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Here we examine the bioreduction of technetium-99 in
sediment microcosm experiments with varying nitrate and
carbonate concentrations added to synthetic groundwater to
assess the influence of pH and nitrate on bioreduction processes.
The systems studied include unamended-, carbonate buffered-,
low nitrate-, and high nitrate-groundwaters. During anaerobic
incubation, terminal electron accepting processes (TEAPs) in the
circumneutral pH, carbonate buffered system progressed to
sulfate reduction, and Tc(VII) was removed from solution during
Fe(III) reduction. In the high-nitrate system, pH increased
during denitrification (pH 5.5 to 7.2), then TEAPs progressed to
sulfate reduction. Again, Tc(VII) removal was associated
with Fe(III) reduction. In both systems, XAS confirmed reduction
to hydrous Tc(IV)O2 like phases on Tc removal from solution.
In the unamended and low-nitrate systems, the pH remained low,
Fe(III) reduction was inhibited, and Tc(VII) remained in
solution. Thus, nitrate can have complex influences on the
development of the metal reducing conditions required
for radionuclide treatment. High nitrate concentrations stimulated
denitrification and caused pH neutralization facilitating Fe(III)
reduction and Tc(VII) removal; acidic, low nitrate systems showed
no Fe(III)-reduction. These results have implications for Tc-
cycling in contaminated environments where nitrate has been
considered undesirable, but where it may enhance Fe(III)-
reduction via a novel pH “conditioning” step.

Introduction
Technetium-99 is a radioactive fission product formed in
nuclear reactors and is a significant radiological contaminant
at nuclear facilities (1). It is of regulatory concern due to its

long half-life (τ1/2 2.1 × 105 years), bioavailability, and high
environmental mobility under oxic conditions. Technetium
biogeochemistry in the geosphere is linked to microbially
mediated terminal electron accepting processes (TEAPs)
which control redox conditions. In oxic environments, Tc
exists as the highly soluble pertechnetate ion (Tc(VII)O4

-
(aq))

which is weakly sorbed to mineral phases and sediments. In
contrast, during the development of sediment anoxia, Tc(VII)
is reduced to its lower valence forms, with Tc(IV) dominating
speciation as poorly soluble Tc(IV) hydrous oxide like phases
(2). In laboratory studies, some microorganisms have been
shown to reduce Tc(VII) to hydrous Tc(IV)O2 enzymatically,
by oxidation of electron donors such as H2 and a restricted
set of organic compounds (e.g., refs 3-5). In addition, pure
culture work has shown that abiotic electron-transfer reac-
tions between Tc(VII) and biogenic Fe(II) can also facilitate
reduction of Tc(VII) to poorly soluble Tc(IV) phases (4, 6).
In the subsurface, enzymatic Tc(VII) reduction is considered
ineffective, due to the rapid kinetics of Fe(II)-mediated
reduction and the relatively poor recognition of low molar
concentrations of the radionuclide by the hydrogenase
enzymes thought to mediate enzymatic reduction (7).
Therefore, in the majority of environmental scenarios, Tc(VII)
reduction is likely dominated by abiotic reduction with Fe(II)-
phases (6, 8, 9), although in iron-poor sediments, enzymatic
reduction may be important (8).

As development of microbially mediated reducing condi-
tions can reduce Tc solubility, in situ biostimulation (addition
of electron donors/nutrients to sediments to promote the
development of metal-reducing conditions) has been pro-
posed as a strategy for managing Tc contamination in
groundwaters (1). However, at nuclear facilities, subsurface
conditions are often complex, with extremes in pH and high
concentrations of industrial cocontaminants such as nitrate
often observed (10-12). At pH e 5, microbial diversity and
metabolic function has been shown to be reduced at nuclear
sites, critically lowering biostimulation potential (13-15). In
these cases, pH neutralization via addition of base to the
subsurface has been suggested as an additional remediation
technique. Nitrate, which is often present at very high
concentrations at nuclear facilities due to the use of nitric
acid in plant operations (e.g., refs 16, 17), can also affect
biostimulation potential. High levels of nitrate reportedly
hinder the development of metal-reducing conditions in
sediments (e.g., refs 18, 19); in turn, this can impact on Tc
remediation as Tc(VII) reduction occurs predominantly
during metal-reducing conditions (9, 19, 20) although in flow
experiments, and one microcosm system, partial removal of
TcO4

- under nitrate reducing conditions has been reported
(10, 12, 21).

Overcoming the inhibition of microbial communities at
low-pH and understanding the influence of nitrate on
bioreduction is key to understanding the potential for
bioremediation to treat radionuclide contaminants within
the low pH, high nitrate environments often observed at
nuclear facilities. Here, we examine the biogeochemical
behavior of Tc in aquifer sediments representative of the UK
Sellafield nuclear facility where Tc is a groundwater con-
taminant (22). Natural, poorly buffered sediments with a low
soil-pH (∼5.5) were used to prepare Tc(VII) spiked micro-
cosms, and nitrate, carbonate, and pH conditions were
manipulated to examine the impact of cocontaminants on
Tc biogeochemistry in aquifer sediments.
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Experimental Section
Safety. 99Tc is a radioactive beta emitter (Emax ) 294 keV).
The possession and use of radioactive materials is subject to
statutory controls.

Sample Collection. Sediments from the Quaternary
unconsolidated alluvial flood plain deposits that underlie
the Sellafield site were collected from the Calder Valley,
Cumbria, during December 2006. The sampling area was
located ∼2 km from the Sellafield site (Lat 54°26′30 N, Long
03°28′09 W) (see Supporting Information (SI) for further
details).

Bioreduction Microcosms. Sediment microcosms were
prepared using a range of treatments based around a
representative regional synthetic groundwater media (23)
and with 10 mM sodium acetate added as an electron donor.
Compositions were: (A) unamended-, (B) carbonate buff-
ered-, (C) low nitrate-, and (D) high nitrate-groundwater (SI
Tables 1 and 2). Groundwaters were sterilized by autoclaving
(1 h at 120 °C), sparged with filtered 80/20 N2/CO2, and pH
adjusted as required after deoxygenation. Experiments were
run in triplicate. Sediment (10 ( 0.1 g) and groundwater
media (100 ( 1 mL) was added to sterile 120 mL glass serum
bottles (Wheaton Scientific, U.S.) using aseptic technique,
the headspace was sparged with argon, and the microcosms
were crimp sealed with butyl rubber stoppers. Finally,
microcosms were spiked to a final concentration of 1.6 µM
of TcO4

- as ammonium pertechnetate (LEA-CERCA, France).
Sterile control microcosms were established by autoclaving
(3 × 20 min at 120 °C over a one-week period) and spiking
with Tc. All microcosms were then incubated anaerobically
at 21 °C in the dark over 250 days. Sampling of sediment
slurry was conducted using sterile argon-flushed syringes
and porewater and sediment samples were collected from
3 mL of slurry via centrifugation (15 000g, 10 min). Porewaters
were sampled for total Tc, NO3

-, NO2
-, Fe, Mn, pH, and Eh

(see below). Sediment samples were analyzed for 0.5 N HCl
extractable Fe(II) and total Fe to estimate microbially
produced Fe(II) ingrowth into sediments. In addition, for
each sample point, 0.5 g of untreated sediment was stored
under sterile conditions at -80 °C for microbiological
characterization (see below). To investigate the mechanism
of Tc(VII) removal in reduced sediments, additional micro-
cosms were sterilized by autoclaving after Fe(III) reducing
conditions had developed. After autoclaving, 1.6 µM of TcO4

-

was added and the sterile microcosms were equilibrated for
10 days prior to sampling as above.

Geochemical Analyses. Bulk mineralogy and sediment
chemical composition were determined by X-ray diffraction
(Philips PW 1050 XRD) and X-ray fluorescence (Thermo ARL
9400 XRF). Total sediment organic content was measured
on a Carbo Erba EA12 (see SI). Sediment color was described
using the Munsell Sediment Color Chart System (Munsell
Color Company, U.S.) and sediment pH was determined (24).
Technetium concentrations were determined by liquid
scintillation counting (LSC) on a Packard Tricarb 2100TR
(detection limit ∼ 0.4 Bq mL-1/6 nmol L-1). In addition, the
speciation of aqueous Tc was determined at relevant time-
points using extraction with tetraphenylarsoniumchloride
(5). Total dissolved Fe, Mn(II), and NO2

- concentrations were
measured with standard UV-vis spectroscopy methods on
a Cecil CE 3021 spectrophotometer (see SI). Aqueous NO3

-

and SO4
2- were measured by ion chromatography. Total

bioavailable Fe(III) and the proportion of extractable Fe(II)
in the sediment was estimated by digestion of 0.1 g of
sediment in 5 mL of 0.5 N HCl for 60 min, with and without
hydroxylamine respectively, followed by colorimetric assay
(25). The pH and Eh were measured with an Orion 420A
digital meter and calibrated electrodes. Standards were
routinely used to check the reliability of all methods and
calibration regressions had R2 g 0.99.

X-ray Absorption Spectrometry. Prereduced, Fe(II)-
bearing carbonate buffered and high-nitrate amended sedi-
ment microcosms (1 g in 10 mL) were incubated with 325
µM of TcO4

- (see SI) for 10 days. Thereafter, wet sediment
was sampled under anaerobic conditions and Tc K-edge
XANES and EXAFS measurements were collected at the SRS
Daresbury to determine the Tc oxidation state and coordi-
nation environment. Full details of XAS methods are provided
in the SI.

DNA Extraction, Ribosomal Intergenic Spacer Analysis,
16S rRNA Gene and narG Gene Analysis, And Quantitative
Real-Time PCR. Microbial community DNA was extracted
from sediment samples (0.2 g) using the PowerSoil DNA
Isolation Kit (MO BIO Laboratories Inc., U.S.). The 16S-23S
intergenic spacer region from the bacterial RNA operon was
amplified from community DNA by PCR with the primers
S-D-Bact-1522-b-S-20 and L-D-Bact-132-a-A-18 (26). Am-
plification was performed in a BioRad iCycler (BioRad, UK)
as described by (26) but with 35 cycles. The amplified products
were separated by electrophoresis in a 3% tris-acetate-EDTA
(TAE) gel. DNA was stained with ethidium bromide and
viewed under short-wave UV light using a BioRad Geldoc
2000 system (BioRad, UK).

A fragment of the 16S rRNA gene (∼ 520 b.p.) was amplified
by PCR from the extracted DNA of selected samples using
the primers 8f and 519r (27). NarG gene fragments were
amplified by PCR as described previously (28) using the
primers na3F and narG5′R (29) and with an annealing
temperature of 50 °C. Amplified gene fragments were cloned
using the TOPO-TA Cloning system (Invitrogen, UK). A total
of ∼50 white colonies per sample were randomly selected
and further analyzed by restriction fragment length poly-
morphism (RFLP) with the four-base-specific restriction
endonucleases Sau3A and MspI in parallel for 16S rRNA genes
and HaeIII and AluI for narG genes. At least one clone of
each RFLP group and all clones with a single RFLP-profile
were chosen for sequencing. The gene products of the
selected clones were purified by using QIAquick purification
kit and directly sequenced using an ABI Prism Big Dye
Terminator Cycle Sequencing Kit (PE Applied Biosystems,
U.S.), following the manufacturers instructions. Sequences
were obtained by using the plasmid specific primers M13f
and M13r. DNA sequences were determined on an automated
sequencer (ABI Prism 877 Integrated Thermal Cycler and
ABI Prism 377 DNA Sequencer, Perkin-Elmer Applied Bio-
systems, UK). The narG gene sequences were translated into
amino acid sequences (www.expasy.ch). Sequences were
compared with those available in the GenBank by using
BLAST analysis (30). The possibility of chimera formation
was checked by the Check_Chimera program of the RDP
(31) and chimeras were excluded. Phylogenetic affiliation of
the 16S rRNA gene sequences was estimated by BLAST and
the Classifier function in RDP and the nucleotide sequences
were deposited to the GenBank (see SI Tables 5-13 for
accession numbers). In addition, 16S rRNA genes affiliated
with the family Geobacteraceae were enumerated using real-
time quantitative PCR using appropriate primers (GEO564F
and GEO840R) (32) (see SI for details).

Results and Discussion
Sediment Characteristics. The sediment was dominated by
quartz, sheet silicates (muscovite and chlorite), and feldspars
(albite and microcline). The sediment had a high Si content
(34.0 wt %) and contained Al (5.8 wt %), Fe (3.1 wt %), Ca
(0.2 wt %), Na (1.0 wt %), Mg (0.5 wt %), and Mn (0.1 wt %)
(SI Table 3). The air-dried sediment was red in color and
ascribed a Munsell notation of 2.5YR 4/8. The sediment is
best described as a uniformly graded sandy loam with an
approximate particle composition of 53% sand, 42% silt, and
5% clay. The concentration of 0.5 N HCl extractable Fe(III)
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in the sediment was 8.2 ( 0.9 mmol kg-1. The sediment pH
was 5.5 and TOC content was 0.56 ( 0.08 wt %.

Progressive Bioreduction. Progressive bioreduction in-
cubation experiments focused on microbially mediated TEAP
progression and Tc behavior in microcosms with varying
initial pH and nitrate concentrations (Figure 1; SI Table 2).
An electron donor (10 mM acetate) was added to all
microcosms to enhance bioreduction rates.

No biogeochemical changes were noted in sterile mi-
crocosms. In the active microcosms (Figure 1), bioreduction
proceeded in all systems but at different times after experi-
ment initiation. In the carbonate buffered system, the
bioreduction process occurred almost immediately, with
available nitrate (0.3 mM) completely removed from solution
within 7 days (Figure 1A). In contrast, there was a lag phase
before active nitrate removal in the remaining microcosms.
However, after the initial lag phase, available nitrate was
depleted within 10 days (unamended system), 20 days (low-
nitrate system), and 60 days (high-nitrate system) (Figure
1A). In all systems, transient nitrite production (Figure 1B)
occurred as active nitrate removal was observed, and the
additional appearance of headspace pressure during nitrite

removal indicated that denitrification proceeded to gaseous
products (eqs 1-3). During this period pH increased
significantly in the low-nitrate (5.5-6.2) and high-nitrate
(5.5-7.2) systems (Figure 1C), which is consistent with the
production of HCO3

- and OH- during sustained denitrifi-
cation (eqs 1-3). In contrast, the pH in the unamended and
carbonate buffered systems was constant, remaining at ∼pH
5.5 and pH 7, respectively (Figure 1C). These results suggest
that low-pH conditions do not inhibit denitrification in
sediments representative of the Sellafield regional geology.
Furthermore, in both the low and high-nitrate systems,
denitrification generated alkalinity (eqs 1-3), with the
resultant observed pH increase more pronounced in the
higher nitrate system and similar to observations by past
workers in mildly acidic sediments (33, 34). By contrast, in
recent work at the radionuclide contaminated high nitrate
zone of the Field Research Centre (FRC) (Oak Ridge, TN),
electron donor additions to low-pH incubation experiments
did not stimulate denitrification over the experimental time
course unless artificial pH neutralization (via addition of
crushed limestone or NaHCO3) was completed (12, 34).

FIGURE 1. Microcosm incubation time-series data (day 0-250). (A) NO3
-, (B) NO2

-, (C) pH, (D) porewater Mn, (E) % extractable
sedimentary Fe as Fe(II), (F) porewater Fe, (G) porewater SO4

2-, and (H) % Tc remaining in solution. Note the scale break in x-axis.
Dark blue circles ) carbonate buffered system, green squares ) unamended system, red diamonds ) low-nitrate system, light blue
inverted triangles ) high-nitrate system. Error bars represent 1 σ experimental uncertainty from triplicate microcosm experiments
(where not visible, error bars are within the symbol size). For clarity, Mn and Fe data showed no increase over the time course of
the experiment and are not included for unamended and low-nitrate systems.
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After denitrification, in the unamended and low-nitrate
microcosms, further TEAPs did not proceed and these low-
pH systems remained “poised” at constant Eh and pH, under
denitrifying conditions (Figure 1A-C and SI Figure 1). In
contrast, TEAP progression beyond nitrate reduction did
occur in both the high-nitrate (pH 7.2 after denitrification)
and carbonate (pH ∼ 7.0) buffered systems. Here, manganese
reduction, as indicated by Mn(II) ingrowth into porewaters,
started immediately after nitrite removal in the carbonate
buffered system between 4 and 7 days, and between 45 to
60 days in the high-nitrate system when pH became
circumneutral as denitrification progressed (Figure 1C and
D). This was followed by Fe(III)-reduction, as indicated by
0.5 N HCl extractable Fe(II) ingrowth to sediments at 7-14
days in the carbonate buffered system, and 45-60 days in
the high-nitrate system. Porewater Fe was not present until
∼10-20 days after the appearance of Fe(II) in the sediments
(Figure 1E and F). Finally, in both systems after several months
Fe(III)-reduction was largely complete and sulfate reduction
began, as indicated by removal of porewater sulfate (∼0.4
mM) between 120 and 250 days (Figure 1G).

Overall, the unamended and low-nitrate microcosms only
progressed to denitrification even though pH adjustment
(from pH 5.5 to pH 6.2) was observed in the low-nitrate system
(Figure 1C). After denitrification had occurred in these two
systems, no further TEAPs were observed over the time-
course of the experiment. In contrast, in the high-nitrate
system, denitrification led to amendment of the sediments
to pH 7.2 (eqs 1-3). Further, after the initial lag period
associated with pH change during denitrification, robust
TEAP progression to Fe(III)- and sulfate-reduction occurred.
This suggests that the metabolic activity of Fe(III)- and sulfate-
reducing communities in these sediments is strongly in-
hibited below pH ∼6.5-7.0, but that latent communities can
be stimulated as the system changes to circumneutral pH.
A similar pH dependence for stimulation of Fe(III) reducing
bacteria has been documented at the FRC site (13). Here,
low pH conditions inhibited the growth of Fe(III)-reducers
in microcosm studies and pH neutralization was necessary
to stimulate metabolic function. Interestingly, our results
show that with the Sellafield type materials, microbially
mediated removal of elevated levels of nitrate, a common
nuclear facility cocontaminant, did occur at low pH. Fur-
thermore, denitrification led to alkalinity generation and in
turn, the associated pH change stimulated indigenous metal-
and sulfate-reducing microorganisms.

Technetium Fate During Bioreduction. Tc removal
occurred after denitrification, pH modification (high-nitrate
system), and was commensurate with Fe(II) ingrowth into
sediments (Figure 1). The presence of nitrate in microcosm
porewaters has been shown to inhibit Tc(VII) reduction in
other microcosm studies (e.g., refs 9, 19, 20), presumably
because nitrate serves as a competing and more energetically
favorable electron acceptor than either Fe(III) or Tc(VII).
Additionally, nitrite acts as an abiotic oxidant of Fe(II),
suggesting that when nitrite is present in molar excess, Fe(II)
will not accumulate in sediments (18), and in agreement
with our results (Figure 1). Indeed, the presence of excess
nitrite in porewaters has been shown to inhibit the develop-
ment of Fe(III) reduction and retard Tc(VII) removal in
microcosm studies (19). Interestingly, in our sediments nitrite

presence was transient and we hypothesize that denitrifi-
cation proceeded to gaseous products (eqs 2 and 3) as
evidenced by headspace gas pressure in our microcosms.
Technetium removal was limited during the first stage of
manganese ingrowth to porewaters (Figure 1D and H),
consistent with the observations of other workers (6, 9), and
robust Tc-removal occurred during active Fe(II) ingrowth to
sediments. Finally, in the microbially active experiments
where Tc(VII) removal had occurred, the extent of removal
was different: For the carbonate buffered system, complete
(99 ( 2%) removal was observed on development of Fe(III)-
reducing conditions; in the high-nitrate system, only partial
Tc removal (77 ( 2%) occurred even though the system
proceeded to sulfate-reducing conditions. Further, in the
high-nitrate system, the soluble Tc that remained under
Fe(III)-reducing conditions was speciated using the TPAC
extraction method (5) as predominantly Tc(VII) (>95%
Tc(VII)), suggesting soluble Tc(IV) phases were insignificant
in this system. Interestingly, the Eh in the high-nitrate system
was also poised at a higher value than the carbonate system
(SI Figure 1). To further assess the mechanisms of Tc removal
in representative Sellafield sediments, 1.6 µM of TcO4

- was
added to prereduced carbonate buffered sediments that were
sterilized during active Fe(III) reduction (∼70% Fe(II) in
solids). Here, 99% of added Tc(VII) was removed from solution
after 10 days, indicating that Tc(VII) removal could occur via
abiotic electron transfer pathways in prereduced Fe(II)
bearing sediments (e.g., ref 23).

Finally, parallel experiments were run at higher concen-
trations of Tc(VII) (325 µM) to allow analysis of the fate of
Tc in sediments from the microcosms by XAS. Here,
prereduced, microbially active Fe(III)-reducing sediment
slurries from the carbonate buffered and high-nitrate systems
containing >70% Fe(II) in sediments, were spiked with Tc(VII)
and allowed to react for 10 days. After reaction, sediments
were centrifuged and the wet sediment pellet was mounted
under anaerobic conditions and analyzed by XAS (see SI for
details). The k3 weighted EXAFS and associated Fourier
transforms indicate that in both samples a similar Tc(IV)O2

like phase formed with diagnostic features for TcO2 at 2.00
Å (SI Figure 2 and Table 4 (2)). Additional third shell fits were
attempted with Tc and Fe and fitting with Tc at 2.52 Å gave
a marginally better fit than Fe at 2.68 Å (SI Table 4), suggesting
short-range order in the Tc(IV) precipitate.

Microbial Community Change During Bioreduction.
RISA results (data not presented) were used to prescreen the
bioreduction time series for microbial community change.
To further analyze the extant bacterial communities, 16S
rRNA gene analysis was performed on key samples from the
carbonate buffered system as the incubation started (0 days)
and at the end-point of Fe(III)-reduction and Tc(VII)-removal
(24 days), and from the high-nitrate system as incubation
started (0 days), at nitrate reduction (30 days), at the transition
from denitrification to Fe(III) reduction (60 days), and at
mid-Fe(III) reduction (80 days). Initially, the microbial
community in both systems was diverse, with representatives
of the phylum Acidobacteria making up ∼1/3 (high-nitrate)
to 1/2 (carbonate buffered) of the clone libraries alongside a
range of other uncultured bacteria (Figure 2; SI Tables 5 and
6). In the carbonate buffered system when Fe(III)-reduction
and Tc(VII)-removal had occurred, the population consisted
of 8 different phyla and with Betaproteobacteria dominant
(Figure 2, SI Table 7). Interestingly, the sequence representing
the most abundant group within the Betaproteobacteria was
closely related (97% similarity) to an uncultured bacterium
previously identified in sediments from a nuclear contami-
nation affected field site (20). In addition, a close relative
(97% similarity) of Desulfosporosinus sp. A10 was detected
which is a sulfate-reducing bacteria previously detected in
uranium contaminated sediments (36). A final 16S rRNA clone

CH3COO- + 4NO3
- f 4NO2

- + NaHCO3 + CO2 + H2O
(1)

CH3COO- + 4NO2
- + 2H+ f 2N2O + NaHCO3 + CO2 +

H2O + 2OH- (2)

CH3COO- + 4N2O f 4N2 + NaHCO3 + CO2 + H2O
(3)
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library from this system at the end point of the experiment
and where Fe(III)- and sulfate-reduction was complete (250
days; Figure 2; SI Table 8) was again diverse, notably with
close relatives of Geobacteraceae present (12% of clones).

In the high-nitrate system, during denitrification (30 days),
close relatives of Betaproteobacteria and Firmicutes (especially
Bacilli) were dominant. The majority of the betaproteobac-
terial sequences were closely related (95% similarity) to the
16S rRNA gene sequence of Herbaspirillum sp. PIV-34-1, a
known denitrifying bacterium (37) (SI Table 9). NarG gene
analysis to target the alpha-subunit of the membrane-bound
nitrate reductase was also used to further probe the molecular
ecology of denitrifying organisms in this system. Most of the
initial NarG sequences (day 0) were related to sequences
retrieved from uncultured bacteria (SI Table 12). However,
at 30 days a strong shift in the NarG gene pool was observed,
with more than 60% of the NarG sequences distantly related
to a nitrate reductase gene sequence of the genera Bacillus
(SI Table 13). The ability of bacteria from the genera Bacillus
to grow under anaerobic conditions using nitrate as an
electron acceptor has been demonstrated previously (38),
and our results suggest these microbes play a key role in the
denitrification process in this system. At the transition from
denitrification to Fe(III)-reduction and Tc(VII)-removal (60
days) (Figure 2; SI Table 10), the majority of clones were
related to Betaproteobacteria, which are well-known deni-
trifiers (39). During Fe(III)-reduction (Figure 2, SI Table 11),
Betaproteobacteria still represented the majority of the
bacterial community (58% of clones), however, relatives of
Deltaproteobacteria within the family Geobacteraceae also
became significant (27%), presumably reflecting the onset
of Fe(III)-reducing conditions. Fe(III)-reducing Geobacter-
aceae are widespread in aquifer environments, and the
simultaneous growth of Geobacteraceae populations concur-
rent with Fe(III) reduction and removal of redox-sensitive
radionuclides from solution has been observed in key
biostimulation studies (10, 40). The increase in numbers of
members of the family Geobacteraceae was also confirmed
by the use of real-time quantitative PCR. In the high-nitrate
system, genomic DNA from Geobacteraceae was only detected
at mid Fe(III) reducing conditions (80 days) (SI Table 14).
Interestingly, the concentration of Geobacteraceae DNA
detected in this high nitrate sample was 5 times higher than
that detected in the carbonate buffered system at 24 days.

Implications for Tc Biostimulation Strategies. Previous
work has shown that microbial diversity and metabolic
function is suppressed under low pH (12-15, 35), while robust
Tc(VII) reduction is inhibited in the presence of nitrate
(9, 19, 20). Indeed, low pH and high nitrate are often cited
as potential problems in bioreduction strategies at nuclear
facilities (10, 12, 13, 15). In this study, the metabolic function

of dissimilatory metal-reducing bacteria in sediments rep-
resentative of a UK nuclear site was shown to be inhibited
below ∼pH 6.5. In contrast, indigenous denitrifying com-
munities where viable regardless of initial pH, and crucially,
in the presence of raised levels of nitrate (g10 mmol L-1), the
increased activity of denitrifying microorganisms served to
augment TEAP progression to Fe(III)-reduction, via nitrate
removal, alkalinity generation, and pH neutralization. Fur-
ther, these geochemical changes permitted the reductive
removal of Tc(VII) as Tc(IV) via Fe(II) mediated abiotic
electron transfer. While nitrate is generally considered a
problematic cocontaminant at nuclear sites, these results
suggest that its biologically facilitated removal in low-pH
environments may “precondition” sediments to neutral pH,
allow TEAP progression, and hence enhance radionuclide
bioremediation approaches. As a consequence, the dual
addition of alkaline materials and electron donors to the
geosphere at some nuclear sites may be unnecessary for
treatment of Tc groundwater contamination.

Acknowledgments
We thank Rob Mortimer, Lesley Neve, James Begg, and Dave
Hatfield (University of Leeds), Bob Bilsborrow (SRS Dares-
bury), and Joyce McBeth (University of Manchester) for help
in data acquisition. This work was supported by the UK
Natural Environment Research Council (NERC) grants (NE/
D00473X/1 and NE/D005361/1) and by a STFC beam-time
award at SRS Daresbury.

Supporting Information Available
Details of sampling, spectrophotometric, XAS, and PCR
methodologies; Figure 1: Eh incubation time series data;
Figure 2: EXAFS and Fourier transforms; Tables 1 and 2:
Synthetic groundwater media composition; Table 3: Sediment
major and minor elemental composition; Table 4: EXAFS
modeling; Tables 5-13: Phylogenetic affiliations of 16S rRNA
gene sequences and results from the narG gene analysis;
Table 14: Results from real-time PCR analysis using Geo-
bacteraceae specific primers. This material is available free
of charge via the Internet at http://pubs.acs.org.
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