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1. Introduction

In Finland, low-level maintenance waste (LLW) originated in nuclear power plants is disposed of in the
repositories situated ca.100 meters below the sea-level. A large-scale in situ Gas Generation Experiment
(GGE) was established in 1997 in Olkiluoto, Finland, to simulate the gas generation from LLW under
geological repository conditions. The GGE is operated by Teollisuuden Voima Oyj (TVO) and is monitored
for generated gas, water chemistry and microbiology. A full description of the GGE together with data
concerning gas generation, the aqueous chemistry and microbiological studies has been published by
Small et al (2008, 2017) and Vikman et al. (2019).

Sixteen 200 dm3 carbon-steel waste drums were emplaced in a concrete box, as used in the repository,
which was enclosed in an acid-proof steel tank. Drums were filled with representative maintenance waste
from nuclear power units including paper, cardboard, cotton, and other materials (polyethylene [PE],
polyvinylchloride [PVC], glass fibre, latex gloves, natural rubber, polycarbonate cloth, metal). After closure,
the repository will be filled with water, which was simulated by filling the GGE with locally sourced untreated
river water.

The microbial degradation of cellulose- and hemicellulose-based waste, together with the utilization of
hydrogen generated by metal corrosion, resulted in gas generation (Fig. 1). A significant observation from
the GGE has been that the pH conditions were heterogeneous (pH 11 to 6), providing optimal neutral pH
niches for microbial activity from the outset of the experiment. Over the extended time scale of the
experiment, chemical conditions were stabilized and differences in the microbial abundances and
community structure in various GGE compartments have become less significant. In recent years, gas
generation has stayed at a constant level. Because termination of the GGE is under consideration by TVO,
KaMu project was initiated to study the influences of certain disturbances on the gas generation.
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Figure 1. Schematic presentation of microbiological processes in the GGE.
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Figure 2. The layout of sampling points in the GGE.

Microbiological samples were taken anaerobically as described in Vikman et al. (2019).

Table 1. Induced disturbances and samplings from the GGE during KaMu project in 2020 and 2021.

Date Action Samplings from tank water Results of the action,
remarks

9.6.2020 Chemical, gas, microbiological
9.6.2020 Addition of K2SO4 Theoretical amount of added

K2SO4 should increase
sulphate concentration from 0
to 100 mg/L

22.6.2020 Chemical Sulphate and potassium
concentration was higher at the
bottom of the tank compared to
the lid level

6.7.2020 Chemical “
16.9.2020 Chemical “
12.10.2020 Mixing of the tank water

by pumping was started
14.10.2020 Chemical Sulphate concentration 100

mg/L at the bottom and in the
lid level of the tank.

20.10.2020 Microbiological
2.12.2020 Chemical
18.-20.1.2021 Chemical, microbiological
27.5.2021 Chemical
1-6-2.6.2021 Addition of KOH +

mixing by pumping
Mixing of the KOH evenly to
the tank water took several
days.

10.6.2021 pH measurements
16.6-17.6.2021 Addition of KOH +

mixing
KOH was mixed with ground
water before addition.

11.8.2021 Addition of KOH +
mixing

KOH was mixed with ground
water before addition.

13.8.2021 pH measurements
23-25.8.2021 Chemical, Microbiological
2.9.2021 pH measurements
10.11.2021 Chemical
16.11.2021 Microbiological
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The sequence reads obtained from Illumina Miseq sequencing were subjected to sequence analysis using
the DADA2 software package version 1.14 (Callahan et al., 2016) and DADA2 Pipeline Tutorial 1.16 with
some modifications. DADA2 package was run in RStudio (RStudio, Boston, MA, USA, version 1.4.1106)
with R version 4.0.4. First, the sequences were prefiltered to remove ambiguous bases (Ns) that could
affect accurate mapping. Then, primers were identified from the sequences and removed using the
cutadapt tool (Martin et al., 2011). The quality of the sequence reads was checked according to the DADA2
workflow. Next sequences were filtered and trimmed using DADA2 filterAndTrim function. Filtering
parameters maxN = 0, maxEE = c(2, 2), truncQ = 2, truncLen=c(280,225) were used. With truncLen the
low-quality tails of the sequences were trimmed. The maximum possible error rates were calculated using
the learnErrors command. Identical reads were de-replicated (unique sequences). Amplicon sequence
variants of the sequence data were identified using the DADA2 pipelines core sample inference algorithm.
Denoised paired reads were merged according to the DADA2 pipeline, and an amplicon sequence variant
table (ASV) table was constructed. Subsequently, chimeric sequence reads were removed from the
dataset with the removeBimeraDeNovo function, using the consensus option. Finally, taxonomy from the
domain to the species level was assigned to ASVs with DADA2’s native implementation of the naive
Bayesian classifier method. Taxonomy was assigned against Silva reference taxonomy version 138
(Quast et al., 2012). All images of the sequencing data were constructed with R using the packages
phyloseq (McMurdie et al., 2013) and ggplot2 (Wicham et al.,2016). In addition, Functional Annotation of
Prokaryotic Taxa (FAPROTAX) was used to annotate 16S rRNA sequencing data to evaluate the
functional diversity (Louca et al., 2016).

Two samples were chosen for metagenomic shotgun sequencing where all the microbial genomes were
sequenced. DNA samples from two samples A44a = 1_Lid_a and A149a = 2_Lid_a were sent to Eurofins
for 2 × 150 bp paired-end sequencing on the Illumina HiSeq-2000. Metagenomes were analyzed at
Eurofins where first sequence quality assessment was done and then poor-quality bases, adapters and
primers were removed. Taxonomic profiling was done using NCBI database of bacterial, archaeal fungal,
protozoan and viral genomes. Raw data of the metagenomes was received, and further analysis of the
metabolic functions is planned for later.

4. Results

4.1 The influence of disturbances on chemical parameters

On-line measurements of pH, conductivity, and electrical potentiality Eh were shown in the Figure 4. As
expected, conductivity showed increased values after the addition of sulphate and KOH. Tank water pH
showed decreasing trend during the experiment but was increased from 6.7 to 8.1 after addition of KOH.
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Figure 4. On-line measurements of pH, conductivity and redox potential Eh in the GGE.

The changes in chemical parameters in the lid level of the tank and at the bottom of the tank are collected
to the tables 2 and 3. After sulphate addition 22nd of June, 2020, the amount of sulphate ions were
increased to 990 mg/L at the bottom but were 350 mg/L in the upper part of the tank. The similar behaviour
of potassium ions was also detected. In order to mix tank water more properly mixing by pumping was
initiated 12.10.2020. After the pumping both sulphate and potassium concentration showed similar values
at the bottom and in the lid level, and the target value of 100 mg/L was reached. Sulphate concentration
in the tank water stayed at the same level during the experiment. Sulphide concentration increased from
below the detection limit to 0.11 mg/L.

After the addition of KOH (Table 4) pH was gradually increased to pH 8.1 measured by online analyser
measuring pH at the upper level of the tank. Occasionally pH was higher at the bottom of the tank
(maximum value of 10.1 measured 11th of August, 2021) before tank water was properly mixed using the
pump. Gradually pH value of tank water was decreased to 7.9 (on-line analyser). The amount of dissolved
iron was reduced in the tank water which indicated precipitation of iron. Other significant changes in
chemical parameters were not detected.

Sulphate
KOH
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Table 2. Chemical parameters at the bottom of the tank (inlet 121). Sulphate addition 9th of June 2020 and
KOH addition after 27th May, 2021.

Date 9.6.2020 22.6.2020 14.10.2020 18.1.2021 27.5.2021 23.8.2021 10.11.2021

Al 7.5 <4
NH4 mg/L 7.2 7.9 7.5 7.6 7.5
P mg/L 0.31 0.27 0.33 0.31
K mg/L 250 990 338 340 340 560 510
Ca mg/L 62 66 67 62 57
Cl mg/L 96 91 98 89 99
DIC mg/L 180 171 200 240 230
DOC mg/L 31 30 30 32 29
Mg mg/L 8,7 9 9 9 9
Na mg/L 120 120 120 120 120
Fe, total mg/L 54 55 69 28 12
Fe2+ mg/L 54 52 66 25 12
S, total mg/L 0,23 33 34 28 29
SO4 mg/L <0.2 940 107 98 110 90 98
S2- mg/L <0.03 <0.03 0.11 0.11 0.07 0.07
N, total mg/L 8.5 8.3 8.7 8.2 8.7
HCO3 mg/L 915 830 910 1100 1100
Conductivity mS/cm 1.8 3.9 2.0 2.0 2.4
pH 6.8 6.8 6.8 6.8 7.4 7.4

Table 3. Chemical parameters in the lid level of the tank (sampling valve 123). Sulphate addition after
9.6.2020 and KOH addition was started after 27.5.2021.

Date 9.6.2020 22.6.2020 14.10.2020 18.1.2021 27.5.2021 23.8.2021 10.11.2021

Al 5,1 <4
NH4 mg/L 7.1 7.9 7.4 7.6 7.4
P mg/L 0.3 0.27 0.32 0.31
K mg/L 240 350 333 340 340 550 500
Ca mg/L 59 66 66 60 55
Cl mg/L 96 90 96 88 99
DIC mg/L 180 179 200 240 230
DOC mg/L 30 30 30 31 29
Mg mg/L 8.5 9 8.7 9 8.3
Na mg/L 120 120 120 120 120
Fe, total mg/L 55 61 60 27 15
Fe2+ mg/L 54 63 55 27 13
S, total mg/L 0.24 33 33 28 29
SO4 mg/L <0.2 130 98 98,0 110 89 97
S2- mg/L <0.03 <0.03 0.1 0.1 0.06 0.06
N mg/L 8,6 8.5 8.7 8.3 8.8
HCO3 mg/L 854 832 860 1100 1100
Conductivity mS/cm 1.8 2.1 2.0 2.0 2.4
pH 6.8 6.8 6.8 6.8 7.5 7.4
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Table 4. pH in various sampling points during the 2nd disturbance (the addition of KOH).

Date KOH
addition

pH on-line Tank bottom
(121)

Middle of
the tank
(122)

Below
window

223

1.6.2021 6.7
1.6 -
2.6.2021

after KOH
 addition

7.0 8.9 7.2 - 7.1

10.6.2021 7.1 7.2 7.2
16.6-
17.6.2021

after KOH
 addition

7.6 9.5 8.7 7.2

11.8.2021 7.7
11.8.2021 after KOH

 addition
7.8 10.1 8.9 8.7

13.8.2021 8.1 7.8 7.5
24.8.2021 7.7 7.0 7.0
2.9.2021 7.8 7.5 7.4
16.11.2021 7.9 7.6 7.5

4.2 Gas generation and composition

The addition of sulphate and the increase in pH did influence of the gas generation (Fig.5).  The increase
of pH influenced the gas composition by decreasing CO2 concentration in the gas phase (Table 5).

Figure 5. Cumulative gas generation in the GGE.
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Table 5. The gas composition of the released gas in the GGE after induced disturbances.

Date H2 (t-%) O2 (t-%) CH4 (t-%) CO2 (t-%) N2 (t.-%)

13.1.2020 <0.1 <0.1 90 0.48

15.5.2020 <0.1 <0.1 90 0.38

17.6.2020 0 1.7 82.9 10.4 5

8.7.2020 0 0.1 87.2 12.2 0.5

20.8.2020 <0.1 0.3 86.5 11.9 1.4

13.8.2020 87.5 10.2

13.8.2020 89.2

17.9.2020 86.8 10.0

17.9.2020 <0.1 <0.1 90.3 <2.0

21.10.2020 87.7 10.0

20.1.2021 <0.1 <0.1 <2.0

20.1.2021 87.5 10.1

28.5.2021 88.6 11.1

26.8.2021 <0.1 <0.1 2

26.8.2021 91 4.4

10.11.2021 91.6 5.7 <2

3.1.2022 88.9 6.1 <2

4.3 Changes in microbial communities

4.3.1 Total cell counts and abundance of indicator microbes

The total number of microbial cells detected with the Dapi staining method was in a similar level, ~106

cells/mL at all sampling times (Figure 6).
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Figure 6. Total cell counts (cells/mL) of the samples taken from bottom level and lid level of the tank at
different sampling times.

The size of the bacterial and archaeal communities in the GGE were studied with quantitative PCR. In
addition, bacterial dsrB and archaeal mcrA genes were used as a proxy to estimate the abundance of
sulphate reducers (dsrB) and methanogens (mcrA). After the addition of sulphate into the water in the
GGE experiment, the number of sulphate-reducers increased, and the number of methanogens decreased
(Figure 7 A and B). The results were similar in the bottom and on the surface of the tank. Total archaeal
community size decreased after sulphate addition except in the fourth sampling (3.6.2021) where the
highest number of archaea was detected. Total bacterial community size decreased after sulphate addition
but started to increase after that.

1,00E+05

1,00E+06

1,00E+07

 20.10.2020
Bottom

 20.1.2021 Lid  20.1.2021
Bottom

 3.6.2021 Lid  3.6.2021
Bottom

 25.8.2021 Lid  25.8.2021
Bottom

Total cell counts cells/mL
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Figure 7. Abundance of bacteria, archaea, sulphate-reducers (dsrB) and methanogen (mcrA) in the GGE
in different sampling times at the bottom of the tank (A) and at the lid (B) presented as copies/mL. Sulphate
was added after the first sampling and KOH after 4th sampling.

4.3.2 Archaeal and bacterial community analysis

The archaeal community including methanogens remained stable in the GGE during the sampling period
of 2020-2021 (Figure 8). The most abundant methanogen (archaeal genus) was Methanosaeta which
formed 60-74 % of the archaeal community. Species belonging to Methanosaeta-genus metabolize
acetate as their sole source of energy. Another synonym of the Methanosaeta genus is Methanotrix. The
most abundant methanogen group that utilizes H2 and CO2 to produce methane was Methanoregula which
formed 21-28 % of the archaeal community. Other minor archaeal groups detected were Methanospirillum
and Methanobacterium.
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1,00E+05

1,00E+06
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Figure 8. Relative abundances (%) of archaeal genera present in the GGE in five sampling times as
determined by NGS. Samples were taken both from the bottom and from the lid of the tank. NA: archaeal
ASVs not identified to genus level.

The FAPROTAX analysis of the potential archaeal function indicated mainly methanogenesis using H2 and
CO2 and some methanogenesis using formate and methyl compounds (Figure 9). In addition,
Methanosaeta uses acetate to produce methane. The FAPROTAX database uses the name of Methanotrix
instead of Methanosaeta and this is the reason the FAPROTAX analysis did not indicate methanogenesis
using acetate. A low percentage of other functions like nitrogen fixation and hydrogen oxidation was
indicated. The functions were similar in all samples taken from the GGE.
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Figure 9. Relative abundance of different metabolic functions (Y axis) of the archaeal communities
(including methane producing methanogens) predicted with FAPROTAX analysis in the GGE samples.
Both the size of the balloon and the color indicate the relative abundance of taxonomy-based functional
capacities of the microbial community. Lid= lid level of the tank, Bottom= Bottom of the tank.

Figure 10. The alpha diversity indexes of the archaeal community: the number of amplicon sequence
variants ASVs (observed), Chao1 estimated number of ASVs (total richness) and Shannon’s diversity
index (richness and evenness). The bigger the Chao1 and Shannon diversity indexes are, the more diverse
microbial communities in the sample are. Alpha diversity represents diversity within an ecosystem or a
sample, in other words, what is there and how much is there in term of species. ASV represents the unique
sequences present in the original sample.

In total, 1161 archaeal ASVs were detected in the sample set. The number of observed ASVs in the
samples varied between 638 and 771 (Figure 10). When comparing the Chao1 ASV richness estimate
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values to true observed ASV numbers, all of the estimated archaeal ASVs were obtained from the
sequence data (Figure 10), meaning that sequencing depth was sufficient to fully characterize the archaeal
communities in all of the samples. The Shannon index indicated that the archaeal diversity increased after
sulphate and KOH addition.

The identified bacterial community in the GGE changed after the sulphate was added and after an increase
in pH (Figure 11). After sulphate addition, the sulphate-reducing bacterial genus Desulfovibrio became the
dominant identified bacterial genus that comprised 10-21 % of the community after the sulphate addition.
Before sulfate addition, Desulfovibrio was detected only as a minor group (0.4%) and dominant identified
bacterial genera were Synthropus and Smithella that grow only in the presence of H2 or formate-utilizing
partners (methanogens) in syntrophic associations. They are known to enhance the growth of
methanogens.

After an increase in pH in addition to Desulfovibrio another sulphate-reducing bacteria genus,
Desulfocapsa was detected in the bacterial community. In the first sampling after the KOH addition (4th

sampling), Desulfocapsa formed 2 % of the bacterial community but in the 5th sampling, Desulfocapsa
comprised 9-10 % of the bacterial community.

Many of the bacterial ASVs could not be identified to genus level. This could be because of a low number
of sequences from similar environments in sequence databases. In addition, species from anoxic
environments are more difficult to cultivate and thus identify and deposit to sequence databases.

Figure 11. Relative abundances (%) of bacterial genera present in the GGE in five sampling times as
determined by NGS. Samples were taken both from the bottom and from the lid of the tank. NA: bacterial
ASVs not identified to genus level.

The FAPROTAX analysis of the potential bacterial function indicated mainly sulphate-reduction and
respiration of other sulphur compounds (Figure 12). In addition, different functions in the nitrogen cycle












