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Gaseous impurities, such as O, are expected to be present within CO2 captured for storage. This could stimulate
microbial activity in a geological CO storage site which has the potential to lead to operational issues such as
injection well blockages, corrosion and oil souring. A series of experiments were carried out to examine the effect
of 10 ppm and 100 ppm O3 in an anoxic (CO; or N3) atmosphere on microbial communities and microbial gas
production in laboratory scale experiments. Experiments inoculated with sulphate reducing bacteria enrichments
were compared to uninoculated controls. The results show that HyS production is delayed in a CO, atmosphere
compared to the N atmosphere. 100 ppm O in CO; resulted in a spike of HpS production as well as greater
bacterial biomass when compared to the 10 ppm O, in CO; atmosphere. The inoculated N3 experiments showed
similar patterns in HyS production and biomass regardless of Oy concentration. These results suggest that a
concentration of O, lower than 100 ppm in CO; could reduce the potential for microbial growth and HsS pro-
duction in CO3 storage sites. CH4 production was observed in some microcosms subsequent to HyS production,
highlighting the potential for microbial methanogenesis in the in CCS reservoirs.

1. Introduction

The capture and storage of CO, (CCS) in geological formations, such
as deep saline aquifers, has the potential to reduce greenhouse gas
emissions, which is needed to meet national and international targets
(Committee on Climate Change, 2019; Parliament of the United
Kingdom, 2008; UNFCCC Conference of the Parties, 1998). The captured
CO,, will contain a range of impurities depending upon the source of the
gas, the combustion process and the capture process. O is expected to be
one of those impurities when CO; is captured after the combustion of
fuels for energy generation and it is estimated that its concentration
could be as high as 6% depending on the combustion and capture
technology used (Porter et al., 2015). Current recommendations from
the European 6th framework programme DYNAMIS are that Oy con-
centrations within injected gas should be limited to between 10 ppm and
100 ppm (de Visser et al., 2008; Jensen, 2016). The current specifica-
tions for O limits appear to be based on transport issues and do not take
into consideration any potential effects on microbial activity. The
introduction of small concentrations of O, into anoxic environments will
change the redox conditions as Oz has a greater redox potential
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compared to other common electron acceptors found in anaerobic en-
vironments. Low concentrations of O, have been shown to increase
microbial breakdown of complex carbon sources and encourage the
growth of anaerobic microbes (Chayabutra and Ju, 2000; Jordan and
Walsh, 2004). The concentration of O5 recommended for CCS (i.e. 10 -
100 ppm) is high enough for microaerobic bacteria to respire and still
allow some level of anaerobic metabolism (Marschall et al., 1993;
Stolper et al., 2010). Although CO, will be injected in its supercritical
form, which is generally regarded as a sterilising agent, certain Bacteria
have been shown to survive and grow in its presence (Li et al., 2017;
Mitchell et al., 2009; Peet et al., 2015). Spore forming bacteria, in
particular, have shown resilience to supercritical CO5 (Peet et al., 2015).
Many sulphate reducing bacteria (SRB), such as Desulfotomaculum, form
spores (O’Sullivan et al., 2014). Thia is of particular concern as SRB in
subsurface engineered environments have been connected to issues such
as blockage of injection wells (Pellizzari et al., 2016; Zettlitzer et al.,
2010), corrosion of the injection well pump in geothermal energy (Lerm
et al., 2013), oil souring (Jordan and Walsh, 2004) and oil degradation
during enhanced oil recovery (Jobson et al., 1979; Sherry et al., 2013). It
is now recognised that both archaeal and bacterial groups are capable of
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Fig. 1. Diagram showing the different conditions used in the experiments. Triplicate microcosms were set up for each of the conditions.

sulphate reduction, and could be implicated in these operational issues.
In this study the term sulphate reducing bacteria (SRB) is used in this
paper to describe microbes capable of performing sulphate reduction to
maintain consistency with literature, but it is recognised that archaeal
sulphate reducers could also be present.

The CO2SINK project serves as an example of the response of mi-
crobial communities in subsurface environments used for CCS. This pilot
scale project started in 2004 and involved the storage and monitoring of
CO3 in a sandstone formation at Ketzin, Germany (Martens et al., 2012).
Prior to CO2 injection, well blockages were encountered and were
revealed to be caused by iron sulphide precipitation. SRB were detected
within the downhole water samples and were determined to be the cause
of the blockage due to the production of HyS which reacted with iron
within the storage site forming these deposits (Morozova et al., 2010;
Zettlitzer et al., 2010). In addition to SRB, a range of microbial groups
were shown to respond to COs injection, and after injection, methano-
genic archaea outcompeted SRB for a short period before SRB became
dominant again (Morozova et al., 2010). As well as production of CHy,
methanogens have been implicated in microbially influenced corrosion
(Lahme et al., 2020), so their presence in CCS reservoirs may also be of
concern.

To better understand the potential for microbial activity in CCS
reservoirs the experiments described in this paper examined microbial
community composition and activity in Ny and CO2 when saturated with
a gas containing 10 ppm and 100 ppm of O,. The inclusion of a N, at-
mosphere allowed investigation of the specific effect of CO, to be
distinguished from the response to microaerobic Ny atmosphere. In
addition to resembling the deep saline aquifer environment, the inclu-
sion of the sandstone will provide a surface for microbial biofilm growth
and the groundwater will provide additional nutrients required for mi-
crobial proliferation. In a CCS reservoir, the amount of dissolved Oy
available to microbes will vary depending on the groundwater compo-
sition, temperature and pressure, but this study will focus on creating an
environment by saturating with gas mixtures containing 10 ppm and
100 ppm O as this is the recommended range for use in the CO, storage

industry. The aim of this work was to observe changes in the microbial
communities and related gas production in relation to the different Oq
concentrations, to inform operators of storage sites the recommenda-
tions for O3 limits in the injected COs.

2. Material and methods
2.1. Material selection

The sandstone used in experiments was obtained from core at the
British Geological Survey core store from the Sherwood Sandstone
Group (formerly Bunter Sandstone) in the southern North Sea (map
reference: 54.20125, 2.464). The sandstone was from well number 44/
23-3 (SSK61176-81) and subsamples were taken from the 1380 — 1399
m depth range where a saline aquifer is situated. These samples are from
a location and depth considered to be appropriate for COy storage
(Chadwick et al., 2008). Sandstone was crushed and sieved to <500 um
in size for use in experiments. Crushing the sandstone allowed for
greater consistency between replicate experiments but also created a
greater surface area for potential reactions with atmosphere, ground-
water and microbial communities. By having a greater surface area, the
reactions could occur more quickly and will allow the observation of
interactions within the experimental run that might be occurring more
slowly in the deep surface environment.

2.2. Microbial inoculum

Inoculum for the experiments were prepared from sandstone using a
specific medium for enriching and indicating sulphate reducing bacte-
ria, Postgate’s medium B (Postgate, 1984), and incubated at 30C for 14
days under an anoxic atmosphere. Attempts to revive suitable organisms
from the Sherwood Sandstone Group core failed, which may have been
related to the age of the core (this material had been stored without any
measures to preserve microorganisms for a minimum of 25 years).
Therefore, to prepare the inoculum, fresh samples from the Godstone
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Fig. 2. Denaturing gradient gel electrophoresis
(DGGE) profile of bacterial gene 16S rRNA for each

experiment. Top shows the actual gel from the Ny
and the bottom image shows all three gels used in
the experiment which were normalised using
inoculum samples. Bands were aligned to 0.1 con-
fidence level using T-align (Smith et al., 2005).
Identities of excised and sequenced bands labelled
(red outline) and numbered can be found in Table 4
Bacteria sequences identified by DNA sequencing of
DGGE bands from the material sampled at the end
of experiments.
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and Marden sandstone were collected from a depth of 100-200 m in an
underground stone quarry in Godstone, Surrey (UK). The quarry is in the
Upper Greensand bed and this site was chosen as it has similar deposi-
tional environments to the middle Cretaceous of the central North Sea
(Johnson et al., 2005) which is being investigated for potential CO,
storage (Heinemann et al., 2012). Cultures for inoculum from these
samples were set up within 1 week of collection of the sandstone. Prior
to sampling, the sandstone was stored in a cool dry storage room,
covered by a plastic tarp to reduce exposure to contamination and
sunlight. Subsamples for enrichment were taken from the inside of the
sandstone, to avoid the exposed exterior and reduce possible contami-
nation. Positive SRB cultures in Postgate’s B medium, determined by the
formation of iron sulphide visible as a black precipitate, were selected
for use. To obtain information on the dominant bacteria in the enrich-
ments, DNA sequencing of selected cloned 16S rRNA gene PCR products
was carried out (detailed in section DNA techniques).

To increase the consistency of inoculum between experiments, 15%
glycerol stocks from the enrichment culture were prepared and stored at
-80°C. Prior to use in experiments, 100 pl of the glycerol stocks were
cultured under optimal conditions for SRB growth which were in 15 ml
Postgate’s medium B at 31°C under an atmosphere of 5% Hy and 95% N

{=
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for 14 days. After growth, the sample was centrifuged and washed in
sterile water three times to remove spent media before being used as
inoculum.

2.3. Artificial groundwater

An artificial groundwater was prepared based on water chemistry
data from groundwater obtained from the Sherwood Sandstone Group in
Lincoln, UK below the saline interface at approximately 800 m in depth
(Smedley and Edmunds, 2002). The artificial groundwater was prepared
using deionised water and contained the following components Na2S04
2.22 g1-1; Calcium chloride dihydrate 4.40 g1-1; Sodium chloride 4.18 g
1-1; Magnesium chloride hexahydrate 2.43 g 1-1; Potassium chloride
0.07 g 1-1; Sodium carbonate 0.10 g 1-1; Yeast extract 0.05 g 1-1. It was
then autoclaved and adjusted to pH 7.77 using sterile 1 M hydrochloric
acid. Yeast extract (0.005% w/v) was added to represent the presence of
natural organic compounds within the aquifer and any that may be
introduced during operations e.g. in drilling fluids.
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Table 1
PCR and primer details used in this study.
Gene target Primer pair Start (°C/ Denaturing (°C/  Annealing(°C/  Extension (°C/ Cycles  Final extension (°C/ Reference
min) s) s) s) min)
16S rRNA (Bacteria) BAC341F/ 95/5 95/30 55/30 72/30 34x 72/30 (Muyzer et al.,
BAC534R 1993)
16S rRNA (Archaea) Arc344F / 95/3 95/30 66/30 72/120 34x 72/30 (Raskin et al.,
Arc915R 1994)
mcrA (methanogens) mlas / mcrA-rev 95/3 95/30 55/45 72/30 40x 72/5 (Luton et al.,
2002)
dsrB (sulphate reducing dsr2060F / dsr4R 94/4 94/60 55/60 72/60 34x 72/15 (Geets et al.,
gene) 2006)
Table 2 5.0 ul of DreamTaq™ polymerase master mix (ThermoFisher Scienti-
abe N X o fic®, Loughborough, UK) and 1 pl of template DNA. 3 ul of PCR products
Analysis performed on the batch experiments with timings. . .
were run on 1% agarose gel and visualised on Gel Doc™ XR+ and Image
Timing Method Lab™ software (Bio-Rad®, CA. USA) to confirm amplification.
Day 0 Assembly of batch experiments Denaturing gradient gel electrophoresis (DGGE) was performed on
Day 7 Gas analysis PCR products from the bacterial 16S rRNA gene extractions. The
Day 15 Gas analysis DCode™ system (Bio-Rad®) was used for DGGE casting and electro-
Day 22/23 Gas analysis (N»/CO5) h . di £ . . lifi .
Day 30 Gas analysis p ore51s,. accor 1ng to manu actur.er s instructions. PCR ampli c.atlon
Day 37 Gas analysis was carried out using BAC341F (with GC clamp) and BAC534R primers
Day 43 (end Gas analysis Disassembly of batch experiments pH Preservation using the same program as 16S rRNA bacteria (Table 1). For DGGE, 10 ul

point) of samples
Post incubation DNA extraction and analysis Microbial enumeration

2.4. Experimental setup

The experiments were set up in sterile 125 ml Wheaton™ serum
bottles containing unsterilised crushed sandstone, artificial groundwater
and a microbial inoculum (except in controls). Gas headspace mixtures
of 10 ppm O3 in N3, 100 ppm O3 in Ny, 10 ppm O in CO3 and 100 ppm
0O, in CO4 (gas mixes were supplied by Calgaz™ Ltd, Newcastle-Under-
Lyme, UK) were used. Gas mixtures other than 10 ppm O3 in CO5 were
certified as accurate to 1 ppm O, where accuracy was + 5 ppm. For each
gas mixture triplicate serum bottles were set up for both the inoculated
experiments and uninoculated controls (Fig. 1). All experiments were set
up inside an anaerobic chamber with a nominal atmosphere of 5% Hy
and 95% Na. 5 g of sandstone and 30 ml of artificial groundwater was
added to each bottle, leaving approximately 90 ml of headspace. 1 ml of
the prepared inoculum, resuspended in sterile water, was added to each
of the inoculated experiments. The inoculum was from the same source
for all inoculated experiments and was prepared in the same way;
however, the inoculum for the N, experiments was prepared separately
to the inoculum for the CO, experiments due to available equipment and
space. Gas mixtures were bubbled through artificial groundwater for 5
minutes to displace the anaerobic chamber atmosphere and then the
serum bottle was crimp sealed with an autoclaved butyl rubber stopper.
Experiments were incubated in the anaerobic chamber at 31°C for 43
days. pH measurements of the starting groundwater and from each
serum bottle at the end of the experiment. Timings of analysis performed
can be found in Table 2.

2.5. DNA techniques

Samples for DNA extraction were taken from the inoculum and from
the serum bottles at the end of each experiment. Serum bottles were
mixed well prior to taking a sample to obtain representation of plank-
tonic and sessile organisms and frozen at -80°C until analysed. DNA
extraction was performed using FastDNA™ SPIN kit for soil (MP Bio
Science Ltd, Derby, UK) according to the manufacturer’s instructions.
PCR was conducted to detect presence of selected microbial groups in
the microcosms. PCR conditions for the amplification of Bacteria and
Archaea (16S rRNA), sulphate reducers (dsrB) and methanogens (mcrA)
are given in Table 1. PCR reactions were set up with 3.6 pl nuclease free
water, 0.2 pl of 10 pM forward primer, 0.2 ul of 10 uM reverse primer,

PCR reactions were set up in triplicate and pooled to reduce PCR bias
(Wagner et al., 1994). 25 ul samples of PCR product was run on an 8%
polyacrylamide gel with a denaturing gradient of 40-70% urea and
formamide at 80 V at 60°C for 16 hours. After staining with 1X SYBR™
Gold (ThermoFisher Scientific®) in 1X TAE buffer, the gel was visualised
using the Gel Doc™ XR+ with the XcitaBlue™ conversion screen and
Image Lab™ software (Bio-Rad®). Bands of interest were excised from
the DGGE and cloned into pCR2.1 following the Invitrogen TA Cloning
kit manufacturer’s instructions (Invitrogen, 2013) in preparation for
DNA sequencing. Sequencing of PCR inserts was conducted at Eurofins
Genomic (Wolverhampton, UK) and sequences were checked for nearest
relatives using BLAST search in the GenBank Data Library (https://blast.
ncbi.nlm.nih.gov/Blast.cgi [accessed 31/07/2021]). DNA sequences
generated in this project were deposited in NCBI GenBank (Accession
numbers MH513315 -MH513318)

The starting inoculum was run on each gel, for direct comparison
with samples and to allow gels to be compared more easily. The
migration distance of bands and relative intensity were used to create a
multivariate cluster with the unweighted pair group method using
arithmetic averages (UPGMA) using the Bray-Curtis dissimilarity index
in the PAST software package (Hammer et al., 2001). UPGMA clusters
samples based on the highest similarities and then by the arithmetic
average of the similarities. Comparison of DGGE profiles from different
gels was performed by consolidating bands using T-align with a confi-
dence level of 0.1 (Smith et al., 2005).

2.6. Gas measurement

Approximately 4 ml gas sample headspace gas was collected on days
7,15, 22 (N3 only) 23 (CO3 only), 30, 37 and 43 of incubation. For HaS
gas analysis a Drager Xam-2000 gas detector was used. For analysis of
CH4 an Agilent Technologies gas chromatography (GC) 7820A with a
Restek® 80468-810 packed column with a He carrier gas was used. 4 ml
of the headspace gas samples were injected into the GC for analysis. The
heating profile for analysis was 3 minutes hold at 23°C, 3°C/minute
ramp to 40°C, 5°C/minute to 90°C, 2 minutes hold at 90°C, having a
total run time of 20.7 minutes. Gas standards of air and 100 ppm CH4 in
Ny were used to calculate CH4 gas concentration. CH4 measurements
were compared against standards assuming a linear relationship and
linearly extrapolated when outside this range.
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Table 3
Gene detection for each experiment. Experiments in which the target gene could
be detected by PCR are shown with a tick.
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Table 4
Bacteria sequences identified by DNA sequencing of DGGE bands from the
material sampled at the end of experiments. Bands as in Fig. 2.

Experiments Target Gene
16S rRNA

(Bacteria)

16S rRNA dsrB mcrA
(Archaea) (Sulphate (Methanogens)
reducers)

10 ppm O3 in Ny
control 1

10 ppm O3 in Ny v
control 2

10ppm OzinNy v v v
control 3

10ppm OzinNy; v/ 4
inoculated 1

10ppm O2inNy v/ 4
inoculated 2

10ppm O2inN, v v 4
inoculated 3

100 ppm O in v v v v
N, control 1

100 ppm O3 in v v
N, control 2

100 ppm O in v v v
N, control 3

100 ppm O3 in 4 v 4
N, inoculated
1

100 ppm O3 in 4
N, inoculated
2

100 ppm O in v v 4
N, inoculated
3

10 ppm O, in v
CO, Control 1

10 ppm O3 in
CO, Control 2

10 ppm O, in v
CO, Control 3

10 ppm O in 4
CO,
Inoculated 1

10 ppm O in v 4
CO,
Inoculated 2

10 ppm O3 in v v
CO
Inoculated 3

100 ppm O in
CO, Control 1

100 ppm O3 in
CO, Control 2

100 ppm O in
CO, Control 3

100 ppm O3 in 4 v 4
CO2
Inoculated 1

100 ppm O3 in v 4
CO2
Inoculated 2

100 ppm O in v v v v
COy
Inoculated 3

2.7. Microbial enumeration

At the end of the experiments, pH was measured and 1 ml sub-
samples (mixed sandstone and groundwater) were preserved in 1%
glutaraldehyde and stored at 4°C before staining with 0.01% acridine
orange and preparation for epifluorescence microscopy (Darzynkiewicz
and Kapuscinski, 1990). Microscopy was carried out using the Zeiss
microscope with an epifluorescence head, containing filter set 09 (40 -
490 nm). 20 fields of view were counted and the mean cells per ml were
calculated (Hobbie et al., 1977). All samples included particulates in the

DGGE band Experiment Closest matching sequence in
(GenBank accession Condition NCBI nucleotide database (%
number) match)

1 MH513315 AB245379.1 Bacillus
ginsengihumi (99%)
JQ897424.1 Desulfotomaculum
halophilum (97%)

100 ppm O3 in
CO; inoculated 1
10 ppm O3 in Ny
inoculated 1

2 sequence too short to
be submitted to
NCBI

3  MH513316

10 ppm O, in Ny AB245379.1 Bacillus

control 3 ginsengihumi (99%)
4 MH513317 10 ppm O, in Ny KY753308.1 Bacillus niacini
control 3 (98%)

5 MH513318 100 ppm O3 in

CO, inoculated 1

AJ630291.1 Alkaliphilus
transvaalensis (100%)

16S rRNA gene DGGE results from multiple gels were combined and aligned
using the inoculum sample which was run on all gels. This data was then
compiled into the chart shown in Fig. 2 which shows the bands present in each
sample. Error! Reference source not found.With the exception of the 10 ppm O,
in N, experiment, the controls showed fewer unique bands compared to the
inoculated experiments.

form of sandstone from the experiments. Microbial cells are known to
attach to particulates causing greater cell counts in presence of partic-
ulates. However cells can also be masked by the particulate, making
them impossible to count. Therefore, it was assumed that the loss in cell
numbers caused by particulate masking was offset by the greater num-
ber of cells being attached to the particulate (Schallenberg et al., 1989).

3. Results
3.1. Detection of key microbial groups

Bacterial 16S rRNA and dsrB genes were detected in most of the
inoculated experiments (Table 3). Bacterial 16S rRNA and dsrB genes
were also detected in the uninoculated control experiments in a Ny at-
mosphere. Archaeal 16S rRNA genes were detected across all experi-
ments in a Ny atmosphere. The mcrA gene was only detected in 3
individual replicates (each of which also showed CH4 production).
However, the mcrA gene could not be detected in two of the microcosms
that produced lower CH4 concentrations (10 ppm O3 in N3 inoculated 2
and 100 ppm O3 in CO; inoculated 2), or in the starting material.

3.2. Bacterial community analysis

Abundant members of the bacterial community in initial SRB
enrichment inoculum and at the end of experiments were identified by
sequencing key DGGE gel bands (Table ). The closest matching se-
quences to bands from the inoculum in NCBI's genbank database were a
facultatively anaerobic Pseudomonas species (KT991031), a spore
forming SRB Desulfotomaculum species (KM494501), the iron reducing
spore former Pelosinus fermentans (JBW45) and a facultatively anaerobic
saline tolerant Halomonas species (KP241932). Desulfotomaculum spp.
was also identified from bands at the end of experiments, with other
bands most closely related to spore-forming Alkiliphilus transvaalensis
and Bacillus species.

To compare the communities in different samples, multivariate
clustering using the unweighted pair group method with arithmetic
mean method and Bray-Curtis dissimilarity index was performed
(Fig. 3). The inoculated N3 experiments (along with one of the 100 ppm
O3 in N3 control samples) clustered separately from CO, atmospheres,
with the 10 ppm O3 in N3 samples showing more similarity to each other
than the 100 ppm in N samples. This cluster of samples was most closely
related in its composition to two of the inoculum samples. The third
inoculum sample was more similar to the communities that developed in
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Fig. 3. Dendrogram showing dissimilarity between microbial communities in samples taken from all atmospheres. Dendrogram was constructed using unweighted
pair group method with arithmetic mean (UPGMA) method and using Bray-Curtis dissimilarity index, based on DGGE profiles of bacterial 16S rRNA genes. The solid
lines are inoculated experiments and the inoculum and the dotted lines are uninoculated controls.

the CO, headspace. Despite attempts to standardise the inoculum by
preparing enrichment cultures from a stock culture stored in glycerol,
these differences likely reflect differences in community dynamics dur-
ing this enrichment stage. Except for one of the 100 ppm O5 control, the
remaining samples formed a looser cluster. Within this cluster, as might
be expected, similarities between at least two replicates (e.g. the 100
ppm O5 in CO5 samples) were observed.

3.3. Epifluorescence cell counts

The starting inoculum had an average cell count of 5.1 x 107. The
experimental cell counts were all within an order of magnitude of each

other, between 0.9 And 3.3 x 10° cells per ml (Fig. 4). The mean cell
counts in the inoculated experiments were higher than the relevant
control, with the exception of the 100 ppm O in N3 controls (where
control and inoculated samples were within mean standard error of each
other). The mean cells counts in both the control and inoculated ex-
periments were lower with the CO, headspace gas than the equivalent
0O, concentration in N».

3.4. Gas analysis and pH measurements

H,S and CH4 were detected in at least one microcosm under all
headspace gas compositions. HaS was produced in all inoculated
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Fig. 4. Mean cell counts (x10°) per ml at the end of the experiment. Error bars show the mean standard error for the cell count calculations.

microcosms, but only detected in one of the control experiments (100
ppm O3 in Ny). Production of HyS was delayed in the CO, headspace
compared to Ny headspace (Fig. 5). CH4 was only detected in five out of
the 24 microcosms. When detected, CH4 production typically followed
H,S production.

At the first sampling point (day 7) H,S was only detected in inocu-
lated N headspace microcosms. The inoculated 10 ppm and 100 ppm O
in Ny experiments showed similar patterns in HyS production to each
other. Means of 0.30 ppm HS (10 ppm O3 in N2) and 0.17 ppm H5S (100
ppm O3 in Ng) were recorded on day 7. On day 15, 100 ppm HjS was
detected in the O5 in No microcosms (0.47 ppm), other than this, no HsS
was detected after day 7 until day 30 when H,S was detected in both sets
of inoculated microcosms and in the 100 ppm O in N3 control micro-
cosms. Thereafter, there was a general increase H5S in these three mi-
crocosms until the end of the experiment on day 43, when the two
inoculated microcosms showed the higher HsS concentrations (1.20
ppm for 10 ppm O3 and 0.83 ppm in the 100 ppm O microcosms) than
the 100 ppm O3 control microcosms (0.60 ppm) on day 43. No H,S was
detected in the 10 ppm O3 in N3 microcosms. Mean concentrations in the
100 ppm control experiments were always lower than the comparable
inoculated experiment.

In comparison, under the CO; headspace, HyS production was
delayed and was detected only in the inoculated microcosms and only
from day 23 onwards. The highest mean H,S concentration in both 10
ppm and 100 ppm O, in CO; inoculated experiments was on day 23
(2.03 ppm for 10 ppm and 0.83 for 100 ppm). Afterwards the mean
concentration of HyS fell to 0.13-0.20 ppm for the remaining readings in
the 10 ppm microcosms and fluctuated between 0.40 ppm (day 37) and
1.13 ppm (day 30) for the remainder of the experiment. High standard
deviations seen in the 100 ppm O in CO5 inoculated experiments reflect
the fact that one replicate showed considerably higher HyS concentra-
tions than the others.

CH4 production was only observed in five of the 24 replicate mi-
crocosms (Fig. 5). One of the 10 ppm O2 in N2 inoculated replicates had
CH4 present (458 ppm) on day 5 only. Other than this no CH4 was
detected until day 30 when CH,4 was detected in two of the microcosms
with a CO3 headspace (one 10 ppm O, and one 100 ppm O, micro-
cosms). In both, mean CH4 concentration reached maximum on day 37
(4882 ppm in the 10 ppm Oy and 5011 ppm in the 100 ppm Oy)
microcosm. On day 37 another of the 100 ppm O3 in CO3 microcosms
showed CH4 production, along with the only control microcosm where
CH4 was detected (100 ppm Os in Ny). In those inoculated microcosms
where CH4 was detected (all of which had a CO, headspace), this was
preceded by the maximum concentration of H,S observed.

Results from the end point pH measurements can be found in Table 5.

The CO5 experiments showed a lower final pH (5.77 - 5.91) compared to
the Ny experiments (pH 6.89 — 7.15). This was the expected observation
as COy dissolves in water to form carbonic acid. All experiments
decreased in pH from the starting pH 7.77. This suggests that the
sandstone and microbial activity from native and inoculated commu-
nities may also contribute to the decrease in pH. This might be from the
degradation of organic compounds to form volatile organic acids.

4. Discussion

The communities that developed in a CO5 atmosphere were different
to those developed under an N, atmosphere, as revealed by the DGGE
analysis, PCR and cell counts, which indicate that microbial abundance
and activity was reduced or delayed in the presence of CO,. Evidence of
sulphate reduction was observed in both Ny and CO5 atmospheres, but
the dsrA gene was less commonly detected in the CO, atmosphere which
could be because of lower microbial activity. Targeted sequencing was
used to identify OTUs represented by key DGGE bands, which provided
some insight into dominant Bacteria in the microcosms. The SRB
Desulfotomaculum halophilum was detected in the inoculum, the inocu-
lated 10 ppm and 100 ppm O, in N experiments. The band relating to
D. halophilum was not detected in the CO; experiments, but the gene for
sulphate reduction (dsrA) and H,S production was detected, this in-
dicates that other SRB must be present, either represented by bands that
were not selected for sequencing or not detected using this primer set.

The 100 ppm O in CO2 showed a greater initial H,S production
compared to 10 ppm O,. After this initial H,S production, concentration
decreased in the headspace. This contrasts with the generally increasing
HsS levels seen in the both the N3 experiments and the 10 ppm O3 on
COy. The fact that H,S could only be detected in CO5 microcosms after
day 23, despite being inoculated with SRB from an enrichment culture,
may reflect the initially inhibitive conditions for SRB produced upon
initial injection of CO5 as observed in the CO,SINK project. The decrease
in SRB was thought to be related to the decrease in pH of the environ-
ment (Morozova et al., 2011). Decreases seen in HyS concentrations
observed in the CO2 experiments could be because of the HyS being
oxidised, either chemically or biologically by microbes, such as auto-
trophic sulphide-oxidizing Thiobacillus species, which can be found in
subsurface environments (Hose et al., 2000). In both the inoculated and
control COy microcosms, cell counts were higher in the 100 ppm Os
condition compared to the 10 ppm O, conditions. This result supports
the links seen between O, increase and increase in activity of microbes
that are able to use O3 and the microbes that are able to use the products
of aerobic reactions such as aerobic digestion (Chayabutra and Ju, 2000;
Jobson et al., 1979; Jordan and Walsh, 2004).
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Methanogenesis was less commonly detected than sulphate reduc-
tion (in three CO5 microcosms and two Ny microcosms — one of which
had CH4 only at the start of the experiment). The mcrA gene was
detected in the experiments which produced the three highest concen-
trations of CH4. An increase in CH4 was seen after a drop in HyS con-
centration in a single replicate with a 100 ppm Oz in CO, atmosphere.
Methanogenesis was not expected as the inoculum used was from an
enrichment culture designed to select SRB not methanogens. Metha-
nogens are sensitive to oxygen (at least in the laboratory) (Wolfe, 2011),

but they have previously been shown to be cultivable from a number of
desert and other oxic-soils under appropriate conditions (Peters and
Conrad, 1995, Angel et al., 2011) suggesting they possess mechanisms
for surviving dry, oxic conditions as would be encountered in a core
store. The presence of methanogens/methanogenesis was more common
in the COy experiments and is consistent with observations that meth-
anogenesis is increased in high CO» atmospheres mimicking reservoir
conditions (Mayumi et al., 2013). If we assume that some loss in viability
occurs during storage of core material, stimulation of methanogenesis in
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Table 5

. pH for each condition taken at the end of the experiment.
Sample pH (+/- SD)
Starting artificial groundwater 7.77
10 ppm O, in N; control 6.99 (+ 0.37)
10 ppm O, in N, inoculated 6.89 (+ 0.07)
100 ppm O, in N; control 7.14 (£ 0.04)
100 ppm O, in N3 inoculated 7.15 (£ 0.03)
10 ppm O, in CO, Control 5.89 (+ 0.05)
10 ppm O in CO; Inoculated 5.77 (£ 0.35)
100 ppm O, in CO, Control 5.91 (+ 0.05)
100 ppm O in CO; Inoculated 5.81 (£ 0.06)

pH of N, experiments were taken at 19.5°C and CO, experiments at
19°C. Standard deviations were calculated for 3 replicates of each
sample.

subsurface environments such as hydrocarbon reservoirs and saline
aquifers in the presence of CO3 could be more common than observed in
these experiments. CH4 was detected after HsS in these experiments but
in a CCS reservoir a redox gradient may form from the O introduction
near the injection well. This could cause sulphate reduction to be more
prominent near the injection well and methanogenisis further was from
the injection well. Because of the low numbers of microcosms showing
CH4 production, it is difficult to make any definitive statements about
the effect of Oy concentration, the number of microcosms producing
CHg, the earlier production and maximum production in these micro-
cosms does hint that methanogenesis could be more likely with the
higher concentration of Oy. The presence of CH4 within a storage site
could reduce the storage capacity, by making CO; solubility and residual
trapping less efficient and reduce injectivity (Blanco et al., 2012).

Spore forming organisms are considered important in many subsur-
face environments (Muyzer and Stams 2008, Nilsen et al., 1996)
including CCS reservoirs (Peet et al., 2015) because this lifestyle allows
them to survive harsh conditions. Although, a complete community
analysis was not done in this study, it is interesting to note that while
two out of five of the sequences obtained from the inoculum belonged to
non-spore forming bacteria, all of the sequences retrieved post experi-
mentally belonged to spore forming bacteria. Bacteria capable of
forming spores may do so when challenged with inhospitable conditions
in order to survive. Being able to form spores would also aid survival
when coming into contact with supercritical COy (Peet et al., 2015). D.
halophilum is a strict anaerobe (Tardy-Jacquenod et al., 1998) and a
related sequence detected in the within 10 ppm and 100 ppm O3 in Ny
indicate its tolerance of the levels of O, used in CO, storage. A sequence
relating to Bacillus ginsengihumi was detected in four out of six inoculated
CO4, replicates, and one control CO; experiment. This organism has been
shown to grow at pH 5 (Ten et al., 2006) and could have had a
competitive advantage in the weakly acidic conditions observed within
the CO, experiments.

The DGGE analysis showed the bacterial communities in samples
from Nj inoculated atmospheres were different to those from the CO5
atmospheres. Samples from experiments containing the same Oy con-
centrations in Ny cluster together, whereas the CO, samples are more
heterogeneous with controls and inoculated experiments of different O
concentration appearing on the same clusters. Similarly, bacterial cell
counts showed some response to the concentration of O3 and in all cases,
except for inoculated Ny microcosms, biomass was higher in the 100
ppm condition. In all cases microcosms appeared to be dominated by a
relatively small number of taxa. This study did not aim to fully char-
acterise the microbial communities, rather to use DGGE, targeted
sequencing and the other methods to identify whether there were dif-
ferences in the communities and what some of the dominant organisms
were. Given that the DGGE data combined with all the other data pre-
sented indicate there are differences in the composition and activity of
the microbial communities when exposed to CO5 and to a lesser extent to
different levels of O impurities in CO5, applying -omics technologies in
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future studies will help to understand how the communities differ and
predict what impacts this could have on the operation of CCS.

5. Conclusions

The different O, concentrations investigated show differences in
microbial communities and in HyS production. A CO, atmosphere re-
tards or reduces the amount of sulphate reducing activity. In CO, with
100 ppm O, there was an initial peak of HS production followed by
reduced concentrations, which contrasted with gradually increasing HyS
production under all other atmospheres. Biomass was also higher in the
presence of 100 ppm O,. The observation of CH4 showed that there is the
potential for CH4 production under COq storage conditions, particularly
as methanogens are more likely to be found in anoxic subsurface envi-
ronments. This highlights the need for further studies to investigate
methanogens in future research. However, as CH4 production was only
observed in a few microcosms, it is not possible to determine the effect of
O, on CH4 production. These results suggest that a level of 10 ppm O3 in
the injected CO3 would result in a lower HzS production compared to
100 ppm Os. A reduction in HyS production would reduce CO storage
issues from microbial sources and should be taken into consideration
when setting limits for acceptable amounts of O3 in injected CO5. These
results support previous links between O, being used within microbial
communities and increasing anaerobic activity. To confirmation and
expand on these findings, experiments could be conducted in a contin-
uous flow system and/or under elevated pressures relevant to CO;
storage sites.
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