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ABSTRACT: Groundwater uranium (U) concentrations have been measured
above the U.S. EPA maximum contaminant level (30 μg/L) in many U.S. aquifers,
including in areas not associated with anthropogenic contamination by milling or
mining. In addition to carbonate, nitrate has been correlated to uranium
groundwater concentrations in two major U.S. aquifers. However, to date, direct
evidence that nitrate mobilizes naturally occurring U from aquifer sediments has not
been presented. Here, we demonstrate that the influx of high-nitrate porewater
through High Plains alluvial aquifer silt sediments bearing naturally occurring U(IV)
can stimulate a nitrate-reducing microbial community capable of catalyzing the
oxidation and mobilization of U into the porewater. Microbial reduction of nitrate
yielded nitrite, a reactive intermediate, which was further demonstrated to
abiotically mobilize U from the reduced alluvial aquifer sediments. These results indicate that microbial activity, specifically
nitrate reduction to nitrite, is one mechanism driving U mobilization from aquifer sediments in addition to previously described
bicarbonate-driven desorption from mineral surfaces, such as Fe(III) oxides.
KEYWORDS: microbial nitrate reduction, uranium oxidation

■ INTRODUCTION
Alluvial aquifers serve as municipal and private drinking water
sources for populations world-wide1 and are subject to
anthropogenic and geogenic contamination, resulting in
decreased drinking water quality. One such geogenic
contaminant recently recognized in groundwater is uranium.2

Uranium is a naturally occurring trace element within the
Earth’s crust (3 mg/kg average abundance3) that is released
geogenically from subsurface sediments into groundwater.4−7

In alluvial aquifers, U tends to be deposited in fine-grained,
organic-rich sediment lithologies such as silts or clays, as
reduced U(IV) oxide minerals such as uraninite (UO2), or as
amorphous U(IV) phases.8,9

Alluvial aquifer sediments are physically and chemically
heterogeneous owing to fluvial depositional processes. This
setting creates a heterogeneous subsurface with sharp
boundaries between fine-grained, organic-rich sediments and
coarser-grained sediments.10 Due to their high organic carbon
content and low permeability, fine-grained sediments tend to
become anoxic once they become waterlogged during burial8,9

often leading to the accumulation of U during diagenesis. U
predominantly exists as U(VI) in oxic sediments. In the
presence of minerals, U(VI) adsorbs to the surface and is easily
solubilized in the presence of carbonate.11 Under reducing
conditions, U forms sparingly soluble phases such as uraninite,
amorphous UO2 or U−organic matter complexes.12,13 As a

result, environmental redox state has a strong impact on
mobility of U in natural systems owing to the control in the U
valence state and species solubility. At circumneutral pH and
under oxidizing conditions, U generally exists as a soluble
U(VI) species.14 However, it is worth noting that high cation
(i.e., calcium) and anion (i.e., carbonate or phosphate)
concentrations in natural groundwaters can favor the
precipitation of solid-phase uranyl minerals.15,16 Conversely,
when U(VI) encounters reducing conditions in low-perme-
ability, organic-rich clay layers, it will precipitate as reduced
U(IV) phases.8,12,17 In addition, U(VI) will strongly adsorb
onto reactive sediment surfaces, such as Fe(III) oxides or
aluminosilicate clays.18−22 However, as groundwater ages,
dissolution of carbonate minerals and microbial respiration
reactions may increase the bicarbonate alkalinity, resulting in
the formation of U(VI)−carbonato and ternary U(VI)−Ca-
carbonato complexes,23−27 which are readily soluble in
groundwater and thus highly mobile. Therefore, the combina-
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tion of oxidation and the formation of bicarbonate species has
the potential to mobilize naturally occurring U in alluvial
aquifers and is recognized as playing an important role in the
mobility of naturally occurring uranium.15,28,29

In reduced, organic-rich lithologies where U(IV) phases are
present, the influx of oxidants will influence U mobility. Nitrate
is a strong oxidant and a common anthropogenic groundwater
contaminant.30 To date, published experiments that have
investigated nitrate driving uranium mobilization have been
conducted either at anthropogenically contaminated sites
impacted by U mining,31,32 milling,33−35 and nuclear waste
processing sites36 or in laboratory batch culture studies
amended with uranium.37−40 These studies have demonstrated
that abiotic oxidation of U by nitrate is kinetically hindered,
but through the production of microbial nitrate reduction
intermediate species, such as nitrite or nitrous oxide,37,39,41 or
through the formation of Fe(III)-(hydr)oxides,42,43 U(IV) can
be oxidized and mobilized. Given the prevalence of
anthropogenic nitrate contamination in groundwater passing
through alluvial aquifer sediments, this process has the
potential to mobilize and release naturally sequestered U
into groundwater. Here, we experimentally test the hypothesis
that microbial nitrate reduction stimulates the mobilization of
naturally occurring uranium from reduced sediments in

addition to bicarbonate leaching. A series of upflow column
reactors were packed with alluvial aquifer sediment containing
naturally occurring U(IV)-bearing minerals and amended the
bicarbonate buffered influent with nitrate or nitrite, nitrate or
nitrite and a microbial respiratory inhibitor, azide, or remained
unamended. Metagenome assembled genomes (MAGs) were
used to identify microbial taxa and the metabolic potential for
nitrogen and metal metabolisms within the microbial
community to further support the observed geochemical
data. Together, the geochemical data and metabolic potential
data further suggested that the precipitation of Fe(III) oxides
could lead to U retention in the sediments via adsorption.
Uranium retention on reduced and oxidized sediments was
assessed through a series of batch adsorption experiments and
the development of a surface complexation model (SCM).
Given the prevalence of anthropogenic nitrate contamination
in groundwater passing through alluvial aquifer sediments, this
process has the potential to periodically mobilize and release
naturally sequestered U into groundwater.

■ MATERIALS AND METHODS
Alluvial Aquifer Site Geological Description. Alluvial

aquifer subsurface sediment cores and groundwater were
collected from two sites within the Platte River drainage basin

Figure 1. Uranium distribution in a shallow alluvial aquifer. (A) Intact sediment cores and groundwater collected from two locations within an
alluvial aquifer in the Platte River Valley, located near Alda, Nebraska (USA). Direction of groundwater flow is denoted by the arrow (SW to NE).
(B) Sediment cores collected from the SW location denoted as west and (C) NE location denoted as North determined the subsurface lithology
and sediment associated total uranium (red circles) with the collection of groundwater from the borehole to determine dissolved uranium (blue
squares). Dashed line and blue triangle denote the water table level at the time of sampling. (D,E) Sediments with the highest measured U
concentration (10.2 m bgs) were selected to determine the valance state of sediment-associated uranium using XANES analysis and used in
laboratory experiments. (F) Fraction of U(IV) and U(VI) identified in the sediments was determined using linear combination fitting of XANES
spectra.
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in the High Plains aquifer located in Central Nebraska, USA
(Figure 1). The High Plains aquifer is an unconfined aquifer
composed of multiple hydrologically connected Oligocene to
Holocene alluvial aquifer units.44 Groundwater flows from west
to east and discharges into streams and major rivers, including
the Platte River.44 Previous work in the region demonstrated
that these undifferentiated sands, silts, and gravels are laterally
continuous in the study area.45 Cores were collected from the
study area, where the most significant water-bearing formations
are Pleistocene to Holocene-aged undifferentiated gravels,
sands, and silts deposited by Platte River migration.44

Groundwater flows northeast following the Platte River
channel,44,45 and the water table depth at the time of sampling
was 7.01 m below ground surface (bgs) and 8.22 m bgs at Alda
North (40.877763, −98.475085) and West (40.869933−
98.493119), respectively.
Sediment Core and Groundwater Collection. One 18

meter core from each site was collected in 1.5 m sections using
a direct-push technique via Geoprobe coring into sterile (70%
ethanol rinse followed by a bleach rinse, 0.6% hypochlorite
final concentration) core liners. Upon collection cores were
immediately capped, paraffin wax sealed, and placed into gas
tight PVC tubes flushed with 100% Ar gas to minimize
oxidation of reduced chemical species, esp. Fe(II) and U(IV).
Cores were transported on ice to the Weber Laboratory at the
University of Nebraska Lincoln (UNL) for processing under
an anoxic atmosphere (85:15:5; N2/CO2/H2) in a vinyl
anaerobic chamber instrumented with a H2 and O2 meter (Coy
Instruments, Glass Lake MI). Any core in which the core liner
cracked was disposed and omitted as oxidation of Fe(II) and
precipitation of Fe(III) oxides was observed.
The aquifer water level in the borehole was determined

using a capacitive water level probe (Solnist, Georgetown,
ON). Groundwater was collected by bailing immediately after
core collection.46 Bailing was chosen as the fastest method to
obtain samples in order to avoid redox changes and to comply
with the sampling permit. No organoleptic peculiarities, such
as the smell of sulfur, were observed at the time of sampling.
ORP,47 pH,48 and dissolved oxygen (DO)49 were immediately
measured using calibrated field meters and electrodes. Samples
collected for measurement of cations and metals/radionuclides
were filtered (0.2 μm nylon) and immediately acidified. Both
filtered (0.2 μm nylon) and unfiltered samples were acidified
with 0.5 M HCl (pH < 2) in the field for determination of
dissolved Fe(II) and total iron, as previously described.50

Additional groundwater samples were filtered through 0.2 μm
nylon filters and transported on ice for analysis of dissolved
ions, including nitrate, nitrite, and ammonium. Samples
collected for dissolved organic carbon and dissolved inorganic
carbon (DIC) were filtered [0.2 μm polyvinylidene difluoride
(PVDF) filters], and transported on ice to the UNL.
Cores were removed from the argon atmosphere and

immediately placed in the anaerobic chamber. Once O2
concentrations within the anaerobic chamber were measured
at 0 ppm, cores were processed. Sediment lithologic properties
(color, grain size, and sorting) were logged, and 1.25-foot
sections were homogenized and placed in autoclaved mason
jars. Homogenized sediments were immediately analyzed for
pH, ORP, sediment carbon (total and organic), iron (Fe(II)
and total Fe), and total U contents.15 The remaining sediment
was vacuum-sealed and stored in the dark at 4 °C. The pH and
ORP were measured using calibrated electrodes in a slurry
made with anoxic (sparged with 100% N2) double-deionized

(DDI) water.15 Sediment carbon content was measured using
an elemental analyzer (Shimadzu).15 Iron and U content were
also measured via inductively coupled plasma mass spectros-
copy (ICP−MS) from triplicate aliquots of microwave-
digested sediment.15

Geochemical Methods. Field-collected water samples
were analyzed to quantify DO using an InLab 605 electrode
(Mettler Toledo, Columbus, Ohio), and pH and ORP were
collected using field meters (VWR H30CO; Mettler-Toledo
SevenGo pro) by correction to the standard hydrogen
electrode potential. Experimental effluent water samples were
analyzed for ORP and pH using a calibrated meter with a
microelectrode (M-414, Microelectrodes Inc., Bedford, NH)
inside the anaerobic chamber. Aqueous U(VI) concentration
(0.2 μm nylon filter) was measured by kinetic phosphor-
escence analysis (KPA, Chemchek Inc., Richmond, WA)51

with a detection limit of 1 μg/L. Total aqueous U
concentration was measured on filtered nitric acid-acidified
(pH < 2) samples using an iCAP RQ ICP−MS (Thermo
Scientific, Sunnyvale, CA) at the UNL Water Sciences
Laboratory (WSL)52 with a detection limit of 0.1 μg/L.
Anions, including chloride, bromide, nitrate, sulfate, and
phosphate concentrations, were measured via ion chromatog-
raphy using a Dionex ICS 3000 with IonPac AS9-HC column
(Thermo Scientific, Sunnyvale, CA).53 Nitrite concentration
was measured using the sulfamide colorimetric assay,54

aqueous Fe(II) concentration was determined following
filtration (0.2 μm nylon filter) directly into ferrozine,55 and
the total Fe concentration was measured following acidification
in 0.5 N HCl on a CARY 50 UV/VIS Spectrophotometer.
Sediment Fe content was determined by adding samples to 3
N HCl and extracting for 48 h at room temperature.56 The
extract was removed and added to ferrozine55 to determine
solid-phase Fe(II) and total Fe and was measured following a
hydroxylamine reduction step as previously described57−59 on
a Varian CARY 50 UV/VIS (Agilent technologies, Santa Clara
CA). DIC was determined as previously described.53 Dissolved
organic carbon was measured by wet chemical oxidation60 at
the UNL WSL. Sediment U content was determined by
digesting samples in 10% nitric acid for 72 h at 80 °C61 and
measuring the U concentration via ICP−MS, as described
above.52

U Valence State Analysis Using X-Ray Absorption
Near-Edge Structure Spectroscopy. Sediment samples
determined to contain the highest concentration of U were
selected for further valence state characterization. Sediment
from one core representative of each site (silt layers at 10.2−
10.7 m depth from the Alda West and 11.7−12.1 m from the
Alda North sites) was sonically sieved (Advantech L3P,
Advantech Manufacturing) under anoxic conditions (85:15:5;
N2/CO2/H2) to collect a fine fraction (<0.02 μm), stored
under a vacuum, and sent to the Stanford Synchrotron
Radiation Lightsource (SSRL) for uranium LIII-edge X-ray
absorption near-edge structure (XANES) spectroscopy, which
was measured under vacuum in a liquid nitrogen cryostat (77
K), as previously described.15 The averaged, calibrated
absorption spectra were normalized using ATHENA62,63 by
fitting a linear function to the region between −120 and −65
eV below the edge and a linear function to the region between
100 and 300 eV above the edge. The normalized XANES
spectra (μ€) were fit from 17,151 to 17,201 eV using linear
combinations of reference spectra to determine the oxidation
state of U in the samples. U(VI) adsorbed to ferrihydrite was
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used as the reference for U(VI), and biogenic uraninite (UO2)
produced by Shewanella oneidensisMR-1 was used for U(IV) to
determine the U oxidation state.64

Experimental Up-Flow Column Reactors. Sediment
collected at Alda North at a depth of 11.7 m was selected for
further experimentation based on the measured U sediment
concentration and XANES confirmation of U(IV) (Figure 1).
Six glass chromatography columns (Santa Cruz Biotechnology,
10 cm × 2.54 cm for internal volume of ∼49 cm3) were packed
in the anaerobic chamber with 6 N hydrochloric acid-washed
combusted (450 °C for 4 h), autoclaved sand (50/70-mesh
quartz sand; BET surface area = 2.0 cm3/g), and sediments
bearing naturally reduced U(IV) to develop an interface
between sand and sediment representative of lithologic
interfaces in the aquifer (Figure S1). Approximately 33.7
(±0.6) g of sediment was added to each column. All column
materials were sterilized prior to packing with sediment by
autoclaving, where possible, or 70% ethanol followed by
ultraviolet light sterilization.
To determine the effect of bicarbonate driven desorption of

U(VI) from the sediment surface, columns were pre-
equilibrated in bicarbonate buffered artificial groundwater
(Phase 1) prior to nitrate or nitrite amendments (Phase 2).
Anoxic (80:20; N2/CO2) bicarbonate-buffered (1220 mg/L)
artificial groundwater medium (AGWM; 0.235 g/L KH2PO4,
0.09 g/L KHPO4, 2.52 g/L NaHCO3, 0.1 g/L NH4Cl, 0.0248

g/L MgCl2, 0.141 g/L CaCl2, 5 mL vitamin, and 5 mL mineral
mix65) influent was delivered at a net 10 cm/day, equivalent to
the natural groundwater flow rate in the High Plains aquifer in
this region66 to columns in the anaerobic chamber with an
oxygen-free atmosphere to maintain a CO2 headspace
(85:15:5; N2/CO2/H2) to maintain pH. Once bicarbonate-
driven U desorption was complete and effluent U levels
stabilized below 1 μg/L (Phase 1), duplicate columns received
AGWM amended with 28 mg/L-N nitrate (as sodium nitrate)
or 15 mg/L-N nitrite (as sodium nitrite) in Phase 2 of the
experiment. Another set of duplicate columns received AGWM
amended with 28 mg/L-N nitrate or 15 mg/L-N nitrite and 42
mg/L azide. Azide is an electron transport chain inhibitor and
will suppress respiratory metabolisms, including nitrate
reduction.67−69 The two remaining duplicate columns
remained unamended. Concentrations of nitrate were added
based on field measured concentrations, and nitrite was added
at levels observed during Phase 2 of the experiments presented
here (Figure 2). Chloride served as the conservative tracer
during the pre-equilibration bicarbonate-driven desorption
phase, whereas added bromide served as a conservative tracer
during the second phase in all columns. Columns were
maintained in the anaerobic chamber under an anoxic
atmosphere (85:15:5; N2/CO2/H2) for 45 days. Effluent was
collected daily (when possible) in sterile 50 mL serum vials to
measure geochemical parameters and collect samples for cell

Figure 2. Mobilization of naturally occurring uranium from upflow-column reactors in response to a nitrate amendment replicating the sand and
silt lithologic interface at the Alda North site (1.7−12.2 m). After 19 days of bicarbonate-buffered artificial groundwater medium inflow (Phase 1),
two columns were amended with nitrate, two columns were amended with nitrate and sodium azide, and two columns remained unamended
(Phase 2, denoted by arrow and dashed line). (A) Total cumulative (sum) mass of dissolved uranium eluted from the reactor (measured by KPA)
normalized to sediment mass across time. (B) Conservative tracers chloride (Phase 1; solid line) and bromide (Phase 2; dashed line). (C) Total
cumulative (sum) mass of Fe(II) eluted from the column normalized to sediment mass. (D) Mass of measured nitrate lost (nitrateInfluent −
nitrateEffluent) and nitrite effluent concentrations. Nitrate solid symbols and nitrite open symbols. (E) Microbial cell and virus abundance, where the
VCR is depicted as bar graphs from the nitrate-amended column. Samples below detection, where samples are not reported, including control
treatments. (F) Total sediment-associated uranium from the silt after 45 days of treatment, relative to the total sediment associated uranium
initially measured in the sediments. Statistically significant differences between treatments are denoted by asterisks (***p < 0.001; **p < 0.01; *p <
0.05) as determined by one-way ANOVA followed by a Tukey post-hoc analysis. (a−f) Error bars denote the standard error of measurement for
duplicate treatments.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c07683
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07683/suppl_file/es2c07683_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07683?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07683?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c07683?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and virus abundance. Briefly, unfiltered samples were measured
for pH and ORP and preserved for cell and virus enumeration.
Effluent filtered through a 0.2 μm nylon filter was measured for
DIC, aqueous Fe(II), major ions, U(VI), and total aqueous U.
Effluent samples were collected and filtered through low-

protein binding PVDF filters (0.45 and 0.2 μm for cells and
viruses, respectively), fixed with electron microscopy grade
glutaraldehyde (0.5% final concentration) for 15−30 min at 4
°C, and flash frozen in liquid N2 before storage at −80 °C.
Cells and viruses were enumerated using epifluorescence
microscopy. Frozen samples were thawed, diluted in TE buffer
(pH 8.0), and filtered onto 0.2 μm black polycarbonate filters.
Viruses (<0.2 μm) were collected onto a 0.02 μm Anodisc
filter.70,71 Filters were stained with SYBR Green I (1:80
dilution)70 and enumerated as previously described.70,71

Columns were destructively sampled in the anaerobic
chamber under an anoxic atmosphere upon conclusion of the
experiment. A 1.5 cm-diameter mini-core was taken through
the center of the column. Sediment and sand were digested72

for total U and total Fe analysis,52 as described above. In the
nitrate experiment, the core was divided in half, and 5 g was
preserved at −80 °C for microbial community analysis.
U Adsorption and SCM. Equilibrium adsorption experi-

ments were conducted using naturally occurring reduced and
air-oxidized sediments from the Alda North (11.7 m) site to
measure changes in sedimentary adsorption capacity resulting
from oxidation and oxide precipitation. Molecular oxygen was
added as the oxidant owing to its rapid oxidation kinetics and
ease of removal following mineral oxidation. The surface area
of dried sediments was measured using a BET nitrogen
adsorption isotherm method at −196.2 °C (Micromeritics
ASAP 2020, Micromeritics, Inc), as previously described.15

Sieved (2 mm) sediment were added to acid-washed serum
bottles in the anaerobic chamber with 10 mL of anoxic AGWM
(pH 7.20, 54,000 ppm CO2).

73 Ionic strength was set at a
value of (0.04 mol/kgw) by adding an anoxic (100% N2 as
atmosphere) solution of dissolved 1 M KCl. Sediments in
serum bottles for anoxic experiments were sparged with N2/
CO2 (85:15) for 5 min, while sediments in oxic experiments
were continuously sparged with compressed Air/CO2 (85:15)
for 5 min. DIC was immediately measured,53 and atmospheric
CO2 was adjusted to achieve a final DIC concentration of 0.5
g/L. DIC was measured by adding 1 mL of filtered sample (0.2
μm, nylon membrane) to a degassed serum vial (100% Ar
atmosphere) containing 1 mL 3 N HCl, and the amount of
headspace CO2 was measured via GC-TCD (Varian GC-3900)
and used to calculate DIC. Sediments were pre-equilibrated in
AGWM for 36 h on an orbital shaker (30 rpm) at 21 °C. After
pre-equilibration, samples were collected and filtered (0.2 μm
nylon membrane) for measurement of pH, anions, DIC, and
total U via ICP−MS as described above. Pre-equilibrated
bottles were spiked with an anoxic solution of U(VI) (100%
N2 atmosphere) prepared from UO2Cl2 (SPI supplies) to
achieve a final concentration ranging from 0.010 to 0.285 mg/
L U. Similar to pre-equilibration, bottles were incubated on an
orbital shaker (30 rpm, 21 °C) for 36 h. After 36 h samples
were anoxically removed and filtered (0.2 μm, nylon). The
filtrate was measured for pH, DIC, and total U. Unfiltered
samples were extracted for sediment Fe and U in either 3 N
HCl for 24 h or 10% nitric acid for 72 h, respectively.
A nonelectrostatic-generalized SCM74,75 was developed

using the equilibrium adsorption experimental data. Data
were fit using PHREEQC,76 with sorption mass action

constants optimized by coupling PHREEQC to UCODE77

as described in the Supporting Information.
DNA Extraction, Sequencing, and Bioinformatic

Analyses. DNA from a known sediment mass was collected
following column deconstruction, extracted as previously
described,78 purified with polyethylene glycol 6000, and
precipitated with ultrapure glycogen.78 DNA concentration
was quantified using the Qubit DNA 1× HS assay according to
the manufacturer’s specifications, and DNA purity was
determined using the 260/280 (nm) ratio in a Hellma
TrayCell on a CARY 50. All samples yielded sufficient DNA
for shotgun metagenomic sequencing, with the exception of
one replicate column treated with the electron transport
inhibitor, azide. A shotgun metagenomic sequencing library
was prepared using the Nextera XT DNA library kit. Equimolar
pooling of libraries was performed based on QC values and
sequenced on an Illumina NovaSeq S4 (Illumina, California,
USA) with a read length configuration of 150 PE for 40 M PE
reads (20 M in each direction) per sample. The quality of
shotgun metagenomic raw sequence reads was checked using
FastQC. Low quality bases and Illumina adapters were filtered
using Trimmomatic (v.0.39)79 using default parameters and
contigs (1000 bp in length) coassembled by MEGAHIT
(v.1.2).80 Clean reads were mapped to assembled contigs
utilizing Bowtie (v.2.3).81 Binning was performed using
Metabat2 (v2.15),82 Maxbin2 (v2.2),83 and CONCOCT
(v1.1)84 followed by dereplication using DasTools.85 MAGs
comprising contamination were manually curated with Anvi’o
(v.7).86 Completion and contamination of MAGs were
assessed by CheckM (v.1.1).87 MAG genome coverage was
normalized against the total number of metagenomic reads in
each sample, as previously described.88 MAGs were then
taxonomically assigned using the GTDB database
(2021.04.26)89 and annotated using DRAM (v1.2),90 and
FeGenie (v1.0).91 Putative virus contigs in the metagenome
were identified using VirSorter2 (v2.1) in MAGs (--high-
confidence-only--hallmark-required--prep-for-dramv).92 Virus
infection in the MAGs was validated using clustered regularly
interspaced short palindromic repeat (CRISPR) sequences
utilizing CRISPRCasFinder (v.2.20).93

Statistical Analysis. Differences between the mean
sediment uranium concentrations between treatments were
assessed using a one-way ANOVA test followed by a Tukey
post-hoc analysis in R (CRAN project) using the vegan
package.94

■ RESULTS AND DISCUSSION
Microbial Nitrate Reduction-Stimulated Mobilization

of Naturally Occurring Uranium from Alluvial Aquifer
Sediments. In this region of the High Plains aquifer, where
sediment and groundwater were collected, groundwater flows
from SW to NE (Figure 1).44 A redox gradient was observed
spatially, with higher DO, nitrate, and U(VI) concentrations
and low Fe(II) concentrations in groundwater at Alda West
(Figure 1, Table S1; Snow, 1996). Elevated levels of
groundwater U (max 147.1 μg/L ± 0.8) and nitrate (27
mg/L-N ± 0.4) concentrations were measured upgradient
(Figure 1, Table S1), which is consistent with historic
measurements.2,45 The collected cores and groundwater
captured the established redox gradient, which decreased in
the direction of groundwater flow from Alda West to Alda
North. Measured sedimentary U was highest in fine-grained silt
and clay layers (Figure 1). XANES analysis of U valence state
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from stratigraphically equivalent sediments, where sediment-
associated uranium concentrations were relatively high and
revealed an oxidizing front or gradient in the direction of
groundwater flow; upgradient sediments harbored 90% U(VI)
and 10% U(IV) with more reduced sediments downgradient
(50% U(VI); 50%(IV)). Sediments bearing 50% U(IV) were
selected to experimentally test the role of nitrate stimulated
oxidative dissolution of sedimentary U(IV) and the subsequent
mobilization of naturally occurring uranium under advective
flow.

Naturally occurring uranium was mobilized (Figure 2) upon
influx of bicarbonate buffered artificial groundwater medium in
a series of six upflow column reactors packed with the U(IV)
and U(VI)-bearing aquifer sediments (Figures 1 and 2A). The
column reactors were packed to simulate the subsurface silt
and sand lithologic interface (Figures 1B,C and S1); all
solutions were prepared anoxically, and experiments were
conducted under anoxic conditions. The mobilization of U at
the introduction of influent is consistent with uranyl carbonate
formation and desorption of U(VI) from sediments upon

Figure 3. (A) MAGs from the sediment microbial and viral (viral contigs) communities following 45 days of reactor incubation with the addition of
nitrate, nitrate and azide relative to the unamended (bicarbonate only) reactors. Taxa were identified using GTDB to the species level where
possible, with the phylum level denoted on the left. Unclassified taxa are described to the lowest possible classification. (B) Genes associated with
nitrogen and iron redox (and metal) cycling were identified from within the MAGs identified in the nitrate-amended column using DRAM and
FeGenie, where gene copy number determined the weight and size of arrows in each biogeochemical cycle. Identification of the microbiota with the
identified metabolic potential is denoted by each gene identified in the MAGs.
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addition of DIC.23 Within Phase 1 of the experiment, 43.75 ±
1.90 μg U was recovered as bicarbonate desorbed U (Figure
2A) and measured as U(VI) using KPA.51 Pore water U
concentrations measured via KPA and ICP−MS were
correlated (Pearson correlation, r = 0.9966, p < 0.001) with
each other and revealed no difference between U concen-
trations collected using the two methods (Figures 2A and
S3B). Following the cessation of bicarbonate-driven U elution,
nitrate, and a conservative tracer, bromide, were amended into
the influent of two column reactors. Two replicate column
reactors were also amended with nitrate, bromide, and sodium
azide (final concentration 1 mM) to inhibit microbial nitrate
respiration, and two replicates amended with bromide only
served as negative controls. The nitrate addition stimulated the
mobilization of U from sediments into the column effluent,
whereas no significant elution of U was observed in controls
where nitrate was omitted or nitrate and sodium azide were
amended together (Figure 2A,B). Nitrate stimulated microbial
growth and nitrate reduction to nitrite in columns receiving the
nitrate amendment in the absence of azide (Figure 2D,E). No
significant microbial growth or nitrate reduction was observed
in columns in which nitrate was omitted or amended with
azide. Given that azide, an inhibitor of electron transport and
respiration, inhibited nitrate reduction and mobilization of
naturally occurring uranium, the results demonstrate that

microbial nitrate reduction plays a role in the mobilization of
naturally occurring uranium from sediments. This was further
supported by the increase in cell number during periods of
nitrate reduction (Figure 2E). Cell counts remained low in
azide-amended and unamended columns, indicating that
microbial activity was suppressed (Figure 2E). Nitrite was
transiently measured in the column effluent of nitrate-amended
columns (Figure 2D), which could play a role in the oxidation
of uranium.41,95 No nitrite was detected in the azide-amended
columns or unamended controls (Figure 2B). During this
period, pH did not significantly change (Figure S3E). During
the nitrate stimulated U mobilization phase an additional 43.75
± 1.90 μg or 50 ± 5% of measured total aqueous uranium
eluted over days 19−45. Total U mass removed or lost from
column sediments as determined from extractions of the
naturally occurring sediment in the columns at the conclusion
of the experiment revealed 85.24 ± 1.61% of the sediment
associated U was lost from the nitrate-amended columns
relative to the unamended (55.52 ±3.03% total U) and nitrate
and azide-amended treatments (60.09 ± 5.13% total U)
(Figure 2F). Together, these results indicate that microbially
stimulated nitrate reduction is one mechanism for mobilization
of naturally occurring uranium from alluvial aquifer sediments
in addition to bicarbonate-mediated desorption.

Figure 4. Nitrite-stimulated mobilization of naturally occurring sedimentary uranium from the Alda North site (1.7−12.2 m). After five days of
inflow of bicarbonate buffered artificial groundwater medium into two upflow-column reactors two columns were amended with nitrite, two
columns amended with nitrite and sodium azide, and two columns remained unamended (denoted by arrow and dashed line). (A) Total
cumulative mass of dissolved uranium eluted from the reactor (measured by KPA) normalized to sediment mass across time, the same as ICP−MS
(Figure S2B). (B) Conservative tracers chloride (Phase 1) and bromide (Phase 2). (C) Mass of nitrite lost (nitriteInfluent − nitriteEffluent), as
measured by analyte concentrations in the effluent. (D) Total sediment-associated uranium after 15 days of treatment, relative to the total
sediment-associated uranium initially measured in the sediments. Statistically significant differences between treatments are denoted by asterisks
(***p < 0.001; **p < 0.01), as determined by one-way ANOVA, followed by a Tukey post-hoc analysis. (A−D) Error bars denote the standard
error of measure for duplicate treatments.
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Identification of the sediment microbial community by
shotgun metagenomic sequencing and MAGs at the conclusion
of the experiment revealed the enrichment of microorganisms
capable of reducing nitrate to nitrite (Figure 3). Bacteria within
the phyla Firmicutes, Proteobacteria, and Actinobacteria were
enriched in nitrate-amended sediments relative to sediments
amended with nitrate and azide or where nitrate was omitted
(Figure 3A). Specifically, Brevibaillus massiliensis, Bacillus
sp003586445, Sporomusa sphaeroides, Geomonas sp., unclassi-
fied Burkholderiaceae, Acidovorax spp., Azotobacter sp.,
Pseudomonas spp., and Tessaracoccus lapidicaptus were enriched
in nitrate-amended treatments (Figure 3A). These taxa
recovered from the nitrate-amended column all have the
metabolic potential to reduce nitrate (Figure 3B). A review of
metabolic potential further revealed the prevalence of the
genomic capability for the reduction of nitrate to nitrite, which
was consistent with the observed production of nitrite through
the experiment (Figure 2D). However, after day 37, nitrite was
consumed. The potential for dissimilatory nitrate reduction to
ammonia (DNRA) as well as denitrification was also identified
and could explain community enrichment toward these
processes (Figure 3B). However, it is also possible that the
community could have shifted over the course of the
experiment as a result of viral predation, where shifts in the
virus-to-cell ratio (VCR) were observed (Figure 2E) and the
identification of viral contigs within the MAGs in nitrate-
amended treatments (Figure 3A). This may explain the shift to
lower concentrations of nitrite observed after day 37 (Figure
2D), where Geomonas sp. was identified with the potential to
favor DNRA in the sediments at the conclusion of the study.
The observed increase in Fe(II) in both Phase 1 and Phase 2

of the study (Figure 2C) indicated the potential for Fe(III)
reduction and was supported by the identification of a
recognized Fe(III) reducing bacterium, Geomonas sp. (closely
related to Geomonas bemidjiensis formerly Geobacter bemidjien-
sis), and an unclassified Burkholderiaceae harboring the
metabolic potential for dissimilatory Fe(III) reduction (Figure
2C). However, during Phase 2, the elution of the total sum of
Fe(II) was substantially lower in columns amended with
nitrate relative to the nitrate- and azide-amended column as
well as the bicarbonate only amended columns. The potential
for nitrate-dependent Fe(II) oxidation exists given that
Geomonas sp. identified in this study harbors the metabolic
potential to oxidize Fe(II) (Figure 3B). Taxa recognized to
oxidize iron coupled to nitrate reduction, Acidovorax spp. and
Pseudomonas spp., were also identified.50,96 While the
metabolic potential was identified, the decreased amount of
Fe(II) eluting from the nitrate-amended columns suggests
active Fe(II) oxidation. However, it is noted that there remains
an increase in the total amount of Fe(II) eluting from the
column indicating both the potential for Fe(III) reduction and
nitrate-dependent Fe(II) oxidation. Both Acidovorax sp. and
Pseudomonas sp. have also been demonstrated to catalyze
nitrate-dependent U(IV) oxidation in addition to iron
oxidation.97 While the potential for nitrate-dependent U(IV)
oxidation exists within the microbial community, the
production of significant concentrations of nitrite indicate a
possible role of abiotic nitrite driven oxidation of U(IV)
(Figure 3B).
Nitrate-Reduction Intermediate, Nitrite, Stimulates

Mobilization of Naturally Occurring U. Nitrite is a reactive
intermediate of nitrate reduction which can abiotically oxidize
reduced chemical species, such as U(IV) and Fe(II).37,41,95,98

The role nitrite plays in uranium mobilization was tested in
upflow column reactor experiments under the same exper-
imental conditions as described for nitrate-amended columns
replacing nitrate with nitrite. Following the bicarbonate
desorption phase, nitrite was injected into the influent of
duplicate reactors at a concentration observed in the preceding
experiments (15 mg/L). Duplicate columns were also run
where nitrite was omitted (control columns) or where nitrite
and azide were coinjected. Nitrite stimulated the mobilization
of naturally occurring uranium in two treatments: nitrite only
and nitrite plus azide amendments (Figure 4). Nitrite
decreased relative to the concentration of a conservative
tracer, bromide (Figure 4B,C), with more sedimentary U lost
from the nitrite-amended columns (475 ± 5 μg U/kg sed;
Figure 4D) than columns where nitrite was omitted (277 ± 29
μg U/kg sed; Figure 4D). Nitrite decreased similarly in azide-
amended treatments, which demonstrated the role of an
abiotic reaction in these sediments. More sediment U was lost
from the nitrate-amended experiments (771 ± 15 μg U/kg
sediment) than from the nitrite-amended experiments (475 ±
5 μg U/kg sediment). However, this may be a result of the
increased duration of the nitrate-amended experiment or total
amount of nitrite produced over the course of the study.
Overall, these results indicate that nitrite, a nitrate reduction
intermediate, can oxidize naturally occurring U(IV) and
indicates this reaction can play an important role in
environmental U mobilization. The prevalence of gene copy
numbers associated with nitrate reduction to nitrite (Figure
3B) supports this as a predominant pathway within the
microbial community. Nitrite production could also cause the
abiotic oxidation of Fe(II) and the precipitation of Fe(III)
oxides.98

U Retention on Sedimentary Fe(III) Oxides. Mobi-
lization of U from sediments in the presence of nitrate has
been linked to the formation of Fe(III)-oxides by nitrate-
dependent Fe(II) oxidation.41,42,95 Analysis of aqueous Fe(II)
data from the effluent revealed that less cumulative Fe(II) was
released from columns amended with nitrate than the
unamended controls (Figure 2D). This could be due to Fe(II)
oxidation occurring in the nitrate-amended columns, although
we cannot rule out another mechanism, such as fermentative
Fe(III) reduction, occurring in the azide-amended and
unamended columns. Fe(III)-oxides are reactive surfaces that
serve as adsorptive sites for U(VI). There is the potential for
Fe(III) oxides to catalyze U(IV) oxidation.42,43 Therefore, they
could either increase or decrease dissolved U depending on the
aqueous chemistry or surface chemistry of Fe(III) oxide
minerals.
The precipitation of Fe(III) oxides can increase U retention

in the subsurface via adsorption. In order to determine if U
would be retained by adsorption in association with the
precipitation of Fe(III) oxides generated in the study, a series
of equilibrium adsorption experiments were performed.
Sediments containing reduced elements, such as Fe(II) and
U(IV), were maintained under an anoxic atmosphere (control
for a final DIC concentration of 0.55 ± 0.1 g/L; 54,000 ppm
CO2 atmosphere balanced with Ar) and replicates were air
oxidized in air with a 54,000 ppm CO2 atmosphere. Following
air oxidation the majority of Fe in the sediments was oxidized
with only 12.4 ± 4.07% of the Fe remaining as Fe(II) in the air
oxidized treatments (Table S3), whereas the Fe(II) comprised
75 ± 6.9% of the unamended or reduced treatment (Table S3).
Together, these data indicate the precipitation of Fe(III) oxide
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minerals. More U was adsorbed onto the air-oxidized sediment
surface (48.6 ± 6.5% U adsorbed; Table S4) relative to the
sediments that remained reduced (23.7 ± 6.8% U adsorbed;
Table S4; Figure 5). Development of a generalized composite

SCM indicated that the precipitation of ferrihydrite could
account for the U adsorbed to the Fe(III) oxide surfaces
(Figure 5). This result is consistent with retention of U by the
precipitation of Fe(III) oxide minerals99−101 and suggests the
capacity of iron oxides generated in the column study to
sequester some U even in the presence of bicarbonate.
Long-Term Implications for Nitrate-Mediated Ura-

nium Mobilization in Alluvial Aquifers. The release of
U(VI) associated with complexing ligands such as carbonate
has been recognized as a factor in the mobilization of U in
alluvial aquifer sediments.2,102,103 Here, we demonstrate that in
addition to bicarbonate-driven U desorption, U deposited in
fine-grained, low-permeability silts and clays within alluvial
aquifers as reduced U(IV) phases is subject to oxidation
following the influx of nitrate into the reduced aquifer. The
potential exists for direct oxidation of U(IV) coupled to nitrate
reduction by microbial taxa, such as Acidovorax sp.97 In
addition, microbial production of nitrite can abiotically drive
U(IV) oxidation and mobilize U into the groundwater. Not all
of the U would remain mobile as both biological and abiotic
Fe(II) oxidation reactions can lead to the precipitation of a
high reactive surface area mineral for U(VI) to absorb, thus
removing it from groundwater.42,43 Under increasing alkalinity
and carbonate concentrations, U(VI) would be prone to
desorption and mobilization. A redox gradient is established in
this region of the High Plains aquifer, where nitrate-bearing
groundwater moves from an oxidized region of an aquifer,
where U(VI) is adsorbed to iron oxide surfaces into a region of
the aquifer with reduced low permeability silty clay deposited
at 11.7 - 12.1 m depth bgs (Figure 1). Within this region
nitrate reduction is coupled to the oxidation of U(IV) and
generation of U(VI), which can be retained on Fe(III) oxide
surfaces. The continued influx of nitrate into zones containing
reduced minerals may eventually overcome the reducing
potential of the sediments and oxidize reduced minerals and
organic carbon, resulting in the oxidation of reduced U(IV)
and Fe(II) into soluble U(VI) and ferric Fe(III) oxide
minerals, respectively. Newly generated Fe(III) oxides may

then serve as a temporary sink for U(VI) through adsorption;
however, natural increases in bicarbonate through processes
such as carbonate mineral dissolution or heterotrophic
microbial metabolisms can release the adsorbed U(VI) back
into the groundwater.
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J.; Bolduc, B.; Gazituá, M. C.; Daly, R. A.; Smith, G. J.; Vik, D. R.;
Pope, P. B.; Sullivan, M. B.; Roux, S.; Wrighton, K. C. DRAM for
distilling microbial metabolism to automate the curation of micro-
biome function. Nucleic Acids Res. 2020, 48, 8883−8900.
(91) Garber, A. I.; Nealson, K. H.; Okamoto, A.; McAllister, S. M.;
Chan, C. S.; Barco, R. A.; Merino, N. FeGenie: a comprehensive tool
for the identification of iron genes and iron gene neighborhoods in
genome and metagenome assemblies. Front. Microbiol. 2020, 11, 37.
(92) Guo, J.; Bolduc, B.; Zayed, A. A.; Varsani, A.; Dominguez-
Huerta, G.; Delmont, T. O.; Pratama, A. A.; Gazituá, M. C.; Vik, D.;
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