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Microbial processes can affect the environmental behavior
ofredoxsensitiveradionuclides,andunderstandingthesereactions
is essential for the safe management of radioactive wastes.
Neptunium, an alpha-emitting transuranic element, is of particular
importance because of its long half-life, high radiotoxicity,
and relatively high solubility as Np(V)O2

+ under oxic conditions.
Here, we describe experiments to explore the biogeochemistry
of Np where Np(V) was added to oxic sediment microcosms
with indigenous microorganisms and anaerobically incubated.
Enhanced Np removal to sediments occurred during
microbially mediated metal reduction, and X-ray absorption
spectroscopy showed this was due to reduction to poorly soluble
Np(IV) on solids. In subsequent reoxidation experiments,
sediment-associated Np(IV) was somewhat resistant to oxidative
remobilization. These results demonstrate the influence of
microbial processes on Np solubility and highlight the critical
importance of radionuclide biogeochemistry in nuclear legacy
management.

Introduction
Globally, the management of radioactive wastes from nuclear
power generation and weapons production is a subject of
intense public concern, and the prospect of a new generation
of nuclear power plants only increases its significance.

Neptunium (Np) is a transuranic element, and the dominant
isotope, 237Np, has a long half-life (2.13 × 106 years) and high
biological toxicity. In geological disposal, Np is one of the
most radiologically significant contaminants (1-3). The
environmental chemistry of Np is dominated by its redox
chemistry. Under oxic conditions, the dioxygenyl, neptunyl
species (Np(V)O2

+) dominates and is poorly sorbed to mineral
surfaces, making Np(V) very mobile (1, 2, 4, 5). In contrast,
under-reducing conditions, Np(IV) species are expected to
dominate and Np(IV) can be removed from solution by
hydrolysis and reaction with surfaces (1, 2).

In both natural and engineered environments, microbially
mediated processes control the redox chemistry of the shallow
subsurface (6). These processes are also likely to be significant
in the deep geological settings that will host geological
disposal facilities (7). Thus biogeochemical reactions may
critically enhance or reduce the solubility of Np and other
redox active radionuclides. Indeed, recent work has shown
that a range of sediment bacteria can mediate radionuclide
redox transformations (e.g., refs 4 and 8). However, to now,
studies have focused on uranium and technetium because
of their experimental accessibility and significance in con-
taminated land (4). This work has shown that biotransfor-
mations of radionuclides are complex and can proceed via
enzymatic interactions at the metal/microbe interface or via
abiotic reaction with microbial reduction products (e.g., Fe(II)
or sulfur species) (4, 8). Currently, there are only a handful
of studies on transuranic geomicrobiology (9-15) and to our
knowledge no biogeochemical studies exist with heteroge-
neous environmental samples, complete with indigenous
microbial communities. Regardless, initial work has high-
lighted the subtleties of Np behavior, with axenic culture
experiments showing varying species specific capability for
Np(V) bioreduction and biotoxicity at low millimolar con-
centrations (9, 11, 13). Against this complex background we
have examined the biocycling behavior of Np in nuclear site
sediments with indigenous microbial communities to further
constrain the uncertainties associated with Np biogeochemistry.

Experimental Section
Safety. 237Np is a radioactive alpha emitter with beta/gamma-
emitting daughter isotopes. Radioisotopes should be handled
by suitably qualified and experienced personnel in a properly
equipped laboratory, and any work should follow appropriate
risk assessment. The possession and use of radioactive
materials is subject to statutory controls.

Sediment Collection, Storage, and Characterization.
Sediment was collected from an area located approximately
2 km from the Sellafield site (16). The collected material was
representative of the Quaternary unconsolidated alluvial
flood plain deposits that underlie Sellafield. The sediments
(herein ‘Sellafield sediment’) were transferred directly into
a sterile HDPE container, sealed, and stored at 5 °C in
darkness. Experiments began within one month of sampling.

Np(V) Preparation. A molar excess of sodium hydroxide
was added to a mixed oxidation, radiochemically pure 237Np
solution (LEA-CERCA, France). The resulting Np precipitate
was washed three times in deionized water, dissolved in
6 M HNO3, and gently heated to facilitate oxidation to Np(V).
After visible color change (olive green to emerald green,
indicative of Np(V)) the Np was reprecipitated with NaOH,
washed three times with deionized water, and finally dis-
solved in 0.1 M HCl. A UV-vis-NIR (Varian, Cary 500)
spectrum confirmed speciation as Np(V) with diagnostic
Np(V) peaks present at 618 and 980 nm and no contribution
from Np(IV) absorption peaks at 723 and 960 nm (17).
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Low-Level Neptunium Bioreduction Microcosms. Biore-
duction microcosms were prepared using a synthetic ground-
water representative of the Sellafield region (16, 18) (see
Supporting Information for composition) and Sellafield
sediment. Previous experiments (16) highlighted that the
indigenous sediment electron donor(s) could not support
bioreduction over the time scales of the experiments;
consequently, 10 mM sodium acetate was added to the
groundwater as an electron donor. After formulation, the
groundwater was sterilized by autoclaving (1 h at 120 °C),
sparged with filtered 80/20 N2/CO2, and pH adjusted to ∼7.0
via addition of 0.01 M HCl to provide optimum conditions
for geomicrobiological processes (16). All experiments were
run in triplicate. Np(V) was injected into oxic, sterile synthetic
groundwater; oxic, heat-killed (autoclaved for 20 min, three
times, at 120 °C) control microcosms; and oxic, microbially
active sediment microcosms, to a final concentration of
2 µM (sediment: solution ratio 1: 10). To induce bioreduction,
the microcosm headspace was sparged with 80/20 N2/CO2,
crimp-sealed, and then incubated anaerobically at 21 °C.
During incubation, the microcosms were periodically sampled
using aseptic technique with sterile Ar-flushed syringes, and
porewater and sediment samples were collected from the
slurry via centrifugation under Ar (15 000g, 10 min). Pore-
waters were then sampled for total Np, NO3

-, NO2
-, Fe, Mn,

pH, and Eh. Sediment samples were analyzed for 0.5 N HCl-
extractable Fe(II) and total Fe to estimate microbially
produced Fe(II) ingrowth into sediments. A 0.2 g aliquot of
untreated sediment was also sampled and stored under sterile
conditions at -80 °C for microbiological characterization.

X-ray Absorption Spectroscopy Bioreduction and Re-
oxidation Microcosms. Experiments for XAS analysis re-
quired higher Np concentrations to allow detection (several
hundred ppm on solids). Two separate bioreduction treat-
ments were prepared: (i) a progressive bioreduction system,
and (ii) a poised bioreduction system. In both cases,
microcosms were prepared as previously described (see
above), but the microcosms consisted of 0.8 g of sediment
and 8 mL of groundwater and were spiked with 0.2 mM Np(V).
Additionally, 2 mM of NO3

- was added to the groundwater
to facilitate a longer period of denitrification. For the
progressive treatment, Np(V) was spiked into a microbially
active oxic microcosm, which was then incubated anaero-
bically at 21 °C until Fe(III)-reducing conditions were detected
(40 days). Thereafter, the microcosm was frozen at -80 °C
under Ar until XAS analysis. For the poised treatments, several
(n ) 4) microcosms were incubated anaerobically at 21 °C
without Np and periodically sampled to monitor terminal
electron-accepting processes. When denitrification or early
metal-, Fe(III)-, or sulfate-reducing conditions were detected
in successive microcosms, Np(V) was spiked into the
microcosm which was then incubated for a further 10 days
at 10 °C (temperature reduction slowed microbial metabo-
lism, thus ensuring sampling under constrained TEAPs),
geochemically sampled, and frozen under Ar at -80 °C until
XAS analysis. Sterile control microcosms were also created.
Here, both oxic and Fe(III)-reducing microcosms were
autoclaved prior to Np(V) addition, incubated for 10 days at
10 °C, geochemically sampled, and then frozen under Ar at
-80 °C until XAS analysis.

Reoxidation XAS experiments were also conducted. Here,
Np-labeled progressive bioreduction samples (as described
above) were incubated until ∼95% of 0.5 N HCl-extractable
Fe was present as Fe(II). Thereafter, the microcosms either
underwent daily injections of air into the headspace to
provide air (O2) oxidation samples or were injected with
25 mM NO3

- to provide nitrate oxidation samples (19). An
additional sterile control microcosm was also created; here,
a Fe(III)-reducing microcosm was sterilized by autoclaving

(3 × 120 °C for 20 min), spiked with Np(V), incubated for 10
days, and then injected with 25 mM NaNO3.

Geochemical Analyses. Neptunium concentrations were
determined by ICP-MS (VG PlasmaQuad 2) for low-level
bioreduction samples and by liquid scintillation counting
(Packard Tricarb 2100TR) for XAS samples. Porewater Np
speciation was measured in select (early metal, Fe (III)
reducing, and oxidation) XAS samples via TTA extraction
(20). Total dissolved Fe, Mn, and NO2

- concentrations were
measured with standard UV-vis spectroscopy methods on
a Cecil CE 3021 spectrophotometer (21-23). In low-level
samples, aqueous NO3

- and SO4
2- were measured by ion

chromatography (24). Aqueous NO3
- and SO4

2- could not be
measured in XAS experiments because of radiological safety
considerations; instead, porewater NO2

- was used to monitor
the occurrence of denitrification, and sediment blackening
was presumed to be indicative of SO4

2- reduction. 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). Eh and pH 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.

DNA Extraction, Ribosomal Intergenic Spacer, and 16S
rRNA Gene Analysis. Microbial community DNA was ex-
tracted from sediment samples (0.2 g) using the PowerSoil
DNA Isolation Kit (Cambio, UK). The 16S-23S intergenic
spacer region from the bacterial RNA operon was amplified
from community DNA by PCR using primers S-D-Bact-1522-
b-S-20 (eubacterial 16S rRNA small subunit) and L-D-Bact-
132-a-A-18 (eubacterial 23S rRNA large subunit) (26). Am-
plification was performed in a BioRad iCycler (BioRad, UK)
(26) 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
shortwave UV light using a BioRad Geldoc 2000 system
(BioRad,UK).Universalbacterialprimers8F(27)(5′AGAGTTTG-
ATCCTGGCTCAG-3′) and 1492R (28) (5′TACGGYTACCT-
TGTTACGACTT-3′) were used to amplify 16S rRNA gene
fragments from the extracted and purified chromosomal
DNA. PCR was performed with an BioRad iCycler using 0.25
µM of each primer, 0.2 mM dNTPs, 1 × PCR buffer, 2.5 mM
MgCl2, and 1.25 units of JumpStart Taq DNA Polymerase
(Sigma, UK), which was made up to a final volume of 50 µL
with sterile water. The PCR amplification protocol was as
follows: initial denaturation (94 °C, 4 min), 35 cycles of
denaturation (94 °C, 30 s), annealing (57 °C, 30 s), elongation
(72 °C, 1 min), and final extension (72 °C, 10 min). Amplified
gene fragments were used for cloning in E. coli by using the
StrataClone PCR Cloning Kit (Stratagene, UK). A total of ∼96
white colonies per sample were randomly selected and
sequenced. The gene products of the clones were purified
with Shrimp Alkaline Phosphatase (SAP) (Promega, UK) and
Exonuclease I (New England Biolabs, UK), and directly
sequenced using an ABI Prism Big Dye Terminator Cycle
Sequencing Kit (Applied Biosystems, UK), following the
manufacturer’s instructions. Sequences were obtained using
the primer 1492r. DNA sequences were determined on an
automated sequencer (ABI Prism 877 Integrated Thermal
Cycler and ABI Prism 377 DNA Sequencer, Applied Biosys-
tems, UK) and compared with those available in the GenBank
by using BLAST (29) analysis (Basic Local Alignment Search
Tool). Potential chimera formation was checked and excluded
from final analysis using the Check_Chimera program of the
RDP (30) (Ribosomal Database Project). Phylogenetic affili-
ation of the 16S rRNA gene sequences was estimated by
BLAST and the Classifier function in RDP.
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XAS Analysis. Sediment slurry was defrosted and cen-
trifuged (12 min, 2000 g). Approximately 0.5 g of sediment
(water content <50%) was then mounted for XAS analysis in
an airtight XAS sample cell. The sample cell was then triple
contained in heat-sealed vacuum bags and stored frozen
under Ar until analysis. Where appropriate, sample ma-
nipulations were conducted under an O2 free atmosphere.
XAS analysis was conduced at the INE Beamline for actinide
research at the ANKA synchrotron light source, Germany
(31). Neptunium LIII edge spectra (17.610 keV) were collected
in fluorescence mode by a 5 pixel solid-state detector (LEGe
Canberra) using Ge(422) monochromator crystals. Energy
calibration was completed by parallel measurement of a Zr
foil. A total of 7-10 spectra were collected per sample. XANES
spectra were collected for all samples, and EXAFS data were
collected for a subset of samples. Spectra were merged using
ATHENA (32). The ionization energy, E0, for background
subtraction, as well as for conversion to k-space, was set to
17.610 keV, the position of the Np LIII white-line maximum.
XANES spectra were obtained following background sub-
traction and normalization of the edge jump to unity. The
EXAFS spectra were obtained following background subtrac-
tion using EXSPLINE. XANES spectra were modeled to
provide an estimate of the average Np oxidation state using
the linear combination fitting function of ATHENA (32). End-
member spectra used in linear combination modeling were
(1) oxic (Np(V)-like) sediments, and (2) sulfate-reduced
(Np(IV)-like) sediments. The chosen end-member XANES
spectra resembled non-matrix matched Np(V) and Np(IV)
standards (Figure 2) and were used to minimize matrix
artifacts.

EXAFS spectra were analyzed with EXCURV98 using full
curved wave theory and multiple scattering (33, 34). Phase
shifts were determined from ab initio calculations using
Hedin-Lundqvist potentials and von Barth ground states

(35). The data were fit in k3 space by defining a theoretical
model extracted from the relevant literature (36-43) and
using whole integer values for backscattering shells. The
k-range was limited to between 3 and 8 Å because of excessive
noise in high k-space. Shells of backscattering atoms were
added around a central Np atom and the least-squares
residual (the R factor (35)) was minimized by refining the
energy correction Ef (the fermi energy), the absorber/scatter
distance, the Debye-Waller factor, and the number of atoms
in each shell. Shells were only included in the model fit if the
overall R-factor was improved by g5%. Further modeling
information is provided in the Supporting Information.

Results and Discussion
Sediment Characteristics. Full sediment characteristics are
given in ref 16. Briefly, the sediment mineral content is
dominated by quartz, sheet silicates (muscovite and chlorite),
and feldspars (albite and microcline). The elemental com-
position is dominated by Si (34.0 wt %), with high concen-
trations of Al (5.8 wt %), Fe (3.1 wt %), and Mn (0.1 wt %)
present. The particle composition is 53% sand, 42% silt, and
5% clay, the sediment pH is 5.5, and the TOC content is 0.56
( 0.08 wt %.

Microbially Mediated Progressive Bioreduction and
Neptunium Behavior. In the groundwater microcosms, Np
was undersaturated and remained in solution over 60 days
(Figure 1A, dark gray trace). In contrast, in the sterile sediment
system, rapid and partial Np sorption to the sediment
occurred, with ∼30% of the Np spike removed to the sediment
after 1 h (Figure 1A, light gray trace). By 30-45 days, Np
uptake had increased to ∼60%. Thereafter, the Np concen-
tration in solution was constant up to 12 months. Similar,
partial sorption of Np(V) to geomedia has been observed by
other workers (e.g., ref 5). Finally, no bioreduction was evident
in the sterile controls (Figure 1B-H). In the microbially active

FIGURE 1. Bioreduction of Sellafield sediments showing enhanced removal of Np during early metal reduction. (A) % Np in solution,
(B) NO3

-, (C) porewater Mn, (D) % 0.5 N HCl-extractable sediment Fe as Fe(II), (E) porewater Fe, (F) SO4
2-, (G) Eh, and (H) pH. Dark

gray squares/trace ) groundwaters (no sediment); light gray squares/trace ) sterile control experiments; black squares/trace )
microbially active experiments. Error bars are 1 σ of triplicate results (where not shown, errors are within the symbol size).
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sediment microcosms, ∼ 50% of the added Np sorbed to the
sediment after 1 h under oxic conditions (Figure 1A, black
trace). The following microbial processes then developed:
denitrification, indicated by removal of NO3

- from ∼3-14
days (Figure 1B); manganese reduction, indicated by Mn(II)
ingrowth into porewaters between ∼3-14 days (Figure 1C);
Fe(III) reduction, indicated by an increase in Fe(II) in
sediment slurry from 7 days (Figure 1D) and porewaters from
7-14 days (Figure 1E); and finally sulfate reduction, indicated
by removal of porewater SO4

2- and the appearance of black
areas in the sediment after ∼30 days (Figure 1F). Sediment
slurry Eh also decreased over time (Figure 1G) and pH
remained constant (Figure 1H). The initially diverse indig-
enous microbial community (0 days; Supporting Information
Table 3) also became dominated by Beta- and Deltaproteo-
bacteria with time (14 and 60 days; Supporting Information
Tables 4 and 5) which likely controlled the onset of metal
reduction. Finally, during early metal reduction, there was
enhanced removal of porewater Np compared to sterile
controls (3-14 days; Figure 1A), with <5% of the original Np
spike remaining in solution after 14 days.

Neptunium Fate during Bioreduction. Experiments were
prepared to explore Np(V) behavior under different bio-
geochemical conditions using X-ray absorption spectroscopy.
In the sterile oxic and denitrifying microcosms, Np uptake
was limited (10-30%). For all other systems, Np showed
enhanced sorption compared to the oxic control with >90%
Np sorbed after 10 days (Supporting Information Table 1).
The XANES spectra for the prereduced sediments exposed
to Np(V) showed a clear change from a Np(V)-like spectrum
for sterile oxic and denitrifying sediments to a Np(IV)-like
spectrum for Fe(III)-, sterile Fe(III)-, progressive Fe(III)-, and
sulfate-reducing systems (Figure 2; Supporting Information
Table 1) (38, 44). This suggests that biotransformation to
Np(IV) was complete upon the cessation of Fe(III)-reduction
and the absence of Np(IV) in porewaters (<1% total of total
Np(aq) in the early metal and Fe(III)-reduced microcosms;
(20)) indicates that reduction occurred in the sediments.
Additionally, the progressively bioreduced system developed
Fe(III)-reducing conditions in the presence of 0.2 mM Np,
and Np(V) was biotransformed to Np(IV), highlighting the
tolerance of the sediment microbial community (Supporting
Information Table 6) to low millimolar concentrations of
radiotoxic Np. Furthermore, reduction of Np(V) to Np(IV) in
the sterile Fe(III)-reducing microcosm highlights that abiotic
electron transfer from Fe(II)-bearing sediments to Np(V)
occurs and forms poorly soluble Np(IV). This robust biore-
duction to Np(IV) is in contrast to some axenic culture studies
where Np(V) is not reduced (9, 11, 13). This is despite the fact
that the Fe(III)-reducing enzymes present in these experi-
ments should be able to reduce Np(V) to Np(IV) (11).
Interestingly, the early metal-reducing sample showed a
XANES spectrum intermediate between Np(V) and Np(IV),
suggesting that Np(V) reduction began during manganese
and/or early iron reduction (Figure 2). Linear combination
modeling of this XANES spectrum was possible with a mixture
of Np(IV)- and Np(V)-like end-member spectra, confirming
that Np(V) bioreduction was incomplete under these condi-
tions (Supporting Information Table 1). Interpretation of the
EXAFS spectra for these samples supported the XANES
findings, with a Np(V)-like coordination environment (two
oxo oxygen backscatters at ∼1.85 Å with four equatorial
oxygen backscatters at ∼2.5 Å 36-38, 41-43) evident in the
oxic sample and a Np(IV)-like environment (five oxygen
backscatters at ∼2.34 Å and three oxygen backscatters at
∼2.56 Å (39)) in the progressively Fe(III)-reduced and sulfate
reduced samples (Supporting Information Figure 1 and
Supporting Information Table 2). Again, a mixture of both
the Np(V) and Np(IV) models provided the best fit for the
early metal-reducing sample, confirming that both Np(V)

and Np(IV) were present in this sample (see Supporting
Information for further modeling information). In all samples,
a high amplitude feature was also evident in the Fourier
transforms at ∼3.50 Å, reflecting a possible Np/Fe contribu-
tion in the sediment-associated Np species (36) (Supporting
Information Figure 1 and Supporting Information Table 2).

Reoxidation Experiments. At nuclear legacy sites, both
air and nitrate (via biologically mediated nitrate reoxidation
reactions) may be significant oxidants in the shallow
subsurface (19, 45, 46). Furthermore, nitrate will be present
at high levels in some geological disposal scenarios (47). Thus,
to further assess the full microbial redox cycle of Np, we
performed a constrained set of XAS experiments to define
the reoxidation behavior of sediment-associated Np(IV)
(Figure 3 and Supporting Information Table 1). Upon air
exposure, extractable Fe(II) in the sediment slurry was rapidly
oxidized (>90% oxidation after 40 days; Supporting Informa-
tion Table 1). In contrast, Np(IV) was recalcitrant to remo-
bilization with <20% returned to solution after 40 days as
Np(V), and the sediment XANES spectra at this time could
be modeled with mixed Np(IV): Np(V) end-member con-
tributions (Figure 3; Supporting Information Table 1). Results
from the nitrate reoxidation experiment were broadly similar:
>90% of Fe(II) was oxidized after 40 days, and both gas
production and transient NO2

- in porewaters indicated that
the reoxidation of Fe(II) was coupled to microbial NO3

-

reduction (Supporting Information Table 1) (19). Neptunium
remobilization to solution was again very limited (<10%, all
as Np(V)), and the sediment XANES spectra could be modeled
with mixed Np(IV):Np(V) end-member contributions (Figure
3; Supporting Information Table 1). In contrast, the sterile
prereduced control showed no/limited reoxidation of both
Fe(II) and Np(IV). Together, these results suggest that Np(IV)
reoxidation is incomplete and hindered on exposure to air
and nitrate, which contrasts with the extremely fast and

FIGURE 2. Np LIII-edge XANES spectra for sediments under
different biogeochemical conditions. Representative Np LIII-edge
XANES spectra for Np(V)- and Np(IV)-aquo standards are shown
for comparison. Values in brackets are the estimated
Np(IV):Np(V) ratio as determined from linear combination
modeling between oxic* (Np(V)-like) and sulfate-reduced*
(Np(IV)-like) sediment end-member spectra. Note the structural
differences between the Np(V) and Np(IV) standard spectra
(and oxic- (Np(V)-like) and sulfate-reduced (Np(IV)-like)
sediment spectra). Np(V) XANES spectra have a multiple
scattering (MS) resonance structure at the high energy flank of
the white line (due to scattering along the axial or ‘yl’ oxygen
atoms of the linear neptunyl moiety); this MS feature is missing
in Np(IV) XANES spectra (38).
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almost complete reoxidation of sediment-associated U(IV)
under similar conditions (46).

Geochemical Significance. Overall, these data provide
the first conclusive evidence that nuclear site indigenous
microbial communities can mediate the bioreduction of
anthropogenic Np(V) to Np(IV), across a range of concentra-
tions. Furthermore, they highlight the complexity of redox
cycling processes that can affect Np with both air and nitrate
reoxidation experiments suggesting that once Np(IV) is
formed, it is surprisingly resistant to reoxidation. These
observations have significant implications for contaminated
land and geological disposal scenarios in which bioreduction
could enhance Np retention. This work highlights the critical
importance of understanding biogeochemical processes in
the management of the transuranic elements, a significant
and highly challenging component of the global nuclear
legacy.

Supporting Information Available
Details of synthetic groundwater composition, XAS modeling
details, Supporting Information Figure 1: Np LIII edge EXAFS
and Fourier transforms, Supporting Information Table 1: XAS
microcosm geochemical characteristics and XANES linear
combination results, Supporting Information Table 2: EXAFS
modeling results, and Supporting Information Tables 3-6: 16S
rRNA phylogenetic affiliations for bioreduction time-points.
This information is available free of charge via the Internet at
http://pubs.acs.org/.
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