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Abstract

Uranium (U) contamination occurs as a result of mining and ore processing; often in 

alluvial aquifers that contain organic-rich, reduced sediments that accumulate 

tetravalent U, U(IV). Uranium(IV) is sparingly soluble, but may be mobilized upon 

exposure to nitrate (NO3
–) and oxygen (O2), which become elevated in groundwater due 

to seasonal fluctuations in the water table. The extent to which oxidative U mobilization 

can occur depends upon the transport properties of the sediments, the rate of U(IV) 

oxidation, and the availability of inorganic reductants and organic electron donors that 
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consume oxidants. We investigated the processes governing U release upon exposure 

of reduced sediments to artificial groundwater containing O2 or NO3
–under diffusion-

limited conditions. Little U was mobilized during the 85-day reaction, despite rapid 

diffusion of groundwater within the sediments and the presence of nonuraninite U(IV) 

species. The production of ferrous iron and sulfide in conjunction with rapid oxidant 

consumption suggested that the sediments harbored large concentrations of 

bioavailable organic carbon that fueled anaerobic microbial respiration and stabilized 

U(IV). Our results suggest that seasonal influxes of O2 and NO3
– may cause only localized

mobilization of U without leading to export of U from the reducing sediments when 

ample organic carbon is present.



Introduction

Uranium contamination occurs in numerous aquifers throughout the United States and 

the world as a result of U mining and ore-processing.(1, 2) Where reducing conditions 

are present, U can be retained in the sediments as U(IV),(3, 4) which is generally less 

soluble and mobile than U(VI).(5)Elevated groundwater U concentrations exist at many 

historical ore-processing sites, despite removal of the above ground source material 

(i.e., mill tailings),(6, 7) suggesting that a mechanism exists within contaminated 

aquifers to remobilize the U(IV) that has accumulated in the sediments.(8) Fluctuating 

redox conditions that occur due to seasonal changes in the water table allow 

introduction of oxidants into sediments as dissolved gases and soluble species,(8, 

9) representing a potentially prominent mobilization process. Of particular relevance to 

fluvial aquifers are the oxidants oxygen (O2) and nitrate (NO3
–).(9) The latter can be 

produced via nitrification when O2comes into contact with buried organic matter(10) and

can be a U cocontaminant due to the use of nitric acid as an extractant.(11) Oxidation 

of U(IV) by nitrate can occur via bacteria that directly couple it to denitrification,(12) or 

via direct reaction with denitrification products.(13)

Because U(IV) oxidation can be an important mechanism promoting mobilization and 

can hinder in situ remediation efforts,(11, 14-16) it has been investigated in numerous 

laboratory and field studies, yielding information on the processes that may control the 

rate and extent of oxidation. Such processes include diffusion(17) because U(IV) often 
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accumulates in fine-grained, low permeability sediments where transport limits the 

supply of oxidants and induces anoxic conditions.(3, 4, 18) These fine-grained anoxic 

sediments are distributed as mm to m thick lenses within sand and cobble alluvium.

(4) The transport of oxidants is expected to be rapid in the sand and cobble layers 

where advection predominates, whereas the fine-grained texture of the anoxic 

sediment could impose diffusion limitations on the availability of oxidants to 

sedimentary stocks of U(IV). Furthermore, the chemical form of U(IV) has been shown to

impact the rate at which U(IV) is oxidized.(19, 20) Finally, other reduced species in 

anoxic sediments, such as ferrous iron (Fe(II)) and sulfide (S(-II)), which are typically far 

more abundant than U, could react with oxidants, thereby buffering the oxidation and 

remobilization of U(IV).(21-23) Among the processes that could influence U(IV) 

oxidation, the availability of sedimentary organic matter to stimulate microbial 

consumption of O2 or NO3
– has largely been neglected.(24) However, the abundance and

microbial availability of organic carbon should be expected to influence the types of 

microbial respiration that can occur;(25-27) hence the redox poising of the sediments 

and relative stability of U(IV) and U(VI). This may be particularly important in fluvial 

aquifers, where buried lenses of organic material accumulate U(IV)(4) and fuel microbial

respiration.(10, 28)

Our goal was to investigate U oxidation and release from anoxic sediments under 

simulated field conditions. We utilized microcosms in which geometrical constraints 

imposed one-dimensional flow between artificial groundwater and natural, anoxic 

sediments harvested from a U-contaminated oxbow lake located in Riverton, WY. The 

artificial groundwater either contained an oxidant (O2 or NO3
–) to promote oxidative U 

release or was free of oxidant to control for other mobilization processes. This design 

allowed us to assess the importance of different processes that may control the extent 

to which oxidative U mobilization occurs in the field, including (1) limits on transport 

imposed by the diffusion-limited flow regime; (2) the speciation of U(IV), hence the rate 

of U(IV) oxidation; (3) the availability of inorganic reductants that consume oxidant; 

and, finally, (4) the availability of organic carbon to fuel microbial respiration.


Materials and Methods

Microcosm Design
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The sediment used was from the oxbow lake of a former uranium ore-processing site in 

Riverton, WY.(7) A detailed description of the site, including its geology, legacy of U 

contamination and remediation strategy is available from Dam et al.(7) Black, fine-

grained sediment was collected from the lake bottom and packed into glass jars with 

metal screw caps. The remaining headspace was filled with water to prevent diffusion of

O2 into the sediment. Sediment was stored at 4 °C before use. The elemental 

composition of the dried, ground sediment was determined using an X-ray fluorescence 

analyzer (AMETEK Material Analysis Division, Spectro XEPOS; metals, sulfur and 

phosphorus content) and an elemental analyzer (Carlo Erba NA1500; carbon and 

nitrogen content). The U, Fe, C, S and N content of the sediment were 139 ± 5 ppm, 1.7

± 0.2%, 1.7%, 0.5 ± 0.03%, and 0.08%, respectively. S and Fe K-edge X-ray absorption 

spectroscopic analysis revealed that sediments were dominated by reduced S species 

(sulfide, pyrite, and zerovalent sulfur) and that Fe was contained in clay minerals, iron 

oxides, pyrite, magnetite and some mackinawite, which is consistent with reducing 

sediments observed in floodplains elsewhere(18)(see Supporting Information, (SI), for 

details; Figures S1 and S2; Tables S1 and S2).

To replicate the juxtaposition between low-permeability reduced sediment and high-

permeability sand and cobble alluvium we constructed reactor microcosms that 

imposed a diffusional gradient between sediment porewater and an overlying water 

column. Inside an anoxic glovebox 32 plastic (polypropylene) 3 cm tall tubes were 

packed with 8 g of oxbow lake sediment and then submerged in a 2 L reservoir of 

artificial groundwater (a sketch of the reactors is provided in SI Figure S3). This 2 L 

reservoir was referred to as the “advection solution”. Before packing, the sediment was 

homogenized and large organic debris (such as large roots) and pebbles were removed;

however, no further attempts were made to select the particle size, and small roots 

were allowed to remain. Sediments were dominated by the smallest particle size 

fraction: 64% were between 53 and 150 μm in size and 22% were less than 53 μm in 

size (SI Table S3). The porosity of the sediment, measured by change in water content 

between saturation and oven-dry (24 h at 105 °C) was 0.48 ± 0.02 cm3 g–1. The plastic 

tubes were sealed on all sides, except for the top (1.98 cm2), ensuring that any mass 

exchanged must have occurred via diffusion across this interface.

A peristaltic pump supplied fresh artificial groundwater to the 2 L reservoir at a rate of 

0.06 L d–1for the first 8 days of the experiment and 0.12 L d–1 for the remainder of the 
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experiment. Solution was removed from the reservoir at the same flow rate, yielding a 

residence time of 33 days (first 8 days) to 17 days (remainder). The experiment was 

conducted for 85 days, which is comparable to the 3 week to 3 month duration of 

elevated water table excursions and oxidant concentrations observed in regional 

aquifers.(9) The composition of the artificial groundwater, which was based on the 

concentration of major cations and anions in groundwater at the Riverton site,(29) is 

given in the SI (Table S4). The pH of the influent groundwater solution was adjusted to 

7.2. Three separate reactors were constructed, one in which the influent contained 1 

mM NO3
– (referred to as “Reactor-NO3

–” or “R-NO3
–”), one that was in equilibrium with air 

(yielding a dissolved O2concentration of 250 μM; referred to as “Reactor-O2” or “R-O2”), 

and one that contained no oxidant (the artificial groundwater was anoxic; referred to as 

“Reactor-C” or “R-C”). The nitrate and control reactors were housed in a Coy anaerobic 

chamber with a H2/N2 atmosphere. The nitrate concentration was similar to groundwater

concentrations measured at the Riverton site.(29) The oxygen reactor was stored on a 

benchtop in air. The influent reservoir that fed the 2 L reservoir of R-O2 was constantly 

bubbled with air to ensure that the artificial groundwater was always saturated with O2.
Measurement of Aqueous Ions in the Advection Solution

Aqueous samples were removed approximately daily from the 2 L reservoir of each of 

the three reactors, adjacent to the effluent outlet of the reactor. Five mL was preserved 

in 2% nitric acid (HNO3) for analysis of U and Br via inductively coupled plasma-mass 

spectrometry (ICP-MS; Thermo XSeries II). Three mL was preserved frozen for analysis 

of NO3
– and NO2

– using colorimetry on a discrete analyzer (WestCo SmartChem 200). A 

volume of 1.5 mL was preserved in 0.1 M zinc chloride for analysis of S(-II). Sulfide was 

measured using the methylene blue colorimetric technique. Briefly, 60 μL each of 0.085 

M N,N-dimethyl-1,4-phenylenediamine sulfate in 6 M HCl and 0.04 M ferric chloride in 6 

M HCl were added to the preserved sample and allowed to react for at least 1 h. The 

light absorbed in the colored solutions was then measured at 600 nm using a UV–vis 

spectrometer (Shimadzu UV-1601).
Measurement of Ions in Sediment and Porewater

At select time points (days 2, 8, 22, 33, 57, 71, and 85), three sediment tubes were 

harvested from the reactor to monitor the concentration and oxidation state of U and 

other reactive species as a function of depth and time. The first tube was preserved 

frozen for μ-XAS analysis (either at −80 °C or in an anaerobic canister at −20 °C).
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The second tube was sectioned into 0.5 cm segments. The porewater from these 

segments was extracted by centrifugation. An aliquot of the porewater (ca. 100 μL) was 

preserved frozen at −20 °C for measurement of aqueous NO3
– and NO2

– using a discrete 

analyzer. A second aliquot was diluted into 5 mL of 2% HNO3 for measurement of U, Br 

and Fe via ICP-MS or inductively coupled plasma-optical emission spectrometry (ICP-

OES; ThermoScientific ICAP 6300 Duo View Spectrometer). The remaining sediment was

preserved in an anaerobic canister at −20 °C for bulk X-ray absorption spectroscopic 

analysis and for the measurement of sedimentary U concentration, which was 

determined via microwave digestion (due to limited mass of sediment) of ca. 0.1 g 

sediment in 10 mL concentrated HNO3 for 2 h at 180 °C (in a CEM MarsExpress 

Microwave Digester). After digestion, the nitric acid was diluted in water and the U 

concentration was measured via ICP-MS. The total U concentration determined via 

digestion was 82% of that determined via XRF (based on comparison of the bulk, 

unreacted sediment measured via XRF and the sample from R-C, day 2, depth = 3 cm 

measured via digestion). Although digestion in HNO3 did not recover 100% of the U 

determined via XRF, we expect the efficacy of the digestion to be comparable between 

days 2 and 85.

Fine-scale O2 depth profiles were determined in a third tube by gold amalgam 

voltammetric microelectrodes(30) using a DLK-70 potentiostat equipped with 

automated micromanipulator (Analytical Instrument Systems, Inc. Flemington, NJ). The 

O2 measurements were collected every 0.1 cm, starting 0.2 cm above the sediment-

solution interface (reported as “-0.2 cm”) and proceeding 1.8 cm into the tube.
Bulk XAS

Uranium LIII-edge X-ray absorption spectra were collected at beamline 11–2 at the 

Stanford Synchtrotron Radiation Lightsource (SSRL). The energy of the X-ray beam was 

selected using a Si(220) φ = 0 double crystal monochromator detuned by 30% at 

17,700 eV to minimize harmonics. Calibration was monitored during each sample scan 

by collecting the Y K-edge (17,038.4 eV). The fluorescence signal was monitored using a

100-element Ge detector. A strontium foil and Soller slits were used to increase the 

signal-to-noise ratio. Background normalization was performed in Athena(31) on spectra

obtained from averaging 6–12 individual scans. No beam damage was observed 

between scans. To assess U oxidation state, linear combination fitting of the near-edge 

region was performed in Athena using a molecular U(IV) reference obtained from a pure
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culture of U(VI) reducing bacteria(32) and U(VI) adsorbed to ferrihydrite. Shell-by-shell 

analysis of extended X-ray absorption fine edge structure (EXAFS) spectra was 

performed in Artemis with paths calculated (using FEFF 6 L(31)) based on the structures

for uraninite,(33) rutherfordine,(34) and ningyoite(35) to obtain information on the local 

coordination environment of U (within 6 Å) (fitting details provided in SI).
Micro-XRF

Spatially resolved X-ray fluorescence spectromicroscopy was conducted to examine the 

distribution of U, Fe, S, Ca, Mn, and Ti in cross sections of the sediment tubes that were 

harvested on day 85. The preserved sediments were freeze-dried in their tubes, set in 

epoxy, and then cut in half (through their long axis) using a rock saw. The sectioned 

tubes were mounted at beamline 10–2 (SSRL). Maps were collected of the entire length 

of tube at 50 μm resolution at energies (selected using a Si(111) phi = 90 double crystal

monochromator) above and below the U LIII-edge (17,200 eV and 17,000 eV), which 

enabled separation of the U fluorescence line from that of Rb, with which it overlaps. 

The fluorescent signal was detected using a single-element solid-state Vortex Si-drift 

detector. All data processing was conducted using the Microanalysis Toolkit software 

program.(36)


Results

Diffusivity of Sediments

The porewater concentration of the unreactive tracer bromide, Br–, was measured to 

assess diffusion rates (Figure     1  ; also presented in this figure are the porewater 

concentrations of U, discussed below). We found that Br– diffused into the sediment 

tubes rapidly compared to the time frame of the experiment. By day 2, porewater 

concentrations were 40–50% of the advection solution concentrations in all three 

reactors at the bottom of the sediment (3 cm). By day 8, the concentrations had 

reached 60% of the advection solution concentrations at the bottom of the sediment. By

the end of the experiment (days 71 and 85), Br– had completely diffused throughout the 

sediment profile; indeed its concentration in the porewater was higher than in the 

advection solution at some depths, which may indicate that Br– did not behave in a 

completely conservative manner.
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Figure 1. Depth profiles of aqueous Br and U porewater concentrations as a function of time. 

Note that the concentration at depth = 0 cm is the concentration of the analyte in the 

advection solution.

Efflux of Uranium from Sediments

Uranium concentrations in the advection solution reached their highest concentrations 

in all three reactors during the first 2 days of the experiment, and then decreased in 

concentration for the remainder of the experiment (Figure     2  ). The advection solution U 

concentration reached the highest levels in R-O2, followed by R-NO3
–. Although the 

concentration increased in R-C as well, the maximum was lower than in the reactors 

that contained oxidant; thus, we concluded that oxidation of sedimentary U caused its 

release into the advection solution in R-NO3
– and R-O2. The release of U from R-C 

sediments may have occurred due to U desorption or mobilization of U-containing 

colloids, which could have been facilitated when a small amount of sediment at the top 

of the tubes was suspended as the sediments were submerged in solution.

Figure 2. Aqueous U, S(-II), NO3
–, and NO2

– concentrations in advection solution versus time. The

detection limit for [S(-II)(aq)] (2 μM) is shown as a red line; all S(-II)(aq) concentrations in R-O2 fell 

below the detection limit.

The net daily efflux of U from the sediments (J; μmol cm–2 d–1) in all three reactors was 

estimated from the rate of change in the U concentration in the advection solution as a 

function of time, which was calculated based on the measured advection solution U 

concentration and the calculated loss of U in the reactor effluent (assuming that the 

concentration measured in the advection solution was equal to the concentration 
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leaving the reactor in the effluent; details of these calculations are provided in the SI; 

Figures S4 and S5). Net efflux of U from the sediments occurred only during the first 1–3

days of the experiment (for R-O2, J = 0.0076 μmol cm–2 d–2; for R-NO3
–, J = 0.0031 μmol 

cm–2 d–2; for R-C, J = 0.0015 μmol cm–2 d–2); after which the flux of U was close to zero and

the change in the advection solution U concentration was dominated by the removal of 

U in the effluent (SI Figure S4). The total percent of U released from the tubes relative 

to the total mass of U contained within the tubes was 0.13% (R-C), 0.33% (R-O2) and 

0.29% (R-NO3
–). Thus, the majority of U was retained in the sediments, despite the 

continual supply of oxidant and the relatively rapid diffusion of solutes into the sediment

tubes.
U in Porewaters and Sediments

Although the efflux of U from the sediments due to oxidation was only a small fraction 

of the total mass of U in the tubes, porewater concentrations of U in R-NO3
– and R-

O2 were elevated relative to R-C, especially during the first 33 days of the experiment 

(Figure     1  ). For instance, the maximum U concentration in the porewater after 8 days 

was between ca. 6 and 9 μM for R-NO3
– and R-O2, whereas the concentration was only 

ca. 2 μM in the R-C porewater. Additionally, the porewater U concentration in the control

reactor remained fairly constant over time; whereas the porewater U concentrations in 

R-NO3
– and R-O2 increased between days 2 and 8, and then decreased, finally reaching 

concentrations that were comparable to those observed in R-C by day 57.

The total amount of U released into the porewater was small relative to the amount of U

stored within the sediment. For instance, the maximum porewater concentration was 

ca. 9 μM, which corresponds to only 0.2% of the total U contained in the sediment 

(including both the pore space and the solid phase). Analysis of the concentration of 

sedimentary U in the solid phase during day 2 and day 85 demonstrated that no 

significant sedimentary U loss occurred (SI Figure S6). Finally, analysis of U LIII-edge 

spectra of the sediments showed that sedimentary U(VI) did not accumulate between 

days 2 and 85 in any of the reactors (SI Figure S7 and Table S5). The top 0.5 cm of 

sediment contained U(VI) on day 2; however, this top layer contained only U(IV) during 

all subsequent measurements, indicating that any U(VI) initially generated migrated out

of the sediments or was rereduced. Thus, it appears that the oxidants O2 and 

NO3
– caused a small amount of U to cycle between the sediments and the porewater, 

but did not result in either significant flux of U into the advection solution or the 

accumulation of U(VI) in the sediments.
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Redox Poising of Sediments under the Different Treatment Conditions

Nondetectable levels of oxidant (O2, NO3
–, and NO2

–) were observed in the R-C advection 

solution, nor was O2 measured in R-C porewaters (Figures     2   and 3). Micromolar 

concentrations of NO3
– (but not NO2

–) were observed in R-C porewaters on day 2, but 

these could reflect native porewater concentrations of NO3
–, as they were within the 

range observed in Riverton groundwater.(29) Additionally, several hundred micromolar 

S(-II) was observed in the advection solution. The absence of oxidants and production of

aqueous S(-II) indicates that R-C sediments (and advection solution) were reducing.

Figure 3. Aqueous NO3
–, NO2

–, Fe, and O2 in porewater versus depth. The concentration of 

aqueous redox-active species as a function of depth is presented for each of the reactors. The 

concentration of the N species is only provided for day 2. The detection limit for the N species 

was relatively high and is shown on the plots (“DL”); NO3
– and NO2

– concentrations were not 

plotted if they fell below the detection limit. Note that the concentration at depth = 0 cm is the 

concentration of the analyte (Fe, NO3
–and NO2

–) in the advection solution and that the 

concentration of NO3
– and NO2

– are not plotted at 0 cm for R-NO3
– to enhance visualization of the

porewater concentrations.

Oxygen was consumed rapidly within R-O2 sediments: its concentration decreased 

below detection within the first 0.25 cm at the beginning of the experiment (8 days) and

at the end (85 days) (Figure     3  ). Both NO3
– and NO2

– were detected in R-O2 porewaters, 

suggesting that N cycling was induced in the sediments (Figure     3  ). Porewater Fe was 

elevated in R-O2 sediments, particularly at a depth of 1 cm (Figure     3  ). Divalent Fe is 

much more soluble than Fe(III),(37) thus we infer that the porewater Fe concentrations, 

which ranged from ca. 10–100 μM were indicative of soluble Fe(II) production. Although 

elevated Fe concentrations could also indicate that trivalent Fe colloids formed, we note

that (1) Fe concentrations were also elevated in R-C and (2) porewater Fe 

concentrations peaked in R-O2 sediments just below the depth at which O2 was depleted,

suggesting Fe(III) reduction led to high aqueous Fe. Sulfide was never detected 

javascript:void(0);
https://pubs.acs.org/doi/10.1021/acs.est.7b02241#fig3
https://pubs.acs.org/doi/10.1021/acs.est.7b02241#fig3
https://pubs.acs.org/doi/10.1021/acs.est.7b02241#fig3
https://pubs.acs.org/doi/10.1021/acs.est.7b02241#fig3
https://pubs.acs.org/doi/10.1021/acs.est.7b02241#fig3
https://pubs.acs.org/doi/10.1021/acs.est.7b02241#fig3
javascript:void(0);
https://pubs.acs.org/doi/10.1021/acs.est.7b02241#fig3
https://pubs.acs.org/doi/10.1021/acs.est.7b02241#fig2
https://pubs.acs.org/doi/10.1021/acs.est.7b02241#fig2
https://pubs.acs.org/doi/10.1021/acs.est.7b02241


(detection limit = 0.3 μM) in the advection solution of RO2, indicating that S(-II) 

generated in the sediments was oxidized before reaching the advection solution.

Even though the R-NO3
– influent contained 1 mM NO3

–, its concentration in the advection 

solution decreased below detection within the first week and remained below detection 

for the rest of the 85-day experiment (Figure     2  ), suggesting rapid denitrification. Nitrite 

was produced during the first week in the advection solution, increasing to 0.55 mM and

then decreasing below detection for the remainder of the experiment (Figure     2  ). 

Relatively little NO3
– was detected in RNO3

– porewaters (day 2) (Figure     3  ). Indeed the 

concentration of NO3
– in R-NO3

– was similar to the concentrations observed in R-C and R-

O2. However, micromolar concentrations of porewater NO2
– were observed, indicating 

denitrification occurred within the sediments, as well in the advection solution. 

Concomitant with removal of NO3
–, several hundred micromolar S(-II)(aq) was observed in 

the advection solution (Figure     2  ), indicating the onset of reducing conditions.
Speciation and Microscale Distribution of Sedimentary U(IV)

Under all treatment conditions, U was located throughout the entire sediment profile on 

day 85 and was distributed in hot spots ranging from tens of microns to approximately 

millimeters in size (Figure     4  ). The U distribution was not highly correlated with the 

distributions of Fe, Mn, Ti, S or Ca at 50 μm resolution: the highest U intensities were 

observed where the intensities of other elements were relatively low; whereas the 

highest intensities of other elements were observed where U intensities were low 

(Figures S8 - S10).

Figure 4. Sedimentary U speciation and distribution (day 85). X-ray fluorescent maps for cross 

sections of sediment tubes harvested on day 85 are shown in (a)–(c). The U distribution is 

shown in green, Fe in red and S in blue. The intensity values of the S and Fe pixels were scaled 

to 25% of the S and Fe maximum intensity to enhance contrast. The intensity values of the U 

pixels were scaled to 50% of the U maximum intensity. The magnitude and imaginary parts of 

the Fourier transformed EXAFS spectra for the top 0.5 cm of the sediment tubes (indicated by 
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the orange box) are shown in (d) and (e), respectively. Data is shown in black, fits are shown in

gray.

Fourier transformed EXAFS spectra (Figure     4  ) that were collected from the 0–0.5 cm 

fraction of each sediment tube (RO2, RNO3
–, and RC) on day 85 did not exhibit a 

prominent peak at ca. 3.6 Å (R + δR), which is characteristic of UO2 formation.(38, 

39) Attempts to fit small peaks at ca. 3.6 Å yielded coordination numbers close to 1 with

errors ≥100% (even when Debye–Waller factors were constrained based on literature 

values for biogenic UO2(40)), suggesting that very little UO2was present. Instead, we 

employed a model in which U(IV) was bound to organic carbon, consistent with previous

research indicating U has a high affinity for organic matter.(38, 40-43) Our model 

comprised U(IV) bound to oxygen ligands in a first shell at 2.31–2.34 Å, followed by 2–4 

C ligands in a second shell at 2.85–2.86 Å (Figure     4   and SI Table S6). The fitted bond 

distances were consistent with those reported previously for similar models.(38, 40) The

number of coordinating oxygen atoms was higher than is typical for U, suggesting that 

there was a large amount of structural disorder in the U–O bond distance.(38) However, 

attempts to replace or augment the U–C shell with a second U–O shell yielded physically

unrealistic fitting parameters, despite constraints placed on the U–O coordination 

numbers and Debye–Waller factors. Fits with P backscatterers also yielded physically 

unreasonable fits. Thus, we infer that U(IV) was likely bound to carbon ligands; however,

regardless of the identity of the second shell neighbor, our EXAFS analysis 

demonstrated that UO2 was a minor species. Finally, we note that UO2 was not present 

in unaltered sediment (i.e., sediment that was not exposed to reactor conditions), either

(see SI, Figure S11 and Table S6). We also note that we did not collect EXAFS spectra 

for sediments on day 2 of the experiment, and are thus unable to observe whether 

changes in U speciation occurred between day 0 and day 2, although we expect that 

uraninite would not have been dominant on day 2, since it was not dominant on day 0 

or on day 85.


Discussion

The higher porewater and advection solution U concentrations in R-O2 and R-

NO3
– relative to R-C suggest O2 and NO3

– caused U oxidation, which may have occurred 

directly or via reaction with products generated from O2 and NO3
– consumption, such as 
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NO2
–, NO, N2O, and Fe(III). The maximum efflux occurred (day 1) before the maximum 

porewater concentrations occurred (day 8), which indicates that the initial pulse of U to 

the advection solution likely came from oxidation in the very upper layer of sediment. It 

is unlikely that U located deeper within the sediment was released into the advection 

solution, otherwise continued release of U into the advection solution would have been 

observed while porewater concentrations were elevated between days 2 and 33. This 

implies that some mechanism existed whereby porewater U was reincorporated into the

sediments, such as reduction of U(VI) and adsorption of U(IV) (see Discussion below).

We expected that the greatest porewater U concentrations would be observed close to 

the sediment-advection solution interface where oxidant concentrations were highest; 

however, the concentration of U in the first 0.5 cm of the sediment was typically lower 

than the U concentration in the porewater from the lower depths (1–1.5 cm). This 

pattern may suggest that reactive intermediates (e.g., Fe(III), NO, N2O, and NO2
–) built 

up at these intermediate depths because the reactions responsible for their generation 

were not at steady state. Evidence for this assertion comes from inspection of the depth

profiles of porewater NO2
– in R-NO3

–. Nitrite was only detectable below the 0–0.5 cm 

depth, suggesting it was removed too rapidly to generate U(VI) at the top of the 

sediment. In R-O2 porewater Fe concentrations peaked at a depth of 1 cm, which we 

interpreted to arise from Fe(III) reduction. Cycling of even a small percentage of this 

Fe(II) back to Fe(III) (caused, for instance, by reaction with NO2
– or the coupling of Fe(II) 

oxidation to nitrate reduction(13, 23)) could yield reactive Fe(III) species that then 

oxidized U(IV).(23)

One other explanation for porewater release of U in R-O2 and R-NO3 must be considered:

U(IV) may have been mobilized in association with colloids released due to changing 

geochemical conditions within the sediments induced by O2 or NO3
–. Uranium(IV)-

containing colloids have been observed in groundwater and wetlands.(44) Furthermore, 

iron-reducing conditions can result in the release of colloids due to an increase in pH 

above the point of zero charge(45) or the dissolution of Fe(III) oxides that are 

aggregated with organic matter (leading to release of Fe(II) in conjunction with organic 

colloids).(46) Colloidal release of U(IV) could be particularly relevant at depths at or 

below 1 cm in R-O2, where we have proposed that Fe(III) reduction led to the large 

observed increase in the porewater Fe concentration. Dissolution of Fe(III) aggregated 

with organic-bound U(IV) could have yielded elevated U porewater concentrations. 
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However, sulfides are well-known to reduce Fe(III) oxides, yet SO4
2– reduction and 

elevated porewater Fe concentrations in R-C were not associated with elevated 

porewater U concentrations.

Regardless of the mechanism of U release into sediment porewaters, by day 57 U 

concentrations in R-O2 and R-NO3
– decreased to the levels observed in R-C, despite the 

fact that oxidant was supplied via the influent throughout the 85-day experimental 

period, indicating that processes attenuating aqueous U concentrations or inhibiting 

U(IV) oxidation eventually dominated the geochemistry of the system.

Although transport properties likely impacted the development of redox conditions in 

the sediments (discussed above), the rapid influx of Br– into the sediment tubes 

suggested that the entire length of tube should have been exposed to oxidant during 

the course of the experiment were oxidants transported conservatively. Thus, although, 

previous work suggests that oxidation of U(IV) occurs more slowly in the field than in 

the laboratory under completely mixed conditions,(47)we infer that diffusion-limited 

flow could not, in itself, have inhibited U release to the overlying advection solution.

Many researchers have focused on the kinetic limitations of U(IV) oxidation, as U(VI) can

be resistant to oxidation if it exists as large crystals on UO2(20) or if nanoparticles of 

UO2 become passivated by Ca2+ or Mg2+ adsorption.(17) In contrast, oxidation of 

noncrystalline U(IV) species produced by bacteria occurs rapidly (over the course of a 

few hours) under aerated, well-mixed conditions in the laboratory.(20) EXAFS 

spectroscopic analysis of U(IV) speciation in our experimental sediments revealed that 

U(IV) did not occur predominantly as UO2 (either at the beginning or end of the 

experiment) and may have been bound to C in a second shell. Furthermore, U was 

found in large hot spots that did not coincide with hot spots of elements that comprise 

major sedimentary minerals (Fe, Mn, Ti, S, and Ca). In a peat soil, Mikutta et al.

(38)observed similar U hot spots, which they argued represented U associated with 

particulate organic carbon, leading us to posit that U was associated with organic 

carbon in our sediments, as well (μ-XRF cannot detect C). This interpretation is 

consistent with previous research showing U(IV) exhibits high affinities for organic 

functional groups(40-42) and will bind to organics in sediments.(38, 43) We expect that 

organic-bound U(IV) in the reactor sediments was not resistant to oxidation, as has been

observed previously in laboratory systems,(20) which would suggest that the rate of 

U(IV) oxidation was not the major limitation on the amount of U released from the 
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sediments. Although we cannot rule out the possibility that the organic-U(IV) complexes

in the reactor sediments were more resistant to oxidation than those examined in 

laboratory studies, the kinetic-lability of the sedimentary U(IV) is consistent with our 

observation that the elevated advection solution and porewater U concentrations 

occurred during early time points (1–33 days) and decreased with longer exposure to 

O2 and NO3
–.

Researchers have posited that reduced species, such as Fe(II) and S(-II), can prevent 

U(IV) oxidation by attenuating oxidant concentrations.(9, 21, 22, 48) However, our 

results suggest that consumption of oxidant by inorganic reductants was not the major 

limitation on U(VI) mobilization, as Fe(II) and S(-II) were produced, not consumed, during

the experiment. Instead, we propose that the dominant factor preventing U(IV) 

oxidation and subsequent mobilization from the sediments into the advection solution 

was the availability of organic matter in the sediments to fuel rapid microbial 

respiration, causing O2 and NO3
– to be consumed close to the sediment-advection 

solution interface and Fe(III) and SO4
2– to be consumed at depth. Because U mobilization 

decreased with continued exposure to O2 and NO3
–, it is interesting to speculate whether

oxidant intrusion into the sediments could in fact contribute to U immobilization over 

time by increasing the microbial availability of organic carbon. Oxygen is well-known to 

enhance production of low molecular weight organic compounds that stimulate metal- 

and sulfate-reducing bacteria;(49)furthermore, Fe(III)-reducing bacteria could further 

enhance organic matter mineralization through dissolution of Fe(III)–organic matter 

aggregates.(50)
Environmental Implications

Although studies have focused on kinetic controls on U(IV) oxidation,(20) as well as 

buffering of U(IV) oxidation by inorganic reductants,(9) we suggest that the primary 

criterion for assessing whether sedimentary U(IV) will be mobile in the field should be 

the sediment’s ability to resist changes to its redox potential upon exposure to oxidizing

conditions, particularly imparted by its organic matter content. This is relevant as 

studies of U-contaminated aquifers show that reduced sediments vary in their response 

to redox perturbations as a result of differences in sediment texture (which impart 

diffusional limitations),(18) proximity to the water table(18) and organic matter content 

and quality.(27) Indeed, Lezama et al.(17) observed that oxidative U mobilization varied

between two sediment wells with different redox characteristics(3) within the same 
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aquifer over the course of seasonal water table excursions. The O2 concentration spiked 

to much higher levels in one well than in the other, resulting in either full or insignificant

U release.(17) This implies that it will be important to employ models of U oxidation that

incorporate information on aquifer sediment heterogeneities, which yield differences in 

microbial respiration rates, as has been done recently for organic carbon mineralization.

(28) We note here the importance of heterogeneities in sediment texture, which impart 

diffusional limitations that in turn impose gradients in electron acceptors, electron 

donors and other redox active species, as we observed in the reactor porewaters. 

Finally, our results demonstrate that, for sediments with fine textures and ample 

organic carbon, seasonal influxes of O2 and NO3
– may cause only localized mobilization 

of U without leading to export of U from the reducing sediments.


Supporting Information

The Supporting Information is available free of charge on the ACS Publications 
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 Spectroscopic characterization of Fe and S speciation in the sediment, reactor 
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