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Uranium mining and processing for nuclear weapons and fuel have left thousands of

sites with toxic levels of this actinide in soil and ground water1.  An emerging

strategy for remediating such environments involves using organic carbon to

promote microbially-mediated reduction and precipitation of insoluble U(IV)

minerals2-4.  Although previous U bioreduction studies have shown promising

results, they were of short duration (up to a few months).  Our longer-term (20

months) laboratory study using historically contaminated sediment has alarmingly

shown that microbial reduction of U was transient even under reducing

(methanogenic) conditions.  Uranium was reductively immobilized during the first

100 days, but later (150 to 600 days) reoxidized and mobilized, although a microbial

community capable of reducing U(VI) remained through the end of the experiment.

The formation of Ca2UO2(CO3)3 complexes5 (caused by the elevated carbonate

concentration from microbial respiration and presence of calcium) drove the

U(IV)/U(VI) reduction potential to much more reducing conditions.  Fe(III) and

Mn(IV) were found to be likely terminal electron acceptors (TEAs) for U

reoxidation.  Thus, U remediation by organic carbon based reductive precipitation

is not sustainable in calcareous, neutral to alkaline soils and ground waters
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The mobility of uranium depends strongly on its oxidation state, with U(IV)

species being much less soluble than U(VI) species under most environmental

conditions6.  Based on findings that a number of Fe- and S-reducing bacteria also reduce

U(VI), enzymatically as well as indirectly7-10, a strategy under development for

remediating U-contaminated soil and groundwater is based on promoting reductive

precipitation of low solubility U(IV) minerals.  Emerging techniques rely on injecting

organic carbon (OC) into contaminated sediments in order to stimulate direct or indirect

microbial U(VI) reduction to U(IV) solids2-4.  However, accounts of OC-stimulated

bacterial U reduction have only reported results for short times after conversion of

U(VI) to U(IV).  Although dissolved oxygen, nitrate and denitrification products have

been shown to oxidize U11-13, such results are expected from inspection of the redox

ladder.  When unperturbed by influxes of highly oxidizing TEAs, U(IV) is commonly

assumed to be stable in reducing sediments.  This study examines the stability of

bioreduced U under such conditions.

The experiment was conducted on soils heavily contaminated from past U waste

disposal (U concentration of 206 mg kg-1), obtained from Oak Ridge National

Laboratory14 (Tennessee, USA).  The soils were packed into columns (200 mm length,

32 mm ID), and permeated with 10.7 mM Na-lactate solution (32 mM OC, pH 7.2) to

stimulate U bioreduction by the native microbial community.  The solution was

supplied at a pore fluid velocity of 20 mm d-1 for 215 days, and thereafter decreased to

10 mm d-1.  Concentrations of U, OC, inorganic carbon (IC), methane, carbon dioxide,

iron, manganese, calcium, and pH were determined in effluents.  Redox potentials were

measured within columns with Pt electrodes, and also calculated based on ratios of

methane and CO2 concentrations.  Oxidation states of U within the soil were measured

within columns (days 117 and 356) by synchrotron micro-X-ray absorption near edge

structure (µ-XANES) spectroscopy15.  In order to determine the aqueous uranyl species

within column effluents, fluorescence spectroscopic and lifetime measurements were
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conducted5,16.  Bacterial community dynamics during U-reduction and reoxidation

processes were monitored by using both terminal restriction fragment length

polymorphism (TRFLP) and high density oligonucleotide array17 analyses.

The measured steady-state pH, CO2 partial pressure (PCO2), pe, and carbon

concentrations are shown in Table 1.  By day 120, most of the input lactate (>95%) was

being consumed, with CH4, HCO3
-, and CO2 being the dominant products, (accounting

for 75% of the influent C).  Data from Pt electrodes indicate that microbial respiration

drove redox potentials down to reducing conditions, with an average Eh of –200 mV (pe

= -3.4) by day 100 when U(VI) bioreduction was complete.  Calculations based on

measured elevated PCO2 and PCH4 yielded even lower pe = -4.2.

Table 1.  Measured steady-state solution chemistry

Influent Effluent

pH 7.2 7.4 ±0.14 a

pe > 0 -3.4 ±1.0 b;  -4.2 ±0.3 c

log10 (PCO2 , atm) < -3.5 -1.5 d

Total Organic C mM 32.0 1.01 ±0.25

Total Inorganic C mM 0 12.7 ±1.4

Total CH4 mM 0 10.4 ±1.9

C mass recovery 75%

Ca mM 0 1.0 ±0.4

Fe mM 0 0.045 ±0.005

Mn mM 0 0.035 ±0.005
a In-situ pH measurements. b From Pt electrodes. c From pH, CO2 and CH4 data. d From TIC and

pH data.
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Concentration of U, OC, and IC in effluents are shown in Figure 1.  Initial U

concentrations were very high, typically exceeding 10 µM, indicative of the initial

oxidizing condition.  Active microbial populations in the sediment were indicated by

nearly complete OC conversion to bicarbonate and methane, and confirmed by microbial

assays (discussed below).  The decreased IC level (from 15 to 13 mM) after about day

215 resulted from the reduced flow rate (lower rate of OC supply).  Direct analyses of the

soils by µ-XANES spectroscopy showed variable, but generally reduced conditions, with

87% (±26%) of the U occurring as U(IV) on day 117.  Cumulative U removal in effluents

at this time still left 98.8% of the initial U in the soil.  During this early stage of lactate

infusion, U concentrations declined by 3 orders of magnitude, to less than 30 nM, by day

100 (10 pore volumes).  For comparison, the U.S. EPA drinking water standard for U is

126 nM18.  Thus, in-situ reductive immobilization of U appeared successful at this point.

However, upon further permeation with the lactate solution and sustained

reducing conditions, U concentrations in effluents increased 30-fold, back to over 1 µM

(days 120 to 200), thereafter remaining fairly constant.  A similar trend was observed for

total IC in effluents, with a steady-state concentration of 12.7 mM, primarily as HCO3
-.

Effluents also contained high levels of CH4 and CO2 (forming gas bubbles), and depleted

levels of OC.  The soil U(IV) content declined to 58% (±22%) of the total U when

measured on day 356.  This latter set of µ-XANES analyses were significantly different

from the day 117 results at α = 0.005.  Discharges of U at elevated concentrations are

expected to be sustainable for much longer times because cumulative leaching by day

475 still left 97.6% of the original U in the soil.
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Figure 1.  Concentrations of uranium, organic carbon, and inorganic carbon in effluents

from soil columns.  The data points are average values from 5 columns.

The microbial community composition in sediments was assessed17 from the U

reduction and U oxidation stages (after 10 and 35 pore volumes of lactate infusion,

respectively).  Many bacterial species known to catalyze reduction of U were identified

including Geothrix sp., and members of the Geobacteraceae.  The presence of these

organisms was confirmed by PCR with specific primers.  Although changes in

community structure at different remediation stages were observed (results are not

shown), the array and group-specific primer data indicated that a microbial community

with the capacity for continued U reduction remained through the end of the experiment



6

(Table  2).  The continuing presence of bacteria capable of metal reduction suggests that a

loss of microbial functionality was not a factor in U(IV) re-oxidation.

Table 2. 16S sequences of some known metal reducing bacteria detected

by high density microarray analyses of extracts from column sediments

during U reduction and oxidation stages.

U reduction stage U oxidation stage

OTU phylocodea Representative organism bAverage difference bAverage difference

2.13.8.386 Geothrix fermentans 5312 ± 134 5369 ± 508

2.28.4.7.4.10207 Geobacter metallireducens 5123 ± 170 5181 ± 165

2.28.4.7.1.9784 Pelobacter acetylenicus 4466 ± 104 4603 ± 153

2.28.4.11.9734 Desulfobulbus propionicus 5784 ± 157 5991 ± 293

a Ribosomal Database Project (RDP) ( hierarchical phylogenetic code amended with specific

OTU number.  b Average difference is the mean difference in intensity between all positive

match probes and all corresponding mismatch probes within each probe set.  Changes in

average difference are indicative of relative changes in specific 16S amplicon quantity and

hence species abundance.  No differences were significant (p>0.05) for these OTUs between

net reduction and net oxidation phases.  Data are means of triplicates ± standard error.

The cryogenic fluorescence spectrum of an effluent sample shows close

resemblance to that of Ca2UO2(CO3)3 (Fig. 2).  The uranyl fluorescence decay (not

shown) in the effluent sample has a lifetime of 1204 s; consistent with that of the

Ca2UO2(CO3)3 complex, 1282 s.  Therefore, we conclude that uranyl in the effluent is

primarily Ca2UO2(CO3)3.
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Figure 2.  Fluorescence spectra of aqueous uranyl complexes at 6 K.  lex = 415

nm.  The solution conditions are    a) [UO2
2+] = 5 x 10-5 M in nitric acid, pH 2.5;

b) [UO2
2+] = 5 x 10-6 M in 0.034 M Na2CO3 solution, P(CO2) = 1 atm, pH = 10.6;

c)  [UO2
2+] = 1.17 x 10-4 M, [NaHCO3] = 7 x 10-3 M, [Ca2+] = 5 x 10-3 M, P(CO2) =

10-3.5 atm, pH = 7.4.  d) column effluent, [UO2
2+] = 2 x 10-6 M, P(CO2) = 10-2.0

atm, pH = 7.4;    For clarity, the spectra were normalized to the same maximum

intensities and offset along the vertical axis.

Because reducing conditions are commonly associated with immobilization of U,

the observed U solubilization under anoxic, nitrate-free, methanogenic conditions

requires explanation.  There are several key factors.  One is the greatly increased

(bi)carbonate concentration (blue line in Fig. 1) due to organic carbon oxidation.  This

increases U(VI) concentrations in solution through formation of UO2
2+-CO3

2- solution

complexes (Eqs 1-3 in Table 3), and through carbonate itself competing for sorption sites

with U(VI)19.  Another factor is the presence of calcite in sediments.  The soil used in this

experiment contained 3.0% of this common mineral.  Calcium from calcite dissolution is
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effective in releasing U(VI) into solution through formation of Ca2UO2(CO3)3 
 complexes

at near-neutral pH5,16 (Eqs 4-5 in Table 3), which are much less susceptible to

bioreduction20 and sorption21.  Although the magnitude of Ca2UO2(CO3)3 
 stability is

currently unsettled22, it is acknowledged that neutral uranyl carbonate complexes with

cations are important, and that the reported equilibrium constants5,16 are useful for

guidance.  Dissolved Ca concentrations in column effluents were about 1 mM, indicative

of equilibrium with calcite.  Also listed in Table 3 are the potentials for the dominant U

redox reactions under the experimental conditions (Ehb).  Eha are the potentials under the

same conditions but lower carbonate concentration (PCO2 = 10-3.5 atm).  Comparison of

Eha and Ehb show that elevated carbonate concentrations do indeed, drive the potential of

the U(IV)/U(VI) equilibrium more negative.  For instance, the redox potentials (Ehb) for

eqs 4 and 5 are around and below -200 mV, well with in the range of the measured Eh

values.  Although carbonate and Ca2+ also promote displacement of sorbed U(VI) into

solution, direct µ-XANES measurements on the soils showed that a much larger

inventory of U(IV) was oxidized to U(VI).

Table 3.  Redox reactions and potentials

Reactions Eho (mV) Eha (mV) Ehb (mV)

1.  UO2CO3 + 6H+ + 2e-  → UO2(s) + HCO3
-

278 -62 -121

2.  UO2(CO3)2
2- + 2H+ + 2e-  → UO2(s) + 2HCO3

-
366 -78 -197

3.  UO2(CO3)3
4- + 3H+ + 2e-  → UO2(s) + 3HCO3

-
531 -17 -195

4.  Ca2UO2(CO3)3 + 3H++ 2e- → UO2(s) + 3HCO3
- + 2Ca2+

278 -181 -240

5.  CaUO2(CO3)3
2- + 3H++ 2e- → UO2(s) + 3HCO3

- + Ca2+
427 -76 -195

6.  Fe(OH)3 + 3H+ + e-  → Fe2+ + 3H2O 976 -78 -  78

7.  MnO2 (pyrolusite ) + 4H+ + 2e-  → Mn2+ + 2H2O 1220 1180 1180

o Standard redox potentials, data are from ref. (5,6,22).  a Reduction potential under conditions:

PCO2=10-3.5 atm, pH 7.4, ∑U(VI)(aq)=10-8 M, Fe2+=4.5x10-5 M, Mn2+=3.5x10-5 M, Ca2+ = 10-1.5 M.
b Reduction potential under experimental conditions: PCO2=10-1.5 atm, pH 7.4, ∑U(VI)(aq) = 10-8

M, Fe2+ = 4.5x10-5 M, Mn2+=3.5x10-5 M, Ca2+ = 10-3.5 M.  Note that [Ca2+] is a dependence of

PCO2.
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Figures 3a and 3b are Eh-pH diagrams for U(VI)aq in equilibrium with amorphous

uraninite, UO2(am). The main equations considered are shown in Table 3.  The shaded

lines in Figure 3 are the boundaries of U(VI)aq (10-8 M) in equilibrium with UO2(am),

under atmospheric PCO2(10-3.5 atm) and the experimental PCO2(10-1.5 atm).  Comparisons

of these two conditions show that increasing PCO2 shifts the U(VI)aq/U(IV)S equilibrium

towards lower redox potentials. Furthermore, comparison of Figures 3a (without Ca2+)

and 3b (equilibrium with calcite), illustrates the large shift in U(VI)aq/U(IV)S redox

equilibrium boundaries to lower potentials in systems containing calcite, especially for

pH < 8.0.  Also indicated in the diagrams are our measured ranges of soil pH and Eh

(yellow boxes).  These comparisons show that oxidation of U(IV) is thermodynamically

favourable in these reducing soils.  Thermodynamic calculations on UO2(am) solubility

based on equations in Table 3 indicate that concentrations of U(VI)aq increase by orders

of magnitude when CO2 partial pressure increases from 10–3.5 to 10–1.5 atm (other

conditions constant).  The U(VI) concentration also increases by several orders of

magnitude with calcite present. The calculated predominance of Ca2UO2(CO3)3  in

solution was supported by fluorescence spectroscopy as noted previously. The calculated

U(VI) concentrations for our experiment conditions are one order of magnitude lower

than our measurements of 1 µM.  This discrepancy may reflect a higher solubility for the

very recently reduced UO2(s), often as nanoparticles23 and/or U(VI) surface

precipitates24, relative to the amorphous UO2(s) in the database.
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Figure 3.  Eh-pH diagram of U(VI)aq equilibrium with UO2(am) without Ca2+ (a)

and with calcite (b), for ∑U(VI)aq = 10-8 M, at log PCO2 = -3.5 (in red) and log

PCO2 = -1.5 (in black). For comparisons, the Fe(OH)3/Fe2+ (Fe2+ = 10-4 M) redox

transition is shown as a green dotted line in 2b. Our measured ranges of pH and

Eh are shown as the yellow rectangle.

Although we demonstrated that U(IV) reoxidation became thermodynamically

favorable in these reducing soils, the TEA(s) have not been identified.  The likely TEA(s)

in these soil columns are Fe(OH)3 and/or MnO2 for several reasons.  First, the other

potential TEAs, O2, NO3
-/N2O, and SO4

2- were undetectable in column pore solutions.

Secondly, the redox potentials of Fe(OH)3/Fe2+ and MnO2/Mn2+ (as illustrated in Eqs. 6-

7, and Fig. 3) are higher than that of the U(IV) oxidation transitions.  Thirdly, poorly

crystalline Fe(III) hydroxide and MnO2 are common minerals in soils.  Our soil contained

abundant Fe [4.4% total, and 3,650 mg kg-1 in weak acid extractable form21,25], and Mn

[630 mg kg-1].  Fourthly, the measured steady-state Fe2+ and Mn2+ concentrations in the

effluent solutions (45 and 35 µM, respectively) are supersaturated with respect to their
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carbonate solid phases (siderite and rhodochrosite, respectively26), and substantially

greater than the effluent U(VI) concentrations (1µM).  Finally, the ability of soil Fe(III)

and Mn(IV) oxides to oxidize U(IV) in the presence of electron shuttles has been

shown27,28, and soluble Fe(III) has been found in the pore waters of reduced sedimentary

material containing crystalline and/or amorphous Fe-oxides29.

This paper presents evidence that bioreduced U(IV) is reoxidized under reducing

condition.  Carbonate accumulation and calcite dissolution form highly stable Ca-UO2
2+-

CO3 complexes in near neutral and slightly alkaline conditions.  Ubiquitous Fe(OH)3 and

MnO2 in soil are the only likely TEAs responsible for U(IV) oxidation in this system.

Although the effects of pH, pe, CO2, and Ca2+ on U(VI) equilibrium are

established5,6,18,22, their implications on organic carbon based, reductive U stabilization

have not previously been appreciated.  This work also demonstrates the need for long-

term experiments for evaluating remediation strategies that rely on transforming actinides

and metals to low solubility products.
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