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ABSTRACT

Microbial metabolism has the potential to control the biogeochemistry of redox-active radionuclides in

a range of geodisposal scenarios. In this study, sediments from a high pH lime workings site were

incubated under carefully controlled anaerobic conditions, at a range of alkali pH values with added

electron donors and electron acceptors, to explore the limits and rates of bioreduction in a sediment

system analogous to intermediate-level nuclear waste. There was a clear succession in the utilization of

electron acceptors (in the order nitrate > Fe(III)-citrate > Fe(III) oxyhydroxide > sulfate), in accordance

with calculated free energy yields and Eh values over the pH range 10�12. The rate and extent of

bioreduction decreased at higher pH, with an upper limit for the processes studied at pH 12. The

biochemical limits for such processes are discussed, alongside the potential impact of such forms of

microbial metabolism on the solubility of a range of redox active radionuclides that will feature heavily

in the safety case for the geological disposal of intermediate-level nuclear waste.
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Introduction

THE UK has an extensive legacy of radioactive

waste from more than 60 years of military and

civil nuclear technology, and this inventory will

increase with future activities, including the

potential building of the next generation of

nuclear power stations. In 2008, deep geological

disposal of intermediate- and high-level waste

(ILW and HLW), which are the most hazardous

components of the UK’s waste legacy, was

adopted as UK Government policy (Department

for Environment Fisheries and Rural Affairs et

al., 2008). Indeed, ILW dominates (in terms of

volume) the UK radwaste inventory at

364,000 m3, approaching 80% of the overall

total (Table 1). The current UK geological

disposal facility (GDF) disposal concept for

ILW, a very important wasteform, is predicated

on the waste being grouted in stainless steel

containers, then backfilled with cement to give a

high pH, reducing disposal environment intended

to limit radionuclide mobility, based on a generic

concept developed by Nirex (Nirex, 2003).

The resulting wasteform will be highly

complex and include a high cellulose content,

leading to potential generation of organic

nutrients (and potentially radionuclide complex-

ants), CO2 and CH4. The high metal content of

ILW including steel waste, will also lead to H2

generation as it corrodes anaerobically. This

complicated mix of potential microbial growth

substrates, in combination with the presence of

local radiation fields that may pose only a sub-
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lethal dose to the most resistant microorganisms,

will over the long periods of time required for

storage and disposal, most probably result in the

development of microbial communities within the

highly heterogeneous waste form. This could, in

turn, have major implications for (1) the evolution

of biogeochemical conditions within the geodis-

posed materials; (2) wasteform integrity; and

(3) radionuclide mobility in and around the

geological disposal facility. However, there are

considerable uncertainties around the rate and

extent of such microbial processes at high pH, in

cementitious ILW.

Microbes have the metabolic diversity to

colonize the most extreme environments on

Earth, ranging from glaciers (Miteva et al.,

2004) to hydrothermal systems (Kashefi and

Lovley, 2003), and from the most acidic acid

mine drainage sites (Bond et al., 2000) to alkali

soda lakes (Mesbah and Wiegel, 2008). They are

also well known to contribute to a surprisingly

diverse deep biosphere (Parkes et al., 1994), and

therefore microorganisms clearly have the poten-

tial to colonize geodisposed cementitious, rela-

tively nutrient-rich ILW over geological time

periods. After closure, the repository will enter a

redox cascade from aerobic conditions that will

dominate during GDF construction and any

extended operational period, to post-closure

anoxia, where a range of electron acceptors will

be utilized by specialist anaerobic microorgan-

isms. Although there have been several studies of

the microbial ecology of relatively high pH

aerobic environments, especially soda lakes,

there is a paucity of information on the utilization

of alternative electron acceptors under anoxic

conditions, with the notable exception of a

handful of studies on alkaliphilic sulfate- and

Fe(III)-reducing bacteria at moderately high pH

(e.g. Ye et al., 2004; Pollock et al., 2007; Sorokin

et al., 2008). This needs to be rectified as

anaerobic microorganisms have the potential to

degrade organic matter through fermentative

pathways (including metal complexants such as

isosaccharinic acid (ISA) formed by alkali

hydrolysis of cellulose; Glaus and van Loon,

2008). This has significant implications for

geodisposal, as utilization of electron donors in

microbial metabolism can lead to enzymatic

radionuclide reduction and the resultant reductive

immobilization of U(VI), Tc(VII) or Np(V)

(Lloyd, 2003). Also, the formation of reduced

iron or sulfide phases through biogeochemical

cycling reactions can provide new reactive

biomineral surfaces, commonly at the nano-

scale, with high surface areas for radionuclide

reduction and/or sorption (Lloyd et al., 2011).

Overall, anaerobic microorganisms have, there-

fore, the potential to alter the evolution pathway

for the GDF and thus merit further study.

The aim of this study was to determine the

biogeochemical diversity of key microorganisms in

a high pH environment analogous to ILW systems,

with a particular focus on anaerobic processes.

Sediment samples were collected from a site in the

Peak District, UK that had been contaminated with

high pH residues from lime workings for several

decades. Sediments were then incubated anoxically

TABLE 1. UK radioactive wasteforms (NDA, 2007; for further details, see Morris et al., 2011).

Waste type Volume
(m3)

Activity
(TBq)

Disposal concept

ILW 364,000 2.26106 Grouted in stainless steel containers, then backfilled
with cement to give high pH, reducing disposal
environment.

HLW 1400 366106 Glass in stainless steel containers, disposed in Cu
canisters. with cast iron inserts and backfilled with
compacted bentonite.

Spent fuel 11,200 456106 Fuel assemblies packaged in Cu canisters with cast
iron inserts and backfilled with compacted bentonite.

Plutonium 3300 46106 Not well developed. Probably similar to HLW.
Uranium 80,000 36103 Not well developed. Probably similar to ILW.

Note that it is likely that in the UK, the plutonium stockpile will be reused via MOX fuel rather than geologically
disposed (Department for Energy and Climate Change, 2011).
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at a range of alkali pH values, in the presence of

added electron donors and a range of electron

acceptors (nitrate, Fe(III) and sulfate) to explore

the limits and rates of bioreduction in alkali-

tolerant communities. The rates of microbial

reduction were quantified at a range of alkali pH

values, and these data were used alongside

thermodynamic calculations to identify the poten-

tial upper limits of key microbially relevant redox

processes within a GDF.

Methods

Field sampling and microcosm set up, sampling
and geochemical analysis

Sediment samples were collected from an area

adjacent to a legacy lime works site at Harpur

Hill, Buxton, UK. These surface sediment

samples (~20 cm depth) were highly alkaline

(pH of the porewater was 11�12) and contained

high calcium concentrations, broadly analogous to

the conditions expected in a cementitious

geological repository environment. The concen-

trations of selected cations in the porewater were

determined using a Perkin-Elmer Optima 5300

inductively coupled plasma atomic emission

spectroscopy (ICP-AES) system.

Microcosms were set up anaerobically (under

an atmosphere of N2) in 100 ml serum bottles

using 5 g of the Buxton site sediment mixed with

100 ml of liquid medium. The medium contained

9.4 mM NH4Cl, 4.3 mM K2HPO4, 4 mM NaHCO3,

10 ml l�1 of mineral stock solution (Lovley et al.,

1984), 7 mM Na-lactate, 7 mM Na-acetate,

0.025 g l�1 yeast extract and 15 mM of one of

the following electron acceptors: NaNO3, soluble

Fe(III)-citrate or Na2SO4. Insoluble Fe(III)

oxyhydroxide (ferrihydrite; Lovley and Phillips,

1986) was also used in parallel electron acceptor

experiments at an equivalent concentration of

15 mmol l�1. For each electron acceptor, triplicate
microcosms were set up at pH 10, 11 and 12 (pH

adjusted with NaOH), as well as sterile (auto-

claved) controls. All microcosms were incubated

at 20ºC and sampled on a weekly basis, after

which pH and Eh measurements were taken using

a Cole-Parmer 5990-45 electrode and a Mettler

Toledo InLab Redox Micro electrode, respec-

tively. The concentration of Fe(II) in the Fe(III)-

supplemented microcosms was determined by the

ferrozine assay (Lovley and Phillips, 1987). In

selected microcosm samples the concentrations of

lactate and acetate were determined using a

Dionex DX120 ion exclusion chromatograph,

and the concentrations of nitrate, nitrite and

sulfate were determined using a Metrohm 761

compact ion exchange chromatograph.

Calculation of redox couples

To complement the experimental investigation

into the bioreduction of the different electron

acceptors described, the E’ and DG of the relevant

redox couples were calculated using a fully

thermodynamic approach as implemented in

PHREEQCI (Parkhurst and Appelo, 1999). The

E’ and DG values for the relevant couples were

calculated using the Nernst equation for the

relevant pH and electron acceptor concentrations

of the experimental set up. Relevant concentra-

tions of species were calculated using the

PHREEQCI program (Parkhurst and Appelo,

1999). The (SO4
2�/HS�), (NO3

�/NO2
�), (NO3

�/N2)

and (N2/NH4
+) couples were calculated directly

within the PHREEQCI program using the

Hatches database (Baston et al., 2007).

The ferrihydrite, Fe(OH)3/Fe
2+ couple was

calculated using an accepted E0 value of

+0.244 V (Stumm and Morgan, 1996) and the

concentration of the oxidized and reduced forms

were obtained using PHREEQCI under the

relevant pH conditions; E’ was then calculated

using the Nernst equation:

E 0 ¼ E0 þ RT
nF

log
½FeðOHÞ3�
½Fe2þ�

ð1Þ

Thermodynamic speciation calculations using

the Hatches database (Baston et al., 2007)

suggested that the dominant ‘Fe(III)-citrate’

form in solution was the FeHCitrate(OH)2
2�

species, and the E0 for the reaction given in

equation 2 was calculated using logK information

presented in the Hatches database and DGreact for

the standard Fe3+/Fe2+ couple:

Fe3+ + 2 H2O + HCitrate3� ?
FeHCitrate(OH)2

2� + 2 H+ (2)

For all couples, DGreact were then calculated

using equation 3:

DGreact = �nFE (3)

Results

Microbial incubations

Initial investigations of the field samples collected

to inoculate the microcosms showed a sediment
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system at the Buxton field site that was highly

alkaline, with sediment porewaters containing

concentrations of K+, Na+, Ca2+ of 82, 67 and

29 mg l�1, respectively. The pH of the porewaters

from the sediments was 11.2, and X-ray

diffraction traces from analyses of the sediment

phases were dominated by calcite, with halite also

being detected (data not shown). These data are

consistent with those expected from materials at

the legacy lime workings.

When inoculated into anoxic growth medium

with a stoichiometric mix of lactate and acetate as

electron donors, and a range of electron acceptors,

there was a marked difference between the

initiation of the relevant bioreduction processes.

The final rate of reduction occured in the order of

nitrate > Fe(III)-citrate > Fe(III) oxyhydroxide >

sulfate (Fig. 1). Nitrate reduction was initiated

quicker than respiration with any of the other

electron acceptors (i.e. within the first week at pH

10), and nitrate was the only electron acceptor

that was fully reduced over the course of this

study; full reduction occured within one week at

pH 10, and two weeks at pH 11. In both of these

cases denitrification was via nitrite, which was

detected as an intermediate in the pH 11

microcosms at week one (at concentrations of

approximately 12 mM, data not shown). Microbial

metabolism in both the pH 10 and 11 cultures

resulted in a decrease in pH to 9.5 and 9.7,

respectively, and in decreasing Eh values as well.

At pH 12, however, there was no evidence of

FIG. 1. Measurements of pH/Eh, and NO3
�, Fe(II), SO4

2� concentrations in anaerobic microcosms that were incubated

over 10 weeks, and were set up at pH 10, 11 and 12, using lactate and acetate as carbon sources and approximately

15 mM of nitrate, soluble iron (in the form of Fe-citrate), insoluble amorphous Fe(III) oxyhydroxide (ferrihydrite) or

sulfate as sole electron acceptors.
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nitrate reduction, and no significant change in pH

or Eh throughout the experiments suggesting a

limit to active bioreduction in this system. There

was also no reduction of nitrate in the sterile

controls set up alongside these experiments at pH

10 and 11, confirming that the processes observed

in the microcosms initially poised at pH 10 and 11

were biologically mediated.

The initiation of microbial Fe(III) reduction in

the Fe(III)-citrate supplemented microcosms was

much slower than in nitrate-reducing experiments,

and the final extent of reduction (measured as

ingrowth of Fe(II) in the microcosm slurries) was

also lower. Furthermore, it was observed that a

precipitate formed at pH 10 and above prior to

inoculation, suggesting formation of some inso-

luble Fe(III) minerals from the strongly chelated

Fe(III) added to the medium. Again, microbial

utilization of the electron acceptor in these

experiments was only noted at pH 10 and 11

(not pH 12). At pH 10, Fe(II) was first detected in

the sediments after 4 weeks, and reached 3.9

mmol kg�1 sediment slurry (26% of the total) by

week 6. These changes were accompanied by a

marked drop in Eh to �390 mV and a slight drop

in pH to approximately 9.5. At pH 11 there was a

2�3 week lag in Fe(III) reduction, with a

maximum of 1.8 mmol kg�1 measured in the

sediment slurry after 9 weeks (12% of the total).

For the pH 11 systems, again there was a marked

decrease in Eh (to �250 mV) and significant

decrease to pH 10 over the experimental

incubation period. There was negligible formation

of Fe(II) at pH 12, and no significant changes in

Eh or pH again suggesting a limit to the active

bioreduction in this system.

In the enrichments amended with ferrihydrite,

the measured reduction of Fe(III) was much less

pronounced, even at the lower pH values tested,

suggesting restricted use of this form of insoluble

Fe(III) as an electron acceptor in this system.

There were much lower concentrations of Fe(II)

throughout (between 0.2 and 0.6 mmol kg�1

sediment slurry) and the Eh values in the

ferrihydrite systems did not reach those noted in

the pH 10 or 11 enrichments amended with the

more bioavailable Fe(III)-citrate. Sulfate reduc-

tion could not be quantified during the 10 week

incubation period at all pH values tested, but there

was visual evidence of sulfide formation at pH 10

through blackening of the sediment, which is

consistent with a small fraction of the sulfate

being reduced, and a significant drop in Eh from

about 34mV to �200 mV. Furthermore, sulfate

reduction in the pH 10 microcosms was confirmed

after extended (20 weeks) incubation, when

sulfate concentrations decreased from 15.33 to

13.60 mM (data not shown).

Thermodynamic calculations

To help identify any thermodynamic criteria that

would limit microbial reduction processes at high

pH, a series of calculations were conducted to

identify the Gibbs free energy changes

(DG kJ mol�1) and Eh values associated with

the four principle redox couples used in our

experiments. All concentrations and redox values

were calculated using a thermodynamic approach,

and as such kinetically controlled reactions such

as the precipitation of ferrihydrite were repre-

sented as the thermodynamically stable phase.

Clearly, this may not be the same precipitate that

forms within our experiments, for which true

thermodynamic equilibrium may not have been

attained. Similarly, the most thermodynamically

stable chemical speciation predicted in the model

may differ from that produced under the

constraints of the experimental conditions.

Finally, the assumption of the Nernst equation

(used in our calculations) is that the concentration

of the species is equivalent to the activity, which

for these low ionic strength systems is a good

approximation. In terms of iron speciation, the

citrate ligand was by far the strongest complexant

in the system that we modelled. Acetate (added in

significant excess as the electron donor in the

system) had minimal effect on the iron speciation.

Modelling results also suggested that at the

highest pH values (where little or no experimental

evidence for bioreduction was observed), Fe(II)

species such as Fe(OH)+, Fe(OH)2
3� started to

dominate with respect to the uncomplexed Fe2+

ion.

The change in DG kJ mol�1 for all couples of

relevance to this study are shown in Fig. 2,

plotted across a pH range between 7 and 12.5. As

expected, of the couples directly studied in the

experimental section, the lowest DG kJ mol�1

(highest potential energy yield) corresponded to

the NO3
�/N2 then the NO3

�/NO2
� couples,

followed by that for the FeHCitrate(OH)2
2�/Fe2+,

ferrihydrite/Fe2+ and finally SO4
2�/H2S couples.

There was a gradual upward trend for

DG kJ mol�1 with pH for all couples confirming

that there was a lower potential energy yield for

these reactions as pH increased. The data for the

Eh values for the couples show the expected trend
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of NO3
�/N2 > NO3�/NO2� > FeHCitrate(OH)2

2�/
Fe2+ > ferrihydrite/Fe2+ > SO4

2�/H2S reflecting the

cascade of terminal electron accepting processes

(Fig. 3). As expected, there was a marked

decrease in calculated Eh (and therefore available

energy) as the pH increased, especially for the

iron species, resulting in their crossing other

couples at high pH values. Overall this suggests

that the energy yields for Fe(III)-reduction may be

very low at high pH.

Discussion

Using a naturally alkaline sediment as an

inoculum, a series of anaerobic enrichment

cultures or ‘microcosms’ were set up at pH 10,

11 and 12 to explore the limits of bioreduction of

a range of electron acceptors of relevance to ILW

geodisposal, under anoxic conditions. Lactate and

acetate were used as the electron donors in order

to stimulate the extant, presumably alkali-tolerant

microbial communities. The experimental results

indicated a clear succession in the utilization of

electron acceptors, in accordance with published

data at near neutral pH (Madigan et al., 2008) and

with calculated free energy yields and Eh values

over the pH range of interest (Figs 2 and 3). The

reduction of nitrate, present in many nuclear

waste materials (Lloyd and Macaskie, 2000), via

nitrite, was most rapid and went to completion

within 2 weeks at pH 10 or 11, which is consistent

with the highest free energy yields. This was

FIG. 2. Calculated Gibbs free energy yield for key biogeochemical redox couples from pH 7 to 12.5.

FIG. 3. Calculated Eh values for key biogeochemical redox couples from pH 7 to 12.5.
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followed by progressivley weaker Fe(III) reduc-

tion and sulfate reduction. The reduction of two

forms of Fe(III) was tested, and the systems

augmented with more bioavailable Fe(III)-citrate,

where the Fe(III) was partially complexed by the

citrate ligand, was reduced far more efficiently at

pH 10 and 11 than the systems augmented with

insoluble, amorphous Fe(III) oxyhydroxide (ferri-

hydrite). This is comparable to data at neutral pH,

where Fe(III)-citrate is soluble and can diffuse

into microbial cells (von Canstein et al., 2008).

Nevertheless, at higher pH this situation is likely

to be more complicated as citrate complexation is

expected to compete with hydrolysis and precipi-

tation of Fe(III)-oxyhydroxides and consistent

with our experiments where we observed some

precipitation of amorphous Fe(III) phases in

citrate systems raised to pH >9. Overall, this

suggests that even with citrate (or other complex-

ants) present, bioavailability of Fe(III) may be a

limiting factor due to hydrolysis dominating as

pH increases. For ferrihydrite augmented experi-

ments the extremely low solubility of ferrihydrite

even at neutral pH, means that it is considered less

bioavalable. As expected, it was reduced less

efficiently in our experiments at pH 10, 11 and 12,

where presumably hydrolysis and precipitation

reduces the bio-availability of the Fe(III) even

further. This was most probably compounded by

the expected transformation of ferrihydrite to

more crystalline phases such as hematite at high

pH (Shaw et al., 2005). These types of crystalline

iron oxides are considered highly recalcitrant in

Fe(III)-reducing cultures (Cutting et al., 2009).

Further to this, a range of Fe(III) and Fe(II)

minerals will form in ILW via the corrosion of

steel wastes, and even at these extremely high pH

values, the presence of strong chelating agents in

the waste itself or formed through alkali lysis of

cellulose at high pH (e.g. isosaccharinic acid,

ISA; Glaus and van Loon, 2008) may enhance

complexation of Fe(III). This will presumably

increase the availability of Fe(III) for bioreduc-

tion although these processes are poorly

constrained at present. Indeed, other experiments

from our laboratory suggest that the products of

microbial Fe(III) reduction at high pH in these

systems, are dominated by magnetite. Bio-

magnetite is expected to exert a profound

impact on the solubility of redox-active radio-

nuclides including Tc(VII), U(VI) and Np(V) via

indirect reductive transformations (Lloyd and

Macaskie, 2000; Lloyd et al., 2000, 2002;

Lloyd, 2003; McBeth et al., 2011).

Although the enzymes responsible for the

bioreduction of Fe(III) in these systems also

have considerable potential to reduce a broad

range of redox-active radionuclides via direct

enzymatic transformations, again the potential for

these processes at high pH is poorly constrained

(Lloyd, 2003). Sulfate reduction, which sits at the

bottom of the microbial anoxic redox cascade

studied here, has the lowest potential energy yield

at all pH values and was reduced very ineffi-

ciently over the timescales studied. Clearly much

longer term experiments are warranted to assess

the potential impact of this form of anaerobic

respiration in ILW. If biogenic sulfide minerals do

form over extended time periods, they can also

exert considerable control on the solubility of a

range of radionuclides (e.g. Lloyd et al., 1998;

Moyes et al., 2000).

Although the reduction of many of the electron

acceptors studied here is thought to generate

alkalinity under more conventional incubation

conditions, here we noted a slight drop in pH in

our experiments, perhaps due to the formation of

acidity generating CO2 from the metabolism of

lactate, acetate and other forms of carbon

naturally present in the sediments. Also, at pH

12, there was no evidence for the microbial

reduction of any of the electron acceptors tested.

Several factors should be considered here: firstly,

the microcosms were inoculated with sediment

from a natural system at pH ~11.2, a pH value

significantly below pH 12. Thus, it is unlikely that

microorganisms adapted to such high pH values

would be present in the inoculum. Secondly, our

experiments were only incubated for a relatively

short period of time. During geodisposal

scenarios, which are relevant over periods of

thousands to several hundreds of thousands of

years (rather than weeks to months), there is

ample opportunity for microbial communities to

adapt to in situ conditions, which initially will

include pH values >11. Finally, the data that we

present here supports the observations of others

that the limit for many of the processes we have

studied is approaching pH 12. For example,

although isolated microorganisms have been

reported to be able to grow at pH values up to

12.5 (Takai et al., 2001), this has proved highly

contentious (Sorokin, 2005), as this would require

a cytoplasmic pH of 10, which is thought

prohibitive for microbial metabolism. Microbial

growth has been observed, however, up to pH

11.4 in pH-controlled chemostats (Sorokin et al.,

2001). In fact, the thermodynamic data presented
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here, when compared to physiological models for

nitrate and Fe(III) reduction are surprisingly

consistent, if we assume that alkaliphilic organ-

isms use similar biochemical mechanisms to those

of neutraphilic organisms. This is not unreason-

able, as alkaliphiles generally maintain their

cellular metablism at near neutral pH

(Horikoshi, 1999). For example, although there

is no accepted conserved mechanism of microbial

Fe(III) reduction, the involvement of low redox

potential c-type cytochromes in the outer

membrane or periplasm are implicated in most

model Gram-negative Fe(III)-reducing bacteria

studied to date (most notably Geobacter and

Shewanella species; Lloyd, 2003). The mid-point

redox potentials of these heme-containing

proteins is typically in the 0 to �200 mv range

(Lloyd, 2003), which would make reduction of

Fe(III) at pH 12 unlikely using these enzymes

(predicted Eh values at pH 12 are <�500 mV for

both forms of Fe(III) studied here). For the

NO3
�/NO2

� couple, values around +200 mV are

predicted at pH 12, and here we are very close to

or below various estimates for the redox couple of

Mo(VI)/(IV) in the bis-molybdopterin guanine

dinucleotide cofactor that is thought to play a role

in the active site of nitrate reductase enzymes

such as NAR and NAP (Anderson et al., 2000;

Potter et al., 2001; Richardson et al., 2001). Thus,

nitrate reduction via nitrite may also be

unexpected at such high pH values. However,

even in high pH cementitous ILW, there will

undoubtedly be microniches that are poised at

lower pH values which could support microbial

metabolism, including the reduction of nitrate,

Fe(III) and sulfate. Furthermore, it is clear that

with evolution of the geological disposal facility,

the pH will evolve to pH 10�11 and this pH will

dominate over geological timescales (Morris et

al., 2011). Therefore, it is likely that this highly

heterogenous wasteform has the potential to

support a wide range of microbial processes,

even at ‘bulk’ pH values beyond those that can

theoretically support those processes. Indeed the

evolving geodisposal facility will probably have

bulk pH values of >13 to 104 years, then 12.5 up

until 105 years and then approximately pH 10

over 105�106 years after closure. This suggests

that microbial processes will be possible in the

ILW over the same time periods as the half-lives

of long-lived radionuclides, such as Tc and U, that

will be released from the wasteform, emphasizing

the importance that these processes are considered

in any geodisposal safety case.

Conclusions

Aerobic metabolism at high pH has been studied

intensively in previous studies in a range of high

pH environments, and has the clear potential to

support colonization of a cementitious ILW

backfill in the UK GDF prior to, and just after

closure. This study also suggests that a subsequent

robust redox cascade will be expected, certainly

in environments with pH values up to and

including 11. This will include processes

mediating the microbial reduction of nitrate,

Fe(III) and potentially sulfate. The organisms

involved in these processes have the potential to

limit the mobility of many redox-active radio-

nuclides that may be present in the wasteforms

(including Tc(VII), U(VI) and Np(V)) via direct

and indirect redox transformations or by utilizing

chelating agents such as ISA produced abiotically

under repository conditions as growth substrates.

They also have the potential to control gas

formation in the repository, another significant

component of the long-term safety case for the

GDF. They could do this by utilizing hydrogen,

formed from the anaerobic corrosion of Fe(0), as

an electron donor for anaerobic respiration. They

could also minimize the formation of biogenic

methane, which could cause over-pressurization

of the repository, by keeping methanogensis in

check through substrate (electron donor) compe-

titon, if sufficient alternative electron acceptors

are present. Thus, this study shows the consider-

able potential of alkaliphilic anaerobes to colonize

and influence the evolution of the high pH

environments, representative of cementitious

ILW. More targeted biogeochemical work on

ILW systems is now warranted, and these

experiments should run both with radionuclides

and over extended periods of time to determine

more accurately the potential rate and extent of

such processes in real wasteforms and their

impact on radionuclide solubility.
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