concentrations], making it difficult to
quantitatively discern the individual contribution of processes
governing these concentrations as a result of the numerous
intricate reactions of various rates governing the biogeochem-
istry of these elements.23 Indeed, the release of dissolved
Fe(II) and sulfides by Fe(III)- and sulfate-reducing processes
can lead to the precipitation of FeS minerals, affecting the
dissolved Fe(II) and sulfide concentrations and our ability to
quantify the rate of Fe(III)- and sulfate-reducing processes
from aqueous measurements alone.
Solid-phase analysis of subsurface sediment samples, in

addition to aqueous measurements, can help to better
constrain these models. In-well, flow-through columns, packed
with sediments and installed in the aquifer that can be
harvested at various time points during a field experiment, are
an effective approach to gain access to these products.22,28

Using such a design, field experiments performed at the Rifle
site by our group in 2009 and 2010 showed no change in
U(IV) products formed in sediment after 24−90 days of
acetate amendment (i.e., under iron to sulfate reduction), with
data showing that the majority of reduction products were
biomass-bound, non-crystalline U(IV) species under all
conditions studied.22,28 Indeed, these various reduction
pathways have been shown to produce similar U(IV)
products,29−33 making it difficult to discriminate between the
various processes and determine the rates of the controlling
reactions. Additional approaches combining Fe, S, and U
behavior in solid and aqueous fractions are needed to
discriminate between reduction mechanisms controlling the
rate of U accumulation.
Here, we investigate the impact of the main biogeochemical

regime on U(IV) accumulation over the course of bioreduction
experiments from the early Fe reduction stages to the
transition to sulfate-reducing conditions. Using in-well
columns, our investigation integrated field experiments,
aqueous chemistry measurements, solid synchrotron-based X-

ray absorption spectroscopy, and spatially resolved fluores-
cence mapping to constrain U(VI) reduction mechanisms
during bioremediation. This time-resolved study provided
samples from which accumulation rates of U(IV) can be
calculated, data that are critical to parametrize RTMs. The
novelty of this study lies in the measurement of the increase of
the U(IV) accumulation rate with the onset of sulfate-reducing
conditions in field experiments, corresponding to the
appearance and accumulation of FeS grain coatings acting as
U reduction hotspots. This field experimental study identifies
the co-evolution of Fe, S, and U biogeochemistry in the solid
phase, which is needed to constrain conceptual and numerical
models of U dynamics in contaminated floodplain aquifers.

■ METHODS
Site Description and In Situ Field Experiment.

Description of the Rifle IFRC site and its bioremediation
experiments have been published elsewhere.5,19,23 Details of
sediment and groundwater composition are given in Table S1
and Figure S1 of the Supporting Information. Here, in-well
experiments were conducted using a design similar to those
reported by Bargar et al.28 and Alessi et al.22 Nine column
reactors were operated during a larger uranium bioreduction
field experiment in August 2011 in the experimental plot C
well gallery of the Rifle IFRC site described by Williams et al.5

and Long et al.23 (Figure S2 of the Supporting Information).
Rifle area background sediment (RABS) was harvested from
below the water table in an area not impacted by previous
bioreduction experiments, wet-sieved to <2 mm, and
immediately loaded into glass chromatography columns (2.6
cm diameter, 15 cm length, and approximately 150 g of
sediments). As a result of the high number of reactors,
columns had to be installed in two neighboring groundwater
wells, CD-07 and CD-08. Installations were made on August
6−8, 2011, and groundwater was then pumped through the
reactors at a flow rate of 1 mL min−1 (corresponding to ≈60
pore volumes day−1) to recondition the sediments to
groundwater chemical composition and microbial communities
(Figure S3 of the Supporting Information). The addition of
acetate for the field-scale bioremediation experiment in the
aquifer started on August 23, 2011 (groundwater concen-
tration of approximately 15 mM) from wells located ∼8 m
upgradient from the location of our reactors.34 Acetate was
detected in groundwater of wells CD-07 and CD-08 on
September 9, 2011 (Figure S4 of the Supporting Information).
Thus, on this day, referred to in this study as day 0, reactor
influent groundwater was directly amended with 12 mM
acetate and 6 mM bromide as a tracer, at a flow rate of 1 mL
min−1 to initiate reducing conditions in the reactor sediments.
On day 12/13, the amendment was paused and the reactors
were flushed with anaerobic groundwater from a nearby well
not affected by the field amendment, to remove excess Fe(II)
in solution. This step was needed to avoid direct abiotic U
reduction during the next step and have access to U(IV)
products of bioreduction. On day 17, the amendment started
again, with an addition of 10 μM U(VI) to the influent
solution, significantly higher than the background U(VI)
concentration in the Rifle aquifer groundwater (<ca. 1 μM).
This additional U(VI) was needed to ensure that final
concentrations in the sediments would be amenable for
spectroscopic analysis while being representative of historical
U(VI) concentrations found at contaminated sites within the
Colorado River basin (<ca. 50 μM).22
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The reactors were harvested after different periods of
amendment, from 5 to 22 days, designated as R1−R5 (Table
1). Before harvest, the influent was stopped and the reactors
were eluted with in-well groundwater for 5−10 days to flush
out unreduced U(VI). During harvest, inlet/outlet lines were
closed with end caps to isolate the sediment from the
atmosphere. Within 5−10 min, the entire intact reactors were
placed in stainless-steel shipping containers and purged with
N2 gas. Harvested reactors were sealed under anoxic conditions
with a slight positive N2 pressure to prevent O2 entrance into
the containers and shipped overnight to the Stanford
Synchrotron Radiation Lightsource (SSRL) or Washington
University in St. Louis (WUStL) for further analysis. Upon
arrival at the lab, reactors were opened in an anaerobic
chamber (5% H2/balance N2) and sediments were subsampled
in four parts in stoppered serum bottles named from top
(effluent) to bottom (influent): top1, top2, bot1, and bot2.
Until analysis, the serum bottles were stored frozen in
anaerobic jars to slow further biogeochemical reactions. In
the subsequent analysis, top1 and top2 samples were mixed to
form the “top” sample of the reactor, and bot1 and bot2 were
mixed and labeled “bottom”.
Sample R4 was obtained by homogenizing five reactors

amended concurrently under the same conditions and
harvested together. Reactor sediments were mixed and
subsampled for time point R4. The rest of the material was
reinstalled in reactors in the aquifer for a subsequent aging
experiment.
Aqueous Chemistry of Effluent Solutions. Reactor

effluents were sampled at least twice a week and analyzed to
determine the aqueous concentrations of U(VI), bromide,
sulfate, sulfide, and acetate. Groundwater samples were also
collected from wells CD-07 and CD-08 several times per week
during the experimental period. Details of the analytical
methods can be found in the study by Williams et al.5 Briefly,
acetate, bromide, and sulfate were measured using an ion
chromatography system (ICS-1000, Dionex, CA, U.S.A.)
equipped with an AS-22 column. Aqueous sulfide, Fe [Fe(II)
and total Fe], and dissolved oxygen were quantified on site
using spectrophotometry (CHEMetrics field test kits).
Dissolved uranium was quantified using kinetic phosphor-
escence analysis (Chemchek Instruments, Richland, WA,
U.S.A.).
Complementary Samples. Samples from reactors run

during the 2010 field experiment, harvested under a wider
range of redox conditions, were used for a complementary
analysis and comparison. They are labeled T1 (corresponding
to Fe reduction), T2 (early sulfate-reducing conditions), and

T3 (late sulfate-reducing conditions). Detailed information
about their composition and history can be found in the study
by Alessi et al.22 and Table S2 of the Supporting Information.
Chemical Extractions. All chemical extractions were

conducted in triplicate, and reactors consisted of ∼1 g of
sediment reacted with 25 mL of extractant solutions in 50 mL
Teflon digestion tubes. The non-crystalline U(IV) fraction was
determined by a bicarbonate extraction using a method
described in detail in the study by Alessi et al.35 Briefly, in
an anaerobic chamber, ∼1 g of dried sediment was mixed with
oxygen-free 1 M bicarbonate solution for 24 h. The acid-
extractable elemental content of U and Fe in sediments was
determined by reaction with aqua regia, comprised of a 1:4 (v/
v) mixture of HCl (34−37% by mass, trace metal grade) and
HNO3 (67−70% by mass, trace metal grade). A volume of 5
mL of aqua regia was added to 20 mL of deionized water to
reach a final extractant solution volume of 25 mL in each
reactor; all reactors were placed in a heated digestion block at
100 °C for 4 h. Another acid extraction was conducted by
reaction with 0.25 M HCl for 30 min to measure readily
extractable Fe.
Aliquots of the extraction solution were acidified and filtered

through 0.45 μm pore size membranes [polytetrafluoro-
ethylene (PTFE), Millipore]. Aqueous filtrates were diluted
in solutions of 2% HNO3, and U and Fe were quantified using
inductively coupled plasma mass spectrometry (ICP−MS,
Agilent 7500ce).
X-ray Fluorescence Spectrometry (XRF) Analysis. Bulk

sediments were ground, and a 3 g subsample of powdered
sediments was analyzed for total chemical compositions using
XRF with a SPECTRO XEPOS energy-dispersive X-ray
fluorescence spectrometer equipped with a Pd cathode and
operating at 50 kV and 40 mA at the Stanford Environmental
Measurements Facility. Each concentration was an average of
three analyses and was quantified using the supplier-provided
software and the NIST 2711 certified reference material that
was intercalated during the analytical series.
X-ray Absorption Spectroscopy (XAS). U LII-Edge XAS

Data Collection. Uranium LII-edge fluorescence yield XAS
spectra were measured at beamline 11-2 at SSRL. The U LII-
edge was preferred to the U LIII-edge to avoid interference of
the U Lα fluorescence peak (13 614 eV) with the rubidium
fluorescence Kα peak (13 396 eV). The samples were loaded
in an Al sample holder with Kapton windows inside an
anaerobic chamber (2−5% H2 with balance N2). Immediately
prior to analysis, the sample was mounted in a liquid N2
cryostat, placed under a vacuum, and cooled to 77 K. A
Si(220) double-crystal monochromator was detuned 15−30%

Table 1. Experimental Parameters for In Situ Reactors of the 2011 Experiment

manuscript reactor name R1 R2 R3 R4 R5

field reactor name 1A 1D 1I 2EFHIJ 1J
well CD-07 CD-07 CD-07 CD-08 CD-07
preconditioning groundwater elution duration (day) 31 31 31 33 31
reactor amendment (12 mM acetate) start (day number) 0

duration (day) 13 13 12 12 13
“Fe” flush duration (day) 4 4 5 5 4
reactor amendment (12 mM acetate/10 μM uranyl) start (day number) 17

duration (day) 5 8 11 15 22
GW flush duration (day) 5 5 5 8 10
harvest day 27 30 33 39 49
dominant biogeochemical regime (on the basis of aqueous data) Fe red. Fe red. Fe red. Fe red. SO4 red.
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to reject higher harmonic intensity. Fluorescence yield spectra
were collected using a 100 pixel germanium X-ray detector.
Energy calibration was monitored continuously using a Mo foil
in a double-transmission setup.

S K-Edge X-ray Absorption Near-Edge Structure (XANES)
Data Collection. S K-edge XANES spectra were collected at
SSRL beamline 4-3 using a double-crystal Si(111) mono-
chromator. Samples were ground in an anaerobic chamber
before analysis. The samples were pressed in Al holders using
S-free tape and covered with a polypropylene film. Spectra
were collected under a He atmosphere at room temperature in
fluorescence mode using a Vortex detector. X-ray energy was
calibrated to the K-edge of sodium thiosulfate (2472 eV).
Scans were collected from 2420 to 2700 eV with a step size of
0.15 eV around the edge. Each XANES spectrum was
composed of an average of 3−6 scans. No beam damage was
detected, and self-absorption was considered to be insignificant
because most samples were fine-grained with S concentrations
below 2%.36

XAS Data Analysis. S K-edge and U LII-edge XANES and U
LII-edge extended X-ray absorption fine structure (EXAFS)
spectra were background-subtracted, splined, and analyzed
using the SixPack37 and DEMETER suite38 software packages.
S K-edge XANES spectra were analyzed by linear

combination fitting (LCF) in Larch software39 between 2466
and 2484 eV. Model compounds were selected among
potassium sulfate (K2SO4), anhydrite (CaSO4), sodium
thiosulfate (Na2S2O3), synthetic polysulfides, elemental sulfur
[S(0)6], pyrite (FeS2), synthetic mackinawite [Fe(1+x)S],
mackinawite exposed to sub-stoichiometric amounts of weak
oxidants or Fe3+ (referred to as oxidized mackinawite), and
greigite (Fe3S4), as described in the study by Noel̈ et al.

40 Only
the most significant compounds were kept for final analysis:
sulfate as K2SO4, elemental sulfur, and oxidized mackinawite.
U LII-edge XANES were fitted between 20 916 and 21 016

eV, using andersonite [Na2Ca(UO2)(CO3)3·6H2O, U(VI)]
and biogenic uraninite U(IV) as model compounds.41 U LII-
edge EXAFS spectra were fitted as χ(k) between 2 and 9 Å−1,
using biogenic uraninite and non-crystalline U(IV) as reference
spectra.11

The quality of the fits was estimated by the following R-
factor parameter of the following form: Rf = ∑[k3χ(k)exp −
k3χ(k)calc]2/∑[k3χ(k)exp]2. The accuracy of the fitting
procedure is estimated to be ±5% of the fit-determined R.42
The components below 5% are thus considered as not
significant.
Microscopy Analysis. Thin-Section Preparation. Sedi-

ments were dried and embedded in degassed epoxy (EpoTek
301) in an anaerobic chamber (3−5% H2 with balance N2).
Petrographic thin sections were prepared by Spectrum
Petrographics, Vancouver, WA, U.S.A., and stored anaerobi-
cally when not analyzed.

X-ray Microscopy. The full petrographic thin sections were
initially mapped at SSRL beamline 10-2 (25 μm spot), at
17 120 eV. X-ray microprobe images and μ-XAS spectra at U
LIII-edge were collected at SSRL beamline 2-3 (2 μm spot, 50−
250 ms dwell time, and vortex fluorescence detector).
Difference and tricolor maps were calculated using the
MicroAnalysis Toolkit software.43 Measurements were per-
formed at room temperature. The angle subtended by the
incident beam, sample, and detector was 90°, with the sample
normally bisecting this arrangement.

Scanning Electron Microscopy (SEM)/X-ray Energy-Dis-
persive Spectrometry (EDS) Analysis. SEM and EDS were
performed on a Carl Zeiss MERLIN (Oberkochen, Germany)
microscope at 3−10 kV accelerating voltage in secondary
electron imaging mode for sediment grain imaging and
chemical analysis. Quantification of elements was performed
using an INCA X-ray EDS system (Oxford). SEM micrographs
were collected from more than 80 individual grains, and from
those, EDS measurements of elemental composition were
made on more than 350 individual points.

■ RESULTS AND DISCUSSION
Timing the Transition from Iron- to Sulfate-Reducing

Conditions from Aqueous Measurements in Whole
Sediment Reactors. During the 2011 field amendment
experiment (the second stimulation in the experimental plot C
well gallery of the Rifle IFRC), the onset of sulfate-reducing
conditions, operationally evidenced by the decrease of the
sulfate concentration and the appearance of sulfide in the
groundwater, was seen from day 15 in both wells CD-07 and
CD-08 (Figure S4 of the Supporting Information). This
expected evolution was observed much sooner than in the
2010 experiment, when iron-reducing conditions were still
dominant after 24 days of amendment.22 Previous biostimu-
lation studies showed that acetate amendment to the Rifle
aquifer leads to the development of iron-reducing conditions,
followed by sulfate-reducing conditions.5,19,22 However, the
timing of this shift is modified upon subsequent stimulation
experiments; indeed, a legacy effect has been documented,
leading to earlier sulfate-reducing conditions when the aquifer
has been previously amended with electron donors.44,45 With
this study, we were thus looking at the transition from
dominant iron-reducing conditions (in reactors R1−R4) to
dominant sulfate-reducing conditions (in reactor R5), opera-
tionally characterized by the consumption of all aqueous
sulfate.
The evolution of dissolved U(VI), acetate, bromide, and

sulfate concentrations over the course of the experiment is
shown in Figures S6−S10 of the Supporting Information (for
R1−R5). Results show that the acetate groundwater
concentration in well CD-07 was ≤8 mM, whereas in well
CD-08 it was ≤4 mM, leading to greater U(VI) and sulfate
removal in CD-07 than in CD-08, in both the groundwater and
the reactors installed there (Figures S4 and S6−S10 of the
Supporting Information). Thus, on the same day, the
biogeochemical conditions were different in the neighboring
wells, which a priori makes the comparison of time-resolved
results from reactors coming from different wells difficult.
Accordingly, care should be taken regarding the interpretation
of the results from reactor R4.
Uranium Accumulation in Sediments. The solid-phase

uranium concentration in the bioreduced sediments increased
with time and ongoing remediation (Figure 1). Reactor R5,
harvested under dominant sulfate-reducing conditions, was
greatly enriched in uranium compared to the others. The
effluent (top) part of reactor R2 was significantly enriched in
uranium compared to the bottom of the same reactor or
compared to samples from reactors R1−R3. With this result
being incoherent with the general increase of the U
concentration with time and the observation previously made
in similar setups that U concentrations are higher at the inlet
end of the column (i.e., bottom) than at the outlet end, it may
thus be considered as an outlier. This may be due to
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preferential flow path that had formed inside the column or
low effluent flow rate requiring a change of effluent pump
tubing during the last flush. It will thus not be considered in
the following discussion.
XANES spectra indicated that U was present as 100%

reduced U(IV) in all reactors, except R1 (bot), for which LCF
indicated a small (4%) contribution of U(VI) as andersonite
(Figure S11 of the Supporting Information), which is not
significant because it is lower than the detection limit of the
method.41 Chemical extractions showed that, for all cases,
most U in the sediments was bicarbonate-extractable,
suggesting the predominance of non-crystalline U(IV) (Figure
1). Some UO2 might have formed after 22 days (R5), as
indicated by slight differences in the U concentration obtained
by total digestion compared to bicarbonate extraction.
EXAFS spectra were recorded for the most concentrated

samples (R2 top, R3 bot, and R5). They were similar despite
the noise as a result of the low total U concentration (less than
80 μg/g) (Figure 2), and results of the EXAFS analyses agreed

with the macroscopic quantification. LCF of the EXAFS
spectra between 2 and 9 Å−1 using crystalline biogenic UO2
and non-crystalline (monomeric) U(IV) as standards gave
estimates of 83, 95, and 94% of non-crystalline U(IV) in
samples R2 top, R3 bot, and R5, respectively (Figure S11 of
the Supporting Information). All magnitudes of Fourier
transform spectra showed a U−P/C shell at ca. 2.9 Å that
was consistent with non-crystalline U(IV) associated with
biomass as well as a U−U pair correlation at ca. 3.7 Å, implying

the presence of uraninite (Figure S12 of the Supporting
Information). These results agree with results from the 2010
experiment; however, the proportion of uraninite in 2010
reactors was greater and reached 1/3 of U(IV) accumulated
under late iron reduction as well as under sulfate reduction.22

This may be due to a higher incoming U(IV) concentration in
the 2010 experiment, changing the surface/U ratio of the
system.30,32,46

Rates of uranium reduction are known to be controlled by
its aqueous speciation29,47 but also by various processes of
desorption, bioreduction, and precipitation.13,48 It is not easy
to decipher the main mechanisms observed in natural
sediments in field experiments. Here, U accumulation rates
in the different reactors were calculated depending upon the
duration of uranium amendment by dividing U accumulated in
the sample (U content in the sample corrected from the U
content in the initial material, in nmol g−1) by the duration of
reactor acetate amendment (days). Results are shown in Figure
3, plotted together with data from reactors operated during the
earlier 2010 “Super 8” experiment22 and the 2009 “Buckskin”
experiment.28 Corresponding numerical values can be found in
Table S1 of the Supporting Information.
Despite varying concentrations of acetate and U in the

amendment solutions, the results show consistent trends
between data from experiments performed in different years. In
early samples, harvested under Fe reduction, U accumulated at
0.5−2 nmolU g−1

sediment day−1. Once sulfate-reducing con-
ditions became predominant (starting between 27 and 33 days
of amendment in all experiments), accumulation rates were
higher, from 6 and up to 10 nmolU g−1

sediment day−1, with the
difference being the highest at the bottom of the reactors. It is
difficult to quantitatively compare these values to U(VI)
reduction rates published in the literature, because field-based
rates are always smaller than the rates observed in laboratory
systems.49 However, the increase in the accumulation rate with
ongoing bioremediation observed here is in agreement with
previous results on bioreduction experiments in sediment
columns in the lab,50 in which the authors observed an increase
of the biomass concentration in the presence of sulfate
reduction, thus leading to a higher number of electrons
transferred. Our results also coincide with observations made
by Long et al. during the 2010 field bioremediation experiment
in the Rifle aquifer. These authors observed a sharp increase of
the biomass amount, particularly of sulfate reducers, after 30−
35 days of acetate amendment and estimated from aqueous
data a simultaneous increase of U(VI) bioreduction rates.23

Our data set supported this hypothesis, confirming a higher
uranium accumulation rate under predominantly sulfate-
reducing conditions.
In addition to the increase in the biomass concentration,

sulfate-reducing conditions also affected the speciation of Fe
and S, also impacting the uranium-reducing mechanisms and
subsequent accumulation rate. Behrends and van Cappellen
studied enzymatic and abiotic U(VI) reduction mechanisms
under Fe-reducing conditions in closed systems and showed
that abiotic reduction leads to higher U(IV) accumulation
rates than pure biotic processes.51 The change in the
accumulation rate observed here could be a result of a change
in the main reduction processes. Indeed, during sulfate
reduction, the generation of aqueous sulfide and the
precipitation of mackinawite create abiotic reduction pathways
that do not exist under Fe-reducing conditions.10 Fe and S

Figure 1. Evolution of the uranium content with ongoing
bioreduction, as quantified by chemical extractions: bicarbonate-
extracted non-crystalline U(IV) species (green bars) and total U from
total digestion (purple bars), reported in micromoles of U per gram of
sediment. Error bars represent the error from triplicate measurements.

Figure 2. U LII-edge EXAFS spectra of the reactor sediments (black)
and reference species (red). Data are in plain lines, and LCF results
are in dotted gray lines.
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solid speciations during the experiment were analyzed to test
and support these hypotheses.
Evolution of Bulk Solid Biogeochemistry during

Bioreduction. Sediments became darker with ongoing
bioremediation, especially after the onset of sulfate-reducing
conditions, suggesting the precipitation of iron sulfide minerals
(mackinawite FeS, greigite Fe3S4, and pyrite FeS2), as shown
previously.22 Results of Fe extraction evidence few differences
in extractable Fe contents with time or location in the columns
(Figure 4a), suggesting that there was no loss of total iron with
ongoing reduction. However, we did observe an increase in the
most readily extractable fraction (0.5 h) with time, especially
during the 2010 experiment under predominant sulfate-
reducing conditions (reactors T2 and T3; Figure 4b), which
can be related to an increase in the amount of poorly
crystallized Fe phases in sediments.52

The sulfur content in the reactors, combined with S
speciation as determined by sulfur K-edge XANES analysis,
is shown in Figure 5. Initially, all solid S in the sediment was
present as sulfate. S started to accumulate in the sediments
from the first time points, even under dominant Fe-reducing
conditions, as elemental sulfur. This S0 pool was observed for

the entire duration of the experiment. It can be produced by
the abiotic reduction of Fe3+, reacting with aqueous sulfide
(H2S) according to the following reaction:

27,44

2Fe H S 2Fe 2H S3
2 aq

2 0+ + ++ + +

Accordingly, S accumulates as S0 in early samples, because
sulfide was already detected in the well groundwater once U
amendment in the reactors started (Figures S4−S6 of the
Supporting Information).
After 23 days of acetate amendment (reactor R3), the

predominant reaction is sulfidation and mackinawite (FeS)
appeared in the sediments. It became the major S phase in all
reactors harvested after 27 days of amendment (Figure S13 of
the Supporting Information and corresponding values in Table
S3 of the Supporting Information), evidencing the predom-
inance of sulfate-reducing conditions. Using this percentage of
S present as FeS to discriminate the main biogeochemical
regime, it seems that sulfate-reducing conditions were also
dominant in reactor R3 (Figure S13 and Table S2 of the
Supporting Information). The S0 amount increased again in
late sulfate-reducing conditions (reactor T3 from the 2010

Figure 3. Uranium accumulation rates in the reactors during different field experiments (Buckskin 2009 in green, Super 8 2010 in red, and Best
Western 2011 in blue), depending upon the duration of the column amendment. The 2010 and 2009 rates were calculated from data published in
the studies by Alessi et al. and Bargar et al., respectively.

Figure 4. Fe content as determined by HCl extractions, including (a) total digestion and (b) after 0.5 h, performed on reactor sediments as a
function of the amendment duration for 2011 (R1−R5, blue diamonds) and 2010 (T1−T3, red squares) field experiments.
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experiment), which may be related to the abiotic reduction of
U(VI) by freshly formed FeS as follows:

FeS UO 4H Fe S U 2H Oam 2
2 2 0 (IV)

2+ + + + ++ + +

These measurements showed that the entire pool of solid S is
modified with ongoing bioremediation, which can help resolve
the dominant biogeochemical regime. The increase in the
accumulation rate of uranium in late reactors can be related to
the predominant sulfidation in corresponding sediments.
Evolution of Grain-Scale Dynamics with Time. SEM

and microprobe analysis of the initial material showed mainly
SiO2 grains with no coatings as well as some Fe oxide grains,
some with Al−K silicate inclusions (Figure 6a and more on
Figure S14 of the Supporting Information). In column T1
from the 2010 experiment, harvested under late Fe reduction,
limited coatings were observed. SEM/EDS measurements
around one grain showed aluminosilicate coatings locally
enriched in Fe (up to 20 wt %; see Figure 6). Under
predominant sulfate-reducing conditions, when sulfidation is
the main mechanism of S reduction, we observed well-
developed coatings around quartz and iron oxide grains
(panels c and d of Figure 6). More examples are shown in
Figures S15 and S16 of the Supporting Information.
In the 2010 experiment, we observed a progressive increase

in the S content in these coatings with ongoing bioremedia-
tion, as shown in Figure 6e. The initial material as well as T1
do not show any S accumulation in the grain coatings.
However, when sulfate reduction became predominant
(reactors T2 and T3), S accumulated around sediment grains,
until a 1:1 Fe/S correlation was observed in the influent end of
column T3, confirming the precipitation of mackinawite. In
this sample, 127 measurements were made at grain boundaries,
and Fe and S were co-present in 101 of these points (80%).
However, U distribution within these coatings was highly

heterogeneous, with 45 out of 127 coating spots analyzed by
EDS in reactor T3 showing no detectable U. Moreover, the
highest U concentrations were not found in the same spots as

Figure 5. Representative bulk S−K edge XANES spectra of samples from 2010 (in red) and 2011 (in blue) field experiments (left) and quantitative
S speciation in the reactors (bottom B, top T, or homogenized H) harvested after various durations of acetate amendment (right). Results were
obtained from LCF fitting analysis of XANES and XRF measurements.

Figure 6. (a−d) SEM micrograph of quartz grain coatings from the
2010 reactors and (e) Fe and S atomic percent in grain coatings from
SEM/EDS data for the inlet of T1−T3 reactors from the 2010
experiment as well as the initial material. The line corresponds to the
1:1 Fe/S correlation. The color of the symbols represents the
corresponding U atomic percentage.
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FeS (Figure 6e). These observations support a strong
biological role in U reduction. These coatings indeed
concentrate bacteria in biofilms, in agreement with previous
studies that showed that the transition from Fe- to sulfate-
reducing conditions was accompanied by a decline in
planktonic metal reducers and an increase in sessile cells and
sulfate-reducing bacteria, such as Desulfotomaculum and
Clostridium that are expected to be mainly mineral-
attached.23,28,53 These microbes concentrate many products
that can bind and reduce U, thus acting as reduction hotspots.
Elemental distribution maps were measured using X-ray

microscopy on thin sections from samples from the 2010 field
experiment.22 Results corroborate SEM/EDS observations
showing the change in pore-scale distribution of U between
predominantly Fe- and sulfate-reducing conditions (panels a
and b of Figure 7, respectively). We observed at the grain scale
that U is mostly diffusely distributed throughout the sediment
under iron reduction, when it concentrates in grain coatings
developed under sulfate reduction, as previously demonstra-
ted.22,28

■ CONCLUSION
Various in situ bioreduction field experiments performed by
our group in the Rifle aquifer provide consistent results. First,
the bulk speciation of uranium is composed mainly of non-
crystalline U(IV) and does not change with time and major
biogeochemical conditions. This agrees with previous obser-
vations showing that non-crystalline U(IV) species are
expected when microbial exopolymers and reducing agents
are present, independently from the total U concentration or
redox conditions.12,22,46

However, here, we observed measurable changes in the U
accumulation rate and pore-scale distribution over the course
of in situ bioreduction experiments. Under dominantly sulfate-
reducing conditions, U was concentrated in grain coatings and
its accumulation rate sharply increased. These grain coatings,
previously observed by Bargar et al.28 and Alessi et al.,22

concentrated the biomass as well as various reductants, such as
Fe(II) or aqueous sulfide. These fresh phases thus play the role
of “reduction hotspots” that accelerate overall accumulation
rates of U(IV) in the bioreduced sediments.46 With this new

information, we can refine existing models of U bioreduction
in which aqueous U(VI) primarily undergoes enzymatic
reduction by planktonic bacteria under Fe-reducing conditions.
Subsequently, when sulfate-reducing conditions develop in the
sediments, grain coatings develop and U(VI) binds to the
newly formed phases (EPS and FeS)12,28 that are composed of
various reductants [microbes, Fe(II), and S(II)]. Reduced
U(IV) then binds to the various ligands located in these
coatings. Our observations agree with observations made by
Bone et al. in organic-rich natural substrates in conditions
similar to the Rifle aquifer46 as well as by Mikutta et al.53 in
peatland samples, suggesting that surface complexes can inhibit
uraninite formation.
This information is essential to better describe the uranium

behavior in aquifers during bioremediation experiments.
Illustrating the importance of the nature of reducing
mechanisms and the grain-scale dynamics over aqueous data,
this study also provides experimental data that can constrain
and parametrize existing RTMs of contaminants within the
subsurface.27 RTMs should assume that remediation efforts
generating biogeochemical conditions similar to those of this
study will result in the formation of non-crystalline forms of
U(IV) that are inherently more susceptible to reoxidation and
remobilization. Subsequent RTM development should include
information on the U accumulation rate and the corresponding
U(IV) solid speciation, because the success of bioremediation
lies in the stability of the U products accumulated over time
and particularly their resistance to reoxidation that can occur
when the water table decreases during the warm season. New
knowledge provided by our study shows that it is critical to
establish sulfate-reducing conditions in in situ bioremediation
to achieve efficient accumulation of uranium.
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*sı Supporting Information
The Supporting Information is available free of charge at
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chem.3c00271.

Details on the field site and bioreduction experiment,
including groundwater and reactor effluent concen-
trations and calculation of U accumulation rates

Figure 7. X-ray U fluorescence maps in sediments harvested under (a) iron reduction (reactor T1 from 2010 experiment) and (b) sulfate reduction
(T3), together with a color legend in arbitrary units.
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(Appendix S1), uranium XANES and EXAFS spectra
(Appendix S2), and SEM and microprobe Fe−U maps
of 2010 samples (Appendix S3) (PDF)
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