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Microbial degradation of citrate mediates
sealing of cement cracks under anaerobic
conditions relevant to radioactive waste
disposal

% Check for updates

Natalie Byrd' ><, Ananya Singh', Naji M. Bassil', Joe S. Small', Frank Taylor?, Christopher Boothman',
Dirk L. Engelberg?®, Sultan Mahmood?, Tristan Lowe**, Jonathan R. Lloyd' & Katherine Morris'

In radioactive waste repositories, cement is used for construction, backfill, and waste encapsulation. Over
time, cracks may form, creating potential pathways for contaminant migration. A self-sealing mechanismis
through calcium carbonate (CaCQOs) precipitation, which can be driven by microbial oxidation of organic
compounds. We explored microbially induced calcite precipitation facilitated by metabolism of citrate, a
complexant in low- and intermediate- level radioactive waste (L/ILW). Nitrate-reducing microcosms
containing cement pellets, citrate, nitrate, alkaline sediment inoculum, and synthetic groundwater (pH
11.2) were incubated in the dark (20 °C, 40 days). Aqueous geochemical data revealed complete citrate
removal, denitrification, pH decrease to pH 9, and removal of Ca*" o). Furthermore, 16S rRNA gene
sequencing showed enrichment of citrate-oxidising/nitrate-reducing bacteria. Solid phase analysis (XRD,
SEM-EDS, uXCT) confirmed new calcite precipitates reduced cement porosity and sealed cracks at the
surface. Overall, microbial oxidation of organic ligands under alkaline conditions may reduce contaminant

mobility in L/ILW repositories through calcite precipitation and crack sealing.

Low- and intermediate-level radioactive wastes (L/ILW) represent the lar-
gest volumes of radioactive waste inventories worldwide'. Both L/ILW are
highly heterogeneous, containing radionuclides, heavy metals, and organic
complexants including decontamination agents such as citric acid'. In the
UK and other nuclear nations (e.g., France, USA, Sweden), disposal con-
cepts for L/ILW are specially engineered repositories designed with a
multibarrier system aiming to contain waste and metal/radionuclide con-
taminants within acceptable levels, e.g., the UK’s Low Level Waste Repo-
sitory in West Cumbria™”. Cement typically plays a critical role in the
engineering design of these repositories, serving as a key material for con-
struction, backfill, and waste encapsulation"3. Cementitious materials are
also anticipated to strongly influence the biogeochemical processes within
repositories, as alkaline pore waters are generated during re-saturation of
post-closure facilities*’. Indeed, over centuries post-closure, the biogeo-
chemical conditions within repositories for L/ILW are expected to evolve as
the interactions between the surrounding far field environment,

microorganisms, waste components, and structural materials, like cement,
impact the disposal environment™*. Despite the alkaline conditions expected
to develop in L/ILW repositories, microbial life is unlikely to be eliminated;
specialized microorganisms have thrived in analogous high pH systems for
centuries (e.g., Maragin, Jordan; Harpur Hill, UK; and the Semail Ophiolite,
Oman)”®. Additionally, previous research highlights anaerobic biogeo-
chemical processes occur under the elevated pH conditions (pH 10-12)
expected in cement environments, e.g., nitrate, Fe(III), and radionuclide
(e.g., U, Np, Tc) bioreduction, as well as the biodegradation of organic
compounds including organic complexants such as isosaccharinic acid and
citrate’"’. These processes are expected to enhance contaminant retention
and contribute to an additional ‘bio-barrier’ within the repository system™.

Understanding microbial impacts on multibarrier components like
cement underpins repository design, operation and environmental safety
case development. More broadly, new insights are of interest in bior-
emediation of cementitious contaminated land or to the wider engineering
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community where cement is ubiquitous'*". In L/ILW repositories, cement
is susceptible to physico-chemical alteration (e.g., cracking and carbonation)
over time which may impact functions that prevent contaminant migration,
e.g., by altering structural integrity”. Microbes can catalyse reactions that
drive physico-chemical alteration of cement e.g., decalcification via leaching,
carbonation, and sulfate attack, altering porosity, structural integrity, and
porewater pH***. Of these, carbonation, including microbially induced
carbonate precipitation, may be favourable as it can promote self-healing of
voids and cracks™*. Thus, carbonation can close off pathways for con-
taminant migration and/or aid in precipitation of contaminant-bearing
mineral phases e.g. *°Sr-substituted CaCO5”. In alkaline environments,
carbonation occurs when carbonate or bicarbonate species (from equili-
bration of dissolved CO,) react with calcium-rich cement phases (e.g.,
portlandite, calcium silicate hydrate), leading to oversaturation and pre-
cipitation of calcium carbonate minerals and leading to precipitation in and
sealing of cracks and voids™. Bacterial oxidation of organic carbon (e.g.
citrate) under anaerobic (e.g. nitrate-reducing) conditions, generates CO,
which has been shown to enhance precipitation of calcite and carbonate
minerals"**,

In L/ILW repositories, high organic carbon wastes can provide sub-
strates from which microbes can produce CO, and, accordingly, microbial
degradation has potential to enhance carbonate precipitation under the high
Caand pH conditions expected in the wastes'***”’. Complexing agents used
in decontamination are sources of organic carbon in L/ILW wastes, with
citrate being a primary decontaminant that forms stable complexes with
metals and radionuclides™ . Experiments at pH 10-11 have demonstrated
that the oxidation of organics, including citrate, under nitrate-reducing
conditions can increase levels of dissolved CO, and lead to carbonic acid
induced acidification of systems'>""**>****. Despite this, there is a paucity of
information on citrate biodegradation in the presence of cementitious

A

—— pH - + no-citrate

= e - e = = = —¢

20
days

30 40

(@)

—+—NO3~ —+—NO2~ - + no-citrate

Concentration (mM)

=
T S

10

days

Fig. 1 | Aqueous geochemical data from citrate-supplemented and no-citrate
control microcosms. Panels show: (A) pH, (B) citrate concentration, (C) nitrate/
nitrite concentration and (D) Ca**(aq) concentration. Error bars represent 16 on

materials especially with respect to understanding impacts on calcium
carbonate mineralisation. Clearly, degradation of citrate and other organic
complexants in L/ILW waste is desirable for preventing metal contaminant
solubilisation. Citrate biodegradation in a cementitious system, and the
resultant CO, that forms, could also be beneficial in terms of driving car-
bonation processes and sealing cracks/sequestering radionuclides such as
Sr through calcite formation”***'. The current work aims to understand
anaerobic citrate biodegradation in a cementitious system and under
nitrate-reducing conditions, with a particular focus on exploring impacts on
cement integrity from microbially-induced carbonation reactions.

Results

Batch microcosm experiments, containing cement pellets (3:1 ratio of
pulverised fly ash [PFA] to ordinary portland cement [OPC]) and a high pH
microbial inoculum were set up and monitored over 40 days. Microcosms
were amended with citrate and nitrate, to stimulate nitrate bioreduction,
with no-citrate controls run in parallel. Periodic sampling and analysis of
aqueous (IC, ICP-AES, pH), solid (XRD, SEM-EDS, XCT) and microbial
(16S rRNA gene sequencing) components of these experiments was con-
ducted, supplemented with geochemical modelling (PHREEQC, Thermo-
Chimie version 12a).

Aqueous geochemical analysis: citrate biodegradation in the
presence of cement

Denitrifying sediment microcosm experiments were set up to explore citrate
biodegradation under elevated pH conditions, in the presence of cement
pellets. In citrate-supplemented microcosms, citrate degradation started by
day 13, and was essentially complete by day 40 (3.9 + 0.3 mM citrate was
removed; Fig. 1B). No volatile fatty acids (VFAs) were detected, and the pH
dropped from 11.2 to 9.1 by day 26, indicating oxidation of citrate to CO,
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triplicate measurements. The solid colour lines represent citrate-treated microcosms
and the dashed grey lines represent the no-citrate control microcosms.
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Fig. 2 | SEM images (top), corresponding EDS and camera images (bottom, inset) of a cement pellet from. A The citrate-supplemented microcosms and (B) no-citrate
control microcosm. The coloured rectangles on the SEM images indicate the area where the EDS was measured and are representative across samples.

and acidification via carbonic acid formation (Fig. 1A). Citrate oxidation
was coupled to nitrate reduction; by day 13, measurable nitrate removal and
nitrite ingrowth had initiated in the citrate supplemented microcosms
(Fig. 1C). By day 40, essentially complete removal of nitrate (28.8 + 2.0 mM
nitrate removed) had occurred. Nitrate was reduced to nitrite
(22.9 + 1.5 mM at day 26), which underwent further reduction by day 40
(5.0 £ 2.1 mM nitrite reduced by day 40). Electron balance calculations from
geochemical data (Fig. 1A~C) and standard electron equivalents (Table S1)*
showed that citrate oxidation (3.9+0.3 mM) generated approximately
70 + 5.4 mM electron equivalents, while total denitrification (22.9 + 2.0 mM
nitrate and 5.0 2.1 mM nitrite) consumed approximately 61 + 7.4 mM
electron equivalents. This suggested stoichiometric balance to support
denitrification was occurring. No changes in aqueous geochemistry were
observed in the parallel no electron donor and sterile controls (Fig. S1)
controls confirming that microbial metabolism of citrate was driving
denitrification.

To investigate whether metabolites from microbial citrate oxidation
were promoting the precipitation of CaCOj; phases, via production of CO,
(aq» Ca’" (aq) concentrations were monitored by inductively coupled plasma
— atomic emission spectroscopy (ICP-AES). The initial Ca'(,q con-
centration in citrate-supplemented microcosms was 2.3 mM and 96%
Ca*" () removal was measured by day 40 (Fig. 1D). The Ca®"(,q) removal
occurred over the same timescale as citrate biodegradation and nitrate
reduction (Fig. 1A-C), suggesting Ca®* ,q) was reacting with the metabolites
produced, likely bicarbonate at pH 9. This is supported by geochemical
modelling (PHREEQC with ThermoChimie version 12 A) of citrate-
amended microcosms, using measurements from ICP-AES, ion chroma-
tography (IC) and pH analysis. This indicated that CO, (,q) generated from
citrate oxidation would equilibrate as carbonate and lead to oversaturation
and precipitation of CaCOj () under the relevant experimental conditions
(saturation index = 4.4; Fig. S2, S3). In contrast, Ca“(aq) levels in the no
citrate control incubations were stable over the duration of the experiment
(Fig. 1A-C) and emphasising that microbial metabolism of citrate by

nitrate-reducing bacteria was driving Ca**(,q) removal through calcite for-
mation. Overall, there were higher total Ca®*(,q) levels in citrate supple-
mented microcosms, compared to the no citrate controls, which is likely due
to Ca-citrate complexation (Fig. S2).

Solid phase analysis of cement pellets after citrate
biodegradation

Visual inspection of the cement pellets extracted from citrate-supplemented
microcosms after the experimental endpoint (day 40) revealed a pale
mineral coating had formed on the surface, consistent with calcite deposi-
tion (Fig. 2), as predicted by PHREEQC modelling (Fig. S2 and S3). Con-
versely, cement pellets from no electron donor controls lacked this pale
coating. Cement pellets from both systems underwent characterisation by
scanning electron microscopy (SEM), x-ray diffraction (XRD) and x-ray
computed tomography (XCT). First, SEM imaging of pellets from the
citrate-supplemented microcosms showed calcite-like, rhombohedral
morphology on the surface Fig. 2***. Corresponding energy dispersive
X-ray spectroscopy (EDS) analysis showed consistent strong signals across
the sample for co-located Ca, C, and O (Fig. 2A; Fig. S7), and XRD analysis
of surface precipitates on the samples (selectively sampled from the cement
pellet surface) confirmed that this was calcite (Fig. S4). By contrast, the
cement pellet from the parallel no electron donor (no citrate) control
microcosm did not have the same pale precipitates on the surface, and SEM
imaging showed features that were predominantly calcium silicate hydrate-
like***, with relatively small crystalline inclusions. Corresponding EDS
analysis of this pellet consistently detected a wider variety of elements from
different locations measured on the pellet surface including Al, Si, Fe, Ca,
Mg, C and O (Fig. 2B, Fig. S7); no surface precipitates could be sampled for
XRD analysis. Surface morphologies and elements identified by EDS in the
control are consistent with fresh cement pellets (Fig. S5 and S6), and cement
in general, both being rich in silica and aluminium oxides"***. PHREEQC
modelling (Fig. S3), based on day 40 geochemical data, also predicted
oversaturation with respect to other calcium-bearing phases, such as
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Fig. 3 | XCT reconstructed 3D visualisations (left)
and cross sections of cement pellet samples (right)
from the citrate-supplemented microcosms. (A)
and no electron donor (no citrate) control micro-
cosms (B). The blue box indicates the location of the
cross section within the 3D sample volume. The
scale bar represents the relative density of phases in
the cement; based on XRD (Fig. S4) the yellow ‘halo’
on the outside of the sample from the citrate-
supplemented microcosm (A), represents calcite.
The brightness intensity of the raw greyscale slice
images has been converted to the uniform colour
map, ‘thermal’ to aid in visualisation of features
(Crameri et al. 2020).

density

calcium silicate hydrate (e.g. CSHO.8 SI = 0.2; Fig. S3). However, the actual
precipitation of these phases appears to have been minimal, if it occurred at
all. No calcium silicate hydrate gels were observed in SEM images of samples
from citrate microcosms (Fig. 2), and no crystalline Ca-bearing phases were
detected by XRD analysis of surface precipitates (Fig. S4).

To further understand the extent of the calcite (bio)precipitation, 3D-
XCT analysis of selected cement pellets (representative of the triplicate set;
Fig. S10) from the citrate-supplemented (Fig. 3A) and no-citrate micro-
cosms (Fig. 3B) was performed. 3D reconstructions of images revealed
cracks (approximately 1-5 mm long, 0.1-0.8 mm wide) visible within both
samples. As expected, pellets from citrate-supplement experiments exhib-
ited clear deposition of an X-ray attenuating material on the surface, which
infilled crack openings (Fig. 3A). The distribution of this material (Fig. 3A)
corresponds to the location of visible precipitates on the cement pellet
surface (Fig. 2A) already identified as calcite by SEM and XRD (Fig. 2, Fig.
S$4). Accordingly, the 3D XCT images (Fig. 3A) suggest pale calcite deposits
at the cement pellet surface had sealed cracks and infilled surface-voids in
citrate supplemented experiments. Clearly, this had not occurred in the no
citrate controls (Fig. 3B). Grains of x-ray attenuating phases are visible
within both cement samples (Fig. 3A, B), presumably these are also calcium
carbonate phases, known to form during cement hydration®.

The extent of microbially mediated calcite deposition on cement pellets
was further assessed using segmentation and pore size analysis of 3D volumes
obtained from XCT. All cement pellet samples were 2.5 cm long with 1 cm
diameters; thus, the volume of each pellet was 2 x 10" um’. The total number
of pores identified for cement pellets from citrate treated systems was
approximately 9 x 10* pores, significantly fewer than in the no citrate system
with 8 x 10° pores (Fig. 4). Accordingly, cement pellets from citrate micro-
cosms were calculated to have reduced total pore volume (1 x 10" um3; 0.5%
porosity), compared to the no citrate controls (3 x 10" um® 1.5% porosity).
This suggests that for citrate stimulated experiments, microbially mediated
calcite precipitation was reducing the total void space in the cement.

Interestingly, the average pore diameter in cement from citrate experiments
(42 pm) was significantly (P <0.0001) larger than in no citrate controls
(29 pm). Considering this, alongside the measured reduction in pore volume,
suggests that calcite preferentially precipitated in smaller voids until they were
either completely filled or no longer detectable by XCT. Indeed, 99% of
cement pores were 0-100 pm in diameter (the smallest size range) in the no
citrate system, vs 96% for cement from citrate-treated systems. Additionally,
pore size distributions (Fig. 4) showed filling of very large pores, diameters
>550 um, in cement from the citrate system, consistent with visible infilling in
3D reconstructed images (Fig. 3).

Microbial ecology

PCR-based high-throughput 16S rRNA gene sequencing was used to
characterise communities in the initial high pH sediment inoculum and day
40 experimental endpoint slurry samples from the citrate-supplement
microcosms. Attempts to extract DNA from cement surface were made but
DNA yields were below the limit of detection by PCR and no signs of
microbial colonisation of the surface could be observed by SEM imaging
(Fig. 2, Fig. S7), or fluorescent microscopy imaging (Fig. S9). In the sediment
inoculum 562 operational taxonomic units (OTUs) were detected, and by
day 40 there was a measured decrease to 265 OTUs (alpha diversity plot in
Fig. S8). The dominant phylogenetic classes detected in the starting
inoculum were Bacteroidia (21%), Planctomycetacia (14%), and Alpha-
proteobacteria (13%). By the experimental endpoint, the community had
shifted, and Gammaproteobacteria (39%) and Bacilli (18%) had become the
dominant classes. Closer inspection of Gammaproteobacterial sequences
(Fig. 5) in the day 40 sample identified several genera with members capable
of citrate-oxidation and nitrate-reduction in the citrate-supplemented
microcosms. The most dominant of these were: Hydrogenophaga (22% of
sequences), Simplicispira (11%), Aquiflexum (9%), and Defluviimonas
(7%)* . Bacteria affiliated with the genus Hydrogenophaga have previously
been detected in samples from similar microcosm systems using the same
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Fig. 4 | Pore size distribution from segmentation and pore size analysis of 3D
volumes obtained from XCT imaging of cement pellets extracted from. A A
citrate-amended microcosm, and (B) a parallel no-citrate control microcosm
(histogram bin size = 15 pm). The scan resolution was 5 ym, establishing the

technical limit of spatial resolution in the dataset. The minimum voxels required for
reliable pore identification was three voxels, setting the confident detection
threshold at 15 um. Pores smaller than this threshold (<15 pm) were excluded from
this analysis.

Fig. 5 | Data from 16S rRNA gene sequencing
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sediment inoculum (e.g., ref. 54). Members of this genus can perform both
organotrophic and hydrogenotrophic denitrification® . Closer inspection
of the Bacilli sequences found they predominantly matched organisms
affiliated with the genus Trichococcus (Fig. 5). Although members of the
genus Trichococcus are typically fermentative, some species can reduce
nitrate, oxidise citrate and grow at alkaline pH e.g, Trichococcus
flocculiformis™; this organism was identified as one of several 100%
species-level matches for this sequence.

Discussion
In microcosms, microbial citrate oxidation was coupled to nitrate reduction
at pH 11, in the presence of cement under conditions relevant to

cementitious repositories for low- and intermediate-level radioactive waste
disposal. In citrate-supplied microcosms, complete oxidation of citrate as
the electron donor coupled to bioreduction of nitrate was demonstrated
(Fig. 1), and this was supported by 16S rRNA gene sequencing which
showed a pronounced enrichment in known citrate-oxidising and nitrate-
reducing bacteria at the experimental endpoint (Fig. 5). The citrate oxida-
tion/nitrate reduction mechanism reported here, in the presence of cement,
was consistent with previously reported citrate oxidation/nitrate bior-
eduction reactions in non-cementitious microcosms at pH 10 and 11". In
fact, microbial nitrate reduction rates (0.9 mM day’l, this study) were
slightly enhanced compared to those previously reported (0.5 mM day ")
for pH 11 citrate oxidation/nitrate reduction. Furthermore, the rates for
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citrate oxidation (0.1 mM day ™", this study) were essentially the same'”. This
demonstrates that the presence of cement does not impede microbial nitrate
reduction or citrate biodegradation at pH 11 and that in high nitrate wastes
containing suitable electron donors, this is likely to be an important pathway
for removal of organic complexants in alkaline cementitious
repositories'>*****,

It should be noted that L/ILW repositories will likely have higher
cement-to-solution ratios than the batch systems used here. The pH we
targeted in our experiments (approximately pH 11) was based on geo-
chemical modelling predictions for low level waste repository disposal
conditions™. In systems with higher cement-to-solution ratios, there is
potential for hyperalkaline pH (>pH 12) conditions to arise in the repository
near-field which would likely inhibit microbial processes. In these scenarios,
findings here would be most relevant for less alkaline (<pH 12) areas of L/
ILW repositories, including at cement/air/sediment interfaces (i.e., within
chemically disturbed zones) or in micro niches of lower pH arising due to
e.g, waste heterogeneity. Nevertheless, these findings suggest organic
complexants are unlikely to persist to the far field as biodegradation is likely
to occur as the pH environment evolves to the disposal relevant, alkaline
conditions explored here (e.g., ~pH 11). Findings here suggest rapid
degradation occurs even in cementitious environments, likely rendering
complexants short-lived relative to the multi-millennial lifespan of a
repository.

Interestingly, 16S rRNA sequencing results from the current study
(Fig. 5) indicated the bacterial community driving citrate oxidation/
nitrate reduction in pH 11 microcosms with cement differed from those
in similar high pH microcosms without cement”. This suggests that the
presence of cement impacted the microbial community structure,
although the reasons for this are unclear and require further investiga-
tion. Nonetheless, there was both a similar rate and extent of citrate
degradation/nitrate reduction across both studies, and while cement
may alter the microbial community composition, the functionality of the
community (e.g., citrate biodegradation/nitrate-reduction) remained
similar. This highlights multiple possible routes for high-pH anaerobic
citrate biodegradation/nitrate reduction, which is perhaps unsurprising
as this metabolic couple is highly energetically favourable even under
extreme pH conditions >10 “**’. The robustness of alkaliphilic citrate
degraders is reassuring in the context of L/ILW disposal, as it seems
likely microbes with this functionality will readily colonise hetero-
geneous, cementitious repositories given the appropriate electron donor
and acceptors are present in the waste.

After geochemical analyses, corresponding results from solid phase
analysis suggest that microbes had facilitated calcite precipitation on/in the
cement. Data from SEM, XRD, and XCT analysis showed calcite precipitates
coated surfaces of cement pellets from the citrate-supplemented micro-
cosms (Figs. 2-4), whilst cement from no-citrate controls was largely
unaltered compared to the starting material. Cement from citrate micro-
cosms showed precipitates had sealed crack openings and filled pore spaces.
Despite visible crack-sealing and pore filling in the XCT images, the void
space within large cracks was not filled (Fig. 3). Reasons for this remain
unclear, but likely explanations include; (a) substrate depletion prevented
further reaction or, (b) calcite deposits sealed voids at the surface, preventing
HCO;™ entering cracks to facilitate further calcite formation. Further work
is needed to explore the impacts of microbially induced carbonation on fluid
flow and contaminant retention (e.g., hydraulic conductivity tests of
microcosm-treated samples) and to further understand how carbonation/
crack-sealing develops in a full-scale, dynamic repository environment.
Indeed, thermodynamic equilibrium modelling (e.g., 1D transport models)
and/or flow-through experimental systems where substrates can be
replenished and/or metabolites are transported are an obvious next step to
fully translate these initial findings to larger scale scenarios. Additionally,
solid phase analysis showed an overall reduction in pore volume in citrate
stimulated experiments. This may have varied impacts in the context of a
repository by restricting pathways for both gas diffusion and contaminant
migration, understanding these impacts is another important aspect to

consider in future work. Collectively, the data suggest that the biode-
gradation of citrate (and likely other organic electron donors) under nitrate-
reducing conditions can mediate calcite formation in a L/ILW repository.
This is likely a favourable outcome, both in terms of limiting pathways for
aqueous contaminant migration and/or as newly formed minerals may
promote radionuclide sorption/incorporation® . For example, precipita-
tion of metal carbonate minerals is a well-demonstrated mechanism for the
sequestration of radionuclides e.g., *°Sr*”***. While data from these batch
systems provide a clear biogeochemical baseline, showing that microbial
metabolism of organic ligands can drive calcite precipitation and measur-
ably reduce cement pore volume, we highlight that further research focused
on longer-term, more dynamic systems is now required to explore the
impacts of the microbial metabolism of organic compounds in disposal-
relevant conditions.

Overall, the findings here provide evidence that citrate, commonly
used as a complexant in the nuclear industry, is likely to be biodegraded
and removed in a cementitious L/ILW repository setting. In turn this
generates bicarbonate which reacts with Ca®" rich cement phases to
precipitate calcite, a process which could mediate the sealing of cement
cracks and pores under pH 11 conditions, most relevant at the cemen-
titious interfaces between a repository and the environment. These
findings underpin the development of safety cases for radioactive waste
disposal and directly inform management of the UK’s LLW repository.
More broadly, this study contributes to an improved understanding of
the microbe-cement interface in high pH environments, relevant to
construction and civil engineering. Future work should prioritise
understanding interactions in longer-term dynamic, flow through
microbe-cement systems and/or include L/ILW relevant contaminant
metals and radionuclides.

Methods

Sediment

High pH, Ca-rich sediment inocula were collected from a well characterised
site, Harpur Hill in Derbyshire, UK and stored in the dark at 4 °C prior to use
in microcosm experiments. Sediments were typically used in microcosm
experiments within 4 weeks of collection””. At the point of collection, the
sediment and groundwater slurry had a pH of approximately 11.

Cement pellets. Cement pellets were made using a ratio of 3:1 pulverised
fly ash (PFA) to Ordinary Portland Cement (OPC) reflecting the make-
up of grout used in low level radioactive waste facilities. The OPC was
sourced from Hanson (BS EN197-1 CEM 1 52,N) and the PFA from
ScotAsh Ltd. To make the cement slurry, the dry ingredients were
combined with 18 M(Q deionised water (solid to liquid ratio of 0.42). The
cement slurry was cast into pellets using a mould which generated
identical cylindrical pellets of 2.3 cm length and 1 cm diameter, and cured
for 2 weeks. Cured cement pellets were rinsed by running under a con-
tinuous stream of deionised water for 2 minutes per pellet whilst gently
agitating the surface and then soaked for at least one week in deionised
water. This removes Na and K hydroxides, which would cause extreme

4,47

hyperalkaline (>pH 12) conditions to develop™"’.

Microcosm set-up. Anaerobic microcosms were set up in triplicate
(under N, atmosphere, by purging bottles with pure N, for 1hour),
containing: 100 mL synthetic groundwater (Supplementary Information,
Table S2)%, 5 g sediment inoculum, 5 mM trisodium citrate as electron
donor, 30 mM NaNOs; as electron acceptor, and a 3 g cement pellet. To
ensure the experiment started at pH 11 the cement pellet and sterile
groundwater were added to the serum bottles and stored in the dark until
the pH was approximately 11 (this took approximately 7 days). Subse-
quently, the sediment inoculum, citrate, and nitrate (both filter sterilised)
were then added to initiate the bio-reduction experiment, which was
incubated for 40 days. No electron donor controls (i.e., no citrate), sterile
(autoclaved), and no sediment controls were set up in parallel (Fig. S11
illustrates the microcosm set up).
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Geochemical analysis. Sediment slurry was periodically extracted
under anaerobic conditions. The pH and Eh were measured using a
Denver Instrument digital meter and a Fisherbrand FB68801 electrode,
calibrated before measuring each time point using pH 7, 10 and 12 buffers
(Fisher Scientific). Samples were centrifuged at 14,800 g for 5 min to
remove solids. Supernatant was analysed by ion chromatography (IC;
citrate, VFAs, NO;~, NO, ) and Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES; Ca’") using a Dionex ICS5000 ion
chromatography system and Perkin-Elmer Optima 5300 DV ICP-AES.
Geochemical modelling using PHREEQCY, with the ThermoChimie
database (version 11a®), was used to aid interpretation of data.

X-ray Diffraction (XRD). Unaltered cement pellets and post-
bioreduction mineral precipitates which formed on the surfaces of the
pellets were analysed by XRD. The unaltered pellet was ground into a fine
powder, and the post-bioreduction precipitates were carefully removed
from the cement surface with a stainless steel spatula. Powdered samples
were mounted on a quartz XRD slide and analysed using a Bruker D8
Advance. XRD conditions were as follows: Cu K a 1 X-rays at 5-70
degrees, 0.02 degree step size at 0.5 second per step. Crystal patterns were
matched using Eva v14 against standards from the International Centre
for Diffraction Data database.

Scanning Electron Microscopy (SEM). Post-bioreduction, cement
pellets were analysed by environmental scanning electron microscopy
(ESEM). Pellets were removed from microcosm bottles in the anaerobic
cabinet and gently rinsed using deionised water to remove any pre-
cipitates not adhered to the surface. To preserve microbial cells adhered
to their surface, cement pellets were fixed using glutaraldehyde (2.5%
glutaraldehyde in phosphate-buffered saline (PBS) solution) and dehy-
dration with graded ethanol (25, 30, 40, 50, 60, 70, 80, 90, 100%; Newsome
etal. 2018). Dried samples were then gold-coated and imaged using a FEI
XL30 environmental scanning electron microscope (ESEM) equipped
with a field emission gun (FEG), operating in 15 kV in high vacuum mode
(107 to 10”° mbar). Energy dispersive X-ray analysis (EDS) was per-
formed using the EDAX Gemini EDS system.

X-ray Computed Tomography (XCT). Dried cement pellets extracted
from bioreduced microcosms and no-citrate controls for SEM analysis
were also analysed by X-ray Computed Tomography (XCT). The pellets
were scanned at 110kV, 91 pA using a Nikon XTEK 224 keV X-ray
Computer Tomography system housed within a customised bay fitted
with a Perkin & Elmer 1611 detector, at the Henry Moseley X-ray Ima-
ging Facility, University of Manchester. The large datasets (2000 slice
images) obtained from scanning the cement samples were trimmed to a
more manageable size (275 image slices per sample) and cropped using
FIJI (https://imagej.net/Fiji) before filtering and segmentation in Avizo
software package (Thermo Fisher Scientific). Slice images were converted
to 8-bit, and then filters were sequentially applied in order to reduce noise
and sharpen boundaries between phases. The filters applied were: non-
local means, bilateral, despeckle, and delineate (following the method of
Mahmood et al. 2020)”. Segmentation was then performed using his-
togram ranges and min/max thresholding. Identical processing methods
were applied to all sample data.

DNA extraction. DNA was extracted from 300 pl of homogenised sample
using a DNeasy PowerSoil Pro Kit (Qiagen, Manchester, UK), according
to the manufacturer’s instructions. Sediment slurries from triplicate
samples, taken from citrate-supplied microcosms, were pooled prior to
DNA extraction, as individual samples typically yielded insufficient DNA
for reliable downstream analysis.

16S rRNA gene sequencing. Sequencing of PCR amplicons of 16S
rRNA was conducted with the Illumina MiSeq platform (Illumina, San

Diego, CA, USA) targeting the V4 hyper variable region (forward primer,
515F, 5-GTGYCAGCMGCCGCGGTAA-3'; reverse primer, 806 R, 5'-
GGACTACHVGGGTWTCTAAT-3’) for 2x250-bp paired-end
sequencing (Illumina’”'; Caporaso, 2011; Caporaso et al. 2012). PCR
amplification was performed using Roche FastStart High Fidelity PCR
System (Roche Diagnostics Ltd, Burgess Hill, UK) in 50 pl reactions
under the following conditions: initial denaturation at 95 mMC for 2 min,
followed by 36 cycles of 95 °C for 30 s, 55 °C for 30 s, 72 °C for 1 min, and
a final extension step of 5 min at 72 °C. The PCR products were purified
and normalised to ~20 ng each using the SequalPrep Normalization Kit
(Fisher Scientific, Loughborough, UK). The PCR amplicons from all
samples were pooled in equimolar ratios. The run was performed using a
4.5 pM sample library spiked with 4.5 pM PhiX to a final concentration of
12% following the method of Schloss and Kozich (2013)™.

Post-sequencing analysis. A custom bioinformatics pipeline was
implemented using a combination of established tools (Cutadapt, SPAdes,
PANDAseq, etc.), as previously detailed””. Raw sequences were demulti-
plexed based on barcode identifiers, allowing for up to one mismatch.
Quality control and trimming were performed using Cutadapt’, FastQC”,
and Sickle’®. MiSeq error correction was applied using SPAdes”’. Forward
and reverse reads were merged into full-length sequences using
PANDAseq”, and chimeric sequences were removed with ChimeraSlayer”.
Operational taxonomic units (OTUs) were generated using UPARSE®,
clustered at 97% similarity with USEARCH", and singleton OTUs were
excluded. Taxonomic classification was performed using the RDP naive
Bayesian classifier v2.2* in combination with the SILVA SSU 132
database®. Rarefaction analysis was conducted in QIIME v1.2 using the
original OTU table. Samples with fewer than 5000 sequences were excluded
prior to rarefaction. The remaining OTU table was rarefied to the
sequencing depth of the sample with the lowest read count. Rarefaction was
performed with a step size of 2000 sequences, and 10 iterations were
conducted at each step to assess diversity metrics across varying sequencing
depths Stacked bar and rarefaction plots were generated in Origin.

Data availability

The datasets presented in this study can be found in online repositories. The
name of the repository/repositories: NCBI SRA and accession number(s):
pending (awaiting release from NCBI).
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