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Abstract

Remediation of uranium (U) contaminated sediments through in-sttulation of bioreduction
to insoluble UQ is a potential treatment strategy under active investigaRoeviously, we
found that newly reduced U(IV) can be reoxidized under reducing condsgigstained by a
continuous supply of organic carbon (OC) because of residual reac(iNg &ed enhanced
U(VI) solubility through complexation with carbonate generatedugh OC oxidation. That
finding motivated this investigation directed at identifying ageatof OC supply rates that is
optimal for establishing U bioreduction and immobilization in inialxidizing sediments. The
effects of OC supply rate, from 0 to 580 mmol OC (kg sedirteygi*, and OC form (lactate
and acetate) on U bioreduction were tested in flow-through coluomaiging U-contaminated
sediments. An intermediate supply rate on the order of 150 mmol C&&dkyent) yeai* was
determined to be most effective at immobilizing U. At lowé® Qupply rates, U bioreduction

was not achieved, and U(VI) solubility was enhanced by complexatibncasbonate (from OC
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oxidation. At the highest OC supply rate, resulting highly carleeeatiched solutions also
supported elevated levels of U(VI), even though strongly reducing comslivere established.
Lactate and acetate were found to have very similar geochemmgacts on effluent U
concentrations (and other measured chemical species), when contpaeged/alent OC supply
rates. While the catalysts of U(VI) reduction to U(IV) aresumably bacteria, the composition
of the bacterial community, the Fe reducing community, and theeswuéfdticing community had
no direct relationship with effluent U concentrations. The OC supéyhas competing effects
of driving reduction of U(VI) to low solubility U(IV) solids, aselN as causing formation of
highly soluble U(VI)-carbonato complexes. These offsetting inftee will require careful

control of OC supply rates in order to optimize bioreduction-based U stabilization.

Introduction

Uranium (U) contamination of soils and sediments has becomedaalcptoblem at numerous
sites used for production of nuclear fuels and weapons. Variousgstsafor remediation and
long-term stewardship of U-contaminated sediments and groundwatersunder active
investigation, including approaches based on in-situ bioreduction of3) (The goal of in-situ
bioreduction is to stimulate indigenous microbial communities to eedotuble U(VI) to

insoluble U(IV) solids, thereby decreasing U concentrations in groatedsv below the
Maximum Contaminant Level (MCL, fof*®U = 10 pCi L* = 0.13 pM). A variety of
microorganisms capable of reducing U(VI) have been identiB¢dirfcluding Fe(lll)-reducers
(1) and sulfate reducers (4, 5). In order to accelerate U bidr@duorganic carbon (OC) is
provided as an electron donor and growth substrate for indigenous microbiadundres.

However, these beneficial influences of OC addition can be offseicbgases in inorganic C
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(IC) concentrations resulting from stimulating microbial resmra Increased (bi)carbonate
concentrations drive aqueous U(VI) concentrations to higher ldwelsgh formation of stable
U(VI) carbonato complexes, even under reducing conditions and in thengeeskactive U-
reducing bacterial communitie$, (7). The impact of OC oxidation on enhanced U(VI)-
carbonate solubility under well-established reducing conditions veastig demonstrated. A
subset of sediment columns from our previous work (6) was maintained usdigcing
conditions, then switched to individually different OC supply rates. sdstained reduction,
lower U solubility was achieved with lower OC supply rate becafiskecreased formation of
soluble U(VI)-carbonate complexes, while increased OC supplylestddo greatly increased U
concentrations for the same reas8n Thus the success of in situ U bioreduction in sediments is
not assured by simply supplying OC at rates high enough toagerreducing conditions. This
previously unrecognized side effect of OC-stimulated bioreductanm impair attempts at
remediating groundwater to below the U MCL, and points to the impetaf determining
whether an optimal, intermediate level of OC supply existefi@ctively reducing aqueous U
concentrations in initially oxidizing, contaminated sediments.

Stimulation of in-situ U bioreduction can also depend on the form@&@pplied and
sediment geochemistry. Under acidic conditions, glucose has beetedepdoe more effective
in stimulating Fe(lll)-reducing bacteria than lactate andateeQ). Acetate has been used in
numerous tests because of its efficiency in stimulating Fe-regluaicrobial populations2).
Ethanol has been reported to promote more rapid U(VI) reduction thateaoetlactate in a
batch study 10), and has been used to stimulate U bioreduction in colddjnafd field @0)

experiments. Fobesulfovibrio desulfuricans, reduction rates of U(VI) in multidentate aliphatic
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complexes were slower than in monodentate aliphatic complexes, thuSwivanella alga
faster U reduction rates were achieved with multidentate aliptl{afixs

This study was conducted to test the hypothesis that U bioreductiorerandal from
pore waters in initially oxidizing sediments will be mosteefive with an intermediate (rather
than high) rate of OC supply, because microbial oxidation of exee€xL favors the formation
of soluble U(VI)-carbonate complexes. While primarily relyiog column experiments,
geochemical modeling was also performed for charactegsticlitions in order to gain more
insights into impacts of increased IC. In addition to this primargl,gthis study sought to
determine whether responses differ when the OC is supplied ifoitmeof either acetate or
lactate (two carboxylic acids used in various studies on U hiongc and whether
remobilization of bioreduced U is directly dependent on the compositictmeofimicrobial

community.

Materialsand Methods

Sediment columns. Historically U-contaminated sediment was provided by the U.SaDepnt
of Energy’s Environmental Remediation Science Program (ERieR) Research Center (FRC)
at Oak Ridge National Laboratory. This sediment came fronsdhee contaminated area from
which samples were collected for our previous study (6), and had & totencentration of 1.08
mmol kg® (X-ray fluorescence analysis, XRF). Geochemical analgéethe sediment are
provided in Supporting Information Table S1. Moist sediment was passedjtha 4.75 mm
sieve and homogenized prior to packing into 26 columns, each to a pafo8igl. The 200
mm long, 31.5 mm inner diameter polycarbonate columns were similange used previously

(6). Platinum wire redox electrodes were embedded into the efattost columns at distances
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of 50, 100, and 150 mm. Redox potentials were periodically measured wittedodes
referenced to a calomel electrode tapped into the outflow end lofceaonn. Columns for one
set of lactate treatments (from O up to 100 mM OC) were wedigvith Kapton windows in
order to obtain X-ray absorption spectra of U, Fe, and 0IB). (A parallel set of identical
columns (without Pt electrodes) was run simultaneously for midrobramunity analysis. All
columns were kept in anhburged glovebox throughout the study.

Influent and effluent solutions. The background ionic composition of influent solutions was
based on the composition of an uncontaminated groundwater from the OakFRdge Its
major ion chemistry consisted of 0.83 mM?C#®.20 mM Md*, 2.00 mM N4, 0.10 mM K, 2.1
mM CI, 1.00 mM HCQ@, 0.50 mM SG@, and 0.05 mM N@, had an ionic strength of 5.68 mM,
and pH = 7.3. Low levels of NDand SG@* were included in these solutions because of their
natural occurrence in groundwater, therefore their likely inflaesrc remediation strategies that
involve injection of OC-amended local groundwater. Na-lactate andcBtate were added to
these salt solutions to contain 0, 3, 10, 30, and 100 mM OC, with all solutiepargal with
filtered deionized water in autoclaved containers. Duplicate columresrwerfor 0 mM OC, and
for each lactate and acetate concentration (3, 10, 30, 100 mM). Soluoassupplied via
syringe pumps at an average pore water velocity of 8.2 mth @dyday residence time). After
supplying columns with 2 pore volumes (1 PV = 79.5 mL) of the 0 mM O@ign] infusion
with different OC concentration solutions (including continuation of one column with @@M
was initiated. The combination of influent OC concentrations and putapyielded column-
averaged supply rates ranging from 0 to 1.4 mmol O€day". Effluents were collected using

a fraction collector, and periodically analyzed for U (kinetic phossicerece analyzer KPA-11,
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Chemchek), OC and inorganic C (IC) (TOC-V-CSH, Shimadzu), and othgr rlements
(ICP).

Geochemical modeling. Increases in bicarbonate concentrations agsh Resulting from OC
oxidation affect aqueous U concentrations through increasing concentratimmaerous U(VI)-
carbonate complexes. Assuming local equilibrium, changes in effluesggedies response to
increases in &, during the late stage in this experiment (12 to 16 PV) weledéd with
PHREEQC2.12%4), using the Nuclear Energy Agency databd$g &nd the stability constants
for aqueous CaUCOs)s> and CaUO,(COs); of Dong and Brookslf). The pH and major ion
composition characteristic of late stage effluents were usetidse calculations as described in
Supporting Information. Although some U(VI)-OC complexes are \likel be present in
effluents, they were not included in calculations because preliymimaulations showed that the
U(VI)-carbonate complexes were overwhelmingly dominant. For oxigizionditions, the
modeled total U(VI) concentration was equated with the exchargealletermined by the
(bi)carbonate method recommended by Kohler etldl), ecause significant fractions of the
total U inventory in contaminated sediments can be relativetpatety. The (bi)carbonate-
extractable U amounted to 59.2 +0.4% of the total U, and may oversstineaexchangeable
inventory because the extractions were done on samples that bdigaduging storage. U(VI)
sorption was assumed to occur on ferrinydrite-like sites, wittcitingte-dithionite-bicarbonate
extracted Faised as an estimate of ferrihydrite B8)( Values of ferrihydrite specific surface
area, site densities and binding constants (Supporting Information)rugederalized two-layer
model calculations are taken from Dzombak and Md@), Parkhurst and Appeld4), Appelo
et al. Q0), and Paynel). For the reducing case, U solubility was assumed to be dedtinf

UO,(am). Although sorption of U(VI) under reducing conditions is likelybe important42),
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surface complexation was not included in these calculations becauseg®funcertainties
associated with binding site densities.

DNA extraction and amplification. Nucleic acids were extracted from sediment samples
collected from the set of columns designated for microbial asady$.9 and 12.1 PV relative to
OC start, near the outlet of the columns. DNA was extracted) @simodification of the Fast
DNA SPIN Kit for Soil (MP Biomedicals, Irvine, CA) (see suppagtinformation). 16S rDNA
gene amplification was performed by using primers 27F (5-8GATGATCCTGGCTCAG-
3’) AND 1492R (5-GGTTACCTTGTTACGACTT-3’). Each PCR reactioontained 1x Ex
Taq buffer (Takara Bio Inc., Japan), 1.25 U Ex Taq polymeraseu®D@ach dNTP, 2.5ug
BSA, 300 nm each primer and 100 ng DNA template in a final volund® pf. PCR conditions
were 95C (3 min), followed by 25 cycles 96 (30 s), 48-58C (25 s), 72C (2 min), followed
by a final extension PZ (10 min). Each DNA extract was amplified in 8 replicate 150
reactions spanning a range of annealing temperatures betw&EACI8Amplicons from the 8
reactions were pooled, precipitated with isopropanol, washed with étlagcoresuspended to
50 pul.

High-density oligonucleotide array analyses. From each pool of 16S rRNA gene amplicons, 2
ug was prepared for hybridization to the PhyloChip as previouslgridbed (7). Target
fragmentation, biotin labeling, PhyloChip hybridization, scanning andistewere as described
by Brodie et al. (7), while background subtraction, noise calculatiod, detection and
guantification criteria were as reported in Brodie et al. (Zp wome minor exceptions. For a
probe pair to be considered positive, the difference in intensityelketithe perfect match (PM)
and mismatch (MM) probes must be at least 130 times the squasedvadie {l). A taxon was

considered present when 90% or more of the probe pairs for itspmmddsg probe set were
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positive (positive fractionz0.90). The OTU (operational taxonomic group) grouping was used
for PhyloChip output, which consists of one or more sequences with typ@d&l to 100%
sequence homology.

Statistical analysis of bacterial communities. Two functional groups were identified as a
subset of the PhyloChip results, iron-reducers and sulfate-reducdysia®a that have been
previously shown to carry out these functions were considered, githibis likely that other
taxa fall into these functional groups. OTUs that conserve engygyron-reduction were
identified by referencing Lovley et ak3) (see Table S4 in supporting information). OTUs that
are capable of sulfate-reduction were identified by reféngrnRabus et al.2#) (see Table S5 in
supporting information). For analysis of the bacterial communities, rtoisrmaultidimensional
scaling (NMDS) was used within the community ecology packagawv 1.8-5 for R256). The
function ‘metaMDS’ from the vegan library was used, which ap@ies/-Curtis dissimilarities
as a measure of ecological distance and first performs aesopa@rtransformation and then a
Wisconsin double standardizatioB6). To determine if community structures were associated
with local column redox, average column redox, IC effluent condemigor U effluent
concentrations, linear regressions were performed against NMiBSares and environmental
variables. U and IC concentrations were measured from the repdieabf columns designated
for microbial analysis at PV 5.6 and 12.0 relative to OC start. ageeredox values were
calculated as the average of 6 redox measurements (3 locatibms euplicate columns),
designated as “Eh average”; local redox values were calculatdieaaverage of 2 redox
measurements (“top” location within duplicate columns), designatéghacal”’. “Eh local” is

the portion of the column from which sediments were sampled forohiéd nucleic acid

analysis. Eh measurements were taken at PV 5.8 and 12.7 relativ€ tsta@. Bacterial
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community analyses were performed on identical, replicateosetslumns that did not have Pt

electrodes, and thus have no direct Eh measurements.

Results and Discussion

Redox potentials. Redox potential measurements indicated that oxidizing conditions we
characteristic of all columns at the beginning of the expeiimeAverage redox potentials
(relative to the standard H electrode reference) are shotimesrends in Figure la. Each data
point in Figure la is an average of 6 redox measurements (Dlecatithin duplicate columns)
obtained at a specific time. These time trends generally skgpomses to each of the different
levels of OC supply rate, but insensitivity to whether OC waweteld as lactate or acetate.
After about 100 days of exposure to different solutions, redox potemtidign individual
columns became fairly stable, with more reducing conditions mehsuitein sediments with
higher rates of OC supply. Without infusion of OC, and even with OC isdpal 0.04 mmol
kg! day' (3 mM OC), redox potentials measurements in sediments remainddrarely
oxidizing. Calculated Eh values for various redox couples, based orticnadndicated in the
caption, are shown along the y-axis. The time trends in redox @i¢estiggest that the 0.14
mmol kg* day* (10 mM OC) sediments are insufficiently reducing to immoiliz as U(IV),
whereas the 0.42 and 1.4 mmolkgay* (30 and 100 mM OC) sediments are.

Within individual sediment columns, relatively stable redox profilese measured after
about 130 days of infusion. Uniformly oxidizing conditions without infusion of @@formly
reducing conditions in the 0.42 and 1.4 mmof kiay* (30 and 100 mM OC) sediments, and
redox gradients in the 0.14 and 0.04 mmat kigy* (10 and 3 mM OC) sediments are shown in

time-averaged (from 5.9 to 12.7 PV) data in Figure 1b.
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Figure 1. Redox potentials measured within sediment columns (referenceridasl H
electrode). 4.) Time trends of column-averaged redox potentials. Numbers follo¥ihg
(lactate) and “A” (acetate) denote influent OC concentrationsiM. Data points are slightly
offset along the time axis for clarity in cases with oygslag values. i{.) Redox potential
profiles within sediment columns at later stages (times > 298)dRange bars indicate standard
deviations. Also shown along the Eh axis are calculated potefatighé! 7.5, characteristic of
effluents) for (1) nitrate reduction (NO= 1 pM, P(N) = 0.8 atm), (2) Mn(lV) reduction
(pyrolusite, MA" = 10 pM), (3) nitrite reduction to ammonia (equimolar N specid$)Fé(Ill)
reduction (ferrihydrite, F& = 1 pM), (5) U(VI) reduction (GRIO,(COs); = 1 mM, U(IV) =
UO,(am), pCQ = 2 to 1.5 and G4 = 0.1 to 1.0 mM), and (6) sulfate reduction to pyrite (1 uM

Fe*, 0.1 mM SQ@).
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Carbon in effluents. The total dissolved C concentrations in effluents from the satlime
columns were roughly proportional to their respective influent OC obrat®ns. Total
dissolved OC (TOC) and inorganic C (TIC) concentrations in effluénot®m the columns
supplied with lactate and acetate (0 to 100 mM) are shown in Figards The breakthrough
curves for TOC reflect greater degradation of lactaigu(Es 2a and 2c) than acetate (Figures 2b
and 2d) up to about 140 days (6 PV), after which both OC forms were exidizimilar rates.
Sediments receiving solutions lacking either form of OC neverthélad average effluent TIC
of 2.5 mM (1.5 mM in excess of influent bicarbonate levels), indicativaative sediment
organic matter oxidation. Although nearly all of the OC supplied atveut 200 days (9 PV)
was depleted in effluents, the effluent TIC accounts for only aboutd@Q¥e C balance at the
higher supply rates. This is similar to the TIC/TOC balancefflnents measured in a previous
experiment (sediment supplied with 32 mM lacta®) (Effluents from the present experiment
contained low concentrations of ¢Kk 0.01 mM) for systems supplied witl0 mM OC, and

variable but elevated CH2 to 26 mM) for systems supplied with 30 and 100 mM OC.
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Figure 2. Time trends in effluent carbon concentrations.) Effluent OC concentrations in
columns supplied with lactateb.] Effluent OC concentrations in columns supplied with acetate.
(c.) Effluent IC concentrations in columns supplied with lactate) Effluent IC concentrations

in columns supplied with acetate. Range bars indicate standard deviations.

Uranium. Time trends in effluent U concentrations showed strong dependentee OC
supply rate, but insignificant differences with respect to OC type. At edgir@ supply rates of
lactate and acetate, time trends in effluent [U] were very sinkilgufes 3a and 3b). The greater
variability among U concentrations in duplicates of lactataté sediments (Figure 3a) appears

to have resulted from periodic stopping of flow when one set of tbelsenns was sent to
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246 synchrotron facilities for X-ray absorption spectroscopy (X&@&psurementd8). All columns
247 treated at the two highest OC supply concentrations (30 and 10@rhibjted rapid declines in
248 [U], followed by transient increases back to intermediate coratents. This phenomenon was
249 identified in our previous study6), where we showed that U(IV) was reoxidized, and
250 hypothesized that a residual reactive Fe(lll) or Mn(lll,pHase persisted long enough to drive
251 U(IV) reoxidation. Manganese XAS analyses on a subset of tlsemireediment columns
252 showed that Mn(lll,1V) phases were fully reduced to Mn(ll), and thobkkely to drive the
253 observed U(IV) reoxidation1B). Iron and U XAS results from that study support transient
254  U(IV) reoxidation by Fe(lIl).

255 Complex effects of OC supply rate on effluent U concentration® weproducibly
256 observed in both the lactate- and acetate-treated sediments.upiitg tes of 0.04 and 0.14
257 mmol OC kg' day’ (3 and 10 mM OC) were insufficient for generating strongly redyci
258 conditions, but resulted in proportional increases in bicarbonate (ICeminations (Figures
259 2c,d) which drove more U(VI) into the effluent (Figures 3a,b). Thudovaer rates of OC
260 supply, effluent U concentrations increase relative to control ¢ondi{O mM OC) through
261 carbonate driven U(VI) desorption. At higher rates, 0.42 and 1.4 mmol ©@ag (30 and
262 100 mM OC), strongly reducing conditions are established, and the smhvility of U(IV)
263 causes effluent U concentrations to decrease. However, the resuthiimgrtionally higher IC
264 concentrations still drive U(VI) desorption and enhance solubilityngiortant aqueous U(VI)
265 species. Therefore, the highest levels of OC supplied genetstelighest IC levels and
266 supported elevated U(VI) concentrations in reducing effluents. Towsest effluent U
267 concentrations were achieved with the intermediate rate ofup@lys(30 mM solutions, 0.42

268 mmol OC kg' day"), not with the highest rate (100 mM solutions, 1.4 mmol O€day™).
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Figure 3. Time trends in effluent uranium concentrations in sediment colunp@iasd with

(a) lactate, andly) acetate. Range bars indicate standard deviations.

Geochemical calculations. The hypothesis that OC oxidation and increased bicarbonate
concentrations were responsible for elevating aqueous U(VI) conoemdéravvas further
examined through equilibrium geochemical calculations wigg, RiIsed as the independent
variable. The approximately steady-state geochemistry setBediments and effluents were
separated into cases; one where U(VI) reduction was insigrtif(a 3, 10 mM OC), and the
other where U(VI) reduction was important (30, 100 mM OC). Comparidmis/een

equilibrium calculations and measured characteristic steatly-stfluent U concentrations are
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shown in Figures 4a and 4b for oxidizing and reducing conditions, respgctivVieldeled total
aqueous U concentrations were not expected to closely match nteasfikgent U
concentrations because of the approximations employed, and because netgraramere
adjusted. More important in these comparisons are the fairly ggoeements between
calculated and measured trends for the-#lependence of effluent U concentrations. Model
predictions show large increases aqueous U with increasggl dhder both oxidizing and
reducing conditions, in good agreement with experiments. The MCU fsrexceeded over all
environmentally relevant levels ot& under oxidizing conditions (Figure 4a), and even under
reducing conditions whencB, becomes elevated (Figure 4b). The predicted importance of
aqueous U(VI) complexes with carbonate and Ca in these typedusng$f was supported by
laser fluorescence spectroscopy in an earlier stéjly (t should be noted that while the
laboratory experiments and associated calculations are spec#idJ-contaminated sediment
from Oak Ridge National Laboratory, the impact of IC on U geocéteynare much more
generally important, especially in the circum-neutral to lalkarange of pH found in many
environments. When data on key parameters are available, momegomogeochemical
modeling can be used to efficiently predict U-OC-IC dynanoegr a broader range of

conditions.
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Figure 4. Calculated effects of increased £fartial pressure from OC oxidation undar) (
oxidizing conditions (pe = 11.96, €a= 2.0 mM), andlf.) reducing conditions (pe = -3.23 to —
3.35, C&" = 0.4 mM, equilibrium with UGam)). Only concentrations of dominant species and
total calculated U are plotted for comparison with trends in meddurconcentrations. Under

both conditions, increased P(gQ@llows higher aqueous U concentrations.

Microbial Communities. To evaluate the relationship between the composition of therizéc
communities and the observed remobilization of bioreduced U we usediaation technique,
nonmetric multidimensional scaling (NMDS). The ordination plots loé total bacterial
community, the iron-reducing bacteria (FRB) and the sulfate-negluibacteria (SRB) are

presented in supporting information (Figure S1). NMDS Axis 1 and &xordination scores
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329

330

331

332

333

334

were regressed against effluent U concentrations, local analgaveedox values and effluent IC
concentrations (Table 1). Significant correlations were found detwthe total bacterial
community composition and local column Eh?{R.85), average column Eh %0.69) and
effluent IC (R=0.27) along NMDS axis 2; but there was no significant relationsatpreen
bacterial community composition and effluent U concentrations. Baealblysis of the FRB
community revealed significant relationships with local column Ef-@®0) and average
column Eh (R=0.71) and the composition of the FRB community along NMDS axis linAga
no significant relationship could be detected between the FRB cortymami effluent U
concentrations. Similarly, analysis of the SRB community found signif relationships with
local column Eh (B=0.51) and average column Eh*fR.48) and the composition of the SRB
community along NMDS axis 1. No significant relationship could bectedebetween the SRB
community and effluent U concentrations.

Remobilization of bioreduced U does not appear to be directly atstavith bacterial
community composition. This is consistent with the remobilizationatduced uranium being
primarily dependent on the concentration of bicarbonate. The balameeebetbioreduction and
bicarbonate-dependent remobilization must depend on the capacity atteadd community to
initially reduce U and sustain its reduction. However, followkaglll)-catalyzed re-oxidation of
U(lV), subsequent U(VI) bioreduction may be inhibited by the formatibstable Ca-U-C©
complexes (6) that are thought to be less energeticallydhieas electron acceptors (ZVhis
may tip the balance in favor of bicarbonate-dependent remobilizatiependent of microbial

community composition.
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343

344

345

346

NMDS axis 1 NMDS axis 2

variable R R®
Bacterial Community Eh local 0.00 0.85***
Eh average 0.01 0.69***
IC 0.05 0.27*
U 0.21 0.13
FRB Community Eh local 0.90*** 0.02
Eh average  0.71** 0.00
IC 0.15 0.00
U 0.15 0.16
SRB Community Eh local 0.51** 0.03
Eh average  0.48** 0.02
IC 0.13 0.11
U 0.04 0.17

Table 1. Relationship between community compositions and local redox conditibnecal),
average column redox (Eh average), effluent total inorganic carboraftCeffluent uranium

(V). Significance indicated by *p<0.05, **p<0.01, ***p<0.001.

Implications. This study shows that establishment of U bioreduction and mainteotimes

agueous U concentrations in contaminated sediments is strongly dependéet rate of OC
supply because OC oxidation results in dual impacts on U mob#ityow rates of OC supply,
OC oxidation to IC, increased stability of aqueous U(VI) carbocateplexes, IC-driven U(VI)
desorption, and negligible U(VI) reduction lead to significant in@ga® aqueous U(VI)
concentrations. At higher rates of OC delivery, U(VI) reauncto much less soluble U(IV) is

important, resulting in decrease aqueous U(VI) concentrations amedste rates of OC
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365
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369

supply. However, increased OC supply invariably promotes formation ablsolJ(VI)-
carbonates, thereby driving aqueous U(VI) concentrations higher, evén maintaining U-
reducing conditions. Even under optimal rates of OC supply (betwédrafd 1.4 mmol OC
kg day' in this system), initial rapid decreases in soluble U(VI) fmltowed with large
transient increases when terminal electron acceptors arenpresSome common Fe(lll)
(hydr)oxides capable of driving U(IV) oxidation (6, 28, 29) can be impbrtdstacles to
immediate establishment of U reduction. Subsurface microorgarpigstwo roles in this
bioreduction-remobilization process. First, specific populations reetha reduction of U(VI)
to U(IV). As consumers of the OC supplied, the heterotrophic commprdtuces C@which
then drives U(VI) complexation and increases aqueous U(VI) coatiens. We find no
evidence supporting direct involvement of microbial catalystsaridation of U(IV). However,
the net re-mobilization of U(VI) may be partly due to diminish&drobial reduction of the less
energetically-favorable calcium-uranyl-carbonate complekas result from elevated IC. The
high sensitivity to OC delivery rate indicates that U bioreductwill not be a simple
remediation procedure to implement.  Finally, the extremely loalf-life of 2% (4.5x10

years) needs to be considered in evaluating the sustainability of OC-basedurremediation.
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Supporting Information Available

Total elemental analyses and chemical extracts of thel isgthment are provided in Table S1.
Representative effluent chemical composition data are presentedlabte S2. Key
thermodynamic and surface complexation parameters are listeable S3 and S4, respectively.
Iron-reducing bacteria used in ordination are listed in Table @&at&reducing bacteria used in
ordination are listed in Table S6. NMDS ordinations are presentedyimeFS1. Additional
information about DNA extraction and quantification methods are included. material is

available free of charge via the Internet at http://pubs.acs.org.
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