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Higher concentration of ethanol supported more extensive sulfate reduction to sulfide, 

which protected biogenic UO2 from oxidants reoxidaiton. 
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Abstract 26 

Bioreduction of mobile uranyl(VI) (UO2
2+

) to sparingly soluble uraninite (U(IV)O2(s)) is a strategy 27 

that has been proposed for in situ remediation of uranium contaminated aquifers. That strategy faces the 28 

challenge of reoxidation of uraninite, with consequent release of soluble uranyl when the stimulation of 29 

U(VI) bioreduction is terminated. We tested the effects of supplemental organic carbon (ethanol) addition 30 

on the long-term reduction and subsequent reoxidation of uranium. In 620 d (31 pore volumes) 31 

flow-through bioreduction experiments with 1 or 10 mM ethanol, no obvious difference was observed in 32 

effluent U(VI), effluent nitrate, and effluent sulfate. However, a higher concentration of ethanol (10 mM) 33 

supported more extensive sulfate reduction to sulfide compared to lower ethanol amendment (1 mM). 34 

Upon completion of bioreduction experiments, U(IV) in both 1 and 10 mM ethanol-fed columns was 35 

resistant to reoxidation upon addition of oxygenated water to the columns for 110 d (182 pore volumes). 36 

Columns that received a higher concentration of ethanol (10 mM) exhibited less U(IV) reoxidaiton in 37 

presence of nitrate compared to 1 mM ethanol-fed column sediments, and similar results were observed in 38 

batch reoxidation experiments in which O2 was used as an oxidant. Our results demonstrate that 39 

supplemental organic carbon could protect biogenic U(IV) from remobilization upon intrusion of 40 

oxidants.  41 

 42 

43 
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Introduction  44 

Uranium is a common radionuclide contaminant in soils, sediments, and groundwater at uranium 45 

mining, nuclear research, and weapons manufacturing sites. In the U.S., uranium contamination has been 46 

documented in 36 states and territories 
1
. One strategy for the remediation of uranium-contaminated soil 47 

and groundwater is to stimulate reduction of soluble uranyl(VI) (UO2
2+

) to sparingly soluble mineral 48 

uraninite(IV) (UO2(s)) under anoxic conditions 
2-4

. This strategy has been used in situ remediation of 49 

uranium contamination 
4-8

. Many of these studies have focused on two Department of Energy (DOE) field 50 

research sites: the Oak Ridge, TN Field Research Center (FRC), and the Rifle, CO Uranium Mine 51 

Tailings Remediation Act (UMTRA) site. Although the hydrogeology, geochemistry, and sediment 52 

mineralogy of these two sites are quite different 
4, 9, 10

, U(VI) concentrations at both sites could be lowered 53 

below relevant standards by injection of supplemental organic carbon as an electron donor 
4, 6

. 54 

Dissimilatory metal reducing bacteria (DMRB) 
11

 and sulfate reducing bacteria (SRB) 
12

 are the main 55 

bacteria responsible for uranium reduction 
4, 13, 14

.  56 

Bioreduction of uranium is strongly dependent on the supplemental organic carbon supply 
5, 7, 14

. 57 

Low concentration of supplemental organic carbon (lower than 0.14 mmol kg
-1

 day
-1

 lactate or acetate) 58 

was reported to be insufficient to completely reduce and immobilize all dissolved U(VI), but relatively 59 

high concentrations of supplemental organic carbon (1.4 mmol kg
-1

 day
-1

 lactate or acetate) caused an 60 

increase in aqueous U(VI), even under reducing conditions 
15

. These results indicate that maintaining a 61 

proper concentration of supplemental organic carbon is an important consideration for in situ uranium 62 

remediation.  63 

At uranium remediation sites, the injection of oxygen or nitrate caused reoxidization and 64 

remobilization of reduced uraninite when electron donor addition is terminated 
5, 6

. Oxygen can oxidize 65 

uraninite abiotically 
16

 while nitrate cannot 
7
. Nitrate oxidized uraninite through biological 66 

nitrate-dependent U(IV) oxidation pathway. A number of laboratory-based experiments have been further 67 

conducted using material from uranium-contaminated sites to better understand the stability of biogenic 68 
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uraninite (details in Table 1) 
17-21

. These studies have shown that the microbial oxidation rate of U(IV) by 69 

nitrate was faster than by oxygen even at the same electron acceptor equivalence 
20

. However, in the 70 

presence of sulfate, sulfate could be reduced to sulfide, which might scavenge intruding oxidants and 71 

could protect uraninite from reoxidization by oxygen and nitrate 
20, 22, 23

. Sulfide proved to be more 72 

protective of biogenic U(IV) in the presence of O2 than nitrate 
20

. 73 

Sulfate is a common component in groundwater at both Oak Ridge FRC site and Rifle UMTRA 74 

site 
4, 5, 24, 25

. We hypothesized that the addition of supplemental organic carbon would enhance the 75 

bioreduction of sulfate. Sulfide produced by sulfate reducing activity would protect biogenic uraninite 76 

from remobilization under oxidizing conditions. To test our hypothesis, we conducted column 77 

experiments using saprolite from Oak Ridge FRC site. The weathered saprolite at the Oak Ridge FRC is 78 

highly fractured and the hydraulic residence time at the Oak Ridge FRC has been predicted to range from 79 

20 to 50 d 
26

. To simulate the hydrology of Oak Ridge FRC site, we designed our experiments to operate 80 

at an exceptionally slow flow rate (1 mL day
-1

) resulting in hydraulic residence time that closely 81 

approximated those of the field site (20 d). Ethanol was selected for field studies because it supported 82 

faster U(VI) reduction than acetate or lactate 
8
 and, therefore, was selected as the supplemental organic 83 

carbon in this study. Ethanol at concentrations of 1 and 10 mM (0.02 mmol kg
-1

 day
-1

 and 0.2 mmol kg
-1

 84 

day
-1

) were used to evaluate the role of supplemental organic carbon on the bioreduction of U(VI) and 85 

subsequent reoxidation of biogenic U(IV). The bioreduction phase of the experiment was conducted for 86 

620 days (flow rate 1 mL d
-1

, 31 pore volumes) and then followed reoxidation by oxygen and nitrate for 87 

110 days (flow rate 33 mL day
-1

, 182 pore volumes). Batch reoxidation experiments were also conducted 88 

to simulate bulk air reoxidation condition.  89 

Experimental 90 

Column construction and bioreduction experiments 91 

Uranium-contaminated sediment was collected from a depth of 5 to 7 m below ground surface 92 

from a series of well borings within Area 2 of the FRC. Detailed descriptions of the sediment and 93 
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groundwater characteristics of Area 2 have been reported in several other studies 
9, 10

. Characterization of 94 

sediments by Mössbauer spectrometry showed that this sediment contained significant quantities of 95 

goethite (ca. 64.8% of total Fe), Fe-bearing clay minerals (ca. 35.2% of total Fe) (Supplementary 96 

Information Figure S1). Approximately 14.2% of the Fe-bearing clay minerals Fe was as Fe(II) (Table 2). 97 

Columns were constructed and operated as previously described 
27

 using gently crushed FRC sediments.  98 

Borosilicate glass chromatography columns (Omnifit; 25-mm dia, 150-mm length) fitted with 99 

PTFE end caps (one fixed, one adjustable-length) were “wet packed” with sediment such that the water 100 

column height above the sediment-water interface was constant when incremental masses of sediment 101 

were added to the column. Four sediment columns were constructed to provide duplicates for the two 102 

ethanol concentrations tested. Fifty g sediment was added to each column. The adjustable end caps were 103 

used to consolidate and secure the sediments and yielded an average packed bed length of 10-cm. 104 

Artificial groundwater (AGW) was used as the mobile phase for columns and was based on groundwater 105 

collected from well GW835 at FRC Area 2 and modified to include piperazine-N,N’-bis(2-ethanesulfonic 106 

acid) (PIPES) buffer. AGW included 10 mM PIPES, 5.0 mM NaHCO3, 4.1 mM CaCl2, 1.1 mM MgCl2, 107 

0.16 mM KCl, 1.0 mM Na2SO4, 1.0 mM NaNO3, 2.0 µM uranyl(VI) acetate, 0.10 mM NH4Cl and 0.01 108 

mM KH2PO4. Ethanol was added to the AGW at concentrations of 1 or 10 mM. The AGW pH was 109 

adjusted to 6.5 with HCl and NaOH. AGW was autoclaved, then purged and maintained under an 85% 110 

N2:15% CO2 headspace at all times. Columns were attached to the different influent solutions using 111 

individual cartridges connected to a single peristaltic pump head and adjusted to deliver AGW up-flow at 112 

an average flow rate of 1 mL d
-1

. Hydraulic residence time of the columns were determined from 
3
H 113 

breakthrough curves at the start of the bioreduction period and from Br
-
 breakthrough curves at the start 114 

of the reoxidation period. The average column pore volume (PV) was 20 mL (equivalent to a porosity of 115 

40%, the calculation of PV is provided in Supplementary Information).  116 

Column effluents were periodically collected, filtered (0.2 µm) and concentrations of U(VI), NO3
-
 117 

and SO4
2-

were measured (described below). Effluent pH was periodically measured using an in-line 118 
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microelectrode. One replicate column for each ethanol concentration was destructively sampled after 620 119 

d. Bioreduced sediment samples were analyzed for total reduced inorganic sulfur (TRIS) and acid volatile 120 

sulfide (AVS) as described below. 121 

 122 

Column reoxidation experiments 123 

At the end of the bioreduction period, the column influent solutions were changed to a single 124 

common AGW influent solution that excluded ethanol, nitrate, U(VI), and sulfate. The solution was 125 

purged and maintained under a 65% N2:15% CO2:20% O2 gas mix, and was pumped up-flow through the 126 

columns at a flow rate of 33 mL day
-1

 for 46 d (1.65 PV d
-1

). After no U(VI) was detected in the column 127 

effluents during this period, 1.0 mM NaNO3 was added to the column influent for an additional 64 d (still 128 

at 1.65 PV d
-1

). Column effluents were collected and analyzed for U(VI), NO3
-
, and SO4

2-
 as described 129 

below. 130 

Batch reoxidation experiments 131 

Bioreduced sediments were collected during column deconstruction and suspended in anaerobic 132 

AGW (2 g sediment/25 mL AGW), and were incubated statically under a headspace of 85% air:15% CO2 133 

16
. O2-free control incubations were maintained under a headspace of 85% N2:15% CO2. Samples were 134 

periodically removed with sterile needle and syringe (in anoxic chamber) and NaHCO3-extractable U(VI) 135 

was measured as described below. 136 

Analytical techniques 137 

Solid-associated U(VI) was extracted from sediments using anoxic 1 M NaHCO3 (pH 8.4) as 138 

described by Elias et al 
28

. Soluble U(VI) and 1 M NaHCO3 (pH 8.4) extractable U(VI) were quantified 139 

by kinetic phosphorescence analysis on a KPA-11 (ChemChek Instruments, Richland, WA) 
29

. Acid 140 

volatile sulfide (AVS) and total reduced inorganic sulfur (TRIS) were extracted 
30

 and quantified 141 

colorimetrically 
31

. Anions (including NO3
-
, NO2

-
, SO4

2-
 and Br

-
) were quantified by ion chromatography 142 

on a Dionex 100 system fitted with an AS4A column with conductivity detection (Dionex Corp., 143 
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Sunnyvale, CA, USA). Sediment organic carbon content was determined by high temperature combustion 144 

method by Huffman Laboratories, Inc. (Golden, CO). 145 

The structure of microbial community was also characterized based on 16S rRNA genes analysis. 146 

The details of DNA isolation, amplification, cloning and sequencing are provided in the Supplementary 147 

Information.  148 

Results and discussion  149 

Slow-flow bioreduction conditions 150 

Slow-flow rate was maintained in this study. This slow-flow condition was selected to correspond 151 

to long residence times within the micropore domain of the weathered saprolite where the majority of U 152 

mass is expected to reside 
26

. Under this hydraulic condition, the effluent U(VI) concentration dropped 153 

rapidly within the first pore volume (i.e., 20 d). After the first pore volume (PV), the effluent U(VI) 154 

concentrations remained very low, often near the detection limit of the KPA (0.5 nM), for the remainder of 155 

the experiment (620 d, 31 PVs). Over the final 30 PVs, the average effluent U(VI) concentrations from the 156 

columns supplied 1 or 10 mM ethanol were 0.024±0.064 µM (n=153) and 0.025±0.066 µM (n=185), 157 

respectively. The influent ethanol concentration (1 or 10 mM) had no effect on the transport of U(VI) out of 158 

these columns (Figure 1). The relatively small effect of a 10-fold increase in ethanol was likely due to that 159 

both ethanol concentrations used (1 or 10 mM) were excess of the amount of electron donor necessary to 160 

support complete bioreduction of uranyl(VI) (2.0 µM). Additionally, the relatively high organic carbon 161 

content of these sediments (0.49%) was higher than that reported in previous studies (0.17%) 
17, 20

, and 162 

would have been sufficient to support complete U(VI) reduction regardless of exogenous electron donor 163 

addition. A previous study illustrated that when sufficient natural organic carbon is available in sediments, 164 

additional electron donor had no effect on U(VI) reduction 
7
.  165 

The influent ethanol concentration also had no effect on the consumption of nitrate and sulfate. 166 

Nitrate and sulfate dropped rapidly within the first pore volume and remained low until the end of the 167 

experiment (Supplementary Information Figure S2). In both the 1 and 10 mM ethanol columns, effluent 168 
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NO3
-
 concentrations dropped to less than 0.02 mM within 2 d and then reached steady-state (0.001±169 

0.002 mM, n=372). In both 1 and 10 mM ethanol columns, effluent SO4
2-

 concentrations dropped to less 170 

than 0.1 mM within 50 d and then reached steady-state (0.032±0.110 mM, n=349). Effluent aqueous 171 

Fe(II) concentrations averaged around 40 µM from 100 to 400 d and then declined to approximately 5 µM 172 

from 400 to 650 d (data not shown). Biogenic Fe(II) was likely sorbed to mineral surfaces or retained in the 173 

column as iron sulfides. Effluent Fe(II) concentrations, therefore, did not adequately reflect the onset and 174 

duration of Fe(III)-reducing conditions. 175 

  Sediment extractions after the 620-d bioreduction period (31 PV) also revealed the extent sulfate 176 

reduction. Concentrations of acid volatile sulfides (AVS) and total reduced inorganic sulfide (TRIS) were 177 

both greater in the columns supplied with 10 mM ethanol (Figure 2). Based on 16S rRNA gene sequences 178 

from sediment samples collected from the columns at the end of the bioreduction period, the microbial 179 

communities differed depending on the influent ethanol concentration (Figure 3). Compared to the columns 180 

supplied 1 mM ethanol, the percent of proteobacteria increased while the percent of firmicutes decreased in 181 

the columns supplied 10 mM ethanol (Figure 3). These results indicate that different extents of ethanol 182 

addition induced shifts in microbial communities, and likely changes in microbial activities, as indicated in 183 

the differences in sulfide accumulation. 184 

Fast-flow reoxidation conditions 185 

The stability of reduced U(IV) when/if it is exposed to oxidizing conditions is a major issue 186 

related to in situ U immobilization. A higher electron donor concentration may promote more rapid U(VI) 187 

reduction that yields finer-grained U(IV) precipitates that are more prone to oxidative re-dissolution 
16

. A 188 

higher electron donor concentration may yield higher dissolved carbonate concentrations that may 189 

increase the solubility of U(IV) or U(VI) 
32

. Alternatively, a higher electron donor concentration may 190 

yield higher concentrations of reduced species that effectively protect the reduced U(IV). In other words, 191 

reduced S species may be preferentially and sacrificially oxidized by intruding oxidants, preserving, at 192 

least temporarily, the reduced U(IV). 193 
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In order to test the stability of reduced U(IV) in these columns, “aerated” (65% N2:15% CO2:20% 194 

O2 gas mix) AGW (with no ethanol, nitrate or sulfate) was pumped through the columns at a relatively 195 

rapid rate. During the bioreduction period the column flow rate was 0.05 PV d
-1

 but during the reoxidation 196 

period the flow rate was increased to 1.65 PV d
-1

 to simulate conditions associated with fast oxygen 197 

intrusion. Initially, dissolved oxygen was provided as the sole oxidant (0.27 mM influent concentration) 198 

and did not mobilize U from the columns (Figure 4). During the first 76 PVs with aerated AGW, effluent 199 

dissolved U(VI) concentrations were nearly always less than 0.06 µM from both the 1 and 10 mM ethanol 200 

columns. The total mass of U(VI) exported from the columns (in moles) during the flow-through 201 

reoxidation experiments was calculated as: 202 

U(VI) exported = Σ [U(VI)]i * ∆Vi          (1) 203 

where [U(VI)]i is the aqueous concentration of U(VI) (moles/L) measured for the i-th aliquot of effluent 204 

solution, and ∆Vi is the volume of the i-th aliquot (L). Using Equation 1, only 0.03 and 0.07 µmoles of 205 

U(VI), respectively, were exported from the 1 and 10 mM ethanol columns during the 76 PV 206 

oxygen-mediated reoxidation period (Figure 4c). 207 

 The addition of nitrate (1.0 mM NaNO3) to the aerated influent dramatically increased the 208 

oxidation and export of U from the columns (Figure 4). The initial rapid detection of nitrate in the column 209 

effluents reflected its transport as a conservative tracer of sorts. However, as the nitrate-addition period 210 

continued, effluent nitrate concentrations decreased, indicative of biological nitrate reduction occurring in 211 

the columns (Figure 4b). The reoxidation of U(IV) under these conditions could have been driven by 212 

“direct” biological nitrate-dependent U(IV) oxidation or by “indirect” biological nitrate-dependent Fe(II) 213 

oxidation. In the direct route, microbes couple nitrate reduction to U(IV) oxidation 
33

. In the indirect route, 214 

the production of biogenic Fe(III) can catalyze the oxidative dissolution of uraninite and/or the oxidative 215 

dissolution of pyrite 
34-36

. The oxidation of Fe sulfides would remove any “redox protection” that these 216 

minerals may have provided U(IV). During this nitrate-amended reoxidation period (76 – 182 PVs) a total 217 

of 6.23 and 5.37 µmoles U(VI), respectively, were exported from the 1 and 10 mM ethanol columns.  218 
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  219 

Batch reoxidation conditions 220 

Oxygen is known to be an effective oxidant of uraninite, yet the addition of oxygen did not 221 

mobilize U from the flow-through columns (Figure 4a). Because of the relatively low solubility of oxygen 222 

and the high sediment mass-to-water volume ratio in the columns, the delivery of oxygen to U(IV) may 223 

have been limited, thus minimizing the observable extent of U(IV) oxidation. Therefore, batch 224 

experiments were conducted at a much lower sediment mass-to-water volume ratio to further examine the 225 

effect of oxygen on U in these sediments. Under these conditions, U(VI) was immediately and rapidly 226 

oxidized (Figure 5). 227 

We speculate that metal sulfides effectively consumed influent oxygen in the flow-through 228 

reoxidation experiments but could not protect U(IV) in the batch experiments because of the much higher 229 

oxygen to sulfide ratios established in the two experimental systems. In the flow-through experiments, the 230 

total oxidizing equivalents from the influent dissolved oxygen was calculated as: 231 

O2 imported = Σ 4 * [O2]i * ∆Vi          (2) 232 

where [O2]i is the influent dissolved oxygen concentration (moles/L) measured for the i-th aliquot of 233 

influent solution, ∆Vi is the volume of the i-th aliquot (L), and 4 is (e
–
 equivalents/mole) for O2 oxidation 234 

to water. In the batch experiments, the total oxidizing equivalents in the system was calculated as: 235 

O2 batch = Σ 4 * [O2] * V           (3) 236 

where [O2] is the saturated dissolved oxygen concentration (moles/L) maintained throughout the batch 237 

experiment, and V is the water volume in the batch reactor. The total reducing equivalents from sulfides 238 

in the sediments (column or batch) was calculated as: 239 

S in sediments = 8 * [AVS] * Msediment         (4) 240 

where [AVS] is the average total sulfide measured in the sediment (moles/g), Msediment is the total mass of 241 

sediment in the column or in the batch reactor (g), and 8 is (e
–
 equivalents/mole) for sulfide oxidation to 242 

sulfate. The ratios of oxidizing equivalents provide by O2 in the water to reducing equivalents provided by 243 
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AVS in the sediments in the flow-through reoxidation experiments (0 – 76 PV) were 4.7 and 2.7 in the 1 244 

and 10 mM ethanol columns, respectively (Figure 5b). In comparison, the ratios of oxidizing equivalents 245 

provide by O2 in the water to reducing equivalents provided by AVS in the sediments in the batch 246 

experiments were 218 and 126 in the 1 and 10 mM ethanol columns, respectively. 247 

The rate of U(IV) oxidation in incubations containing sediments from the 1 mM ethanol column 248 

was faster than that observed in incubations that contained sediments from the 10 mM ethanol column 249 

(Figure 5a). The total reoxidized U(VI) in 1 mM ethanol column was 0.17 µmole, which was 1.5 times 250 

higher than that in 10 mM ethanol columns (0.11 µmole). Our results showed that addition of a higher 251 

concentration of ethanol induced conditions that protected biogenic U(VI) from oxidation by oxygen 252 

compared to lower concentration of ethanol. Previous studies showed that biogenic FeS could retard U(IV) 253 

reoxidation from oxidation by oxygen 
20, 21

. A recent study has confirmed that FeS is effective oxygen 254 

scavenging, which inhibited U(IV) from oxidation by oxygen 
23

. Given that AVS in 10 mM ethanol 255 

columns (1.50 µmol/g, Figure 2) was higher than that in 1 mM ethanol columns (0.87 µmol/g, Figure 2), 256 

we speculated that higher concentration of supplemental organic carbon enhanced the bioreduction extent 257 

of sulfate, which further protected biogenic U(IV) from oxidation by oxygen.  258 

Implications for the bioremediation of uranium contaminant 259 

Previous work showed that excessive addition of supplemental organic carbon (1.4 mmol kg
-1

 260 

day
-1

 lactate or acetate) could induce release of aqueous U(VI) even under anoxic/U(VI) reducing 261 

conditions. Such U(VI) solubilization under reducing conditions is due to the formation of soluble 262 

U(VI)-carbonates that result from organic carbon mineralization 
15

. Our results from experiments that did 263 

not include organic carbon addition rates as high as those of Wan et al. 
32

 (0.2 mmol kg
-1

 d
-1

 versus 1.4 264 

mmol kg
-1

 d
-1

) demonstrate an intermediate supplemental organic carbon addition rate did not increase 265 

U(VI) concentration under U(VI) reducing conditions. While no enhancement of U(VI) reduction was 266 

observed with greater additions of organic carbon, higher organic carbon addition appeared to induce 267 

conditions in the sediments in which U(IV) reoxidation was minimized upon introdution of oxidants. The 268 
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limited U(IV) remobilization may be partially attributable to the higher sulfide content of the sediments, 269 

which served to “protect” U(IV) from reoxidation 
20, 21, 23

. This protection is more efficient for 270 

oxygen-supported oxidation than nitrate oxidation. Our results highlight that the stability of biogenic 271 

U(IV) also should be considered when design supplemental organic carbon supply rate in the presence of 272 

sulfate in situ remediation of uranium contaminated aquifers. An intermediate supplemental organic 273 

carbon supply rate could promote sulfate reduction and minimize U(IV) remobilization upon intrusion of 274 

oxidants.  275 

Conclusions 276 

This study investigated effects of supplemental organic carbon (ethanol) addition on the long-term 277 

reduction and subsequent reoxidation of uranium. Results showed that a higher concentration of ethanol 278 

(10 mM) supported more extensive sulfate reduction compared to lower ethanol amendment (1 mM), 279 

which led to greater retention of sulfide in the columns as AVS (e.g. FeS phases). Both 1 and 10 mM 280 

ethanol fed columns were resistant to reoxidation in the presence of small amount of oxygen in 281 

flow-through reoxidation experiments (O2 to AVS ratio was 2.7 to 4.7). However, in the presence of bulk 282 

oxygen in batch reoxidation experiments (O2 to AVS ratios of 126 and 218), sediments in columns that 283 

received a higher concentration of ethanol (10 mM) exhibited less U(IV) reoxidaiton. Similar results were 284 

observed where nitrate was used as an oxidant. AVS (e.g. FeS phases) in 10 mM ethanol columns was 285 

higher than that in 1 mM ethanol columns (Figure 2), and was speculated as the main factor to protected 286 

biogenic U(IV) from reoxidaiton. 287 
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 360 

Figure captions 361 

 362 

Figure 1. Effluent concentrations of U(VI) as a function of time during the period of anoxic, 363 

ethanol-amended AGW addition (620 d, 31 PVs). 364 

 365 

Figure 2. Acid volatile sulfide (AVS) and total reduced inorganic sulfur (TRIS) from sacrificed columns 366 

after 620 d (31 PVs) of operation receiving 1 mM or 10 mM ethanol in AGW. 367 

 368 

Figure 3. Microbial community characterization from sacrificed columns after 620 d of operation receiving 369 

1 mM or 10 mM ethanol in AGW. 370 

 371 

Figure 4. (a) Effluent concentrations of U(VI) during flow-through reoxidation experiments. (b) Effluent 372 

concentrations of nitrate during flow-through reoxidation experiments. (c) Total exported U(VI) during 373 

flow-through reoxidation experiments. Column influent solutions were saturated with dissolved oxygen for 374 

the first 46d (0 - 76 PVs), and then were saturated with dissolved oxygen and amended with 1 mM NaNO3 375 

for an additional 64 d (76 – 182 PVs). 376 

 377 

Figure 5. (a) Bicarbonate-extractable U(VI) concentrations in eoxidation experiments. The sediments that 378 

used in this experiment were recovered from columns that received 1 mM or 10 mM ethanol for 620 d (31 379 

PVs) incubations in slow-flow bioreduction experiment. (b) The ratio of O2 (e- equivalents) to AVS (e- 380 

equivalents) in flow-through reoxidation experiments (0 - 76 PVs where column influent solutions were 381 

saturated with dissolved oxygen) and batch reoxidation experiments. 382 

 383 

 384 
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Figure 1. Effluent concentrations of U(VI) as a function of time during the period of anoxic, 

ethanol-amended AGW addition (620 d, 31 PVs). 
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Figure 2. Acid volatile sulfide (AVS) and total reduced inorganic sulfur (TRIS) from 

sacrificed columns after 620 d (31 PVs) of operation receiving 1 mM or 10 mM ethanol in 

AGW. 
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Figure 3. Microbial community characterization from sacrificed columns after 620 d of 

operation receiving 1 mM or 10 mM ethanol in AGW 
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Figure 4. (a) Effluent concentrations of U(VI) during flow-through reoxidation experiments. 

(b) Effluent concentrations of nitrate during flow-through reoxidation experiments. (c) Total 

exported U(VI) during flow-through reoxidation experiments. Column influent solutions were 

saturated with dissolved oxygen for the first 46d (0 - 76 PVs), and then were saturated with 

dissolved oxygen and amended with 1 mM NaNO3 for an additional 64 d (76 – 182 PVs). 
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Figure 5. (a) Bicarbonate-extractable U(VI) concentrations in reoxidation experiments. The 

sediments that used in this experiment were recovered from columns that received 1 mM or 

10 mM ethanol for 620 d (31 PVs) incubations in slow-flow bioreduction experiment. (b) The 

ratio of O2 (e- equivalents) to AVS (e- equivalents) in flow-through reoxidation experiments 

(0 - 76 PVs where column influent solutions were saturated with dissolved oxygen) and batch 

reoxidation experiments. 
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Table 1 Summary of laboratory-based column studies of uranium reduction - reoxidation experiments 

 

Reference Filed/sediments 

Organic carbon 

content in  

Sediment (%) 

Flow rate 

(mL day
-1

) 

/ Residence 

time (days) 

Added Bacteria 

Reduction experiment  
Reoxidation 

experiment 

U 

(µM) 

NO3
-
 

(mM) 

SO4
2-

 

(mM) 

Electron 

donor 
U (µM) Oxidants 

This study 
Oak Ridge FRC 

2 
0.487±0.006 1.0 / 20 / 2 1.0 1.0 

Ethanol  

1 - 10 mM 
/ O2/NO3

-
 

Reference 17 Old Rifle, CO 0.17±0.1 288 / 0.33 
Geobacter 

metallireducens 
20 / / 

Acetate 

3 mM 
20 O2/NO3

-
 

Reference 18 Old Rifle, CO / 288 / 0.34 
Geobacter 

metallireducens 
20 / 0.009 

Acetate 

3 mM 
20 O2 

Reference 19 Old Rifle, CO / 288 / 0.24 
Geobacter 

metallireducens 
20 / 0.009 

Acetate 

3 mM 
20 O2 

Reference 20 Old Rifle, CO 0.17±0.1 288 / 0.30 
Geobacter 

metallireducens 
20 / 6 

Acetate 

3 mM 
20 O2/NO3

-
 

Reference 21 

Gravel from 

Dankritz, 

Germany 

/ 4800 / 7 / 55 0.3 12 
Lactate 

2.8 mM 
6 O2 
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Table 2 Characterization of Oak Ridge FRC saprolite sediments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hydrofluoric acid extractable Fe (umol Fe/g) 820 

Oxide Fe(III) (%) 64.8 

Silicate [Fe(III)+Fe(II)] (%) 35.2 

Fe(II)/total Fe = 0.14 

Surface area (m
2
/g) 32.2 

Organic carbon content (%) 0.49 
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