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Abstract

Microbial processes have the potential to affect the mobility of radionuclides, including U in radioactive wastes. A range
of geochemical, molecular biological and mineralogical techniques were applied to investigate stable element biogeochem-
istry and U solubility in the simulated ‘‘near-field’’ (or local environment) of a low-level radioactive waste (LLW) repository.
The experiments used a microbial inoculum from the trench disposal area of the UK LLW repository at Drigg, Cumbria,
England, in combination with a synthetic trench leachate representing the local environment at the Drigg site. In batch cul-
ture experiments in the absence of U, a classic redox progression of terminal electron accepting processes (TEAPs) occurred
in the order NO�3 , Fe(III) and SO2�

4 reduction. When 126 lM U was added to the system as U(VI)aq, up to 80% was reduced
to U(IV) by the indigenous microbial consortium. The U(IV) was retained in solution in these experiments, most likely by
complexation with citrate present in the experimental medium. No U(VI)aq was reduced in sterile cultures, confirming that
U(VI)aq reduction was microbially mediated. Interestingly, when U(VI)aq was present, the progression of TEAPs was
altered. The rate of Fe(III) reduction slowed compared to experiments without U(VI)aq, and SO4 reduction occurred at
the same time as U(VI) reduction. Finally, an experiment where SO2�

4 -reducing microorgansisms were inhibited by Na
molybdate showed no ingrowth of sulfide minerals, but U(VI) reduction continued in this experiment. This suggested that
sulfide minerals did not play a significant role in abiotically reducing U(VI) in these systems, and that metal-reducing micro-
organisms were dominant in mediating U(VI) reduction. Bacteria closely related to microorganisms found in engineered
and U-contaminated environments dominated in the experiments. Denaturing gradient gel electrophoresis (DGGE) on
16SrRNA products amplified from broad specificity primers showed that after incubation, differences in diversity and abun-
dance of the microbial culture were observed between U and non-U experiments. These results indicate that the biogeo-
chemistry of the LLW repository near-field stimulates reduction of U(VI)(aq) to U(IV) under anaerobic conditions and
that the fate of reduced U(IV) will depend on the complexants present in LLW systems.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The Drigg low-level waste repository, Cumbria,
England, is the principal disposal site for low-level
radioactive waste (LLW) in the UK (BNFL, 2002).
This near surface disposal facility contains over
900,000 m3 LLW. Originally waste was loose
tipped into shallow ‘‘trenches’’, with more recent
disposals being grouted and placed in engineered
concrete vaults. The focus of this study is the bio-
geochemical environment within the ‘‘near-field’’ of
the Drigg trenches. The Drigg trenches contain
substantial quantities of cellulose, soil and metals.
Overall, the site contains a heterogeneous mix of
these materials, has an average annual temperature
of 10 �C, and is microbially active with CH4 and
CO2 detected at various locations on site, and with
volatile fatty acids present in trench leachates
(Humphreys et al., 1997). Thus, the Drigg trench
environment is a low-level waste ‘‘landfill’’ contain-
ing electron donor rich waste and leachate and a
heterogeneous mix of terminal electron acceptors
including NO�3 , Fe(III) and SO2�

4 . This high elec-
tron donor content is in contrast to many sub-sur-
face aquifer sites where U biogeochemistry has
been studied that are often electron donor poor
(Andersen et al., 2003). Within the trenches, the
radionuclide inventory is dominated by long lived
238U and 234U (half lives of 4.47 · 109 a and
2.46 · 105 a, respectively); these are significant
radionuclides in terms of their mass and activity
over long (250–10,000 a) and very long
(>10,000 a) time scales (BNFL, 2002). Uranium is
present as U(VI)(aq) under oxic conditions and at
circumneutral pH, forms anionic carbonate com-
plexes that are relatively mobile in groundwater
(Clark et al., 1995). By contrast, U(IV) predomi-
nates under reducing conditions and is less soluble
than U(VI) under pH conditions usually encoun-
tered in environmental systems U(IV) is rapidly
hydrolysed and precipitates as uraninite (UO2(s))
(Rai et al., 2003). However, under some circum-
stances U(IV) can form stable organic complexes,
thereby increasing its solubility and mobility. For
example, the complexation and solubilisation of
U(IV) with the citrate ion at circumneutral pH
has been reported (Macaskie, 1991; Robinson
et al., 1995; Ganesh et al., 1999; Haas and Nor-
thup, 2004). Additional organic complexants such
as EDTA and NTA are also found as contami-
nants at nuclear sites and may affect the solubility
of reduced radionuclide species (Haas and Nor-
thup, 2004; Lloyd and Renshaw, 2005; Ruggiero
et al., 2005).

The biogeochemical conditions within the near-
field of a LLW repository will influence U solubility
and migration over time. Microbially mediated
U(VI)aq reduction in contaminated environments
by indigenous microbial populations has been stud-
ied in simulations (Abdelouas et al., 1998, 2000;
Fredrickson et al., 2000; Suzuki et al., 2003), and
recent in situ studies have shown U(VI)aq reduction
in aquifers can be stimulated by the addition of an
electron donor such as acetate (Finneran et al.,
2002; Senko et al., 2002; Andersen et al., 2003).
Whilst these studies demonstrate microbial U(VI)
removal from solution in a range of environments,
little work has been done to understand the biogeo-
chemical processes that occur in LLW repositories.
As a sub-surface, cellulose-rich environment con-
taining heterogeneous wastes, the near-field of the
Drigg repository is expected to be influenced by
microbially mediated redox processes (Humphreys
et al., 1997; BNFL, 2002). Microorgansisms couple
the oxidation of electron donors (organic substrates
or H2) to the reduction of different terminal electron
acceptors (TEAs). The classic model of these pro-
cesses is that a succession of microbially mediated
terminal electron accepting processes (TEAPs)
occurs in the order NO�3 , Fe(III) and SO2�

4 reduc-
tion and methanogenesis (Reeburgh, 1983). How-
ever, the evolution of these processes in
heterogeneous LLW and their potential effect on
radionuclide solubility remain unclear, and under-
standing the biogeochemical processes that occur
in the near-field environment is integral to consider-
ing the eventual fate of radionuclides in low-level
wastes.

In this study, anaerobic batch culture experiments
that were a simplified analogue of the Drigg LLW
repository environment, were prepared. A synthetic
leachate which reflected the composition of Drigg
trench leachate (Humphreys et al., 1997; Ian Beadle,
Nexia Solutions, Personal Communication, 2002)
was prepared. The synthetic leachate contained a
range of fermentation end products, but the main
electron donor was acetate which has been measured
on site (Humphreys et al., 1997) and the synthetic
leachate was amended with inorganic constituents
and a range of electron acceptors which are found
in the low-level waste (i.e. NO�3 , Fe(III), U(VI),
SO2�

4 ). The authors chose to chelate the Fe(III) with
citrate in the synthetic leachate as citrate is a com-
monly reported organic co-contaminant at nuclear
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facilities (Francis et al., 1992). The batch cultures
were then inoculated with an indigenous microbial
culture from the Drigg site, and the biogeochemical
evolution of the batch experiments was monitored
with time. Results are presented of geochemical,
molecular biological and mineralogical analysis,
plus geochemical modelling of these experimental
systems, to provide an insight into the development
of the biogeochemistry and fate of U(VI) in a near
surface LLW repository.

2. Methodology

2.1. Sample collection and batch culture preparation

Trench slurry samples were collected from 4 differ-
ent in situ stand pipes into sterile, HDPE sample pots
at the Drigg site in September 2002 and immediately
transported to the laboratory. The filled tubes con-
taining the slurry were then sealed and stored at
4 �C, close to the average annual temperature on site
of 10 �C (BNFL, 2002), prior to culture preparation
which occurred within 2 weeks of sampling. Homog-
enised trench slurry (1 g) was used to create microbial
enrichment cultures (75 ml) using a Drigg synthetic
leachate/Fe(III)-medium adjusted to pH 7 (Table
1). The recipe for the Drigg synthetic leachate was
provided by BNFL, and contained a range of inor-
ganic and organic constituents typically found in
the Drigg site leachate (Ian Beadle, Nexia Solutions,
Personal Communication, 2002). The medium was
Table 1
Key constituents of the Drigg enrichment culture media

Constituent aConcentration in enrichment
culture (mM)

NaHCO3 64
NH4Cl 18
KNO3 0.8
(NH4)2HPO4 7.6
K2SO4 2.0
bFe(III)citrate 10
MgCl2 Æ 6H2O 6
CaCl2 Æ H2O 28
NaCl 44
Acetic acid 55
Propionic acid 0.5
Butyric acid 0.8
Iso-butyric acid 1.0
Iso-valeric acid 0.4
Ethanol 0.1

a A 10-fold dilution of this enrichment media was used in all
incubation experiments.

b Citrate was chosen as a complexant for Fe(III) as it is
expected to be present in low-level wastes (Francis et al., 1992).
prepared by addition of inorganic and organic con-
stituents apart from NaHCO3 and Fe(III)-citrate to
800 ml of 18 MX deionised water which was degassed
with N2, quickly adjusted to pH 6.6, and the
NaHCO3 added. This was then transferred to the
anaerobic cabinet, Fe(III)-citrate added, the pH
adjusted to 7.0, made up to 1 l, filter sterilised into
50 ml sterile serum bottles and capped. Final concen-
trations of terminal electron acceptors in the enrich-
ment medium were 0.8 mM NO�3 , 10.0 mM Fe(III)
and 2.0 mM SO2�

4 . Acetate, the main electron donor,
was an order of magnitude in excess in terms of its
total electron donor capacity (ca. 440 mM) compared
to the total electron accepting capacity for the termi-
nal electron acceptors (NO3, Fe(III) and SO2�

4 ; ca.
30 mM) in the synthetic leachate (Table 1). Enrich-
ment cultures were incubated in the dark at 21 �C
and stocks were maintained by transferring a 10%
inoculum of enrichment culture to fresh medium on
a strict weekly basis, and the Drigg inoculum was
sub-cultured for at least 4 weeks before experimental
work began. For inoculation experiments, cells were
harvested under N2 with centrifugation for 10 min at
8000 rpm, washed twice in 50 ml of anaerobic 30 mM
HCO3 buffer with repelleting by centrifugation
between washes before finally being resuspended in
0.5 mM anaerobic HCO3 buffer (pH 6.8) under N2.

A 10-fold dilution of the medium described in
Table 1 was used in experiments as the standard
synthetic leachate and had 5.5 mM acetate as the
key electron donor and 0.08 mM NO�3 , 1.0 mM
Fe(III) and 0.2 mM SO2�

4 present as terminal elec-
tron acceptors. For standard experiments all manip-
ulations were performed using aseptic technique
and 25 ml of synthetic leachate was sub-aliquoted
into 30 ml serum bottles in an anaerobic cabinet
(Coy Laboratory Products, Michigan, USA),
crimped with butyl rubber stoppers (Bellco, Vine-
land, NJ, USA) and autoclaved (under standard
conditions of 121 �C, 15 psi for 20 min). Bottles
were then inoculated with 2.5 ml of the harvested,
washed Drigg enrichment culture cells. Heat killed
controls containing non-active biomass were estab-
lished by inoculating the sterile medium with enrich-
ment culture cells and then immediately
autoclaving.

2.2. Experimental programme

Three key experimental systems were studied: (1)
Drigg culture without uranyl present; (2) Drigg cul-
ture with uranyl present; and (3) Drigg culture with
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uranyl present but with dissimilatory SO2�
4 reduc-

tion inhibited by addition of Na molybdate to a
final concentration of 20 mM. Appropriate sterile
and electron donor-free controls were also run. In
addition to the key anaerobic incubations described
above, cell suspensions were also incubated under
oxic conditions and in the presence of U(VI)(aq) to
quantify sorption of uranyl onto cell surfaces. For
cultures containing U(VI)aq, filter sterilised
(<0.2 lm) aliquots of a UO2Cl2 stock solution were
added to a final concentration of 126 lM (corre-
sponding to ca. 400 Bq kg�1 238U, the lower legal
limit for alpha activity in low-level wastes). All bot-
tles were incubated under anaerobic conditions at
21 �C for 120 h and sacrificially sampled over time.
Five replicates were sampled at each time point to
assess reproducibility and the mean ±1r of these
replicates is reported.

2.3. Analytical techniques

Nitrate, Fe(II)(aq), total aqueous Fe (Fe(II) +
Fe(III)(aq)), and total Fe (Fe(s) + Fe(aq)) and sulfide
were analysed using standard spectroscopy mea-
surements (Cline, 1969; Lovley and Phillips, 1986;
Viollier et al., 2000; Harris and Mortimer, 2002).
Uranium (VI)(aq) was determined using the
bromo-PADAP method (Johnson and Florence,
1971) and total U(aq) (U(VI)(aq) + U(IV)(aq)) in
samples was determined by oxidising filtered sam-
ples with HNO3 to a final concentration of
�0.1 M for at least 24 h (Ganesh et al., 1999)
and then analysing using the bromo-PADAP
method. Total uranium (aq + s) in the samples
was determined by bromo-PADAP analysis on
unfiltered, HNO3 oxidised samples. Nitrate and
SO2�

4 were determined by ion chromatography
using a Dionex DX100 with AS4 or AS14 analyt-
ical column. Acetate was determined by ion exclu-
sion chromatography using a Dionex AS1 column.
Solids that had precipitated at the end of incuba-
tions were analysed using a combination of XRD
on a Phillips PW1050 and scanning electron
microscopy (SEM) with energy dispersive X-ray
(EDX) on a Cameca SX-50. Prior to XRD, the
solid material was centrifuged in an anaerobic cab-
inet (15,000 rpm 30 min), washed with deoxygen-
ated, deionised water, and then a subsample was
mounted in an anaerobic sample holder. A sample
of the same material was transferred to a Cu grid
in an anaerobic cabinet, dried overnight and ana-
lysed using SEM-EDX.
2.4. Geochemical modelling

Two systems, representative of the Drigg and U-
Drigg cultures, were modelled using PHREEQC
V2 equilibrium geochemical modelling software
and the MINTEQA2 database. Additional U(IV)-
citrate thermodynamic data were also included in
the database (Grenthe, 1992). The geochemical
speciation of key components of the batch culture
experiments was modelled under progressively
anoxic conditions using pe values calculated from
experimentally derived Eh measurements and perti-
nent modelling results are described in the
discussion.

2.5. Microbial activity

The ATPLite kit (PerkinElmer, UK) was used to
determine ATP in incubations because ATP acts as
a proxy for biomass and biomass activity (Brookes
and Ocio, 1989). Unfiltered samples (100 ll) from
both inoculated and sterile systems were lysed using
50 ll of 1 M NaOH, shaken, and treated with 50 ll
of luciferase/luciferin for 5 min. Light output was
determined on a Packard Topcount NXT lumine-
sence counter.

2.6. Microbial ecology

Changes in the diversity of the microbial commu-
nity in selected experiments were determined by
denaturing gradient gel electrophoresis (DGGE) to
provide a ‘‘genetic fingerprint’’ of the microbial
population in the samples (Nakatsu et al., 2000).
Enrichment cultures were boiled (100 �C, 5 min) to
lyse any microbial cells and liberate intracellular
nucleic acids. A fragment of the 16S rRNA gene
(approximately 200 b.p.) was amplified by PCR
from samples using the broad specificity primers
GC338f and 530r (van der Gast et al., 2001). The
presence of amplification products was verified by
electrophoresis in 2% agarose gels stained with ethi-
dium bromide. DGGE was then performed utilising
20 ll of the amplified product, loaded onto a 10%
(w/v) polyacrylamide gel with a 40–60% denaturing
gradient in 0.5% Tris Acetate EDTA (TAE) buffer.
Electrophoresis was undertaken for 16 h at a con-
trolled temperature of 60 �C and constant voltage
of 100 V. Gels were stained for 20 min in 0.5%
TAE buffer containing 2000 mg l�1 Syber Gold
(Molecular Probes Inc., Oregon, USA) and imaged
under short-wave UV light.
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Fig. 1. Time series data showing the changes in redox indicator
species in incubations with Drigg synthetic leachate: (a) NO�3
concentrations in active experiments (j) and sterile controls (h);
(b) Fe(II) concentrations in solution in active experiments (r)
and sterile controls (h) and Fe(II) ingrowth to solid phases (m);
and (c) SO2�

4 concentrations in active experiments (·) and sterile
controls (h). Error bars are 1r of 5 replicates (where not shown,
errors are within size of symbol).
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In order to identify the dominant microorgan-
isms in the samples, a fragment of the 16S rRNA
gene (approximately 520 b.p.) was amplified by
PCR from samples using the broad specificity prim-
ers 8f and 519r (Islam et al., 2004). PCR products
were purified using a QIAQuick purification kit
(Qiagen) and ligated directly into the cloning vector
pCR 2.1 (Invitrogen) before transformation into
Escherichia coli TOP 10 competent cells. White
transformants that grew on LB agar containing
ampicillin (100 lg ml�1) were screened for an insert
using PCR and products purified with a QIAQuick
kit. Clones were separated into operational taxo-
nomic units (OTUs) based upon the similarity of
restriction fragment length polymorphism (RFLP)
profiles, using the restriction enzymes Sau3A and
MspI. The nucleotide sequences of each OTU were
determined using the dideoxynucleotide method
and sequences analysed against the NCBI (USA)
BLAST database, with matching to known 16S
rDNA gene sequences.

3. Results and discussion

3.1. The Drigg culture without uranyl present

3.1.1. Geochemistry

Sterile controls showed no changes in terminal
electron acceptors (open squares in Fig. 1a–c). In
contrast, Drigg synthetic trench leachate amended
with the Drigg microbial consortium showed
removal of NO�3 from solution, followed by
ingrowth of Fe(II) into solution, and then ingrowth
of Fe(II) to solids concomitant with the removal of
SO2�

4 from solution (Fig. 1a–c). This demonstrates
that progressive anoxia developed in the order
NO�3 , Fe(III) and SO2�

4 reduction, confirming that
microorganisms capable of a range of terminal elec-
tron accepting processes were active in the Drigg
culture. Nitrate reduction, as indicated by removal
of NO�3 from solution, was completed within the
first 12 h. Iron (III) reduction, as indicated by
ingrowth of Fe(II)aq and Fe(II)s, followed NO�3
reduction. Iron (II)aq concentrations peaked at
48 h, coincident with the onset of SO2�

4 reduction
and the ingrowth of a black, X-ray amorphous
solid. SEM-EDX analysis of the black solid taken
at the end time point confirmed the presence of both
Fe and S, and it liberated a ‘‘rotten eggs’’ smell on
addition of 1.0 M HCl. This suggested that some
of the material was amorphous Fe sulfide and at
120 h the molar ratio of Fe:S in the solid was 2:1.
Sulfate was completely removed from solution by
96 h, but active Fe(II) ingrowth to solids continued
thereafter (Fig. 1b) again suggesting that another
Fe(II) mineral was forming in the microcosms.
Analysis of ATP (data not shown) showed an initial
small peak in the ATP concentration between 8 and
9 h during active NO�3 -removal, then a decline fol-
lowed by an increase to a maximum between 48 and
72 h and a final decline to 120 h. This suggests that
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active biomass fluctuated throughout the experi-
ment with detectable growth of biomass during
NO�3 reduction, and more significantly during the
main period of Fe(III) and SO2�

4 reduction. The
acetate concentration remained constant in the con-
trols, but acetate was consumed in the inoculated
systems (data not shown). At the final point in the
experiment there was an electron balance between
production of electrons from oxidation of acetate
and removal of electrons by NO�3 , Fe(III) and
SO2�

4 reduction (Table 2).

3.1.2. Microbial ecology

Analysis of the microbial diversity in the samples
using DGGE showed that there was little temporal
variation in the microbial community in the samples
with no U present over the relatively short (120 h)
time course of the experiments. A more detailed
analysis of the final time-point sample was under-
taken via assessment of the genetic diversity of
cloned 16S rRNA gene fragments. Of the 29 clones
analysed, only 8 gave distinct RFLP profiles, sug-
gesting that as expected a relatively simple microbial
community had developed within these enrichment
culture based experiments (Fig. 2a). Close relatives
of known NO�3 -reducing bacteria Azospira oryzae

(98% similarity, 523 out of 525 base matches) were
detected in the clone library. In addition, a close rel-
ative to Quadricoccus australiansis (98% similarity,
508 out of 514 base matches) was also present and
is phylogenetically placed between Ferribacterium

sp. and Dechloromonas sp., suggesting a potential
capability for Fe(III) reduction and also U(VI)
Table 2
Electron balance calculations for experiments with: (a) the Drigg cultu
present

Oxidative processes

(a)

Acetate! HCO�3 þH2Oþ 8e� (0.45 ± 0.1 mM)

Total electrons produced = 3.60 ± 0.8 mM

(b)

Acetate! HCO�3 þH2Oþ 8e� (0.43 ± 0.07 mM)

Total electrons produced = 3.44 ± 0.56 mM

Balances were calculated for the 120 h time point in experiments, assum
where relevant U(VI) to U(IV), and oxidation of acetate to HCO�3 and
reduction. Additionally, close relatives of Brevundi-

monas diminuta (98% similarity, 467 out of 472 base
matches) and Trichococcus pasteurii (99% similarity,
526 out of 531 base matches) were also detected in
the clone libraries. Interestingly, there were no close
relatives of known SO2�

4 -reducing bacteria in the
clone library, although as discussed above, SO2�

4

was a significant component of the synthetic leach-
ate in terms of its electron accepting equivalents.
Overall these results suggest a surprisingly novel
microbial population in the enrichment cultures
without U present, with a relative absence of com-
monly occurring Fe(III)-reducing bacteria such as
Geobacter sp., which have previously been reported
to be dominant in some heavy metal and U-contam-
inated sub-surface aquifer environments (Andersen
et al., 2003; Islam et al., 2004). However, members
of Rhodocyclaceae sp. which include Azospira sp.,
Quadricoccus sp. and Dechloromonas sp. were
detected in the clone libraries, and close relatives
of these microorganisms have previously been
detected in U(VI)-contaminated mines (Suzuki
et al., 2003).

3.2. Drigg culture with U present

3.2.1. Geochemistry

The second experiment focussed on examining
the effects of addition of U(VI) to the experimental
system described in Section 1. Microcosms were set
up with synthetic leachate and with addition of
126 lM UO2Cl2 and the results are shown in
Fig. 3a–d. Nitrate was completely removed from
re without U(VI) present and (b) the Drigg Culture with U(VI)

Reductive processes

NO�3 þ 5e� ! N2 (0.08 mM)
Fe(III) + e� ! Fe(II)aq (0.20 mM)
Fe(III) + e� ! Fe(II)s (0.29 mM)
SO2�

4 þ 8e� ! HS� (0.20 mM)
Total electrons consumed = 2.49 mM

NO�3 þ 5e� ! N2 (0.08 mM)
Fe(III) + e� ! Fe(II)aq (0.50 mM)
Fe(III) + e� ! Fe(II)s (0.30 mM)
U(VI) + 2 e� ! U(IV) (0.14 mM)
SO2�

4 þ 8e� ! HS� (0.20 mM)
Total electrons consumed = 3.08 mM

ing reduction of NO�3 to N2, Fe(III) to Fe(II), SO2�
4 to HS� and

H2O.
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the microbially active experiment (only) after 20 h,
reflecting a pattern of NO�3 reduction identical to
the first experiment where U was not present.
Removal of 13% of U(VI) occurred over the first
12 h of the experiment in sterile controls, acetate
depleted controls, and in active experiments but
no removal of U(VI) was seen in this period of
NO�3 reduction. This initial removal of U(VI) was
attributed to sorption to biomass as both experi-
mental results and geochemical modelling suggested
that U(VI)-mineral phases were undersaturated in
the experimental medium such that precipitation
was not expected in the experiments. In addition,
removal of 10–20% of initial U(VI) also occurred
in acetate depleted and sterile controls with cell bio-
mass present. No further U(VI)-removal from solu-
tion occurred during NO�3 reduction, which is
similar to observations in experiments examining
U(VI) biogeochemistry in batch experiments and
field experiments with aquifer sediments (Abdelouas
et al., 1998, 2000; Istok et al., 2004).

In the inoculated system, the concentration of
total U in solution remained constant throughout
the experiment (following initial sorption of U(VI)
to biomass) but U(VI)aq decreased. This suggests
that U(VI) reduction led to a soluble U(IV) species
and geochemical modelling predicted that U(IV)–
citrate complexes formed in these experiments.
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Measurable U(VI) reduction started between 12 and
18 h, �88% U(VI) was reduced by 72 h, and slow
U(VI) removal continued to 120 h. In the inoculated
system, Fe(II) in solution was measurable at 22 h,
however, it was just above background, and was
lower at the comparable time in the system with
no U(VI) present (Fig. 1b and Fig. 2c). Substantial
ingrowth of Fe(II)aq only occurred from 36 h
onwards, and then Fe(II)aq increased to a maximum
of 0.50 mM by 120 h. This was double the Fe(II)
concentration seen at the final time point in the
experiment with no U(VI), suggesting that Fe(III)
reduction is more active at the end of the experi-
ment than in the system with no U present.
Ingrowth of Fe(II) into a solid phase was observed
from 24 h and continued until the end of the exper-
iment. A black precipitate similar to that observed
in the previous experiment appeared from 48 h
and again SEM-EDX analysis of this sample con-
firmed the precipitate contained Fe and S confirm-
ing the presence of amorphous FeS. At 120 h, the
molar ratio of Fe:S in the solid was 1.5 suggesting
that another, unidentified Fe(II) phase contributed
to the precipitate seen in the experiment but that
the partitioning of Fe(II) to solution was higher in
the presence of U. There was no U detected in the
solid sample, in agreement with the mass balance
showing the majority of U was present in solution.
This suggests that Fe(III) reduction was occurring
from 22 h, but that significant Fe(III) reduction
only occurred later than in experiments with no
U(VI) present. Sulfate concentrations decreased
from as early as 12 h, however, significant SO2�

4 -
removal was only measurable between 22 and
36 h. This is different from the pattern seen in the
experiment without U(VI) where SO2�

4 reduction
began between 48 and 72 h. Finally, ATP and ace-
tate profiles were similar to experiments without U
present indicating U(VI) did not have a toxic effect
on the system. At the final point in the experiments,
there was an electron balance between production
of electrons from oxidation of acetate and removal
of electrons by NO�3 , Fe(III), U(VI) and SO2�

4

reduction (Table 2). Overall, the pattern of micro-
bial reduction in these experiments was altered
compared to systems without U present, with
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Fig. 4. Time series data showing the changes in redox indicator species in incubations with Drigg synthetic leachate and 0.126 mM U(VI)
with dissimilatory SO2�

4 reduction inhibited: (a) NO�3 concentrations in active experiments (j) and sterile controls (h); (b) U(VI)aq

concentrations in active experiments (d) and sterile controls (h); (c) Fe(II) concentrations in solution in active experiments (r) and sterile
controls (h); and (d) SO2�

4 concentrations in active experiments (·) and sterile controls (h). Error bars are 1r of 5 replicates (where not
shown, errors are within size of symbol).
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U(VI)-removal starting after NO�3 reduction, and
occurring at the same time as both Fe(III) and
SO2�

4 reduction. Sulfate reduction dominated in
the mid-portion of the experiment, and the majority
of Fe(III) reduction occurred in the latter stages of
the experiment.

3.2.2. Microbial ecology

Characterisation of the microbial population by
DGGE profiling during the time course of the
experiments showed similar profiles compared to
U-free results until 72 h (data not shown). At the
last sampling point, one band in the DGGE profile
became more prominent, suggesting a measurable
alteration in the microbial community in these sys-
tems may have been occurring toward the end of
the experiment. DGGE of the samples for final time
points in both the Drigg culture experiments with
no U present, and with added U(VI), showed dis-
tinct differences in the microbial abundance and
diversity in the samples which was further con-
firmed by analysis of 16SrDNA clone libraries
(Fig. 2). The PCR/RFLP characterisation using
broad specificity primers on these samples revealed
very similar matches to the microbes found in the
U(VI)-deficient system but with an altered domi-
nance in the experiments with U(VI) present. Here,
there was an increase in Trichococcus sp. and
Dechloromonas sp. and a decrease in Azospira sp.
(Fig. 2). Again, there were no close relatives of
known SO2�

4 -reducing bacteria in the clone library.

3.3. Drigg culture with uranyl present – sulfate

reduction inhibited

To further investigate the processes occurring in
the incubations, an experiment was undertaken
where dissimilatory SO2�

4 reduction was inhibited
by Na molybdate (Fig. 4a–d). In this experiment,
NO�3 remained unchanged in controls but was com-
pletely removed by microbial NO�3 reduction in the
inoculated system within 14 h. Iron(II) was not
observed in sterile controls, but in the inoculated
system its ingrowth to solution was similar to the
system with U(VI) present but not DSR inhibited.
Here, measurable Fe(II) ingrowth was observed at



1548 J.R. Fox et al. / Applied Geochemistry 21 (2006) 1539–1550
22 h, with the most significant increase in Fe(II) in
solution occurring between 48 and 72 h. The con-
centration of Fe(II) in solution in this experiment
was the highest of all 3 experiments with 75–85%
of the 1 mM Fe(III) in the initial experiment
reduced by 120 h possibly due to reduced competi-
tion with SO2�

4 -reducing bacteria for electron donor
in the presence of molybdate (Canfield et al., 1993).
As expected, SO2�

4 reduction was inhibited, and
SO2�

4 concentrations remained constant in both
sterile and inoculated incubations throughout the
experiment. The inhibition of SO2�

4 reduction meant
that no Fe sulphide phases could form in these
experiments and that Fe(II) was more extensively
partitioned to solution than in other experiments.
In fact, a trace amount of precipitate developed in
these microcosms from 48 h onward, however,
unfortunately the quantity of material was too small
to harvest for characterisation. The U(VI) reduc-
tion, as indicated by removal of U(VI)aq in inocu-
lated microcosms only, was similar to the previous
experiment with U(VI) present, and was essentially
complete by 72 h. This suggests that the precipita-
tion of Fe sulfide phases seen in SO2�

4 -reducing
microcosms is not a key control on reduction of
U(VI) in these incubations and in combination with
the microbial ecology results, indicates that microbi-
ally mediated U(VI) reduction is likely dominated
by Fe(III)-reducing microorganisms.

3.4. Synthesis of results

In all experiments, terminal electron accepting
processes proceeded robustly and typical microcosm
experiments were complete in 120 h. The microcosm
experiments described here are designed to be repre-
sentative of conditions within Drigg. However, the
rate of development of microbially mediated anoxia
in microcosms (where conditions are optimised for
microbial growth) is unlikely to be representative
of the Drigg site which is a heterogeneous mixed
waste disposal site. Nevertheless, these experiments
clearly demonstrate that the Drigg LLW facility
contains microorganisms capable of a range of ter-
minal electron accepting processes under microcosm
conditions. Nitrate reduction occurred at a similar
rate in all 3 systems and was largely complete within
14 h, suggesting that NO�3 -reducers were unaffected
by U(VI) or molybdate additions. Indeed, denitrifi-
cation has been reported extensively in U-contami-
nated environments and in the experiments, it
occurred prior to significant U(VI) reduction in
agreement with past work at contaminated aquifer
sites (Abdelouas et al., 1998, 2000; Istok et al.,
2004).

Iron(III) reduction, as indicated by Fe(II)
ingrowth in solid and solution phases occurred in
all 3 experiments, although there were differences
in the fate of Fe in the different experiments. In sys-
tems with and without U a black Fe sulfide mineral
precipitated and scavenged Fe(II) from solution.
Interestingly, U was not scavenged to the sulfide
precipitate in the experiment with U present, sug-
gesting that abiotic reduction to Fe(II) minerals
including sulfides does not dominate in these sys-
tems. Overall, the extent of sulfide mineral forma-
tion was reduced in the system with U present as
Fe(II) solution concentrations were increased com-
pared to the system without U. It is unclear why
the partitioning of reduced Fe was different between
these two systems. Finally, in the experiment where
SO2�

4 reduction was inhibited, sulfide formation did
not occur, and thus the vast majority of reduced
Fe(II) was partitioned to the solution phase with
approximately 80% of the Fe(III) available at the
start of the experiment reduced by 120 h.

In the Drigg culture experiment, measurable
U(VI) reduction occurred between 12 and 18 h,
prior to extensive Fe(III) or SO2�

4 reduction. The
dominant period of U(VI) reduction occurred
between 18 and 48 h at the same time as initial
SO2�

4 reduction and prior to significant Fe(III)
reduction indicated by Fe(II)-ingrowth into solu-
tion. Indeed, substantial Fe(III) reduction only
started between 36 and 48 h. This confirmed that
U(VI), Fe(III) and SO2�

4 reduction were occurring
concomitantly in these experiments and that the
addition of U(VI) to the system affected the gross
order of terminal electron accepting processes.
Finally, measurable U(VI) reduction occurred
between 22 and 36 h in the system where SO2�

4

reduction was inhibited by molybdate.
The similarity of U(VI) reduction profiles

between experiments with and without SO2�
4 reduc-

tion inhibited suggests that SO2�
4 -reducing micro-

organsisms are not dominant in controlling U(VI)-
reduction in these systems and that abiotic reduc-
tion of U(VI) by sulfide solid phases is unlikely to
dominate in these experiments, presumably due to
the preferential formation of soluble U(IV)–citrate
complexes as suggested by past workers (Ganesh
et al., 1997; Robinson et al., 1995; Haas and Nor-
thup, 2004). Additionally, the observation that
U(VI) reduction was occurring prior to significant
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Fe(II) ingrowth into either solution or solid in the
Drigg experiment and to solution in the molybdate
inhibited experiment suggests that abiotic reduction
of U(VI) via reaction with Fe(II) is not significant in
these systems. Indeed, Fe(II)aq is considered to be
an ineffectual reductant for U(VI) under environ-
mentally relevant conditions (Liger et al., 1999).
This evidence, taken as a whole, suggests that
U(VI) reduction in these complex systems is medi-
ated by Fe-reducing bacteria via enzymatic
reduction.

Interestingly, microbial characterisation showed
no close relatives to known SO2�

4 -reducing micro-
organisms but detected a range of microorganisms
that had the potential to reduce metals including
U(VI) with close relatives of the Rhodocyclus-

Azoarcus subgroup of the b-proteobacteria found
in cultures with and without U(VI) added, as well
as Quadricoccus spp., which is phylogenetically
placed between Ferribacterium and Dechloromonas
suggesting possible metal-reducing capability. Cul-
tures with U(VI) present had elevated proportions
of microbes closely related to Trichococcus pasteurii

and Dechloromonas spp. Many species in the Rhod-

ocyclus-Azoarcus group are capable of facultative
anaerobic growth and are known to favour denitri-
fication coupled to degradation of aromatic com-
pounds (Song et al., 2001; Waller et al., 2004).
Furthermore, relatives of this group have recently
been detected in microaerophillic U-contaminated
environments (Suzuki et al., 2003) and have been
found in significant numbers at a radioactive waste
facility (Nazina et al., 2004). Therefore, the micro-
organisms observed in the Drigg enrichment cul-
ture are novel compared to many studies focussed
on contaminated aquifer systems, but fully
expected in engineered U-contaminated
environments.

4. Conclusions

In the experiments, U(VI) was completely
reduced to U(IV) by indigenous microorganisms
from a LLW repository demonstrating the potential
for these reactions to occur within the Drigg waste
site. No U(IV)O2 precipitation occurred in the syn-
thetic leachate presumably due to complexation of
U(IV)(aq) with citrate. In the Drigg LLW facility
microbial U(VI) reduction would be expected to
lead to precipitation of reduced U as UO2(s) in the
absence of strong complexants such as citrate. How-
ever, organic complexants such as citrate, EDTA
and NTA may be present in some radioactive wastes
due to their use in the nuclear fuel cycle and may
contribute to enhancing U(IV) solubility within
the waste disposal facility. There were significant
differences in the microbial communities in systems
with and without U(VI) present. In addition, the
biogeochemistry of the system with U(VI) behaved
differently to the system without U as SO2�

4 reduc-
tion occurred simultaneously with Fe(III) and
U(VI) reduction. The consortium of microorgan-
isms isolated from Drigg was capable of NO�3 ,
U(VI)(aq), Fe(III) and SO2�

4 reduction. Microbial
community analysis showed that the microorgan-
isms present are typical for U-contaminated, engi-
neered environments. Overall, these experiments
confirm that microbially mediated anoxia is capable
of occurring within the Drigg trench environment,
and that U(VI) reduction and removal to UO2 is
likely to occur within the trenches in the absence
of strong complexants such as citrate.
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